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Skutterudites are promising thermoelectric materials for their high figure of merit, ZT, and
good thermomechanical properties. In this work, we report the effective figure of merit, Z T,
and the efficiency of skutterudite legs and a unicouple working under a large temperature
difference. The p- and n-type legs were fabricated with electrodes sintered directly to the
skutterudite during a hot pressing process. CoSi, was used as the electrode for the n-type
(Ybo35C04Shs,) and Co,Si for the p-type (NdFeszsC0o5Sbs,) skutterudites. A technique was
developed to measure the ZT of individual legs and the efficiency of a unicouple. We report
an ZT.x=0.74 for the n-type legs operating between 52 °C and 595 °C and an ZT=0.51 for
the p-type legs operating between 77 °C and 600 °C. The efficiency of a p-n unicouple was

determined to be 9.1% operating between ~70 °C and 550 °C.

1. Introduction
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Thermoelectric energy conversion devices are attractive because they have no moving parts,
are capable of high power densities, scalable in size, and potentially highly reliable..y They
can be used to improve the overall efficiency of existing systems by recovering waste heat,

for example from vehicle exhaust, and to develop new systems such as solar thermoelectric
energy converters.> ¥ The performance of a thermoelectric material is characterized most
commonly by its dimensionless figure of merit, ZT = S*T / pk where S(T), p(T), k(T) are the
temperature-dependent Seebeck coefficient, electrical resistivity, and thermal conductivity,
respectively, and T is the absolute temperature. If the material properties are independent of

temperature then the maximum efficiency of a thermoelectric leg can be expressed as [*!

~ Tt = Teou V1+7T -1

MMax = ' (l)

Tiow 12T 4T

Hot

where Thet is the hot side temperature, Tcoq is the cold side temperature, and T is the
arithmetic average of Tcoig and Tyt

The efficiency of real devices can differ significantly from Eqg. (1) due to the following
reasons. First, thermoelectric properties are temperature-dependent and can vary significantly
from the hot side to the cold side. This is especially true for power generation applications
when the hot and the cold side temperature difference spans several hundred degrees.
Second, non-ideal factors such as electrical and thermal contact and spreading resistances, and
heat losses at the side walls of the legs degrade the device efficiency.[®*” Although materials’
ZT are often reported, thermoelectric device testing is needed to link the materials to their
applications and to validate the ZT measurements.

A major challenge for device testing is to make electrical contacts to thermoelectric legs.
Because thermoelectric legs used in devices usually have a high electrical conductivity and a
small length in the current flow direction, the overall resistance of the leg itself is small,

which requires very small electrical contact resistances between the electrodes and the
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thermoelectric materials. Other key difficulties are thermal stresses, parasitic thermal
resistances, and chemical stability. Needless to say, a careful energy balance is needed to
report device efficiency. Partially due to these difficulties, there are far fewer reports on
device performance than materials’ ZT values. A few groups have reported device work in
the past. The thermoelectric efficiency of radioisotope generators (RTG) employed on current
US space missions is 8%. These generators use SiGe legs that operate between 300 °C and
1000°C.181 The SiGe legs are coated with SisN, and wrapped in quartz yarn to reduce
sublimation. High temperature modules are prone to sublimation and oxidation, and must be
encapsulated in most cases. Kambe et al. encapsulated a high temperature SiGe module in a
stainless steel container which was evacuated and fit with compliant solder-infiltrated pads for
improved heat transfer.!”’ D’Angelo et al. tested PbTe-Bi,Te; based segmented-leg modules
(47 couples) from Tellurex. [*1 The modules operated between 39 °C and 397 °C, the
measured efficiency was 6.56% compared to the modelled efficiency of 9.8% which
neglected thermal losses and contact resistances. Salzgeber et al. reported on the progress of
skutterudite material, heat exchanger design, module intregration, and cost estimates for
automotive applications.*Y) EI-Genk et al. measured the efficiency of skutterudite unicouples
with bonded metallic electrodes of unspecified compostition.™?** The unicouple operated
between 29 °C and 697 °C for hundreds of hours and demonstrated a peak efficiency of 7.3%
and was calculated to be as high as 10.7% if sidewall thermal losses were eliminated. The
following coatings were investigated to suppress Sb sublimation at the hot side of the legs:
Ta, Ti, Mo, V.I*®1 Researchers at the Shanghai Institute of Ceramics have successfully
bonded skutterudites to several electrode materials including Mo, Cu-Mo, and Cu-W using a
Ti bonding layer.['*"* They have also built a skutterudite module and demonstrated an
efficiency of 6.4% when the device operated between 47 °C and 537 °C.[*%

In this work, we develop a platform to measure skutterudite unicouple performance when it

is subjected to a large temperature difference, including the ZTe of the n- and p-type
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materials and the efficiency of a p-n unicouple. The hot side temperature reached up to 600
°C. The skutterudite legs were made by powder metallurgy processes. Electrodes were
bonded directly to the skutterudite legs. Parasitic electrical contact resistances and heat losses

are carefully accounted for. We demonstrate a heat to electricity conversion efficiency among

the highest ever measured for a skutterudite unicouple.

2. Effective Properties

The thermoelectric properties, S(T), p(7), k(T) are usually measured independently over a
small temperature difference A7, usually less than 10 °C. Real devices work under a much
larger temperature difference. Relevant device properties are the Seebeck voltage Vs, hot side
heat transfer Quot, and the electrical resistance R. For each leg working under a large AT and

open-circuit condition, we define effective properties, using subscript “eff”, as

THot

[s(T T

-V Id
Seff (THot ’TCoId ): ATS = o AT ’ (2)
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jde
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The first equality in the above three equations defines the effective properties.
Experimentally, we can measure each quantity in these definitions and thus determine the
effective properties experimentally. We can combine these properties to define an effective

ZT,
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for each temperature range of Tcoiq and Trot to Which the device is subjected. We have shown
in previous work that ZT¢s can be used in Eq. (1) to calculate the maximum conversion
efficiency for Bi,Te; working under 200 °C. 2!

The last equality in Egs. (2-4) provides a way to calculate the effective properties based on the
temperature-dependent transport properties of the materials. These equalities are valid when
heat and charge flowing through the devices are one-dimensional and radiation heat loss from
side walls is negligible. If radiation heat loss is not negligible—which is the case for our
devices due to high-temperature operation—we solve the following one-dimensional

differential equation,!??

A%(ki—lj—lTET 3—i+ |$E%—gasbw (T*-T7!)=0, (6)

where A is the cross-sectional area of the thermoelectric leg, It¢ is the current flow through
the device, ¢ is the emittance, W is the perimeter of the side walls, and oy, is the Stefan-
Boltzmann constant. The first term represents heat conduction, 2" term the Thomson effect,
third term the Joule heating, and the last term radiation heat loss from the side walls. We
solve Eqg. (6) numerically, using the measured values of the transport properties. The
emittance of the electrodes and skutterudites were measured by FTIR (Fourier Transform
Infrared) spectroscopy, and the values for the n-type, p-type, CoSi,, and Co,Si are 0.7, 0.6,
0.23 and 0.5, respectively. The solution of Eq. (6) leads to a temperature distribution, from
which we can calculate the heat transfer Quot and other properties used in the definitions of
the effective properties [Egs. (2-4)] as well as the device performance. We will compare the

calculated properties with the measured effective properties and the device efficiency later.

3. Skutterudite Synthesis and Properties
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The n- and p-type skutterudites are Ybg35C04Sby2, and NdFe;sC0op5Sb12, respectively. The
skutterudites were alloyed from raw elements into polycrystalline skutterudites and then ball
milled into a powder having nanosized grains.”* ! The powder was sintered by a direct
current induced hot press process to produce a ¥2” diameter, 4 mm thick pellet. The pellet
was cut in half to produce two 2 mm thick pellets; one would be used for the measurement of
the thermal conductivity, and the other would be cut again into 2x2x12 mm bars for the
measurement of the Seebeck coefficient and the electrical resistivity.

The temperature-dependant properties were measured as follows. The thermal diffusivity o
and specific heat c, are measured on Netzsch Instruments’ laser flash (LFA 457) and
differential scanning calorimeter (DSC 200 F3) systems, respectively. The thermal
conductivity is obtained from k= o c, pm, Where the density, pm, IS measured by the
Archimedes principle. The Seebeck coefficient and the electrical resistivity are measured
with a commercially-available instrument (ZEM-3) made by ULVAC Technologies Inc. The
thermal conductivity is measured in the direction perpendicular to the flat face of the pellet
(cross-plane direction) and has a nominal uncertainty of 8%. Both the resistivity and the
Seebeck coefficient are measured in the in-plane direction and have nominal uncertainty
values of 8% and 5% respectively. The resulting uncertainty (root-sum-squares method) in
ZT for the individual properties measurement is 14%. The property measurements are given
in figure 1. The expected peak ZT of the n-type is 1.2 at 550 °C and of the p-type is 0.8 at

500 °C.
3.1. Device Pellet Fabrication

To build devices electrodes must be attached to n- and p-type skutterudites. In choosing

electrode materials, the following factors should be taken into account: 1) the coefficient of
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thermal expansion (CTE) should be well matched between the electrodes and skutterudites, 2)
the electrodes should have high thermal and electrical conductivities relative to the
skutterudites, 3) the bond should be mechanically strong and exhibit low electrical and
thermal contact resistance, and 4) the bond should be chemically stable.

Based on the skutterudite CTEs and transport properties and through trials, we decided to use
CoSi, for the n-type and Co,Si for the p-type electrodes.*” These electrodes are directly
bonded onto the thermoelectric powder during hot pressing to produce device pellets. A
major challenge was to optimize the press conditions to produce device pellets with good
electrical properties that were free of cracks. To avoid cracking, we improved the
temperature uniformity over the device pellet by reducing the diameter from %" to %", and
added electrically and thermally insulating plugs between the device pellet and the graphite
plungers. Reducing the diameter had several practical advantages including: less bending
stress on the electrodes and a smaller thermal time constant of the device pellet. The
insulating plugs have a height of 7 mm and are made from a machinable glass (Macor) with a
low thermal conductivity of 1.5 W/mK compared to graphite at 100 W/mK. Finite element
analysis shows that the Macor plugs effectively insulate the device pellet from the high
temperature graphite plungers so that the device pellet equilibrates to an almost uniform
temperature with the die.*®) The plugs also redirect electrical current flow around the device
pellet instead of through it. The n-type device pellets were pressed at a relatively high
temperature and pressure of 750 °C and 84 MPa for 6 minutes to achieve a higher density and
low contact resistance. The p-type pellets were pressed at a lower temperature and shorter
time (675 °C at 98MPa for 3 minutes) to reduce mass diffusion at the interface and produce a
smaller contact resistance.

After pressing, the device pellets were subsequently polished, inspected for cracks, and cut
into legs. The legs were approximately 2x2 mm? in cross-sectional area, with a length of 4.7

mm comprising 3 mm length of skutterudite and 0.85 mm of electrode on each side. The
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electrical resistance was measured at room temperature by a homebuilt 4-wire method. A
sharp spring-loaded probe was mounted to a translation stage and scanned across the leg to
measure the resistance versus length. Measurements were typically repeatable to length
increments of about 2 um. The bulk resistivity is extracted from the slope of the resistance
curve within the skutterudite/electrode. A thin resistive layer formed at the
skutterudite/electrode interface. The resistance across this layer is defined as the contact
resistance. Each p-type interface has a contact resistance of 1.2-2.3 x 10™° Qm? The two

interfaces combined contribute 1.5-2.9% of the total resistance of the leg. The n-type contact

resistance is 0.7-2.0 x 10™° Qm? and contributes to 0.8-2.2% of the total resistance of the leg.
3. Experimental System

The experimental system was designed to measure ZT¢ and efficiency up to temperatures of
600 °C. We chose an inline unicouple configuration in which the legs are on the same axis
instead of the conventional w-configuration to minimize thermal stress and thermal losses
(figure 2). An axial force is applied to hold the legs in compression. Current and heat pass
horizontally through the legs. Heat is generated in the middle at the heater assembly up to
600 °C while the ends are maintained near room temperature. The test is conducted in a
cryostat in vacuum (<5x10° torr) to eliminate air conduction. Radiation at the heater and
sides of the legs is the dominant mode of heat loss, which is carefully calibrated as described
later. Cold water is passed through the cryostat cold finger to maintain the cold side
temperature. There are five K-type thermocouples (2 mil diameter, bare), one on each
electrode measuring Tcoig1, THott, Tcold2, THote at a distance of 0.35 mm from the interface, and
one at the heater measuring Treaer. The thermoelectric voltages Vre1, Vrez, Ve1, and Ve, were
measured at each alumel thermocouple wire. The thermocouples were attached with Ag

epoxy and cured at 120 °C for 8 hrs. To improve thermal contact Ag epoxy was used at the
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hot electrode-Cu heater interface and In-Ga eutectic alloy at the cold electrode-Cu heat sink
interface. At high temperature the organics of the Ag epoxy bake off, leaving a sintered Ag
bond with relatively low electrical and thermal resistance.

The heater was designed to provide 6W at 600 °C. It is important that the heater assembly be
as small as possible with small electrical leads to reduce heat loss. Platinum resistive
thermometers (RTDs) serve as the heating elements. Two slots were milled in a 3x3x3 mm
Cu block. A Pt RTD was inserted in each slot and backfilled with braze (AgasCuz7ZnzsSns
braze, Tne=641-682 °C). Current was supplied by 2 mil Pt wire, 25 mm in length, which
were brazed to the electrical leads of the RTDs.

Thermoelectric generator power output measurements require a variable load to best match
the power. We use a current source as the variable load. When current flows through the
device, referring to figure 2, voltages Vg1, Vre2, Ve1, Ve Were measured using the alumel arm
of the thermocouple wires. The alumel wire is not a perfect electrode and must be
compensated for its own Seebeck coefficient. The measured voltage was found by
subtracting the Seebeck voltage of the alumel wire from the raw voltage. Note that Vg, and
V1e2 are generated by the Seebeck effect, while Ve; and Ve, are due to resistances between the

electrodes and the copper heater block. Along the current flow direction, V1g1 and Vg, are

positive while V¢, and Ve, are negative. The heat entering the unicouple is given by

QHot = IVheater _QLoss + ITE el +V62| ) (7)

where 1Vyeater IS the total electrical power dissipated by the RTD heating elements. The
thermal losses between the Tyon and Tuore thermocouples are characterized by Qposs, Which
include: radiation from the Cu block/electrode surfaces, and conduction from two Pt wires
and three thermocouples. The last term represents Joule heating created by the contact
resistances between the Cu block and the thermoelectric legs. During the ZT¢s measurement
I=0.

The QLoss term is evaluated as follows. The heater assembly was calibrated for heat loss by

9
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suspending it in vacuum and measuring the steady-state electric power needed to keep it at
temperatures up to 625 °C. The Cu block surface was modelled as a grey body with a
temperature-dependent emittance of the form e=eoterTheater and fit to the experiments with a
least squares regression (e0=0.182, £7=7.9-10°). Heat losses from the thermocouples and Pt

wires were calculated with a fin model with radiation as the major loss mechanism along the

fin.B3
4. Results and Discussion

Using the experimental system, we can measure the effective properties of each type of leg
and the efficiency of a p-n unicouple. When measuring the effective properties of the same
type of legs, we symmetrically place two legs—geometry as close to identical as possible—on
both sides of the heater block. No current passes through the legs, I;e=0. As heat is put into
the heater through the RTDs and a temperature difference is established, the Seebeck voltage
is measured using the thermocouple wires, from which the S can be determined. The
measured pesr IS determined by superimposing a small AC current through the legs and
making a four point measurement. Current probes are located at the cold side of each leg and
the thermocouples are used as the voltage probes as previously described. The measured pes
is the combined resistance between the Tyot and Tcog locations, including the electrodes and
contact resistances. The ke is determined by assuming heat input flows symmetrically to
both sides of the legs. Thus, the measured ZT¢ includes bulk thermal and electrical
resistances of 0.35 mm length of each electrode and its contact resistance with the
skutterudite, and side wall heat loss from the electrode and skutterudite surfaces. These
parasitic losses are also present in real devices.

Figure 3 plots the measured and calculated effective properties for the n-type and p-type legs.

The “Eqg. (6)” curves were based on solving Eq. (6), using the measured emittance and

10
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transport properties. Error bars were calculated for each measurement point individually.
Notice per and ke have geometric parameters [Eqgs. (3) and (4)] that introduce more
uncertainty; while ZTex [Eq. (6)] does not have any geometric parameters. The magnitude of
the measured n-type Serr and pesr are much higher than expected from individually measured
S(T) and po(T), but the power factor is similar (figure 3). This is likely due to a different
carrier concentration between the device pellets and the pellets used in the individual property
measurements. It is often observed that changes in pressing conditions can result in very
different Seebeck coefficients and resistivities while producing similar power factors. Figure
4a plots ZTe, using effective properties in figure 3. The highest experimentally determined
ZTe for the n-type was 0.74 (Tyot=595 °C, Tcog=52 °C), and for the p-type was 0.51
(Thot=600 °C, Tcoig=77 °C). In the same figure, we also show two theoretical curves for each
type of skutterudite. The “Eq. (6)” curves were calculated by solving Eq. (6), including
radiation loss from side walls and resistances of the electrodes. The “no losses” curves
neglect radiation loss and losses due to the electrodes. In figure 4b, we show calculated
efficiency of each type of legs using three approaches. One is based on Eq. (1) using the
experimentally determined ZT to replace ZT. The two other efficiency curves are based on
solving Eq. (6), one includes radiation and electrodes losses (curve labelled “Eq. (6)”) and the
other does not (*no losses”), similar to the conditions in figure 4(a). The figure shows that
efficiency values obtained from Eq. (1) using experimentally determined ZT are close to that
obtained from solving Eqg. (6).

During the efficiency measurement, a current is passed through the unicouple (figure 2),
electrical power is generated in the legs and dissipated at the heater assembly. Figure 5
shows measured power [5(a)] and corresponding efficiency values [5(b)]. During the test the
n- and p-type legs operated between 558-559 °C and 544-546 °C, on the hot side and 58-63
°C and 76-83 °C on the cold side, respectively. The maximum measured power was 0.445 W
at 6 A. Several efficiency values are plotted. The “raw” efficiency curve is based on power

11
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from the total external voltage,

Pe = ITE b (VTEl +Ve1 +V92 +VTE2) (8)

while heat leakage from the heater block, Quoss, IS omitted such that Q,, = IV The

Heater *

efficiency is simply calculated as =P, /Q,,. The “uncorrected heat loss” points are obtained

by computing the power output based on measured Vg1 and Vg2 only,

P, =g oVig + I oVig, , 9)
and

QHot = IVHeater + ITE [Vel +Ve2 . (10)

This includes heat dissipated at the RTD and heater assembly but does not account for the
heat leakage from the heater block. The “meas.” points use the power from Eq. (9) and the
hot side heat transfer from Eq. (7); it is the most accurate characterization of device
performance. The maximum efficiency thus obtained was 9.1% at 5 A (figure 5a). The “Eq.
(6)” curve was calculated based on solving Eqg. (6), including radiation and electrodes losses.
Figure 5a also shows the power of the individual legs which peaks at very different current
values, indicating that the geometry is not well matched to maximize either efficiency or
power of the unicouple. Our model predicts that the maximum efficiency will increase from
9.0% to 9.2% if the cross sectional area of the n-type leg is decreased to 0.9 times its present
value and the p-type leg is increased to 1.3 times its present value. Thus the efficiency of this

unicouple is relatively insensitive to geometry matching and current matching errors.

5. Conclusion

We developed a device testing system for a mid-temperature thermoelectric unicouple up to
600 °C. Small leg geometries were used in an inline configuration to reduce thermal stress

and heat loss. This setup enables measurement of the effective thermoelectric properties,
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ZTe, and efficiency while working under a large temperature difference.

The testing system is employed to characterize skutterudites. CoSi, and Co,Si were chosen as
the n- and p-type electrodes, respectively, and they were directly bonded onto skutterudites
during the hot pressing process. We demonstrated ZTe4=0.74 for the n-type operating
between 52 °C and 595 °C, and ZT.s=0.51 for the p-type operating between 77 °C and 600
°C. The maximum efficiency of the p-n unicouple was determined to be 9.1% operating

between ~70 °C and 550 °C. The efficiency measured is among the highest of skutterudites,

suggesting their promising future in energy harvesting applications.
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Figure 1. Measured skutterudite properties. Points represent measured values, lines are

polynomial fits. Notice that the absolute value of the n-type Seebeck coefficient is plotted.
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Figure 2. Unicouple with the inline configuration. (a) Schematic of the p-n unicouple during
the efficiency measurement. The thermoelectric voltage is measured at the alumel wires

between K-type thermocouples. (b) Photograph of n-n effective properties measurement.
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Figure 3. Effective properties of the n- and p-type. Points with error bars are measured
values, “Eq. (6)” curves are based on solving Eq. (6) with parasitic losses (neglecting contact
resistance) from the electrodes and side walls of the legs, and “no losses” curves do not

include parasitic losses.
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Figure 4. (a) Effective ZT of the n- and p-type. Points are the measured values, “Eq. (6)”

curves are based on solving Eq. (6) with parasitic losses (neglecting contact resistance) from

the electrodes and side walls of the legs, and “no losses” curves do not include parasitic losses.

(b) Points are maximum efficiency calculated from measured ZT¢ using Eq. (1).

16



ENERGY
Submitted to A

e
3]

. * * * * —
04 . *P =
= g
*
03 _,_/")’*’ N 2
- * [
g S
Q =4
Q- 0.2 ]
[ &
@
'—'\’\,\* =
0.1 P s
o
a.
%0 45 5.0 55 6.0 6.5 7.0

current [A]

-
=

Bt N W R 0 O N @
b L e N A B B

* - »
*
O meas.
—Eq. (§)
¢ raw
uncorrected |
O heat loss
¢
<
. ‘ ‘ ¢
5.0 5.5 6.0 6.5 7.0
current [A]

Figure. 5 (a) Power versus current for n- and p- legs individually and summed together.

Points are measured values, lines are calculated from Eq. (6). (b) Conversion efficiency

versus current. Points marked “raw” are based on the total measured voltage across the

couple and the power input to the RTD heaters.

The “uncorrected heat loss” points are

obtained using Eq. (9) for power output and Eq. (10) for heat input. The “meas.” points are

the most accurate characterization of performance they are obtained using Eq. (9) for power

output and Eq. (7) for the heat input.
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