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Abstract: Alloy systems comprised of silicon with germanium, lead with tellurium, and bismuth
with antimony have constituted a majority of thermoelectric applications during the last half-century.
These legacy materials are primarily covalently bonded with a maximum ZT near one. Silicon—-
germanium alloys have provided the thermal to electrical conversion for many of NASA'’s radioiso-
tope thermoelectric generator (RTG) configurations and for nearly all of its deep space and outer
planetary flights, such as Pioneer I and II, Voyager I and 11, Ulysses, Galileo, and Cassini. The
remarkable success of these materials and their respective devices is evidenced by the fact that there
has never been a failure of the RTG systems even after over 1 billion cumulative mission-hours.
The history of this alloy system as a thermoelectric conversion material spans over six decades and
research to further improve its performance continues to this day. Si-Ge alloys have long been a
mainstay of thermoelectric research because of a fortuitous combination of a sufficiently high melting
temperature, reasonable energy band gap, high solubility for both n- and p-type dopants, and the
fact that this alloy system exhibits complete miscibility in the solid state, which enable tuning of
both electrical and thermal properties. This article reviews the history of silicon—germanium as a
thermoelectric material and its use in NASA’s RTG programs. Since the device technology is also a
critical operational consideration, a brief review of some of the unique challenges imposed by the use
in an RTG is also discussed.
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1. Introduction

To say that silicon-germanium has proven itself as one of the most reliable high-
temperature thermoelectric materials is an understatement. The history of this alloy system
as a thermal-to-electrical conversion material spans over six decades and research to further
improve its performance continues to this day. Beginning with LES-8 and LES-9 satellites
launched back in the mid-1970s, Si-Ge has been the workhorse for radioisotope power.
While the Voyager 1 and 2 probes have received notoriety for their robust longevity, it is
worth noting that LES-9 was the longest continuously operating communications satellite
in U.S. history, operating from its launch in 1976 until it was decommissioned by MIT
Lincoln Laboratory on 20 May 2020. The two Voyager spacecraft, both launched in 1977,
have accumulated nearly 1 billion device-hours during their 44+ year journey, and as of
early 2022 still continue transmitting data, albeit at a reduced power level from the natural
decay of their radioisotope heat sources [1]. It is likely that sometime in the 2024-2025 time
frame there will be insufficient power to maintain antenna alignment with earth, at which
point communication with the spacecraft will be lost. Since the launch of the LES satellites
and the Voyagers, based on the multi-hundred watt RTG design [2], several other historic
planetary missions have successfully completed their objectives thanks to the reliability of
Si-Ge thermoelectric materials in the larger GPHS-RTG, including Galileo, Ulysses, Cassini,
and New Horizons.

2. The Thermoelectric Process

This section begins with a brief overview of the thermoelectric process in general
and a background on silicon—germanium alloys in particular, followed by a review of
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the components that make up the Si-Ge unicouples employed in the RTG missions. The
thermoelectric effect is recognized as a fundamental electro-thermal property of matter,
which is described by the dimensionless figure of merit, ZT;

S20T
ZT =
A

M

where S is the Seebeck coefficient (sometimes referred to as thermopower [3]), o is the
electrical conductivity, A is the total thermal conductivity, and T is the absolute temperature.
This expression is derived from a thermodynamic analysis of energy conservation in a
thermoelectric heat engine operating between Tj, and T.. It represents the irreversible
heat losses, which reduce the efficiency of such a thermoelectric material from the ideal
Carnot value of (T}, — T;)/T, =1 — T¢/ T}, in which the Carnot efficiency is maximized
for the largest possible temperature difference. The relationship between the input heat to
electrical conversion efficiency, 77, and the quantity ZT is given in Equation (2).

Ty —Te 1+ (ZT),, —1

T 1+ (ZT) g + 1

in which the subscript “ave” refers to the integrated average (ZT) over the specific tem-
perature range of interest. This method of calculating efficiency is more realistic then
the common approach of calculating efficiency only under condition of optimal resistive
loading, e.g., at the point of maximum efficiency. Equation (2) shows that the efficiency

@)

increases as the quantity (1 + ZT)% is increased. As the quantity ZT increases, the efficiency
of the conversion process approaches the Carnot limit corresponding to the respective
hot and cold junction temperatures. Optimization of the energy conversion process in
a thermoelectric couple requires achieving a large Seebeck coefficient along with a low
electrical resistivity and a low thermal conductivity.

There is no thermodynamic limit to ZT; theoretically, a material could exhibit an
arbitrarily large ZT, which would simply mean its thermoelectric conversion efficiency
would approach the Carnot value for a given temperature difference. The conventional
semiconductor theory extends the analysis to fundamental materials properties, e.g., the
best thermoelectric materials are those possessing high carrier mobility, low lattice thermal
conductivity, and large effective mass. In order to prevent intrinsic conduction, which
leads to a reduced thermopower and degradation of the thermoelectric properties, it is
desirable that the intrinsic band gap of the material, Eg, be at least 4 to 5 kT, where T is the
maximum expected operating temperature. For power generation devices operating in
the 873 to 1273 K range, the band gap should be at least 0.7 eV. Along with solid solutions
of Si and Ge, solutions of lead and tellurium comprise the best known and most widely-
used bulk materials for RTG applications. The maximum ZT in these legacy materials is
near one and the chemical bonding in these alloys is primarily covalent. Considerable
effort during the last two decades has gone into reducing thermal conductivity by various
approaches. “Intrinsic” factors such as phonon-phonon and electron-phonon scattering are
often augmented by “engineered” or “extrinsic” effects, such as mass and strain fluctuation,
void fillers (rattlers), charge carriers from dopants, mixed-valence cations, grain boundaries,
and precipitates. Phonon-phonon scattering gives rise to the familiar T~! dependence
of thermal conductivity above the Debye temperature [4]. Phonon—electron scattering
primarily affects the long wavelength, lower energy phonons, which have wavenumbers
closest to that of the electrons. Point defect scattering, sometimes referred to as “mass
fluctuation” scattering, refers to the scattering that occurs when a displacement wave
encounters a zero dimensional (i.e., point) disruption in the periodicity of the lattice. For
example, silicon and germanium exhibit complete miscibility and both have a chemical
valency of four. However, their atomic masses are different, which leads to considerable
mass fluctuation scattering of phonons. When one is substituted for another in a host
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lattice, the electron scattering is minimal, while the difference in mass strongly scatters
short wavelength phonons.

3. Si-Ge Alloys for RTG Applications

During the half-century in which Si-Ge has been employed in isotope power generation
systems, the production of Si-Ge unicouples has undergone a number of stop and re-
start cycles. Following completion of the MHW Si-Ge RTGs for the Voyager program,
the Si-Ge thermoelectric production line at RCA was shut down as interest shifted to
a new, higher efficiency generator design for the Galileo mission at 3 M based on an
emerging class of copper-silver selenide and gadolinium selenide thermoelectric materials.
Subsequent failure of the 3 M ground demonstration unit and disclosure of a deleterious
phase transformation in the GdSe n-leg and excessive sublimation of the Cu-Ag-Se p-leg
(driven by ionic conduction of the Cu atoms away from the hot junction), led to a Stop
Work Order issued by DOE in January 1979 [5]. This left the Galileo program without a
viable power source, which led to a restart of the Si-Ge program at GE-Valley Forge in 1979
and development of the higher-power GPHS-RTG for both Galileo and Ulysses. Following
completion of Si-Ge unicouples for these missions, the production line was again shut down
in 1984, only to be restarted in the late 1980s for Cassini. After production of unicouples for
Cassini was completed in 1996 (and also spare unicouples that were eventually incorporated
in the New Horizon mission), the Si-Ge production line at Valley-Forge, PA (USA) (then
Lockheed Martin) was terminated.

Si-Ge Alloy Preparation and Device Architectures

The basic science and feasibility studies on Si-Ge alloys were initially conducted at
RCA’s R&D Laboratory in Princeton, NJ, in ca. 1957. Within about 4 years from the decision
to focus research on Si-Ge, the technology was transferred to an RCA operating division
(Harrison, NJ, USA) where rudimentary, first-generation modules were fabricated and
tested. In 1960, there were no TE materials that could operate above 773-873 K; however, by
1962 RCA had measured and published 7.3% efficiency in Si-Ge couples operating between
298-1140 K. It is interesting to note that the SNAP-10A satellite, launched in 1965, was the
first mission to incorporate Si-Ge TE modules in its power system. A total of 100 modules
were fabricated from zone leveled Si-Ge and the resulting device produced ~500 W of
power at 30 V with the couples operating between 600 and 756 K (Figure 1) [6].

Thermoelectric
element, 5iGe

Hot strap

Insulator

- “~NaK Tube

Figure 1. Schematic of first-generation Si-Ge couples used in the 1965 SNAP-10A mission.

The MHW and GPHS TE legs were comprised of 78 atomic percent silicon with a short
63.5 atomic percent section diffusion bonded at the cold end. The lower silicon content
segment was used to improve matching for thermal expansion of the bonded parts. The n
leg was doped with phosphorus and the p leg with boron. These materials were prepared
by melting of the constituents followed by solidification in water-chilled copper finger
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molds [7]. The 78 at. % Si composition was not arbitrarily chosen. It was known since the
1950s that silicon and germanium could both be chemically doped to increase electrical
conductivity. However, the thermal conductivity of either element alone is far too high
to be of use in thermoelectric applications. It was the insight of Abeles, Beers, Cody, and
Dismukes at RCA Laboratories in the early 1960s during their study of point defects in
semiconductors that led to the discovery of lattice thermal conductivity reduction by alloy
scattering in the Si-Ge system [8,9]. Their work revealed a broad minimum in the thermal
conductivity of the binary system between 20 and 90 at. % Si. The addition of dopants
further reduces thermal conductivity through carrier-phonon scattering.

The development of silicon—germanium (5i-Ge) semiconductor alloys at RCA rep-
resented a major development in thermoelectric technology. Si-Ge enabled hot junction
temperatures far exceeding the maximum temperature of other materials such as PbTe and
TAGS. Si-Ge-based unicouple devices are mechanically robust and are unmatched by any
other competitive thermoelectric material, even 50 years after the initial work on this alloy
system. The remarkable performance characteristics of Si-Ge devices result from a combi-
nation of favorable physical properties, such as a high melting point (liquidus temperature
in excess of 1573 K for the 78:22 composition [10]), ability to chemically dope at the levels
necessary to achieve good TE figures-of-merit (~10%° cm~3 for both n- and p-type dopants),
excellent strength properties with tensile strength values in excess of 7000 psi., excep-
tional shock-and-vibration resistance, lower weight than PbTe alloys (density = 3 g/cm?),
reasonable CTE, good bonding characteristics, and ZT values approaching unity in the
n-type composition.

Sublimation characteristics of the materials are well-understood and can be mitigated
by a thin (1 micron) coating of Si3zN4. Moreover, the degradation characteristics of doped
Si-Ge follow well-behaved (i.e., predictable) metrics, enabling precise planning for long-
term mission performance. While the Si-Ge alloy system exhibits complete miscibility,
compositions within the range of 60-85 at. % silicon are preferred for TE applications
because of the lower thermal conductivity resulting from a maximum in alloy scattering
within this composition range and a sufficiently large band gap to minimize the onset of
intrinsic conductivity. Moreover, the solid solubility of phosphorus (the n-type dopant)
increases with increasing silicon content [11]. The net optimum composition falls in a range
between 78 and 85 at. % Si. It was found by RCA that the addition of a short (3.18 mm)
segment of lower Si content at the cold end provided for improved CTE matching with the
W cold shoes.

The retrograde nature of the phosphorus solidus curve in Si-Ge creates some unique
consequences. For example, an n-type alloy doped to saturation during melting, supersatu-
rates at any lower temperature, and excess phosphorus precipitates out of solution with
time. Because the number of charge carriers are in nearly a one-to-one correspondence
with the phosphorus atoms in solid solution, both the Seebeck coefficient and the electrical
resistivity are strongly affected by the precipitation of phosphorus. As a result, the transport
properties of a cast, ground, and hot pressed n-type Si-Ge sample are not the equilibrium
values; the values represent a dynamic transition between the supersaturated state and the
equilibrium state. Equilibrium property values for heavily doped n-type materials also do
not represent a constant doping level; the values reflect the change of equilibrium solid
solubility with temperature. The net effect of dopant precipitation is an increase in both the
Seebeck coefficient and the electrical resistivity. The degree of supersaturation and tempera-
ture both determine the rate and amount of precipitation. The initial rate is fairly rapid, but
several thousand hours of aging result in the material approaching equilibrium. It should
be mentioned that dopant precipitation also occurs in the boron-doped p-type Si-Ge alloys,
only at higher temperatures. These effects are well-understood and documented [12-14].

Silicon and germanium are completely miscible in the solid-state, and since the two
elements possess different melting temperatures, the Si-Ge binary phase diagram exhibits
a miscibility gap that results in inhomogeneous solidification. Because of the wide sep-
aration between solidus and liquidus, most silicon-germanium compositions freeze out
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with a cored microstructure (i.e., inhomogeneous). This can be thought of as silicon-rich
cores surrounded by volumes of progressively higher germanium content. Equilibrium
microstructures can only be achieved via extremely slow cooling rates.

In materials such as Si-Ge, the composition of the material that solidifies changes as
the temperature is lowered. This produces a cored microstructure with inferior properties.
Consequently, as-cast Si-Ge billets contain dendrites, or silicon-rich regions that are first
to solidify when the melt composition passes through the liquidus. In other words, if one
were to simply melt a mixture of Si and Ge and then cool down to room temperature, the
result would be grains with a wide range of compositions, as illustrated in Figure 2.
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Figure 2. Binary equilibrium Si-Ge phase diagram showing solidification range for a nominal liquidus
composition of Si-80% Ge-20% (atomic) [15]. (Typical cored microstructure is diagrammed in the
insert). Composition “i” is the first solid to freeze-out; composition “ii” is the last solid to freeze-out.

With a nominal composition of 80 at. % Si, the first composition to freeze out dur-
ing solidification is silicon-rich, with a composition of ~Sig9Ge1g. As the solidification
progresses during cooling, these cored nuclei are surrounded by progressively higher
germanium content volumes until the last solid phase freezes out with the nominal compo-
sition of 50 at. % Si. Such a cored microstructure would confer low mechanical strength
and legs obtained from the casting would exhibit a range of transport properties and, thus,
a range of ZT values. One solution is to maintain a fixed composition of the melt (i.e., zone
leveling). This was used only once for the SNAP-10A generator in 1965. The resulting
material is reasonably homogeneous but the process is slow and expensive; not amenable
to large-scale production.

Vacuum melting combined with hot pressing provided an alternate solution. This
process was employed for all Si-Ge production since the Voyager era. Hot pressing is sim-
pler, faster, and less expensive than zone leveling. The process starts with alloy formation
via melting in a fused silica crucible, followed by casting into water-cooled copper finger
molds, grinding the casting into powder, and finally hot pressing the ground powder into
dense compacts. Grinding reduces the diffusion distance for thermally-induced homog-
enization during hot pressing. The Cassini process included a second grinding and hot
pressing sequence to improve the level of homogeneity. While hot pressing is considered
the standard approach to powder consolidation, it also is fraught with potential pitfalls
and nuances that can lead to unacceptable results, leading to low yields. For example,
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the non-uniform distribution of densification within a hot pressed compact can produce
distortion and crack formation during the compaction and ejection steps. The non-uniform
density distribution is mainly due to the friction along the die wall. The presence of friction
prevents the movement of powders downwards during the movement of upper punch.
Consequently, powder near the bottom corners undergoes less compression while the
powder near the top corners can reach nearly full theoretical density. The resulting pressure
stress distribution within the compact results in non-uniform density. Die filling and cold
pressing determine the uniformity of the green density in the powder compact, which
is a critical process parameter. Green density gradients must be minimized in order to
reduce differential shrinkage during sintering and shape distortion, as well as to avoid
induced defects that limit the quality of the compact. The deleterious effects of differential
springback [16] (which can lead to significant fracture and cracking in brittle materials
such as Si-Ge) can be reduced by maintaining a small axial pressure on the compact during
ejection (punch hold-down ejection or withdrawal of the die). A single-action hot press
consists of one moving punch. While this can introduce high density gradients in the
axial directions, compacts with a sufficiently low thickness to the diameter aspect ratio
can be consolidated to 99% of theoretical density with negligible gradients if a suitable
die-wall lubricant is employed. A double action press, as employed at Valley Forge during
the Cassini program, has two independently moving punches that create a more uniform
compaction especially for thicker compacts.

Beyond the issues associated with cored microstructures, there were other issues early
on associated with chill casting of Si-Ge. One in particular involved the addition of the
phosphorus dopant needed for the n-legs. Phosphorus has a high vapor pressure that
causes loss of this constituent as the mixture of materials is initially heated. An acceptable
workaround was to add phosphorus immediately before freezing the molten alloy, but that
also resulted in significant loss as the phosphorus encountered the molten bath. The only
solution was to add excess phosphorus so that a sufficient amount of the dopant remained
when the casting was solidified. A process was eventually developed that could produce
castings with a reproducible amount of dopant.

A third approach, developed for heavily-doped thermoelectric materials during the
1990s and subsequently adopted by numerous laboratories worldwide, involves forming
the Si-Ge alloys by solid-state reaction near room temperature. This mechanochemical
synthesis route avoids the dendritic segregation that is inherent in solidification synthesis
and has the added benefit of eliminating the issue of loss of volatile dopants such as phos-
phorus. Mechanical alloying (MA) involves repeated welding, fracturing, and re-welding
of powder particles in a high-energy reaction vessel. Originally developed to produce
oxide-dispersion strengthened (ODS) nickel- and iron-based superalloys for applications
in the aerospace industry, MA has been shown to be capable of synthesizing a variety of
equilibrium alloy phases, starting from blended elemental constituents [17-21].

The results have been shown to be nearly identical with that of vacuum cast and hot
pressed alloys [22,23]. Process variable affecting the final product include the effect of
oxygen on ZT, control of contamination from milling media, constituent material form
(powders vs. chunk), process atmosphere (vacuum vs inert), milling parameters (mass—
charge ratio, input energy, duration), hot pressing parameters, and compact aspect ratio.
Scaling up this technology to the kilogram quantities required for RTG applications has
proven to be challenging since precise reproducibility in composition and microstructure
is essential.

Synthesis of heavily-doped Si-Ge alloys as used in the legacy RTG unicouples becomes
a “Goldilocks” problem: If the material is inhomogeneous, the material may not sinter
uniformly and is likely to exhibit incipient melting, it will be mechanically weak, and the
transport properties will not be predictable. Since charge carrier solubility and mobility
are influenced by the Si:Ge ratio, distributions out of line with the “norm” can lead to
“overdoping” or “underdoping” results. Out of “norm” distribution of grains in the
compacts can influence the machining, cleaning and application of the SizNy4 coating.
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Moreover, silicon-rich grains are more resistant to grinding and shatterboxing and, hence,
can influence the particle size distribution in the hot pressed compacts. On the other hand if
the material is highly homogeneous, the diffusion bonding process developed for the legacy
materials (e.g., Cassini) would require modification since “standard” Si-Ge contained a
small amount of Ge-rich material, which facilitated diffusion bonding to the SiMo hot shoes.
Consequently, there exists a narrow window within which the compositional uniformity is
just right; e.g., reasonably uniform but with a small amount of Ge-rich volumes.

Following the MHW and GPHS program eras, numerous groups around the world
have studied modifications to silicon-germanium along with various processing routes
to improve ZT. The study of grain-boundary scattering and the use of fine-grained alloys
led to extensive use of hot pressing and spark plasma sintering to lower the lattice thermal
conductivity. High-temperature heat treatments have been examined in order to alter
the microstructure and achieve a redistribution of dopants [24,25]. An understanding
of the deleterious effects of oxygen in both starting materials and incorporation during
processing has led to improved electrical properties in Si-Ge alloys [26]. Computational
modeling of the n-type Si-Ge system suggests that the optimum ZT at 1300 K is in the
range of 1.1 to 1.2 [27] and 1.1 for p-type Si-Ge [28], although such high ZT values for
p-type Si-Ge have not been widely confirmed by experimental observations. The ZT of
standard phosphorus-doped n-type Si-Ge alloys prepared by zone levelling is 17-20%
lower than the theoretical maximum. Analysis of the electrical characteristics of these alloys
shows that a high carrier concentration (e.g., 3.5 to 4.2 x 10?0 cm~3) results in low electrical
resistivity and electrical power factors close to the theoretically predicted maximum of
40 to 45 (LW /(cm-K?) at 873 K, a sharp decrease in the power factor is observed between
873 and 1273 K. This rapid decrease in the power factor causes a decrease in ZT at the
highest temperatures, in addition to the onset of intrinsic conductivity during which the
population of minority carriers also decreases the Seebeck coefficient while increasing the
bi-polar thermal conductivity. Performance approaching the theoretical maximum is often
observed in alloys exhibiting a moderate carrier concentration combined with high carrier
mobility, which combine to produce a low resistivity with a high Seebeck coefficient, S, due
to the logarithmic dependence of S on carrier concentration.

The microstructure is highly dependent on powder consolidation time and temper-
ature (e.g., hot pressing or SPS parameters), and it is well-known that microstructure
plays an important role in the electrical transport of these alloys due to the presence of
electrical potential barriers at grain boundaries. For this reason, an understanding of
the effect of impurities, an inevitable consequence of handling and processing the raw
materials is important. Since oxygen is ubiquitous and highly reactive, its role is critical to
the properties of the material. Despite considerable research on the role of oxygen in the
silicon-based electronics industry, there has been minimal studies to understand its role on
the thermoelectric performance of silicon germanium alloys. Neutron activation studies
performed on cast and also on hot pressed SigyGepg showed that total oxygen content varies
from 0.3 to 6.7 atomic percent (6). Silicon tends to oxidize more readily than germanium in
a mixture of the two elements. As the silicon is oxidized, the formation of second phase
oxides will shift the bulk composition of the alloy toward the germanium-rich end with
a corresponding shift in the lattice parameter that can be quantified by x-ray diffraction.
Oxygen contamination, whether in the starting materials or incorporated during process-
ing, will degrade electrical mobility, which then lowers the power factor (S?c). Neutral
second phase impurities can also reduce carrier mobility through impurity scattering and
by increasing the magnitude of potential barriers at grain boundaries. Even relatively low
exposure of the raw materials to oxygen can affect the sintering process and result in limited
grain growth during consolidation with higher electrical resistivity, thus the need for tight
controls on the purity of starting materials and on the processing environment. Thermal
conductivity will also decrease as the concentration of neutral second phase impurities
increases. While a significant amount of research during the last 20 years has focused on
reducing the thermal conductivity of thermoelectric materials by grain size refinement, it
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should be pointed out that since the mean free path of phonons decreases with temperature,
the importance of grain size refinement for high temperature RTG applications in which
portions of the material approach temperatures near 1300 K has to be weighed against
effective phonon path length within the temperature range of interest. The use of nanos-
tructured silicon—germanium raises the issue of phonon mean free path lengths that are less
than the average grain size, i.e., providing no benefit over standard or fine-grained Si-Ge.
Moreover, the carrier mean free path in Si-Ge is calculated to be on the order of 50 nm at
300 K, which suggests that mobility and, thus, electrical conductivity, might not be affected
until the grain size is reduced below this value. However, there are reports demonstrating
a 30 to 40 percent reduction in carrier mobility in ultra-fine grained Si-Ge (e.g., 100 nm to
300 nm) as a result of the presence of electrical potential barriers. This barrier height has
been estimated at ~ 2.0 x 10~8 Q-cm?. Maintaining a low oxygen environment is one of the
most critical processing parameters to ensure consistently high-quality Si-Ge TE materials.

Depending on the processing approach, commercial silicon can contain high amounts
of oxygen. Consequently, a chemical analysis and detailed records must be rigorously
maintained and scrutinized during the lifetime of the program. Since carbon is ubiquitous
its presence poses another challenge in the effort to optimize the performance of Si-Ge
alloys. Fine-grained, high oxygen-content alloys can also contain copious amounts of
carbon, on the order of 5 at. %, or comparable to the total oxygen content based on neutron
activation. This amount of carbon can have an impact on grain growth, and the formation
of SiC during sintering. It is therefore important that each lot of starting material should
be scrutinized by the chemical analysis with respect to the maximum acceptable level of
metal and non-metal impurities. It is also noteworthy that most chemical suppliers provide
analysis upon request; however, the analysis is typically on a metals-basis, meaning non-
metallic impurities, such as oxygen and carbon, are not routinely measured. A chemical
analysis, starting with the vendor-supplied precursor materials and following through to
the final diced TE legs, is one of the most important factors that will determine the quality
and reproducibility of the synthesis process.

Considering the necessary chemical doping (P for n-type and B for p-type), there exists
a well-documented ‘metastability” in heavily doped Si-Ge alloys at elevated temperature
due to precipitation of the dopants out of solution. This phenomenon has obvious im-
plications for long-term power distribution. In measurements of the dependence of the
carrier concentration on time at temperature, it has been found that heavily-doped n-type
Si-Ge materials show a decrease of 40% in carrier concentration after only 70 min at 873 K
and approach a limiting decrease in carrier concentration of ~74% after 4000 h [29]. As
stated previously, moderately-doped Si-Ge alloys possessing a fine grain size (~800 nm to
10,000 nm) with ultra-low oxygen content offer the best potential for maximum ZT with
the lowest degradation rate. Alloys with an average grain size in the range of 1 to 5 microns
with room-temperature carrier concentration values of ~2 x 10%° cm~3 had a mobility at or
near the best values observed in zone leveled materials. Integrated average power factors
of 35 uW/(cm-K?) between 573 and 1273 K have routinely and reproducibly been produced
using a solid state synthesis approach (to be discussed later).

Since the most prominent application for Si-Ge thermoelectric materials has been in
the NASA MHW and GPHS RTG programs, a review of this material would be incomplete
without including mention of the coating that was applied to the material as part of the
unicouple assembly process. In the legacy MHW and GPHS applications for Si-Ge, the first-
bond assembly (78% Sin and p legs and the hot shoe) and the alumina spacer are coated
with a 1 micron thick layer of Si3sNy prior to the second bond processing step [30,31]. The
purpose of the coating is to control sublimation of silicon from the hot shoe and hot ends of
the pellets, which would otherwise lead to a range of problems, including electrical shorting,
increased contact resistance, and decreased power output. Sublimation of TE materials
result in geometry changes of the TE legs, e.g., typically a cross-sectional area reduction.
In the absence of suppression control measures, the hot junction temperature increases
because of sublimation, which in turn increases the rate of sublimation thereby resulting in
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a cascade effect leading to catastrophic failure. Typically, materials exhibiting sublimation
rates in excess of 5 x 107® g/cm?-h require some type of sublimation suppression measure
to enable long-term operation at that temperature. Application of the coating reduces the
rate of sublimation of the Si-Ge material from 4 x 10~7 g/ cm?-h to 2 x 1078 g/ cm?2-h
at a temperature of 1273 K. The maximum allowable sublimation rate for any given hot
junction temperature is based on maintaining the reduction in cross sectional area of the
TE elements to the range of 5-10% after 14 years of operation at the maximum operating
temperature. For the legacy Si-Ge unicouples at a hot junction temperature of 1273 K,
a 5% reduction in leg area over 14 years requires that the sublimation rate not exceed
2 x 1077 g/cm? /h while a 10% reduction in leg area allows for a maximum sublimation
rate of 4 x 1077 g/ cm?/h. Ttis interesting to note that uncoated MHW Si-Ge could be
used with a hot junction temperature of 1273 K if a 10% reduction in leg area would be
tolerable. Nevertheless, minimization of sublimation reaction products in the uncouple-
insulation area was a primary objective. Moreover, an understanding of the sublimation
characteristics of the TE material and hot shoes was also essential for establishing RTG
life performance prediction models. The coating was applied by CVD processing to the
hot shoe-pellet assembly. The first bond assemblies and alumina spacer were CVD-coated
in four cycles of 40 min duration each. Weight gain was used as a nondestructive means
of determining overall SizsN4 coating thickness. Coating thickness was also measured by
optical metallography on cross-sectioned Si-Ge pellets after coating and after unicouple
assembly thermal cycling. Coating thickness typically ranged from 1.0 to 1.5 microns.

4. Efforts to Improve the Thermoelectric Properties of Si-Ge

Even though silicon—germanium has been thoroughly studied for over 50 years, re-
search has continued to explore new mechanisms to further improve its performance. To
establish a historical perspective, Figure 3 shows the temperature variation of ZT of legacy
SizgGepp based on data from multiple sources [32-34]. The maximum ZT of the legacy
n-type material is seen to occur at a temperature of 900 K with a magnitude of 0.96. The
corresponding maximum ZT for the legacy p-type composition is 0.71 at a temperature of
1000 K. Since the late 1970s and early 1980s, these values have remained the benchmark for
subsequent research to improve ZT. For an excellent overview of the transport properties
of SigyGepp and the evolution of GaP as an additive, the reader is referred to a 1993 paper
by Vining and Fleurial [35].

2.0
C Delime-Codrin, etal., 2019 0
15 L Muthusamy, et al., 20210
N 10 £
C legacy n-type Si-Ge
05 + .
i legacy p-type Si-Ge
0 O 1 1 1 1 = 1 1 1 : 1 1 1 = 1 1 1 : 1 1 1

300 500 700 900 1100 1300
Temperature (K)

Figure 3. ZT vs. Temperature for n- and p-type legacy SizgGep,. Examples of recent published results
are shown for comparison.
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From Equation (1), it is seen that increasing ZT requires one or more of the following:
increasing the Seebeck coefficient, increasing electrical conductivity, or decreasing the
thermal conductivity. We consider approaches to improve or enhance each of the three
primary transport properties separately.

4.1. Thermal Conductivity

As mentioned previously, during the 1980s and 1990s, efforts to improve Si-Ge focused
primarily on thermal conductivity reduction by grain size refinement [36—41], guided by the
Klemens—Callaway phenomenological model [42] for the high-temperature lattice thermal
conductivity, which describes the conduction of heat by both transverse and longitudinal
acoustic phonons as an approximation to the known phonon dispersion spectrum of
silicon and Ge-5i alloys. Grain boundary scattering, which was a precursor to the now-
familiar nanostructuring approach, was most effective at scattering intermediate-to-long
wavelength lattice phonons when the grain size was reduced to the 0.1 to 10 um range.
Many studies reported a concomitant reduction in electrical conductivity that tended
to offset the reduction in thermal conductivity. It should be noted that the association
between grain size and lattice thermal conductivity gave rise to the model of an ideal
thermoelectric material as a “phonon-glass electron-crystal” (PGEC), as envisioned by Slack
in 1995 [43]. The PGEC concept, which remains the basis for much of current-day work
on thermoelectric materials, is based on the idealized model of a material that conducts
heat, like a glass, where in the limiting case a phonon is scattered after propagating one
wavelength, combined with the electronic transport of a single crystal, where the absence of
defects results in a maximization of carrier mobility. Striking the balance between minimal
grain size and minimal depression of carrier mobility remains the goal of recent research
on silicon—germanium [44—48]. Another approach at scattering intermediate wavelength
phonons during the late 1980s and early 1990s was the incorporation of inert, second-phase
inclusions [49-54]. The particles, typically oxides or nitrides in the 5 to 10 nm size range,
were introduced by various means with the most noteworthy approach attributed to the
ThermoElectron Corporation, where a spark erosion system was developed to co-produce
particles of 2-12 nm Si-Ge along with various additives [55]. Perhaps the most promising
approach at that time involved the introduction of Si3Ny into boron-doped p-type Si-Ge.
Samples exhibited much lower total thermal conductivity values than standard Si-Ge by as
much as 40% at room temperature, even following multiple high temperature anneals [56].
However, the synthesis process involved complicated and costly equipment and work was
discontinued following the end of the Cassini program in the mid-1990s.

Silicon—germanium is a substitutional solid solution alloy with complete miscibility
across the entire composition range and is therefore characterized by a varying degree of
mass fluctuation scattering, depending on the Si:Ge ratio, resulting from point disruptions
in the lattice periodicity as discussed by Abeles [57], Klemens [58], and White and Kle-
mens [59], to cite only a few of the many papers devoted to this subject. Mass fluctuation,
or point defect scattering, refers to scattering that occurs when a displacement wave en-
counters a zero dimensional disruption in the periodicity of the lattice. These features are
also regarded to include dislocations (which are not strictly zero dimensional artifacts),
impurities, and vacancies. Point defect scattering is most effective at short wavelength
phonons, on the order of typical interatomic distances. While point defect scattering may
be considered somewhat of an intrinsic characteristic of the alloy composition itself and
not directly amenable to tuning, there have been recent efforts to investigate the effects of
randomness of the constituent atoms throughout the alloy on the anharmonic scattering
of low-frequency phonon modes [60]. This type of ‘atomic engineering’ approach for
control of atom placement could, in principle, result in further reductions in the material’s
thermal conductivity.

The use of electric field assisted powder consolidation gained widespread acceptance
in the mid-1990s as a means to sinter and densify powder with minimal grain growth.
Since the current is passed directly through the powder rather than through heating
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elements in conventional hot pressing, the use of this technique, referred to as Spark Plasma
Sintering or Field Assisted Sintering Technology, has surpassed conventional hot pressing
because of its ability to provide higher heating rates and shorter sintering times, which are
necessary in order to retain sub-micron microstructures in the final product. Reports of
the use of SPS/FAST consolidation with Si-Ge alloys first appeared in 1997-1998 [61,62]
and worldwide interest rapidly grew following these initial studies. The majority of the
subsequent work involving the use of SPS/FAST for consolidation of bulk Si-Ge alloys have
been focused on achieving sub-micron grain size (nano-bulk materials) and a reduction
in thermal conductivity [63-69], although there are also reports of improved mechanical
properties (hardness, fracture toughness) resulting from a more refined microstructure than
possible through conventional hot pressing [66].

A review of silicon—germanium for thermoelectric applications would not be com-
plete without a mention of the role of gallium phosphide. Considerable experimental and
theoretical efforts were applied to develop advanced Si-Ge alloys containing this III-V
compound during the 1980s and early 1990s. It is generally regarded that the inspiration
for this effort can be traced to work at Syncal Corporation in the late 1970s that showed sig-
nificant reduction in the thermal conductivity of Si-Ge alloys containing varying amounts
of GaP [70]. These reports claimed up to a 50% reduction in thermal conductivity than
in comparable materials without GaP. This disruptive announcement propelled numer-
ous groups to focus on GaP-containing alloys, including an aggressive DOE-sponsored
thermoelectric multicouple program referred to as MOD-RTG [71], which included use
of SiGe/GaP in the n-type legs in addition to other novel and radical design constructs
that were based on work performed at Fairchild [72]. What was particularly interesting
about the results is that the addition of GaP to Si-Ge should not, by itself, result in a lower
thermal conductivity than that of the simple binary alloy, since the atomic masses of Ga
and P both lie between those of Si and Ge, there should be no contribution to the material’s
mass fluctuation scattering. Adding GaP to Si-Ge should actually decrease the effective
mass fluctuation scattering term. It was subsequently determined that the cause of the
reduced thermal conductivity was the result of how the GaP-containing materials were
processed. The addition of GaP to Si-Ge required additional grinding steps, which resulted
in finer starting particle sizes and ultimately a finer grain size in the hot pressed alloys. The
conclusion was that standard Si-Ge alloys processed in a similar manner would exhibit
similar reduction in thermal conductivity. It should also be noted that there was never a
clear indication that the equilibrium (i.e., thermally stabilized) ZT of GaP-containing alloys
was superior to that of the standard, legacy material.

4.2. Seebeck Coefficient

Recent research to improve the Seebeck coefficient of Si-Ge has included the study
of quantum confinement in low dimensional systems, which was initially advanced by
Hicks and Dresselhaus in 1993 [73]. The approach is based on the relationship between
the Seebeck coefficient and the rate of change of the density of states with energy, or in
other words, the Seebeck coefficient is proportional to the local slope of the density of
states curve with respect to energy. In a quantum well structure, the density of states
would have sharp features at the interfaces, thereby leading to an enhancement in the
Seebeck coefficient. Another intriguing approach for increasing the Seebeck coefficient
in thermoelectric materials is electron energy filtering. The basis for energy filtering
stems from a carrier’s contribution to the total Seebeck coefficient as a function of its
energy; higher-energy electrons contribute more to a material’s Seebeck coefficient than
lower-energy electrons. When the lower energy carriers are preferentially scattered by a
suitable potential barrier, the overall Seebeck coefficient is increased. These barriers can
be scattering centers or grain boundaries where the potential energy associated with the
artifact must exceed that of the lower energy carriers and less than that of the higher energy
carriers. This approach can be effective when the characteristic separation distance between
successive potential barriers is less than the mean free path of the charge carriers, otherwise
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the temperature-dependent scattering rate would act as the dominant mechanism. This
imposes an obvious complication with high-temperature materials, such as Si-Ge, since
thermal diffusion effects have the potential to relax nanostructured features required for
energy filtering. Moreover, some studies suggest that energy filtering is more effective
at low doping levels than for material that are heavily-doped (i.e., degenerate systems),
such as Si-Ge, where the Schottky barriers in grain boundaries are small and, thus, have
insignificant impact on ZT [74]. Energy filtering in bulk Si-Ge may prove to be useful in
limited circumstances, for example, where porosity in high-density, nanograined materials
result in a sufficiently enhanced Seebeck coefficient and reduced lattice thermal conductivity
to overcome an increase in electrical resistivity [75].

Modulation doping offers another path toward improved thermoelectric performance.
Modulation doping evolved from earlier applications in thin-film semiconductors for
which charge carriers are separated from the dopant atoms responsible for ionized impurity
scattering that reduce mobility and increase electrical resistivity [76-78]. Early efforts
achieved this separation of carriers from ionized scattering centers by forming structures
comprised of alternating layers of undoped conducting channels and doped donor chan-
nels where, in some configurations, these two channels were separated by an undoped
conducting channel. Typically, these structures were prepared using thin film technology,
such as molecular beam epitaxy. Adaptation to bulk, 3D materials has taken the form of
nanocomposites, where suitable nanoparticles are dispersed within a host matrix. One
particularly promising study involved a matrix phase of SigsGes with SizgGesoP3 as the
dispersed, nanoparticle phase [79]. This study reported a 30-40% higher ZT than “equiv-
alent” optimally-doped Si-Ge due to a decreased electrical resistivity, decreased thermal
conductivity, and an unchanged Seebeck coefficient. Another study claimed energy filtering
as the mechanism responsible for a high ZT of 1.3 at 1100 K in p-type Si-Ge with TiO,
inclusions [80]. Addition work is needed in order to fully understand the extent to which
3D implementations of this approach can be implemented in bulk Si-Ge.

Combining multiple optimization pathways, such as nanostructuring with energy
filtering or band structure modification, offers the potential to achieve increases in ZT
beyond that of a single mechanism. Two recent papers report the results of preparing
nanostructured Si-Ge alloys to which electronic structure modifications were introduced.
Delime-Codrin et al. [81] prepared nanostructured n-type Sij.55Gey.35 alloys with a remark-
able thermal conductivity of 0.80 W m~! K~! at T < 873 K. Their density functional theory
calculations predicted an increase in Seebeck coefficient by addition of iron atoms, and a
Seebeck coefficient of >517 was reported in Siy.55Ge.35(Pp.10Fep.01) at 673 K. As a result
of this combination of enhancements, the authors claim a maximum ZT of 1.88 at 873 K.
In another study, Muthusamy et al. [82] prepared Sig.s5—xGep.32Nip.03Bx with x = 0.01,
0.02, 0.03, and 0.04 by high energy milling combined with high-pressure, low-temperature
sintering. The introduction of a 3D transition metal element as a source of impurity states
in the electronic density of states was the motivation for the addition of nickel. As a result, a
ZT of 1.56 was found at 1000 K for x = 0.03 from a thermal conductivity of 1.47 Wm ! K1,
a Seebeck coefficient of 321 pVK ™!, and a resistivity of 4.49 mQ-cm. The authors report
a lattice thermal conductivity of 0.91 W m~! K~ in this sample. Because of the limited
solubility of Ni in both Ge and Si, the effect of second phase intermetallic compounds, such
as GepNi, GeNij 5 must be considered in addition to oxygen effects and the presence of
neutral complexes, such as GeO,. While the S?c product in these samples is unremarkable,
the astonishing decrease in thermal conductivity, if verified by independent studies, would
represent a significant breakthrough in the thermoelectric performance of Si-Ge alloys.

5. Outlook

Silicon-rich Si-Ge alloys have dominated the domain of high-temperature thermoelec-
tric research and development efforts for over half a century. The unique combination of a
favorable and tunable energy band gap, sufficient solid solubility of n- and p-type substitu-
tional dopants to obtain good thermoelectric properties, and predictable sublimation and
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electrical characteristics, have made these the materials-of-choice for radioisotope power
onboard robotic outer planetary missions since the Pioneer and Voyager era. Modern-day
circuit designers are finding Si-Ge alloys to be more efficient than silicon in terms of power
consumption and performance. New approaches for improving the figure-of-merit in bulk
materials are finding their way into Si-Ge research and it is likely that this area will remain
a robust field for additional future research and new applications. NASA has selected Si-Ge
as the thermoelectric material to be used in the Next-Generation RTG program. Future
NASA RTG missions will be required to use a step 2 GPHS design, which contains a thicker
fine-weave pierced fabric graphite aeroshell, designed to increase the safety margin in the
event of a reentry and impact event. The increased thickness of the step 2 aeroshell limits
the number of GPHS modules to 16, compared with 18 modules in the legacy Cassini RTG.
This reduces the available thermal inventory to 244 watts at the beginning of the mission,
compared with 285 watts in the legacy RTG. The reduction in available heat will likely
accelerate efforts to improve the ZT of both n- and p-type compositions. Recent claims of
ZT values greater than unity in both n- and p-type Si-Ge will no doubt stimulate further
research to validate these claims and investigate the stability of the nanostructuring and
band structure modifications with long-term thermal aging studies. Alternate materials
such as Skutterudites paired with n-type Laz.Tey and p-type Zintl phase materials, such
as Yb;4MnSbq; or Yb14MgSby; in a segmented design, could outperform Si-Ge. However,
before legacy Si-Ge can be replaced in a critical, high-profile mission, any changes will need
to undergo extensive, long-term testing to fully understand and mitigate any chemical and
microstructural changes that may occur during a mission that could potentially last for 40+
years, as evidenced by the Voyager 1 and 2 probes.
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