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ABSTRACT
New propulsion technologies are critical to developing new capabilities in Department of Defense
platforms. An innovative approach taking nuclear heat and directly generating DC electric power
with solid-state thermoelectric devices, without the need for a steam power plant, can lead to reliable and compact systems while offering several system-level advantages. These advanced thermal-to-electric device developments are also applicable to efficient radioisotope thermoelectric
generators (RTGs) for space outer-planetary missions. Similarly, many platforms, and special operations in particular, need very compact (lightweight, small volume) pulse electric power sources with
high specific power density in the range of ~1,000 kW/kg and a long shelf life. This article describes
progress with fundamental scientific advances relevant to these thermal-to-electric conversion
applications leveraging recent advances in nano-engineered thin-film thermoelectric materials.

NEEDS AND REQUIREMENTS
Direct Thermal-to-Electric Conversion for DC Power
New nuclear propulsion technologies, especially
affordable solutions to increase a fleet’s capability to
address emerging threats, are critical to ensuring the
performance of US Department of Defense (DOD) missions. Switching from nuclear-powered steam power
to direct thermal-to-electric conversion (DTEC) is
expected to reduce the size of the power plant significantly, creating unprecedented opportunities for new
capabilities in future Navy vessels as well as in other
DOD platforms. Implementing innovative solutions that
also improve naval capability and safety would benefit
the US Navy’s strategic deterrent missions.
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Past efforts aimed toward achieving this objective
have proposed a design for a prototypical large-scale
(~1 MW) DTEC power system based on advanced modular thermoelectric conversion devices. Key requirements for implementing thermoelectric conversion at
the fundamental heat-to-electric conversion device
level in such DTEC systems include (1) higher efficiencies (>12% with temperature differentials of ~350°C)
and (2) electric power densities >2 W/cm2. In our early
research efforts leveraging recent advances in nanoengineered thin-film thermoelectric materials, we have
begun to address these two metrics to set the stage for
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further advanced development of DTEC systems. These
results are discussed below.

(a)

Microscale Energetic Thermoelectric Generators for
Pulse Power
Several DOD platforms, like the chip-scale satellite
system1 shown in Figure 1a, need highly compact (lightweight, small volume) pulse electric power sources with
high specific power in the ~1,000 kW/kg range and a long
shelf life. Similarly, many special operations need compact
pulse power sources, such as those requiring high-power
RF communication (Figure 1b). Supercapacitors (with
10 kW/kg) and electrolytic capacitors (50 kW/kg) can selfdischarge and offer shorter shelf lives. To address these
needs, we combined the controlled fast release (~10 ms) of
heat from an oxidizer (chemical energy) stored in a nickelaluminum (Ni-Al) wafer or a nanoscale-porous-silicon
(NPS) wafer with a high-speed (~10 ms) thin-film thermoelectric heat-to-electric power device to demonstrate a
highly compact peak power source on demand.
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Figure 1. Microscale energetic thermoelectric generators
(METEG) applications. (a) New-generation small-scale satellite
systems like chip-scale satellite systems1 and (b) RF communication devices in ground systems can benefit from METEG pulse
power sources.

We have developed nano-engineered thin-film thermoelectric materials2 to improve the figure of merit (ZT)
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Figure 2. Setup and results. Experimental setup for testing thin-film thermoelectric devices (a) and performance curves that describe
the advancements achieved over commercial off-the-shelf (COTS) thermoelectric devices, including (b) effective ZT as a function of
temperature, (c) thermal-to-electric conversion efficiency, (d) and electric power density.
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of both p-type and n-type materials to values approachsupercapacitors. Whereas energy storage devices like
ing ~3 and ~2, respectively, at 300 K. In addition, with
supercapacitors and electrolytic capacitors have varying
these materials the device-level p-n couple ZT has
degrees of an inverse relationship between power denbeen improved to ~1.5 at 300 K. These are significant
sity and energy density, METEGs do not show such an
advances to the state of the art.3 Such high ZT values
inverse relationship. This is because they are essentially
are fundamentally required for achieving the 15% effielectrical pulse power generation devices from ultrarapid
ciency targets in DTEC applications; in addition, other
conversion of stored chemical energy to heat and then
advances in thermal interfaces and thermal manageto electric power. Hence, improving the efficiency of
ment are necessary. We evaluated these advanced mateheat-to-electric conversion and/or heat transfer from the
rials for both steady-state and pulse thermal-to-electric
chemical-to-heat process to then electric, while keeping
power conversion devices.
the volume of the thin-film thermoelectric device about
The thin-film nano-engineered thermal-to-electric
the same, allows for favorable scaling of power density
conversion devices, built as a 1 × 4 p-n couple array, were
without sacrificing energy density.
tested with a thermally managed heat sink and a caliA cross-sectional schematic showing the essential
brated heat source, as shown in Figure 2a. The effective
aspects of the METEG is shown in Figure 3b. The details
device ZT (from efficiency measurements), the efficiency
of the various layers that constitute the METEG are also
versus temperature differential (DT) across the thin-film
shown in Figure 3c. The METEG includes the NPS
device, and the power density are shown in Figure 2, b–d,
energetic array, which serves as a micro-combustion
respectively. The data from the best commercial off-theheat generator. The NPS layer is formed out of the top
shelf (COTS) bulk Bi2Te3-alloy–based devices are also
25 μm of a typical silicon wafer, as shown in Figure 3c;
indicated. We observe that (1) the thin-film modulein the case of Ni-Al energetics, the NPS layer is replaced
level device ZT approaching ~1.4 is about 70% better
by a 5- to 10-μm alternating layers of Ni-Al (each about
than state-of-the-art COTS bulk Bi2Te3-alloy materi1 μm). In both cases, the energetics or heat production
als; (2) heat-to-electric conversion efficiencies are 65% better
(a) 1.0E-01
than COTS materials in the
temperature range of 32–200°C;
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so lower cold-side temperatures
can be tolerated, further improvSi
ing the efficiencies.
The Ragone plot in Figure 3a
Si
shows the comparison of the
Nanoporous silicon
proposed METEG devices for
heat generator
two different types of energetics
discussed above (i.e., NPS and Figure 3. Capabilities and details of the METEG concept. Top, Plot of energy density versus
Ni-Al) with other state-of-the- power density for a variety of technologies such as lithium-ion batteries, electrolytic capaciart pulse power sources such as tors, supercapacitors,5 and METEG technologies developed in this effort; bottom left, schelithium thin-film batteries, super- matic of a compact, packaged METEG device that can be developed based on the reported
capacitors, carbon onions micro- results; bottom right, inner details of the METEG device showing the thermoelectric consupercapacitors, and electrolytic verter and other aspects.
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is locally initiated by electrically heated elements that
can be photolithographically processed onto the silicon
wafer, shown schematically in Figure 3c.
The top half of the METEG is the thermoelectric
energy converter, which converts the heat from combustion into electrical energy for providing bursts of
power on demand for a wide variety of applications—for
instance, pulse radio frequency transmissions, as shown
in Figure 1b; for taking a high-power radar snapshot; and
for charging a supercapacitor bank. Making the microcombustion portion and the energy converter on separate wafers provides more flexibility in optimizing each
part of the system. Just as important, this allows the
potential reuse of the same top half, the thermoelectric
converter wafer, when all of the heat-generating NPS
elements or Ni-Al elements on a silicon wafer have been
used up; the bottom half can be replaced with a new
silicon wafer containing the energetics elements. Such
multiuse applications can be important for small satellite
and chipsat systems that require on-demand pulse power
for long periods of operation.
In summary, we have described significant steps
toward validating advanced nano-engineered thin-film
thermoelectric materials and devices for both steadystate (DC) and pulse power thermal-to-electric conversion applications. The developments in DTEC power
devices show early promise and, with further development, could be attractive for efficient Navy propulsion systems converting nuclear heat to electric power,
offering significant benefits in weight, volume, agility,
and cost. These DTEC developments are also of interest for radioisotope thermoelectric generators (RTGs)
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operating on extremely cold planets and moons, as well
as for recovering some of the vast amount of unutilized
waste heat in today’s world of energy-intense applications and living.6,7 The pulse power applications based
on the METEG technology are expected to be of value
in man-portable or deployable unattended power systems
in space or on the ground as well as in micro-robots8
with peak power demand needs.
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