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H I G H L I G H T S

• A concentric thermoelectric filament structure used for radioisotope thermoelectric generator was designed.

• The high voltage output of the thermoelectric filament was proven by comparison with that of the traditional structure.

• Thermoelectric filaments and corresponding devices were manufactured and tested.

• The designed thermoelectric generator will be a reliable power supply for space apparatus.
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A B S T R A C T

A concentric thermoelectric filament structure used for radioisotope thermoelectric generator (RTG) is designed
to satisfy low-power and high-voltage demands for aerospace microelectronic devices. The thermoelectric fila-
ment is proven to have a better output voltage than the traditional thermoelectric structure by using COMSOL.
The unbreakable thermoelectric filament and corresponding devices are prepared by employing a simple and
easy brush coating process. A single thermoelectric filament obtains an open-circuit voltage (Voc) of 6.0 mV and a
maximum power output (Pmax) of 2.0 μWat 398.15 K hot surface temperature. An array of thermoelectric fila-
ments is fabricated for the radioisotope heat source of planar heat surface, which obtains Voc of 83.5 mV and Pmax

of 32.1 μWat the hot surface temperature of 398.15 K, thereby verifying the practicability of the concentric
filament structure in devices. Another radial thermoelectric filament device is designed for the cylindrical heat
source. This device exports 84.5 mV Voc and 42.5 μW Pmax at the hot surface temperature of 398.15 K. These
thermoelectric devices could gain larger electrical performance in small space through further series connection
and fabrication, which will be a commendable design scheme for the radioisotope thermoelectric generator.

1. Introduction

A spacecraft has high requirements for life, reliability, and en-
vironmental adaptability of the power system for space exploration
mission. The radioisotope thermoelectric generator (RTG), which con-
verts decay heat into electrical energy by using a thermoelectric device,
has numerous advantages, such as high reliability, long lifetime, and
minimal environmental impact [1,2]. A remarkable application pro-
spect for RTGs in the power supply of spacecraft exists [3,4]. Small-
sized scientific instruments and prospecting apparatus equipped with
aircrafts increase with the increase in scientific experimental missions
in space exploration. Therefore, a high electrical performance require-
ment of miniaturized RTG for space application is presented [5].

At present, studies on RTG mainly focus on thermoelectric materials
and relevant devices. Thermoelectric materials in RTGs are mostly
prepared by hot pressing method. The corresponding devices usually
have satisfactory thermoelectric properties by adopting the traditional
π-type structure as the basic framework [6–8]. However, a few pro-
blems, such as brittle material properties and weak voltage density for
low temperature difference, are observed. The open-circuit voltage
(Voc) of thermoelectric devices is known to be proportional to the length
of the thermoelectric leg and its number in the unit area [9–11]. Ri-
chard et al. used a cutting technology to prepare slender thermocouples
with a length of 0.855 in and obtained 5.1 V Voc at the temperature
difference of 300 K [12,13]. However, the thermoelectric leg was brittle
due to the small aspect ratio, which resulted in difficulty in fabricating
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thermoelectric devices. A few researchers currently utilize high preci-
sion equipment to prepare tens of thousands of micro thermoelectric
legs in a unit area to achieve high-voltage output [14–16]. Xie et al.
prepared the micro thermoelectric device by using chemical vapor de-
position. The Voc was 16.7 V in 1 cm2 under the 5 K temperature dif-
ference, but the output power was low [17]. In general, microelec-
tronics-based thermoelectric devices are unsuitable for large
temperature difference and show poor practicality for inevitably large
resistance.

Therefore, aiming at the demand of aerospace microelectronic de-
vices for low power consumption and high voltage, this paper originally
designed a concentric thermoelectric device with better voltage output,
which is proven to be superior to the traditional structure by the finite
element simulation. The unbreakable thermoelectric filaments were
prepared by simple painting, and the electrical output performance was
obtained. For different heat transfer modes of miniature radioisotope
heat source, two functional devices, including arrayed and radial
thermoelectric filament devices, were designed. Through further series
connection and fabrication, the thermoelectric array could gain greater
output voltage and power in smaller space. It can deal with the voltage
and power requirements of different space components. These devices
provide a feasible scheme for the power supply of space apparatus.

2. Structural design and simulation analysis

2.1. Concentric filament structure

Fig. 1 shows the structure of concentric thermoelectric filament,

which comprises P/N thermoelectric and insulating materials. The
thermoelectric filament is similar to combinatorial concentric circles.
The P/N thermoelectric materials are insulated by the insulating ma-
terial. The current initially flows through the inner N-ring into the outer
P-ring and then flows out. The edge of the outer P-type ring is con-
nected with the end point of N-type in another filament through the
copper wire. The traditional π-type thermoelectric structure comprises
separate P/N thermoelectric legs, as shown in Fig. 2(b). Compared with
the π-type structure, the concentric filament architecture takes the se-
parated P/N thermoelectric legs into a concentric whole. This archi-
tecture effectively realizes the reasonable utilization of the inner space
from the thermoelectric device. Moreover, this structure can obtain a
small aspect ratio, thereby resulting in relatively large temperature
differences and improved electrical properties. The equations of the
open-circuit voltage and the output power (Pout) of the thermoelectric
filament device under steady state are obtained by analyzing the
structure of the thermoelectric filament as follows:
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where Voc, which is the maximum value of the output voltage, is the
product of Seebeck coefficient (α), temperature difference (ΔT), and the
number of thermoelectric legs. Pout changes with the external load re-
sistance (R) and the internal resistance (r) of the RTG. The definition of
thermal resistance (Rth) and the relationship between Rth and thermal
conductivity (κ) can be expressed as follows:

Nomenclature

A Cross-sectional area of thermoelectric leg
L Length of a thermoelectric leg, mm
Pmax Maximum output power of the RTG, W
Pout Output power of the RTG, W
Pth Input power of the heat source surface per unit area, W

m−2

R External load resistance in the RTG, Ω
Rth Thermal resistance of the P/N thermoelectric leg, K W−1

V Output voltage of the RTG, V

Voc Open-circuit voltage of the RTG, V
n Number of thermoelectric legs
r Internal resistance in the RTG, Ω
r1 Radius of the internal N-type thermoelectric material, mm
r2 Radius of the middle insulating material, mm
r3 Radius of the external P-type thermoelectric material, mm
ΔT Temperature difference of the hot and cold sides of RTG
Σ Electrical conductivity, S m−1

α Seebeck coefficient, V K−1

κ Thermal conductivity, W m−1·K−1

Fig. 1. (a) Pair of thermoelectric filaments based on concentric thermoelectric filament architecture; (b) Sectional view; (c) Arrayed thermoelectric devices in series.
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