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Accepted ooth January 2012 The efficiency of heat-to-electricity conversion based on the thermoelectric effect depends on

DOI: 20.2039/x0x00000X the materials’ nondimensional figure of merit zT. While recent years saw an increasing
number of reports of large peak zT in thermoelectric materials, efficiency data are scarce.

www.rsc.org/ High conversion efficiency requires not only a large average dimensionless figure of merit zT
in the operational temperature range, but also good electrical and thermal contacts to the
material. In this work, we experimentally demonstrate a record high thermoelectric conversion
efficiency of 8.5 % with a single thermoelectric leg based on a recently reported p-type
MgAgSb-based compound operating between 20 and 245 °C. The efficiency can exceed 10 %
by increasing the hot side temperature to 295 °C. The sample is fabricated with silver contact
pads using a one-step hot-press technique eliminating a typically required sample metallization
process. This significantly simplifies the fabrication of thermoelectric elements with low
electrical and thermal contact resistances.

Introduction material’s peak zT which often only occurs in a narrow
temperature range, however, the device efficiency is determined
by the average material properties at the operating temperature
difference and is affected by the level of the material’s self-
compatibility'®>. However, many challenges lie between zT and

Thermoelectric materials can directly convert heat into
electricity by imposing a temperature difference between the
hot and cold junction'?. The ideal thermoelectric conversion
efficiency for a material with temperature-independent

tios is defined device efficiency. In addition to stable thermoelectric material
properties is defined as

properties with high average zT in the operating temperature
R range, good electrical and thermal contacts are essential for a
= gﬂ (1)  thermoelectric device to live up to its expected efficiency

Ty V1+2T + ;:_161 potential'* "'®. Typically, a thin metal film is deposited onto the
hot and cold junction surfaces of the thermoelectric material to
act as an elemental diffusion barrier for material stability and to

It is a function of AT as the imposed temperature difference, the

. . . 17
hot and cold junction temperatures, Ty and Tc, respectively. provide improved electrical and thermal contacts'’. The

The conversion efficiency is limited to a fraction of the Carnot deposition of the thin film metal layers increases the time and

efficiency determined by the material’s dimensionless figure of cost of the manufacturing process. In addition to the challenges

merit, zT = S2T/pk with S, p, k being the Seebeck coefficient, in fabricating thermoelectric devices with low contact

the electrical resistivity, and the thermal conductivity, resistances, efficiency measurements are difficult due to various

respectively. Despite their great advantages such as scalability losses via radiative heat transfer between the device and

and high power density without moving parts, thermoelectric surroundings and via heat conduction through leads attached to

generators have been mostly limited to niche applications due the device. Due to these challenges, few reports exist on

experimental demonstrations of efficiencies of thermoelectric

to low efficiencies. In the past decade, however, much progress 187

module, couple and single leg devices Since the

has been made leading to significantly improved thermoelectric

material properties that open up avenues for promising new characterization of thermoelectric properties is prone to large

power conversion applications*'® uncertainties, efficiency measurements will provide confidence

Most studies in the past report only the temperature-dependent to property measurements.
In this work we report the single thermoelectric leg device
efficiency of a recently reported p-type MgAgSb-based

material which shows great potential due to its high figure of

material properties measured with commercial equipment and
calculate the zT from those properties with typically rather
large uncertainties'""'>.  The emphasis usually was on the

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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merit with a weak temperature dependence over a rather large
temperature range up to 300 °C*. The sample is fabricated
with silver contact pads in a three-step process which includes
the ball milling of materials, a single hot-press process, and
cutting the elements. No additional metallization process for
the contact surfaces is required. We measure a record high
efficiency of 8.5 % for the single leg device operating between
20 — 245°C.
simultaneously measure the material properties under the large

In addition to the conversion efficiency, we

temperature differences (average material properties) imposed
during the efficiency measurement. From these material
properties measurements we extract the temperature-dependent
properties for the single leg device material to which we will
The obtained

extracted material properties are used with the iterative method

refer to as extracted material properties®.

to simulate the conversion efficiency of the single leg device in
the operating temperature range to support the experimental
efficiency results®. In order to validate the developed methods
we characterize a commercial p-type bismuth telluride leg
which can be used as a standard sample due to its reliable and
This not
only establishes trust in the experimental methods but also in

isotropic material properties and stable contacts®.

the theoretical simulation results which rely on accurate
temperature-dependent material properties to validate the
measured conversion efficiencies. Our work demonstrates the
importance of high average ZT for materials development and
shows that MgAgSb-based material has excellent potential in
converting low- to mid-temperature heat into electricity such as
in waste heat recovery systems and solar thermoelectric
generators.

Results and Discussion

The
thermoelectric

interested reader will find detailed discussions of
the
measurement methods and their challenges in the experimental

sample fabrication as well as of
section. Here, we only briefly discuss the measurements and
their main challenges before discussing our results.

The measured single thermoelectric leg devices consist of the
thermoelectric leg soldered with its electric contact pads in
between a hot junction copper heater assembly and a cold
junction copper electrode (Fig. 1(a)). The heater assembly
supplies the hot junction heat input and the cold junction
electrode is attached to a cold stage to maintain a steady-state
temperature difference with the cold junction temperature at
20 °C.
conditions to eliminate convection and air-conduction losses.

The measurements are performed under vacuum

The steady-state thermoelectric conversion efficiency at each
set temperature difference is obtained from the measured
electrical thermoelectric power output divided by the hot
junction heat input power which is the most challenging
quantity to measure accurately. Ideally the hot junction heat
input power is directly obtained with the measured electrical
heater power input. However, the radiative heat transfer and
wire heat conduction via current, voltage, and thermocouple

leads between the hot junction heater assembly and the

2| J. Name., 2012, 00, 1-3

surrounding can significantly affect this measurement. We
minimize the parasitic heat losses from the heater assembly by
surrounding the single leg device with a heated radiation shield
which is maintained close to the hot junction temperature and
all wires attached to the heater assembly are thermally
grounded to it. This ensures that most of the supplied electrical
heater power corresponds to the hot junction heat input of the
single leg device. However, the thermoelectric leg with an
imposed temperature difference is to some extent radiatively
heated by the surrounding radiation shield at hot junction
temperature which affects the efficiency and material properties
measurements.  We correct the experimentally measured
electrical heater power input for this radiative heat transfer
using simulation results acquired from a single thermoelectric
leg device model that takes into account the radiative heat
transfer between the thermoelectric leg and its surroundings (A
detailed description of the model is given in the electronic
supplementary information (ESI)). Another
that in particular for single
thermoelectric leg device measurements is the possible large

important

challenge needs attention
Joule heating in the lead supplying the thermoelectric current at
the hot junction. Thermoelectric legs typically require large
currents (> 1 A). Thus, even a small electrical resistance on the
order of mQ in the hot junction thermoelectric current lead can
result in an additional heat input which affects the hot junction
difficult to quantify

accurately. We minimize this Joule heating effect to below

input power measurement and is
~0.5 % of the electrical heater input power by choosing the
diameter of the copper thermoelectric current lead accordingly.
The measured thermoelectric conversion efficiency of the p-
type MgAgg965Nig005Sbg g9-based single leg device reaches
8.5 % which is significantly higher at the imposed temperature
difference of 225°C compared to in literature reported
efficiencies of devices based on legs with single thermoelectric
materials'82%2% (Fig. 1(b)).
leg conversion efficiency is demonstrated with a power output
of 46.2 mW (power density of ~5.14 kW/m?) at a current of
1.48 A (current density of ~16.4 A/cm?). More details on

single leg current and power densities are shown in figure S2 of

The high single thermoelectric

the ESI*. A single leg device with commercial p-type Bi,Te;-
based material is characterized as a reference device using the
developed methods. At temperature differences below ~140 °C
the Bi,Tes-based leg yields a higher efficiency due to higher
average ZT stemming from the significantly lower electrical
resistivity (Fig. 2). However, its efficiency nearly levels off at
5.9 % at a temperature difference of 175 °C and is significantly
outperformed by the MgAgSb-based device with linearly
increasing efficiency due to its increasing average ZT
exceeding that of the Bi,Te;-based leg. The measured average
ZT exceeds 0.9 at the temperature difference of 225 °C and is
likely to further increase up to a temperature difference of 280
°C*. In the experiments the hot junction temperature is limited
to 245 °C due to chosen solder with a solidus point of 252 °C.
Our simulations which are in excellent agreement with the
experiments show that increasing the hot junction temperature
by only 50 °C to 295 °C yields an efficiency exceeding 10 %

This journal is © The Royal Society of Chemistry 2012
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which is similar to efficiencies reported in literature requiring
segmented
thermoelectric

almost twice the temperature difference and
thermoelectric  legs comprising multiple
2024 The large temperature difference and segmented
thermoelectric legs not only make it more challenging in terms
of the thermal stability of the materials and the electrical and
thermal interfaces®' but it significantly increases the complexity

materials

of the device and the manufacturing processes, as well as
difficulties in coupling heat into the device. In comparison, our
single thermoelectric leg efficiency is demonstrated for a device
using one thermoelectric material fabricated together with
silver contact pads with one hot-press fabrication process, and
operating at much lower temperature (see experimental
section).

The device efficiency is simulated based on the iterative
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material properties measurements (direct and absolute)
performed under the large steady-state set temperature
differences during the single leg efficiency measurement using
a previously introduced procedure® (Fig. 2). It is a steady-state
differential method in which the material properties are related
to the change in the measured parameters upon the change in
the imposed steady-state temperature difference (see
experimental section). All measured material properties are
device properties which include possible electrical and thermal
contact resistances. As expected the extracted material
properties have significantly stronger temperature dependence
and show a higher peak ZT compared to the average material
properties.  However, the average ZT at the operating
temperature difference is what determines the thermoelectric
device efficiency. Additionally, the level of the material’s self-

method using temperature-dependent material properties in compatibility = can also compromised the thermoelectric
combination with the discretized Domenicali’s equations**?’, performance®'*%.
and the results show excellent agreement with the experimental
data. The material properties are extracted from the average
1o[® _
—_ 8 L 4
S
voltage leads >
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Fig. 1 Single thermoelectric leg device efficiency results for a p-type nickel-doped MgAgSb-based compound with hot-pressed silver contacts. (a) Fabricated single
thermoelectric leg device with the sample soldered to the copper heater assembly (also acting as the hot junction electrode) and the copper cold junction electrode.

The device is soldered onto a thermoelectric cooler (TEC) which is mounted onto a liquid cooled cold plate and surrounded by a heated radiation shield.

(b)

Efficiency results of a single thermoelectric leg device based on the p-type nickel-doped MgAgSb compound (blue circles) compared to a device based on a
commercial p-type doped bismuth telluride sample (red squares). Solid lines correspond to simulation results obtained with the iterative method based on intrinsic

material properties extracted from average material properties measurements.

The Seebeck coefficients are significantly higher for the
MgAgSb-based compound over the whole temperature range
compared to the Bi,Te;-based material (Fig.2(a)). The
Seebeck then decrease
monotonically which is caused by the thermal excitation of

coefficients have maxima and
energy carriers resulting in a cancellation between electrons and
holes with rising material temperature. The electrical resistivity
values of the two materials are not only significantly different
in their absolute value but also in their temperature dependence
(Fig. 2(b)).
with temperature for the Bi,Tes;-based material which can be

The electrical resistivity monotonically increases
attributed to growing electron-phonon scattering. The electrical

resistivity of the MgAgSb-based material on the other hand
shows a maximum and decreases due to increased carrier

This journal is © The Royal Society of Chemistry 2012

excitation. The thermal conductivities of both materials show
the typical positive temperature dependence for small bandgap
semiconductor materials in that temperature range due to the
bipolar thermal-diffusion effect.

The single thermoelectric leg device efficiency and average
material properties measurements were performed 6 times with
each run requiring between 6 — 8 hrs. No significant changes in
the efficiency or material properties are observed suggesting
promising thermal stability of the material and of the electrical
and thermal contacts. Despite the same applied hot-press
process,
material differ to some extent from the previously reported
We believe the
difference originates from the difference in the hot-press

our extracted properties for the MgAgSb-based

experimental results (ESI Fig. S4%)%.

J. Name., 2012, 00, 1-3 | 3
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conditions for the thermoelectric material due to the addition of
the metal contact powder (see experimental section) which
likely affects the current flow and temperature distribution
within the hot press®>. This underlines the device fabrication

challenges that come with the efforts to bridge the gap between
measured material properties and the demonstration of the
corresponding thermoelectric conversion efficiency.

300 50 T
Tl @ e-as 2 | ® 7T e
2751 = 1 a \
< " ) Q~~ @ & g 40 »°© RIS - o
& el * Sis ES N
£ MgAgSb (extractedy— ~ § I = | A ]
i e = 30 MgAgSb (extracted) Sis
£ 225 -0 18 by
é s " ﬁ] - E]\ iﬂ ;j 20t Bi, Te(extracted) i D 4
% 200 ~ 1 2 N o
° & - m &
.’L ~ . 5, i E - = = =
2 175t O Meagsh ave) { m1op ~H| O MgAgSb (avg)|]
O  BiTe (ave) Bi,Te, (extracted) O  BiTe (ave)
150 1 n N L L 0 L L L n n
0 50 100 150 200 250 0 50 100 150 200 250
Hot junction temperature (°C) Hot junction temperature (°C)
~25 : : : . : 12 . - - " :
_ O MgAgSb (avg) . (c) (d) . s
é . O BiTe v ll | il MgAgSb (extracted) i v |
= . Sl N PPt ¢
s Bi,Te, (extracted) ’ o~ ] (b
27} s a7 E} 1 o8t »® N ¢ @ l
S -~ * m O = - S
] e @ =P O < P @ ~ o
= L
Z 13} 1 o6t -7® P 1
33 MgAgSb (extracted) - Bi Te, (extracted) ~
Z 2153
- el
tA L Sem=r” T © @ 0411 O MgAgsb avg) " i
L= - O BiQTc“ (avg)
05 . . L A A 02 n n L . L
0 50 100 150 200 250 0 50 100 150 200 250

Hot junction temperature (°C)

Hot junction temperature (°C)

Fig. 2 Measured material properties. Properties measured under a large temperature difference (average) with the cold side at 25 °C during the efficiency
measurement of the fabricated p-type MgAgSb-compound based device (blue circles) compared to the commercial p-type bismuth telluride based device (red

squares). From these large temperature difference measurements, we extract the temperature-dependent material properties (dashed lines)?.

coefficient. (b) Electrical resistivity. (c) Thermal conductivity. (d) Calculated ZT.

Thus far, thermoelectric materials research has focused on
increasing the material’s peak zT. However, the device
efficiency is mostly determined by the average ZT over the
imposed temperature difference. In Fig. 3, we summarize the
reported maximum measured efficiency of different materials.
The strategy to achieve higher thermoelectric conversion
efficiencies seems to have been so far to increase the operating
temperature difference. The reported measurements of
thermoelectric devices based on legs with single thermoelectric
materials only achieved a maximum efficiency of ~3 % at a
temperature difference of 600 °C for iron disilicide and
manganese silicide based materials'®, ~5.5 % at a temperature
difference of 400 °C for zinc antimony and constantan based
materials'® and ~5.5 % at a temperature difference of ~147 °C
for the same commercial bismuth telluride based material as
used in this work®. Our demonstration of a thermoelectric
efficiency of 8.5 % at a relatively small temperature difference
of 225°C is a notable step forward for thermoelectric
generators because similar conversion efficiencies of around
10 % have only been reported for couple devices based on
skutterudite materials at more than twice the temperature
difference®®?. This poses a significant challenge in terms of

4| J. Name., 2012, 00, 1-3

(a) Seebeck

the material’s long-term stability especially under vacuum®'.
For thermoelectric modules based on skutterudite materials
efficiencies between 7 — 8 % were reported at a temperature
difference from 460°C to 550 °C**%. The highest
thermoelectric generator efficiencies of 10 to 15 % have been
demonstrated by imposing even larger operating temperature

differences of approximately 500 to 850°C and using
segmented  thermoelectric  legs  comprising  multiple
thermoelectric materials including skutterudite, lanthanum

telluride and ytterbium manganese antimony based materials®®.
Sophisticated contact metallization layers and coatings to
suppress high temperature material sublimation are required for
enhanced electrical and thermal contacts and long-term stability
which significantly increases the complexity of the device and
its fabrication process and with that its cost. However, large-
scale deployment of thermoelectric generators such as in waste
heat recovery systems or in solar thermoelectric generators
requires simple and cost-effective thermoelectric devices with
high efficiencies®.

Therefore, experimental demonstration of 8.5 %
thermoelectric conversion efficiency with a MgAgSb-based
compound at a relatively low temperature difference of 225 °C

our

This journal is © The Royal Society of Chemistry 2012
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in combination with a simple and low-cost fabrication process
is a significant step towards large-scale deployment of
thermoelectric devices as low- to mid-temperature power

Energy & Environmental Science

importance of the average ZT under operating temperature
difference rather than the peak zT for materials development.
Further research is required to fabricate a compatible n-type
thermoelectric leg with comparable performance in similar

converters. Additionally, accurate thermoelectric efficiency
measurements give great confidence in the measured temperature range.
temperature-dependent ~ properties and  emphasize the
l 6 T T T T
14+ p/n-type skutterudite — ]
+La;Tey/YbMgSb (T =152°C)**
12 / g —90°C )0 . 7
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Fig. 3 Efficiency comparison. Reported maximum thermoelectric device efficiencies (open squares) as a function of hot junction temperature compared to the single
leg device based on p-type MgAgSb-based material with hot-pressed metal contacts and cold junction temperature (T¢) at 20 °C (solid circle).

Experimental

Sample fabrication

The p-type MgAgg.065Nig005Sbg oo thermoelectric sample with
silver contact pads is prepared in a three-step fabrication
process. The silver powder for the contact pads is purchased
from Aldrich with a particle size of 10 um. The thermoelectric
material powder is prepared according to the experimental ball
milling procedure described in the previous publication®®. Then
the thermoelectric MgAgSb-based material powder is placed
between the silver contact pad powders in a hot-press
(Fig. 4(a)). The materials are hot-pressed under direct current
at 575 K for 8 min to form the solid sample with silver contact
pads. The as-pressed disc was then annealed at 575 K in air for
30 minutes. The pressed disc is cut to smaller elements with
cross-sectional area of 3 mm x 3 mm (Fig. 4(b)). The length of
the thermoelectric material section is approximately 5 mm and
the silver contact pads are between 0.25 and 0.35 mm thick.
We choose Ag as the electrical contact pad material for the
MgAgSb-based thermoelectric element not only for its high
electrical and thermal conductivity but also because it is easy to
solder to and because its softness permits pressing a dense Ag

This journal is © The Royal Society of Chemistry 2012

contact pad together with the thermoelectric material at 300 °C.
In addition to well-matched coefficients of thermal expansion
with 19.5x10°%/°C for Ag and 20x107%/°C for the MgAgSb-based
material, silver is one of the component elements of the
thermoelectric material which reduces elemental diffusion due
to the smaller concentration gradient. All these attributes help
creating a strong and thermally stable bond with low electrical
interface resistance. Additionally, silver does not introduce
other phases to the interface which also reduces the potential of
deterioration of the thermoelectric properties over time. A
clean and well-defined interface between the MgAgSb-based
compound and the Ag contact pad suggests only minimal
elemental inter-diffusion during the hot-press and annealing
process (Fig. 4(c) and (d)). Even though some elemental inter-
diffusion is observed after the single thermoelectric leg
experiments (ESI Fig. S5%), no significant change in the
thermoelectric leg device performance and properties including
the < 2%
thermoelectric observed during

contact resistance relative  to
leg

experimental timeframe of several days.

electrical
resistance) is our
This suggests
promising thermal stability of the fabricated thermoelectric leg
and supports our choice of Ag as the contact pad material.

Nevertheless, other metals (Sn, Cu, Al) have been tried as

J. Name., 2012, 00, 1-3 | 5
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potential contact pad candidates without much success due to
detrimentally large electrical contact resistance. However,
while it is beyond the scope of this work, a more detailed study
of the long-term thermal stability of the interface region
between the thermoelectric material and the hot-pressed contact
pad could be subject of future research.

Even though we demonstrate the technique for a ball-milled
thermoelectric material powder, the technique can also be
applied to single crystals. However, it will require cutting the
single crystal sample to the necessary disc dimensions to fit the
hot press. The contact pad material powder sandwiching the
single crystal can then be hot-pressed to react with the
thermoelectric material and form a dense contact pad with low
resistance and high mechanical strength.

thermoelectric
material

silver contact pads

MgAgSb-based
compound . «
MeAgSb-based:
3 cbmpbund

¥ n¥o

200 pm vk

TR i }l 3 3
Fig. 4 Thermoelectric sample fabrication with electrical contact pads using hot-
press technique. (a) Thermoelectric material powder (1) is sandwiched between
electrical contact pad material (2) inside the graphite die (3) of the hot-press.
While graphite piston (4) applies pressure with current flowing through piston,
die, and materials increases the hot-press temperature. (b) P-type
MgAg0.965Ni0.00sSbo.9e sample (3 mm x 3 mm x5 mm) as fabricated with a three-
step process (ball milling, hot-pressing, cutting) with silver contact pads with
thickness of ~0.25—-0.35 mm on each end. SEM pictures with magnification of
100X (c) and 395X (d) show a clean and well-defined interface between the
MgAgSb-based compound and the Ag contact pad after the hot-press and
annealing process.

100vum

Experimental setups and measurement methods

The single leg device consists of the thermoelectric leg soldered
(PbgoSbyg — solidus: 252°C / liquidus: 260°C) between a hot
junction heater assembly and a cold junction electrode
(Fig. 1(a) and Fig. 5).
mechanically strong solder joint with low electrical contact

The chosen solder creates a

resistance between the silver and copper surfaces and its

6 | J. Name., 2012, 00, 1-3

Journal Name

liquidus point of 260 °C permits a soldering process below the
hot-press temperature to prevent changes in the properties of
the MgAgSb-based material. The heater assembly uses a thin
film resistance temperature detector (RTD — PT100) as the
electrical heater element brazed (AgssCuy,Zn;;Sns) into a small
copper block of same cross-sectional area as the thermoelectric
leg to minimize radiative thermal shunting between the heater
assembly and the cold side. The hot junction current and
voltage leads for the device and the bead of a 125 um K-type
thermocouple are embedded in the copper heater assembly.
The device is soldered to a temperature controllable cold stage
consisting of a copper heat spreader on top of a thermoelectric
cooler module (TEC) which is soldered to a liquid cooled cold
plate. The cold junction thermoelectric current and voltage
leads as well as a 125 pum K-type thermocouple are embedded
in the copper heat spreader. The single leg device is
surrounded by a heated radiation shield which is suspended on
ceramic pillars. Its temperature is measured with a 125 pm K-
type thermocouple.

The single leg device efficiency is measured in a vacuum
chamber at a pressure below 10 mbar by performing
thermoelectric current (Itg) — voltage (Vg) measurements at
various steady-state set temperature differences imposed across
the device with the cold junction temperature, Tc;, maintained
at 20 °C. The hot junction temperature, Ty, is maintained at a
constant value during the Ig-Vrp curve measurement by
accordingly adjusting the hot junction electrical heater power
input, Py for each set current flowing through the device.
When the system reaches a steady state the measurement
parameters Itg, Vrig, Py, Tuy, Ty, and the radiation shield
temperature, Tyg are recorded.

The single thermoelectric leg efficiency is calculated for each
current and temperature difference setting with

Prg _ Prg

Nre(re) Qn) = Py 2
where Prg is the thermoelectric leg power output Prg = IrgVrp
and Qy; is the hot junction heat input. This heat input is equal
to the electrical heater input power, Py = IyVy with Iy and Vi
as the supplied heater current and measured voltage,
respectively, if the parasitic heat losses such as the radiative
heat transfer and wire heat conduction from the heater assembly
to the surroundings are negligible. The
thermoelectric efficiency at each temperature difference is
obtained from the 4™ order polynomial fit of the ntg vs Irg
curve as described in the ESI in more detail®.

maximum

This journal is © The Royal Society of Chemistry 2012

Page 6 of 13



Page 7 of 13

Journal Name

(a) ‘ shield heater
& Tas lPH heater

heated | assembly

radiation Ty 1 l

shield ~

sample‘
copper
= By e
spreader

T ol

__— ceramic pillars ——__

Fig. 5 Experimental setup to conduct single thermoelectric leg device efficiency
and material properties measurements under large temperature differences. (a)
The efficiency measurement is performed under vacuum with a suspended
(ceramic pillars) heated copper radiation shield at temperature Tgs surrounding
the single leg device and maintained close to the heater assembly temperature,
Ty. The device consisted of the thermoelectric sample soldered between a
copper cold junction electrode and a copper heater assembly which also
functions as the hot junction electrode. The device is soldered to the copper
heat spreader of a temperature controllable cold stage which consists of liquid
cooled cold plate with a thermoelectric module (TEC) soldered to it for accurate
control of the cold junction temperature, T¢;. K-type thermocouples embedded
in the heater assembly, the copper heat spreader and the radiation shield are
used as temperature sensors. In order to control the hot junction temperature
the electrical heater power input, Py can be adjusted. The leads for the
thermoelectric current, |y, and the voltage, Vi, measurement are embedded in
the heater assembly and the cold stage copper heat spreader. (b) Experimental
setup inside vacuum chamber. Radiation shield is suspended on ceramic pillars
and completely surrounds the single thermoelectric leg device.
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experiment. To match those measurement results, the average
thermal conductivity data measured during the single leg device
efficiency experiments (without tight copper radiation shield)
requires a radiation correction using an effective IR emittance
of 0.4 (Fig. 6(c)). The error bars include the error in the
measured temperature difference from the statistical and
systematic thermocouple measurement uncertainties and the
statistical and systematic error from the hot junction power
input measurement using an uncertainty in the IR emittance of
+0.2. The IR emittance of 0.4+0.2 is also used for the radiation
correction calculation of the single thermoelectric leg efficiency
data.

Instead of calibrating for the parasitic heat losses which can
significantly reduce the signal-to-noise ratio of the experiment,
we minimize the parasitic heat losses from the heater assembly
by maintaining the heated radiation shield close to the heater
assembly temperature. However, as a consequence there is an
additional radiative heat input from the radiation shield to the
thermoelectric leg which needs to be corrected for to obtain the
actual single thermoelectric leg efficiency.

Radiation correction

We correct for the aforementioned radiation contribution by
estimating the effect of the radiative heat transfer between the
leg and the surrounding heated radiation shield on the
efficiency measurement using simulation results obtained from
the temperature-dependent material properties with the iterative
method”.

radiative heat transfer between the thermoelectric leg with an

The equations used are modified to include the

effective IR emittance and its surroundings which is assumed to
be a blackbody at hot junction temperature®>. For more details
the model is described in the ESI.
estimated with following procedure. We perform an additional

The IR emittance is

experiment to measure the average thermal conductivity with a
modified setup (Fig. 6). the
experimental setup used for the single leg device efficiency and

The only difference to

average properties measurements is the addition of a copper
radiation shield which is thermally grounded to the cold
copper tightly the
thermoelectric leg with a gap of approximately 0.1 —0.3 mm
(Fig. 6(a) and (b)). Consequently, the effect of the leg radiation
on the thermal conductivity measurement is minimized in this

junction electrode and surrounds

This journal is © The Royal Society of Chemistry 2012

= (¢)
) ¥ £
% 085} :
z
z 08r 1
3
é 0.751 1
S
=
:E: o O w/otight RS
E O  with tight RS
0.65 ) . A n n
0 50 100 150 200 250

Hot junction temperature (°C)

Fig. 6 Measurements of the average thermal conductivity of the thermoelectric
leg under large temperature using a modified setup with an additional copper
radiation shield. (a) Copper radiation shield tightly surrounds the thermoelectric
leg sample (gaps are ~0.1 — 0.3 mm) and is thermally grounded to the cold
junction electrode. (b) For the efficiency measurement, the sample is soldered
between the hot junction heater assembly and the cold junction electrode. The
device surrounded by the tight copper radiation shield is soldered onto the cold
stage. The system is surrounded by the heated copper radiation shield
maintained close to the heater assembly temperature. (c) Measured average
thermal conductivity results (red squares) are in good agreement with average
thermal conductivity results (corrected for leg radiation effect using an effective
emittance of 0.4) obtained during the efficiency experiment without tight
radiation shield (blue circles).

Average and extracted material properties measurements

The temperature-dependent material properties are extracted
from the average material properties measurements at large

J. Name., 2012, 00, 1-3 | 7
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temperature differences during the efficiency experiment using
a previously established method”>. The average Seebeck
coefficient and thermal conductivity are obtained at open circuit
conditions by measuring the Seebeck voltage, Vg, and the
electrical heater input power, Py, respectively, and dividing the
measured values by the measured temperature difference,
AT =Tyy— T¢y. The average electrical resistivity is measured
with a 4-probe square-wave AC resistance method®'. During
all measurements the cold junction of the single leg device is
maintained at a constant temperature of 20 °C. The extracted
temperature-dependent  Seebeck coefficient and thermal
conductivity values are obtained from the slopes of the best
polynomial fits through the Vg vs. AT and Py vs. AT curves,
respectively. The extracted electrical resistivity at Tyy is

calculated with p(Ty;) = (PH d::;g + Rayg %) k(TH,)_1 with
R,,, being the measured average electrical resistance at
AT =Ty;— Ty, dR,/dAT is the change in the average
electrical resistance at Ty; obtained from the slope of the best
polynomial fit through the R, vs. AT curve, dPy/dAT is the
change in electrical heater power input at Ty; with varying

temperature difference, and k(Tyy) is the extracted thermal

conductivity.

Tests for electrical contact resistances are performed before and
after the measurements at room temperature using a modified
4-probe square-wave AC resistance method with one moving
voltage probe®*®?*. The combined electrical contact resistance
of both ends of the fabricated thermoelectric leg sample is
found to be below 2 % relative to the total electrical leg
resistance of approximately 19 mQ at room temperature. The
electrical contact resistances at the hot and cold junction of the
single leg device include the resistances of the solder interface
between copper electrode and silver contact pad, the silver
contact pad itself, and of the sintered interface between the
silver contact pad and the thermoelectric material created
during the hot-press fabrication process.

Validation of the material properties extraction method

The accuracy of the temperature-dependent material properties
is crucial for trustworthy simulations such as for the results
shown in Fig. 1(b). Absolute steady-state Seebeck coefficient
and thermal conductivity measurements are prone to large

8 | J. Name., 2012, 00, 1-3

uncertainties due to the introduced error from the temperature
difference measurements using thermocouples. However, the
thermocouple uncertainties are largely minimized by extracting
the temperature-dependent Seebeck coefficient and thermal
conductivity from the change in the measured Seebeck voltage
with
Additionally, experimental errors

and heater input power, respectively,

31,37

changing
temperature difference
are reduced by measuring all material properties on the same
sample in the same crystallographic directions eliminating the
uncertainties from varying properties between samples and
from properties anisotropies. In order to validate the used
the

properties from parameters measured under large temperature

method to extract temperature-dependent  material
differences we conduct direct material properties measurements
under small temperature differences on a commercial p-type
bismuth telluride based material sample from the same batch

using  previously
31,37

established high-accuracy differential
methods (Fig. 7). We further compare the data with results
obtained with commercial equipment (ZEM 3 and LaserFlash).
The commercial p-type bismuth telluride material is suitable to
be used as a standard material due to its reliable and isotropic

2338 The contact

material properties and stable contacts
surfaces of the commercial samples are metallized with an
additionally metallization step which likely has only a minimal
Overall the
properties results of all the methods are in good agreement with
data.
deviation is expected because the measurements are performed
the Seebeck

coefficients and electrical resistivity values show a maximum

effect on the sample’s material properties.

the extracted material properties However, some

on three different samples. In particular
discrepancy of 5% which can mostly be attributed to
differences in the properties of the 3 samples measured
(Fig. 7(a) and (b)). The measured thermal conductivities are in
excellent agreement showing a deviation only at low hot
junction temperatures with the reason being the uncertainty in
the data fitting around the data set boundaries of the properties
Nevertheless, overall the data
the

thus in

extraction method (Fig. 7(c)).
extracted
the

confidence in
properties,

comparison gives great

temperature-dependent material

simulation results.

This journal is © The Royal Society of Chemistry 2012
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Material properties extracted from average

material properties measurements during the efficiency experiments (red dashed line) are in good agreement with directly measured temperature-dependent

material properties under small temperature differences using previously established high-accuracy measurement methods (blue circles)

337 and commerecial

equipment (ZEM 3 and Laser Flash) (black dash-dotted line). (a) Seebeck coefficient. (b) Electrical resistivity. (c) Thermal conductivity. (d) Figure of merit, ZT.

Minimization of experimental uncertainties

In order to perform the single thermoelectric leg efficiency and
material properties measurements with high accuracy a number
For
accurate temperature measurements the K-type thermocouples

of important experimental provisions require attention.

used are calibrated with a thermistor to an accuracy of 0.2 °C
up to a temperature of 50 °C and above 50 °C have the
of *1.1°C or
£0.004- T caging (°C) (special limits of error). The thermocouples

manufacturer uncertainty of the larger
are brazed into the hot junction copper heater assembly and
cold junction copper heat spreader in order to minimize the
thermal contact resistance. Additionally, the thermocouple
wires at the hot junction are thermally grounded to the heated
radiation shield to minimize the heat conducted through the
thermocouple bead. The current to the single leg device and to
the hot junction heater is supplied by high accuracy Keithley
power supplies (Model 2425) with pA resolution and the
respective voltages are measured with separate voltage leads
with a high accuracy digital multimeter (DMM) from Keithley
(Model 2010 with scanner card) with nV resolution. The cold
junctions of the thermocouples are thermally grounded to the
vacuum chamber walls to ensure negligible temperature
gradients. The chamber wall temperature is measured with an
RTD calibrated with a thermistor to an accuracy of £0.2 °C and
is used as the cold junction compensation. The DMM is used
to conduct the wall temperature RTD measurements as well as

This journal is © The Royal Society of Chemistry 2012

all thermocouple readings. The experiment is controlled using
LabVIEW to ensure accurate data recording when the system
reaches steady state. In order to minimize the parasitic heat
losses from the hot junction heater assembly its wires are
thermally grounded to the heated radiation shield which is
maintained close to the hot junction temperature (Tgs =~ Tyy)
and has graphite coated interior walls to minimize thermal
radiative shunting from the heater assembly to the cold side.
One major challenge of single leg efficiency measurements is
that the thermoelectric current is supplied at the hot junction.
The large thermoelectric currents required for the efficiency
measurement can result in significant Joule heating in the
current carrying lead affecting the hot junction heat input power
measurement. Thus, the diameter of the current carrying wire
is chosen large enough to minimize this effect.

The error bars of the single thermoelectric leg efficiency
measurement (Fig. 1) include the error from leg radiation
correction introduced by the leg surface emittance uncertainty
of £0.2 and the statistical error in the hot junction heater power
input measurement. We also add a systematic error for possible
Joule heating in the thermoelectric current carrying hot junction
lead.
measurements (Fig. 2) include the statistical errors from voltage

The error bars for the average material properties

and current measurements. Additionally, in the case of the
Seebeck coefficient and thermal conductivity measurement they
also include the statistical and systematic uncertainties from the
temperature measurements.

J. Name., 2012, 00, 1-3 | 9
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Conclusions

We experimentally demonstrate a record high conversion
efficiency of 8.5% on a single thermoelectric leg device
operating between 20°C and 245 °C. The device is fabricated
with hot-pressed silver contact pads from a recently reported
MgAgSb-based material which significantly simplifies the
manufacturing process of such thermoelectric legs with low
contact resistances. The single leg device experiment was
performed for several days showing no changes in material
properties
thermal stability. The fabricated single thermoelectric leg with

and device performance suggesting promising

hot-pressed metal contact pads can achieve 10% at a

temperature difference of 275 °C which previously has only
been reported at almost twice the temperature difference and
can require thermoelectric generators with segmented legs. The
demonstration of comparable thermoelectric conversion
efficiencies at a significantly lower operating temperature
difference in combination with a simple manufacturing process
represents a significant step towards large-scale deployment of
thermoelectric devices as low- to mid-temperature power
converters.

In the process of characterizing the device, we developed an
experimental technique to measure the conversion efficiency
and the average material properties of a single thermoelectric
leg device at operating temperature difference. The
temperature-dependent material properties are extracted from
the measurements and used to simulate the theoretical
conversion efficiency which supports the efficiency
measurement results. Despite the challenges that come with
performing an accurate thermoelectric efficiency experiment,
the methods we developed and cross-checking give confidence
in measured material properties which typically are prone to
large uncertainties. Our work also emphasizes the importance
of the average ZT in addition to the peak zT for materials
research.
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Broader context box:

Thus far, thermoelectric materials research has focused on increasing the material’s peak zT.
However, the device efficiency is mostly determined by the average ZT over the imposed
temperature difference. In this work, we experimentally demonstrate a record high
thermoelectric conversion efficiency of 8.5 % with a single thermoelectric leg based on a
recently reported p-type MgAgSb-based compound operating between 20 and 245 °C. Similar
efficiencies have only been demonstrated at twice the temperature difference with hot side
temperatures beyond 500 °C. In addition, the sample is fabricated with silver contact pads using
a one-step hot-press technique eliminating a typically required sample metallization process.
This significantly simplifies the fabrication of thermoelectric elements with low electrical and
thermal contact resistances. We believe that our demonstration of a record high conversion
efficiency at a relatively low temperature difference of 225 °C in combination with a simple and
low-cost fabrication process is a significant step towards large-scale deployment of
thermoelectric devices as low- to mid-temperature power converters. Additionally, accurate
thermoelectric efficiency measurements give great confidence in the measured temperature-
dependent properties, the real-world materials’ applicability and emphasize the importance of the
average ZT under operating temperature difference rather than the peak zT for materials
development.



