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The use of advanced materials has resulted in a significant improvement in
thermoelectric device conversion efficiency. Three-stage cascade devices were
assembled, consisting of nano-bulk Bi,Tes-based materials on the cold side,
PbTe and enhanced TAGS-85 [(AgSbTes)5(GeTe)ss] for the mid-stage, and
half-Heusler alloys for the high-temperature top stage. In addition, an area
aspect ratio optimization process was applied in order to account for asym-
metric thermal transport down the individual n- and p-legs. The n- and p-type
chalcogenide alloy materials were prepared by high-energy mechanical ball-
milling and/or cryogenic ball-milling of elementary powders, with subsequent
consolidation by high-pressure uniaxial hot-pressing. The low-temperature
stage materials, nano-bulk BisTes_,Sb, and BisTes_,Se,, exhibit a unique
mixture of nanoscale features that leads to an enhanced Seebeck coefficient
and reduced lattice thermal conductivity, thereby achieving an average ZT of
~1.26 and ~1.7 in the 27°C to 100°C range for the n-type and p-type materials,
respectively. Also, the addition of small amounts of selected rare earth ele-
ments has been shown to improve the ZT' of TAGS-85 by 25%, compared with
conventional or neat TAGS-85, resulting in a ZT = 1.5 at 400°C. The incor-
poration of these improved materials resulted in a peak device conversion
efficiency of ~20% at a temperature difference of 750°C when corrected for
radiation heat losses and thermal conduction losses through the lead wires.
These high-efficiency results were shown to be reproducible across multiple
cascade devices.
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depends on the dimensionless figure-of-merit (Z7),
ZT = o®T/ pky, where o, T, p, kr are the Seebeck
coefficient, absolute temperature, electrical resis-
tivity, and total thermal conductivity, respectively.
Thermal to electrical conversion efficiency is
defined as
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where E is the power generated by the device, @ is
the applied heat, T}, is the hot side temperature, T
is the cold side temperature and Z4T,, is the effec-
tive device figure-of-merit at the mean temperature
Ty in K. The typical peak ZT in conventional Bi/Te-
based alloy materials at room temperature (RT) has
a magnitude of ~1 for both n-type and p-type
materials, limiting the corresgonding single-stage
device efficiency to about 5%.% In order to expand
the use of thermoelectric-based energy harvesting
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technology with system-level efficiency approaching
15%, the device-level efficiency must be increased to
the 20% range.>* Thermoelectric devices are usu-
ally operated under the largest possible AT in order
to maximize the Carnot term in Eq. 1, AT/T} .
However, since most materials exhibit a maximum
in their ZT versus T curve over a relatively narrow
temperature range, a significant fraction of material
in a single-stage device may not be operating at or
near the material’s optimum temperature. One
solution is to stack individual devices on top of one
another so that the material comprising each device
operates near its own optimum temperature range.
Such “cascade” configurations have not received as
much attention within the thermoelectrics commu-
nity as segmented devices, which have frequently
been examined for increasing the overall device
efficiency values compared with single-stage geom-
etries. To date, no significantly large (i.e., in the
range of 20%) heat-to-electric conversion efficiencies
have been reported in segmented devices to our
knowledge.

In this paper, we report 3-stage thermoelectric
power devices fabricated with nanostructured
chalcogenide alloys for the low-temperature stage,
enhanced TAGS-85 [(AgSbTes)5(GeTe)ss] and PbTe
PbTe for the mid-temperature stage, and half-
Heusler alloys alloys for the high-temperature
stage, that demonstrate a significant device effi-
ciency improvement compared to devices prepared
with conventional materials. We establish an
approach to synthesis of bulk n- and p-type alloy
materials by high-energy mechanical ball-milling of
elementary powders with subsequent densification
by high-pressure uniaxial hot-pressing. We show
that the bulk materials exhibit a unique mixture of
nanoscale features that lead to both enhanced See-
beck coefficient and reduced lattice thermal con-
ductivity, thereby achieving an average ZT of ~1.26
and ~1.7 at ~100°C for n-type and p-type BisTes-
based materials. Similar solid-state synthesis tech-
niques applied to n-type PbTe doped with PbI, and
p-type TAGS-85 alloyed with 1% Ce or Yb additions,
result in peak Z7T values of 1.0 and 1.5, respectively,
within the 250-400°C range. In addition, fine-
grained n- and p-type half-Heusler alloys of the
form Hf,gZr¢ 4NiSn;_,Sb, (x = 0.005, 0.01, 0.02)
and Hfj 3Zry 7CoSng 3Sbg ; were synthesized by arc
melting, solid state milling, and SPS, to produce
dense materials exhibiting peak ZT values of 1.0
and 0.8, respectively, in the 400-750°C range. When
these materials are appropriately sized and ther-
mally matched for use in a three-stage cascade
device, total efficiency values as high as 20% have
been reproducibly measured.

EXPERIMENTAL
Materials

Since the primary focus of this paper is device
performance, only a brief summary of the materials

employed in the individual stages is provided below.
The materials have been the subject of separate
publications, and the reader is referred to these for
more detailed information.

Low-Temperature Nano-Bulk BisTes

It has been previously reported that nanoscale
structuring of a p-type BiyTes/SboTes superlattice
can dramatically increase ZT to 2.4 at room tem-
perature,® reducing the lattice thermal conductivity
without deleteriously affecting the electron or hole
transport, suggesting the potential for similar gains
in bulk materials. Since then, nanoscale phenomena
have been incorporated in p-type Bi Sby_,Te;
materials produced by several methods, leading to
reported ZT values as hi(gh as 1.8 in p-type
Bij 4Sby ¢Te; nanocomposites.® ' Even with advances
in individual material properties, however, ther-
moelectric device performance requires matched
n—p couples; that is, both n- and p-type materials
should exhibit high ZT' and similar transport prop-
erties.’® In contrast to p-type materials, there has
been limited ZT enhancement for n-type BisTes-
based materials. For example, binary BiyTes with
n-type behavior exhibit a ZT of ~1.18 at 42°C,'*
while a ternary n-type BisTes 7;Seq 3 prepared from
nanoscale powder has shown Z7 values of about
1.04 at 125°C."® Nanostructured thermoelectric
alloy powders with nominal composition Bis.
Tes 7Seq 3 (n-type) and Big 4Sb; ¢Tes (p-type) were
produced by high-energy ball-milling and mechani-
cal alloying. Elemental powders, Bi, Te, Sb and Se
(purity 99.99% or higher) supplied by Alfa Aesar,
were weighed out in the appropriate weight ratio
and loaded into stainless steel vials with martens-
itic stainless steel balls under a high purity argon
atmosphere (<1 ppm oxygen). The as-milled pow-
ders were then consolidated within an argon gas
environment by a Dake 70-ton uniaxial hydraulic
press with a custom-built furnace. The optimal
consolidation temperature/pressure was in the
range of 407-417°C at ~2 GPa for the n-type
materials and 400-410°C at ~1.8 GPa for the p-type
materials. The total exposure to elevated tempera-
tures was limited to less than 15 min to minimize
grain growth. The resulting bulk disk samples
(10 mm in diameter and about 800 ym in thickness)
were polished using 1-um aluminum oxide particles
for further characterization and device fabrication.
The densities of the compactions were measured by
the Archimedes technique.

Mid-Temperature PbTe/e-TAGS-85

TAGS-85 materials containing Ce and Yb addi-
tions were prepared by mechanical alloying and
hot-pressing at 773 K for 60 min with an applied
pressure of 130 MPa. In addition to the stoichiometric
quantities of 5 N Te, Ge, Ag, and Sb, a sufficient
amount of the rare earth elements was added to
obtain nominal compositions of Aggs52Sbg 50Ge€s6.96.
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Teg900Ce100 and  Aggs52Sbe 52Gess.06T€49.00Yb1.00-
These materials typically exhibit a maximum Z7 of 1.8
at 730 K, compared with 1.2 for neat TAGS-85. Details
of the synthesis and characterization of these mate-
rials are given in previous publications.’® Fine-
grained n-type PbTe compacts doped with Pbl, were
also prepared by mechanical alloying of the elemental
constituents, and hot-pressed at 800 K for 60 min
with an applied pressure of 130 MPa. Characteriza-
tion of these materials revealed a maximum Z7 of 1.1
near 700 K.'7

High-Temperature Half-Heusler Alloys

Half-Heusler n- and p-type alloys with a nominal
composition of Hfy gZrg 4NiSn;_,Sb, (x = 0.005, 0.01,
0.02) and Hfj 3Zr 7CoSng 3Sbg 7, respectively, were
synthesized by arc melting and grinding the
resulting ingots into 10- to 30-micron powders
which were subsequently consolidated by SPS.
Details of the synthesis and characterization of the
materials are given in a previous publication.!'®
Thermal diffusivities and specific heat values of the
samples were measured on a Netzsch (LFA-457)
microflash system and differential scanning calo-
rimeter (DSC) 404C Pegasus instrument, respec-
tively. Through doping of the alloy host as well as
constituting bulk nanoparticles-in-matrix compos-
ite, the n-type and p-type HH alloys were shown to
exhibit ZT =1.05 and 0.8 mnear 900-1000 K,
respectively.

Device Assembly and Testing

Single, two-, and three-stage heat-to-electric
power generation devices were fabricated using
n- and p-type materials with optimal p-n match-
ing,'® pellet size and device area. To achieve maxi-
mum efficiency, thermal modeling of the three-stage
cascade was performed to determine the optimal
pellet area and height that would maximize AT across
each material’s peak ZT range. Each of the three
devices was then fabricated separately with the
optimal pellet area and height dimensions (described
in more detail below). Each device within the cascade
shared the ceramic header of the device above it so
that there was only one header between each device
for electrical isolation. This served to minimize the
AT losses associated with double ceramic headers
typically found in conventional cascades.

To facilitate heat transfer between the heater and
top header, and between each stage of the three-
stage device, a thin layer of GaSn eutectic was
applied to each contacting surface. As described by
Mayer and Ram,'? the thermal impedance of GaSn
is of the order of 0.05 K-cm?*W when measured on a
0.36-cm? bar.

A pair of thin wire thermocouples (0.025 cm
diameter) was attached to the top of each header
separating the individual stages. Because of the
high thermal conductivity of AIN (aluminum
nitride) (285 W/m K at 300 K**) and the use of

relatively thin sheets between stages (1 mm), the
assumption is made that each header quickly
becomes isothermal so that the top and bottom
surfaces are essentially at the same temperature at
the time during which the measurements of current
and voltage are taken. While this may not be the
case during temperature transients between mea-
surements, the data is taken only during steady-
state conditions, e.g., when the temperature of each
stage remains constant.

Power testing was carried out wusing three
Keithley 2440 source meters for power measure-
ment at each stage. The source meters were pro-
grammed using LabView software to sweep
through a range of voltages and measure the
corresponding current, identifying the maximum
power point (P in Eq. 1) where the source meter
impedance matches that of the device. Between
voltage sweeps, the source meter voltage is set to
provide a continuous electrical load at the last
measured maximum power voltage. This current—
voltage characteristic testing method is commonly
used for solar cell power generation tests. Tem-
peratures of the cold and hot side of each device
were measured at the same time as the maximum
power point, while the heat flux measurement was
obtained by the Q-meter. The efficiency, 7, of each
of the three stages, and of the device as a whole,
Not, Was calculated by Egs. 2-5, with the mea-
sured values of E (power output) and @ (heat) at
different temperatures;

- El B2
M= QT EI+E2+E3 T Q1E2+E3 -
E3 El1+E2+E3

3= QvE3 "™ T QyEL1E2+ E3

where E, E5, and E; represent the measured power
output (I*V) from the low-temperature (bottom)
stage, mid-temperature stage, and high-tempera-
ture stage, respectively. Radiative heat losses were
accounted for by a correction term based on the
Stefan—Boltzman relationship.

At temperatures above ~600°C, radiative heat
transfer from the heater to the thermocouple can
affect the accuracy of the measurement. This effect
primarily involves the heater and the upper stage of
the cascade. The radiated power is calculated from
the Stefan—Boltzmann law using a simplified
geometry based on the area of the heater. Radiation
from the side walls of the heater is suppressed by
shielding. Consequently, only the bottom area of the
heater is exposed for radiation. The total radiative
power from the heater is then given by

Qv = AnenTyoFy (3)

where the terms A, ¢, T, and F refer to the heater
active area, emissivity, absolute temperature, and
view factor, respectively, and ¢ is the Stefan—
Boltzman constant (5.670 x 10 8 Wm 2 K™ %).
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Similarly, the power re-radiated by the top sur-
face of the upper stage is given by

Qrc = Acgcho-Fc—h 4)

where ¢ is the emissivity, T is the temperature, A,
is surface area, and F,._j, is the view factor of the
couple. Then, the total radiative power transferred
from the heater to the couple, @yt is

Qnet = th - Qrc~ (5)

Before high-temperature testing, all the devices
were electrically tested at room temperature to
ensure good interface bonding. In all tests, heat was
applied along the direction from the top to bottom
ceramics. The p and n materials were connected
thermally in parallel and electrically in series.

The single-couple devices were comprised of n- and
p-type pellets of varying cross-sectional area and a
constant length of 2 mm. When combined with the
upper and lower AIN headers, the overall height of
the devices was 4 mm. The three-stage devices were
typically comprised of 1.0 mm x 1.0 mm x 2.0 mm
half-Heusler, 0.7 mm x 0.7 mm x 1.1 mm e-TAGS,
0.7mm x 0.7 mm x 1.1 mm PbTe, and 0.8 mm x
0.5 mm x 0.5 mm Bi,Te;. When assembled with the
1-mm-thick AIN headers, the overall height of the
devices was 5.6 mm.

The voltage and current data from each stage is
taken only during steady-state conditions, e.g.,
when the temperature of each stage remains con-
stant.

Calibration of the Test Equipment

The testing equipment employed for efficiency
measurement was calibrated using a thin film RTD
(resistance temperature detector) which was elec-
trically powered to supply a known amount of heat
to the Q-meter. The Q-meter measurement of the
heat flow from the RTD was cross-checked and cal-
ibrated with the known heat flow of the RTD minus
any wire losses from the RTD. The testing equip-
ment used for power measurements, the Keithley
2440s, were factory-calibrated and are accurate to
<+0.1% for voltage and current measurements.

While there are experimental uncertainties asso-
ciated with the individual thermocouple readings,
the electrical power output from each stage can be
measured to within 2% and the calibrated Q-meter
measures heat flow to with +3%. Based on this
information, the heat flow from each stage can
be determined to within 5% accuracy using the
relationships @1 =Q¢ + E1, Q=@+ E;, and
Q3 = @ + E5. This enables an estimation of the
efficiency of each stage, with the total device effi-
ciency given by (E1 + E5 + E3)/Q3. Thus, as long as
the heater power, Q-meter reading, and individual
stage power outputs are known, one can calculate
the net device efficiency to within a few percent

error. There are uncertainties associated with the
various thermocouple measurements, due to heat
flow through the wires that can lead to errors in
determining ZT of each stage. For this reason, the
device ZT was not calculated. Efforts to improve the
experimental technique are continuing, including
attachment of the thermocouples to each stage. Even
so, we observe that the measured efficiency of the
cascades using the methodology above is significant.

RESULTS AND DISCUSSION
Single-Stage Couples

Using our nanostructured chalcogenide alloy
couples, peak device efficiency was measured at
between (7.2 £+ 0.25)% and (7.9 £+ 0.25)% with an
average of (7.5 + 0.25)% at a temperature differ-
ence (AT = Ty_T.) of 300°C. A commercial off-the-
shelf (COTS) chalcogenide-alloy device, on the other
hand, exhibited a peak efficiency of (5.6 + 0.25)% at
AT ~225°C. The devices fabricated from nano-
structured materials from this work exhibit peak
efficiency at higher temperatures (AT ~300°C) than
the COTS device (AT ~225°C) because the latter
used materials obtained by a conventional melt-
grown method and the ZT typically peaks at lower
temperatures (85 and 25°C for p- and n-type?!),
which also explains that the efficiencies are com-
parable at smaller AT regimes in the COTS and
nano-devices. High-temperature performance is
particularly conducive for applications in automo-
tive exhaust waste-heat recovery. Previous work on
solar thermoelectric generators utilizing nano-
structured chalcogenide alloys achieved 5.2% at
AT = 200°C.?? For the same AT, our devices exhib-
ited an efficiency of (6.1 £+ 0.25)%. The >17%
improvement directly reflects higher average ZT
values.

The performance metrics of the nanostructured
bulk p- and n-type materials in a device configura-
tion were further elucidated by finding the effective
device Z4T,, based on the definition of the device
efficiency () defined in Eq. 1. At T}, ~250°C, we
obtained an average device ZgqT,, of 0.7 for the
device based on the nano-bulk materials reported in
this study compared to Z4T, of 0.55 for the COTS
device.

Two-Stage Devices

Two-stage devices were assembled using nano-
bulk chalcogenide alloys described above for the
low-temperature stage, and a combination of
PbTe(n) with e-TAGS(p) or all-PbTe for the upper
stage. Peak efficiency values of (13.7 + 0.25)% at
AT = 514°C were measured on the devices contain-
ing e-TAGS as the p-leg, while slightly lower values,
(12.5 + 0.25)%, were observed on devices containing
all-PbTe material for the upper stage.
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TE Pellet Aspect Ratio

To further elucidate the relationship between
device efficiency and TE material, a number of sin-
gle-couple devices were assembled with the same
pellet numbers, bonding materials, wires, header
materials, reflow temperature and recipe, etc., but
with varying pellet dimensions. Figure 1 shows the
relevant dimensions and device parameters.

Devices were then tested under identical condi-
tions with the same equipment (heaters, thermo-
couples, thermal interfaces, etc.), by the same
person using the same procedure.

These  single-couple  half-Heusler + e-TAGS
devices were heated to a maximum hot side tem-
perature of 537°C with a AT of 497°C.

+ Heat Applied (Q,)

\/ \

7T — Yy
/,_@_\+ H%ected Q)
\/’\?/\/\_I>

Fig. 1. Schematic diagram of a typical single-couple device, showing
the pellet cross-sectional area and length.

Table I lists the pellet dimensions, measured
efficiency, and maximum power for a series of half-
Heusler (n) and e-TAGS (p) couples, where the
dimensions of the half-Heusler pellet were held
constant at 1 mm x 1 mm x 2 mm and the e-TAGS
p-leg area was allowed to vary. Because of the dif-
ference in thermal conductivity between the two
classes of materials, changing the aspect ratio is
seen to have a significant effect on the measured
efficiency and maximum power generated by the
couple. When the area of the e-TAGS pellet is
increased relative to the HH pellet, more heat is
allowed to flow through the e-TAGS leg and the
corresponding n and power values are seen to
increase, from 9.2% to 10.5%, and from 220 mW to
317 mW, respectively. When the e-TAGS pellet area
is allowed to increase further, the n values begin to
decrease, as the couple again becomes unbalanced
with respect to heat and current flow down the two
legs.

When a similar study was conducted on all-
Bi,Tes-based single-stage couples, the results were
found to be less pronounced. Efficiency values were
seen to vary by not more than 0.5%, as a result of
the similarity in heat and electrical conductivity
between the n- and p-legs.

Three-Stage Devices

The efficiency values were obtained by experimen-
tally measuring E and @ values across a set of five 3-
stage cascade devices. When the best-performing
materials are combined with aspect ratio optimization
in a 3-stage cascade device design, maximum effi-
ciency values of (21 + 1)% at AT = 720°C are achieved
in multiple devices using a combination of PbTe and
e-TAGS for the mid-temperature stage. Similar

Table I. TE pellet dimensions, maximum measured efficiency, and maximum power of half-Heusler—e-TAGS

single couple devices

HH pellet dimensions (mm)

E-TAGS pellet dimensions (mm)

Max efficiency Max power (mW)

1x1x2 1x1x2
1x1x2 14 x 1.4 x 2
1x1x2 1.6 x 1.6 x 2
1x1x2 1.8 x 1.8 x 2
1x1x2 22 x 22 x 2

9.22% 220
9.70% 284
10.5% 317
9.78% 329
7.76% 365

Table II. Summary of efficiency measurements on single, two-stage, and three-stage cascade devices

Device

3 stage BiTe—PbTe/e-TAGS-HH 3-couple cascade
3 stage BiTe—-PbTe-HH 3-couple cascade
2 stage BiTe—e-TAGS/PbTe 3-couple cascade

2 stage BiTe—PbTe 3-couple cascade
Single stage BisTe; single couple

Single stage RTI-HH p—n couple (improved nano)

Single stage UVa HH/e-TAGS

n (%) Prior metric

21 N/A
18 N/A
14 N/A
12 N/A

8 5.1%

9 N/A
10 N/A
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Fig. 2. Summary of 3-stage cascade efficiency values measured
during power testing.

T, ~ 720°C

T, ~ 400°C

T,~ 250°C

T~ 35°C

Fig. 3. Schematic diagram of a 3-stage cascade TE device.

devices assembled with an all-PbTe mid-temperature
stage (i.e., Cascade #16) were found to achieve slightly
lower maximum efficiency values of (18 + 1)% at
AT = 720°C.

Table II summarizes the observed results in the
single, two-, and three-stage devices.

The results for 3-stage cascade devices are shown
in Fig. 2, where the data report averages from five
devices and corresponding measurement error. A
typical 3-stage device and illustration of the com-
ponents are shown in Fig. 3. One of the devices,
number 16, was assembled with an all-PbTe mid-
temperature stage while the remaining four were
assembled using e-TAGS as the active p-element.
The higher peak ZT of the e-TAGS material is
reflected in a higher overall device efficiency.

Based on these results, we have demonstrated high-
performance cascade devices comprised of nanobulk
n-type BisTes 7Sep 3 and p-type Big 4Sbq ¢Tes alloys,
fine-grained PbTe and enhanced TAGS-85, and state-
of-the-art half-Heusler thermoelectric materials. The

use of these advanced materials, coupled with p—n-leg
area optimization, has enabled record power conver-
sion efficiency values exceeding 20%.

The devices were typically power tested through a
maximum of three thermal cycles to establish
reproducibility and measurement precision. The
power and efficiency curves were found to agree
with the original data to within one or two percent.
While device reproducibility has been demon-
strated, as seen by the relatively narrow spread
between four of the five curves shown in Fig. 2,
more work is needed to develop robust packaging for
commercial applications and to establish low-cost
assembly techniques.

The results reported in this study represent a
significant improvement in thermoelectric materials
for power generation and waste heat recovery
applications. Moreover, the low-temperature (T}
~50°C) behavior is particularly relevant for appli-
cations such as chip-level energy harvesting at data
centers®® and self-powered in vivo devices.?* Fur-
ther work is expected to improve efficiency even
further by improving p—n matching within devices,
and by better control of thermal and electrical con-
tact losses.

CONCLUSION

A series of single, two-stage, and three-stage
cascade thermoelectric devices were assembled from
advanced materials, including nano-bulk BiyTes,
enhanced TAGS-85, fine-grained PbTe, and state-of-
the-art half-Heusler alloys. These devices were
tested for power output and efficiency under vac-
uum, using an electric heater and a calibrated
Q-meter. Maximum efficiency of a 3-stage cascade
was measured at approximately 20%. The use of
materials exhibiting improved ZT clearly resulted
in increased device efficiency, as expected, when
device optimization was employed. These results
demonstrate the potential for advanced thermo-
electric-based heat-to-electric conversion technology
to achieve attractive conversion efficiencies making
them suitable for many power generation and waste
heat recovery applications.
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