Where There Is Heat,
There Is a Way

Thermal to Electric Power Conversion Using
Thermoelectric Microconverters

pacecraft for missions to
explore the outer planets of
our solar system, that is, plan-
ets beyond the orbit of Mars,
require a source of electric power which
is not dependent on external sources
such as solar energy. These spacecraft
typically rely on a radioisotope system
to provide heat which is converted
directly to electric power. Large mis-
sions now underway, such as Galileo
(launched 1989 to study the Jupiter sys-
tem) and Cassini (launched 1997 to
study the Saturn system) use radioiso-
tope thermoelectric generators (RTG) to
provide power. These RTGs use SiGe
thermoelectric elements to convert
thermal to electric power, with a hot
side temperature ~ 1275 K and an effi-
ciency of ~6%. The Galileo spacecraft
has an RTG system which provides ~500
W of electric power, and the Cassini
mission’s RTGs provide ~650 W.
Advances in electronics and electron-
ic devices in the last several years have
made it possible to miniaturize space-
craft and their instruments significantly.
Miniaturization includes plans to incor-
porate microdevices such as microsen-
sors and microelectronic controls in
spacecraft, and to develop miniature
autonomous vehicles carrying microin-
struments. Miniaturization brings with it
significantly reduced power require-
ments and a need for distributed power
architectures; but it also requires more
attention to thermal control. In response
to miniaturization, development of ener-
gy conversion systems has focused on
developing miniaturized power conver-
sion systems, increasing conversion effi-
ciency, and approaches to using power
conversion systems in thermal control of
instruments, that is, converting heat
which would otherwise be rejected into
usable electric power. A promising
approach to meeting these power con-
version requirements is development of
micro thermoelectric converters which
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can operate at moderate (200-500 K)
temperatures, often with small tempera-
ture differentials.

Fundamentals

Thermoelectric power converters are
solid-state Carnot devices based on the
Seebeck effect. If a temperature gradient
is applied across a conducting element,
the charge carrier distribution, which is
initially uniform, is disturbed as free
carriers at the high temperature end dif-
fuse to the low temperature end. This
separation of carriers results in an open
circuit voltage, the Seebeck voltage.
When the junctions of a circuit formed
from two dissimilar conductors (i.e. n-
and p- type semiconductors) are main-
tained at temperatures Tn, and Teyq,
the open circuit voltage, V, developed is

V= Spn (Thot - Teold) €]
where Sy, is the Seebeck coefficient
(uV.K-1) of the p- and n-type materials. A
typical Seebeck coefficient for the materi-
als to be discussed here is + (for p-) or —
(for n-) 150-200 pV.K-1.

There are many semiconductor candi-
dates that are used as the elements, or
legs, in a thermoelectric device. Selection
of a material for a particular application
depends primarily on the temperature
range and the magnitude of the (dimen-
sionless) thermoelectric figure of merit,
ZT. ZT represents the relative magnitudes
of electrical and thermal cross-effect
transport in materials; a larger ZT signi-
fies more efficient conversion of thermal
to electric power. At very large values of
ZT, the performance of thermoelectric
generators would approach the Carnot
cycle efficiency. In state-of-the-art mate-
rials, maximum ZT values are close to 1,
although there is no theoretical limit on
ZT. For the temperature range of interest
in microdevice and micro spacecraft
applications, 200-500 K, alloys based on

Bi,Tes, Biz__X SbyTez.ySey alloys, are the
best materials.

Generally, a thermoelectric module
consists of several n- and p-type legs
connected in series electrically and in
parallel thermally. The open circuit volt-
age of the series connected module is
the sum of the Seebeck voltage pro-
duced at each couple. With thousands
of couples, open circuit voltages of sev-
eral volts can be attained, even with a
modest temperature gradient of 10 K.

Solid-state thermoelectric power
converters are scalable, as shown in
equation 2:

AT 132 (Thot - Teold)?
rré?x: TI:_ Spn hot = 'cold ] @

& Pon

where PMaX,, is the maximum electrical
output, pp, is the electrical resistivity, A
is the cross-sectional area, and | is the
length of a p-n thermoelectric leg cou-

ple.

The maximum electrical
Pmax

output,
. is directly proportional to A/l,
the leg geometric aspect ratio, making
power density inversely proportional to
leg length. The electrical output voltage
of a thermoelectric power converter is
directly proportional to the number of
elements connected in series and to the
temperature difference between the hot
and cold sides of the device.

Device Optimization

Because maximum power in a ther-
moelectric converter is proportional to
A/l, the specific power (W/cm3) of a
converter can be increased significantly
if the thermoelectric elements can be
reduced to several tens of um height
while maintaining the aspect ratio of
legs in a larger device. Figure 1 shows
the specific power of a thermoelectric
power converter as a function of leg
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Fic. 1. Calculated specific power of a
thermoelectric power converter as a
function of leg height, ZT = 0.9,

- L Teolg = 300K and contact resistance
E . R, = 1x10° W cm2. The dotted
i i —— Ty, s line (.....) shows data for a low
= St T =, thermal conductivity substrate
= -_-..__'_ . gy P, (1 mm alumina), and the solid
E 1 o k. -‘-T_:.‘.i."ﬂ'.'ll"i ling (-----) for a high thermal
& 4 T e AT = 100K conductivity substrate
o 01 e . iy, a1 (0.25 mm diamond).
E S P L AT wEQH ™ ]
a o .
ﬁ' .t P Y AT = 20K ™
L L - Fut e
o i .o mm e AT 0K
s g . L B
= AT = B H""'\-.. -
0,00 - .
e, -
.
a4 A 'l o
0.0001
0.0 o 01 1 10

Leg height of thermoelectric generator {mm)

Hes conducting substrate
M Series Contact *_‘= A — goider
p-type feype
Bi, 50, Te, Be, o
thermosdectric fim <L ] — PR i
b Eirate metaln mation
patsmed A
g Mldimpore | | A |
Hea conduding subsirale

Fic. 2. A thermoelectric microconverter is built up from a metallized substrate by electrodeposition of contact
and thermoelectric materials in 10 um x 50 ym pores made by photolithography in thick photoresist.

height. Highest specific power can be
achieved with leg heights of several
tens of pm, where thousands of couples
can be fit into a small volume. This scal-
ing law also applies to the heat source,
which makes devices thinner than 10
um difficult to operate, as very high
heat flux densities (1 kwW/cm2 or high-
er) would be required. Another interest-
ing aspect of thermoelectric device
miniaturization is the possibility of fab-
ricating microgenerators where several
thousand couples are connected in
series electrically, so that an output
voltage approaching 1 V per degree can
be achieved.

Figure 1 shows that specific power is
maximized when the leg height is ~0.05
mm, taking heat transfer limitations of
low thermal conductivity substrates
into account. Machining bulk materials
to such a sizes is a difficult and expen-
sive task. Miniature thermoelectric
power converters have been made using

bulk material machined to dimensions
of a few hundreds of pm.12 Machined
thermoelectric legs can be made with
heights of ~200 pum, but attaining an
aspect ratio (A/l) which allows a high
maximum power (see Eq. 2), is difficult
using machined materials. Actual
devices based on bulk fabrication tech-
nology are typically limited to a few
hundred couples due to thermal and
mechanical stress issues, thus resulting
in high current intensity, low voltage
characteristics.

Approaches to fabrication which do
not rely on machining, but use a more
direct method of deposition make fabri-
cation of micro thermoelectric power
converters possible. Electrochemical
deposition is a relatively inexpensive
approach to deposition which allows
variation in substrate design and
deposit thickness and is versatile
enough to allow the composition of
deposited materials to be varied. The
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values of x and y in Bi,,,SbyTes Sey
alloys determine whether a material is
n- or p-type and has an effect on the
magnitude of the Seebeck coefficient.
There is a large body of literature on
electrochemical deposition of com-
pound semiconductors containing
selenium and tellurium, particularly Il-
VI compounds.35 At the Jet
Propulsion Laboratory (JPL), we have
taken advantage of this literature as
well as work in depositing compound
semiconductors for thermoelectric
applications®8 to synthesize Bi,Tes
and related materials for thermoelec-
tric elements.9-11 By using a combina-
tion of electrochemical deposition and
integrated circuit processing tech-
niques, it is possible to make micro
power converters with legs 50 um tall
and 10 pm in diameter. A sketch of
one couple in a thermoelectric micro
converter is shown in Fig. 2. A power
converter with this size of thermoelec-
tric element will have a specific power
as high as 0.5 W/cm?2 for a 10 K tem-
perature gradient. With 10,000 cou-
ples connected in series, the open cir-
cuit voltage will be 15.0 V for a 10 K
gradient.

Biy SbyTes.ySey, compounds were
deposited at room temperature or at
slightly elevated temperature (~40°C)
at constant potential in a standard
three electrode configuration. The
working electrode was a high thermal
conductivity substrate (e.g. diamond,
Si/SiO,) which had been metallized
with Au in a pattern to allow series
connection of thermoelectric couples.
The cell had a Pt counter electrode and
a saturated calomel electrode (SCE) ref-
erence. Regions for deposition on the
substrate were defined using a thick
photoresist mask patterned with wells
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several tens of um deep and a few um
in diameter. Thermoelectric legs were
deposited in the wells from solutions
containing dissolved elemental metals
with a concentration on the order of
10-3 M in aqueous 1 M HNOg (pH = 0).
Solutions containing Sb or Se use
chelating agents such as citrate, tar-
trate or ethylene diamine tetraacetate
(EDTA) to allow higher concentrations
of the less soluble elements at pH 0.

Successive processing steps were
used to build up a thermoelectric
microconverter. After depositing p-
type legs in wells formed in photore-
sist, the substrate was re-patterned
with wells for n-type legs, followed by
re-patterning to deposit electrical
interconnects from Au and Ni. Use of
IC processing techniques makes it pos-
sible to design a microconverter with
many thousands of couples connected
in series. Figure 3 shows a view of
Bi,Tes legs that have been grown at a
density of 90,000 legs/cm?2. Figure 4
shows a microdevice with 122 legs
connected in series. Resistance mea-
surements of the string show that it is
possible to create structures with con-
tact resistivity as low as 108 Q cm?2,

The performance of a thermoelec-
tric microconverter made in this man-
ner is projected to be similar to the
performance of a macro-scale convert-
er, provided a suitably concentrated
heat source can be used. The materials
properties are similar to those of bulk
materials, and thermal-to-electric con-
version efficiency is expected to be in
the 5-6% range, as it is with macro
scale systems.

Miniaturizing a thermoelectric
power converter makes it possible to
provide milliwatts of power at several
volts for MEMS devices and other
microinstruments. Microconverters
can also be used to convert rejected
heat to electric power, providing elec-
tric power and passive cooling simul-
taneously.

Recent Results

Recent studies have shown that it
may be possible to improve conver-
sion efficiency by manipulating elec-
trical and thermal transport on the
nanoscale.12.13 Calculations have
shown that low dimensional struc-
tures such as superlattices (2D) and
nanowires (1D) will show increased ZT
owing to decreased lattice thermal
conductivity, improved carrier mobili-
ty, and/or creating a high density of
states just above the Fermi level. Most
of the studies have focused on electron
transport in plane or along the
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FiG. 4. (a) A microdevice
with 122 legs (61 couples)
connected in series on Au
metallization on a Si/SiOy
substrate; (b) side view of
microdevice, showing Ni
contacts between thermo-
electric legs in a couple.
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nanowire axis (quantum well and quan-
tum wire), cross-plane electron trans-
port (superlattices), and phonon engi-
neering (size effects in superlattices and
nanowires). In the last few years, exper-
iment has shown a decrease in lattice
thermal conductivity in superlattices,14
and carrier mobility effects consistent
with theoretical band structure models
in Bi nanowires.15 ZT is predicted to
increase by a factor of 2.5-3 in
nanoscale devices. One of the most suc-
cessful approaches so far has been to use
a BiyTeg/Sb,Tes superlattice with
phonon reflective interfaces and very
small band edge offset for electron
transmission (but no quantum effects)
to increase ZT up to 2.4 near room tem-
perature.16 Even stronger transport
effects are predicted in nanowires due
to their increased surface/interface
area.l?

Nanowire-based devices are attrac-
tive from a fabrication standpoint
because the wires can be left in the tem-
plate in which they are grown to pro-
vide structural support. At JPL, we have
focused on synthesizing nanowires of n-

Fic. 5. (a) BiyTeg nanowires
grown in 200 nm pores, 50
um tall; (b) BiyTeg
nanowires grown in 40 nm
pores, 5 um tall.

and p- type Bi,_,Sb,Tes in alumina tem-
plates. Wires as small as 40 nm diameter
have been grown, as shown in Fig. 5,
but 40 nm is still too large to show a
quantum effect. Work continues to fab-
ricate alumina templates with 10-20 nm
diameter pores, 30-50 um thick. The
very large aspect ratio provided by 10
nm diameter wires 50 um long will
result in a large AT, even with a low heat
flux. Low-dimensionality is expected to
result in an increased Seebeck coeffi-
cient and reduced thermal conductivity,
and thus a significant increase in ZT
and conversion efficiency.
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