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Abstract

A radioisotope thermoelectric generator (RTG) is a device that directly converts the decay heat of a radioisotope into electrical
energy using the Seebeck effect of a thermoelectric material. The constant decay of the radioisotope heat source produces
heat as a system energy source. The thermoelectric module uses materials to obtain electric energy by Seebeck effect.
The structure and size of the thermoelectric converter need to be optimized for different radioisotope heat sources. The
power has stable output performance, sustainable operation, and strong environmental adaptability. Space micro-scientific
instruments require power supplies that are sustainable, stable, and long-life. The micro radioisotope thermoelectric generator
can be invoked as a sustainable long-life power supply in low-power device applications. The miniaturized RTG can be
applied in long-term service meteorological/seismic monitoring stations that are widely distributed on the surface of the
planet, small landing vehicles at extreme latitudes or areas with low solar flux, atmospheric-surface-flow monitoring systems,
underground detectors, deep space micro spacecraft, wireless sensor networks, self-powered radiation sensors, deep-space
robot probes, and radio observatories on the lunar surface. This study innovatively proposes micro stacked-integrated annular-
radial radioisotope thermoelectric generator and prepares an integrated prototype to drive an RF2500-based radiofrequency
wireless sensor network, and monitors the temperature of each node for a long time as a demonstration. A high-performance
micro radioisotope thermoelectric generators module based on the flexible printed circuit and bismuth telluride thick film
was designed and prepared by screen printing. They are tested by a loading electrically heated equivalent radioisotope heat
source. The output performance of the micro-RTG at different ambient temperatures is further evaluated. When loaded with
238pu0, radioisotope heat sources, an integrated prototype would generate an open-circuit voltage of 0.815 V, a short-circuit
current of 0.551 mA, and an output power of 114.38 WW at 0.408 V. When loaded with a *°SrTiO3 or *! AmO, radioisotope
heat source, the prototype produced 66.38% and 6.15% of the output power (compared to 2>3PuQy), respectively. In the
impact evaluation on ambient temperature, the electrical output performance of the prototype increases with increasing
temperature (— 30 to 120 °C). In the evaluation of the effects of long-term radioisotope irradiation, the output performance
decreased slightly as the irradiation dose was increased during the service period. The stack-integrated micro radioisotope
thermoelectric generator developed in this study is expected to provide reliable power support for space micro-scientific
instruments, especially distributed wireless sensor networks.
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1 Introduction

A radioisotope thermoelectric generator (RTG) is a device
that directly converts the decay heat of a radioisotope into
electrical energy using the Seebeck effect of a thermoelec-
tric (TE) material. The constant decay of radioisotope heat
source (e.g., 2%Pu and °°Sr) produces heat as a system
energy source. The TE module uses materials such as Bi Tes,
PbTe, SiGe, and skutterudite to obtain electric energy by
the Seebeck effect. The structure and size of the TE con-
verter need to be optimized for different radioisotope heat
sources. The power has stable output performance, sustain-
able operation, and strong environmental adaptability [1-6].
The miniaturized RTG can be applied in long-term service
meteorological/seismic monitoring stations that are widely
distributed on the surface of the planet, small landing vehicles
atextreme latitudes or areas with low solar flux, atmospheric-
surface-flow monitoring systems, underground detectors [7],
deep space micro spacecraft [8], wireless sensor networks
[9], self-powered radiation sensors [10], deep-space robot
probes [11], and radio observatories on the lunar surface [12].

Micro-RTGs consist of densely packed and small TE
legs. However, developing micro-RTGs using bulk materials
is challenging. Improving output performance in a limited
space to increase conversion efficiency is the purpose of cur-
rent studies. The advantages of this type of power supply with
asmall size and long life are still irreplaceable by other power
sources [5, 13]. Thus, improving integration and performance
is attracting the interest of many researchers [14, 15]. The
manufacture of miniaturized and miniaturized devices is a
difficult point that restricts the development and application
of miniature RTGs. The miniaturized machine is often small
in size and heat source. If the number of thermoelectric legs
per unit volume is insufficient, it will result in a small temper-
ature difference and low voltage, which is fatal to the load. To
solve this problem, it is necessary to design the energy con-
version structure, such as the annular thermoelectric energy
conversion structure provided in this article, and at the same
time integrate a large number of thermoelectric legs in the
unit space. The screen printing process can produce dense
thermoelectric legs and special structures cheaply, quickly,
and in large quantities.

The structural design of TE legs and the printing process
both have a decisive impact on the prototype performance.
Based on the solid heat transfer simulation model, we opti-
mized the number and size of the TE legs to obtain the
proper voltage output [16]. We have also improved the print-
ing process and curing temperature to improve the electrical
conductivity and Seebeck coefficient of the TE material
[17], thereby increasing the output power of the power unit
[18]. In this work, we improve the electrical performance
of a micro-RTG single module. The stack connection is
also investigated, and the properties of series—parallel mode
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and the number of layers are explored. They are tested by
a loading electrically heated equivalent radioisotope heat
source. Energy-conversion efficiency is improved by fabri-
cating space-stack TE devices. The output performance of
the micro-RTG at different ambient temperatures is further
evaluated.

Our research team completed multilayer prototype
research and manufacturing, optimized the module compo-
nents, and explored the coupling mechanism and influencing
factors. Given the importance of the influence of environmen-
tal factors on the micro-RTG, the temperature effect of the
10-layer prototype was studied. The output of various stack-
ing methods is also reported, and the load capacity as a power
source is discussed. Through a highly integrated process, the
micro-RTG can achieve higher voltage and power per unit
volume and can thus meet the voltage and power require-
ments of various space components. This device is expected
to solve fundamental technical problems in the field of space
exploration.

2 Experimental

The thermoelectric structure is formed by a screen print-
ing method. The printing thermoelectric ink materials are as
follows, p-type SbyTes and n-type BiyTez7Seo 3 200 mesh
powders are used as thermoelectric fillers, DER736 is the
binder matrix, 4-MHHPA is the hardener, and 2E4MZ-CN
is the accelerator. Among them, the equivalent weight ratio
of epoxy and hardener is 1:0.85. Furthermore, use the 1-
cyanoethyl-2-ethyl-4-methylimidazole (1.5 wt%; Shikoku
Chemicals) as the catalyst in the system. The thermoelec-
tric powder accounts for 80-85 wt% by weight in the
ink.

The following steps are used to manufacture FPC-based
thermoelectric modules in batches. First, print the P-legs, and
then print the N-legs after the P-legs are dried. Next, it was
cured at 90 °C for 30 min, and then the sample for device
manufacturing was cut into circular slices and punched in the
center. Finally, the batch-printed RTG modules were cured
in N2 environment at 275 °C for 3 h.

The 10-layer prototype is composed of 10 single-layer
modules stacked and welded, and the thermoelectric con-
version principle of each layer is shown on Fig. 1. The
single-layer module is reserved with two pads that can con-
duct electricity through the substrate. When stacking, the
upper and lower adjacent discs are welded by solder. Follow-
ing the principle that the positive electrode of the lower layer
is aligned with the negative electrode of the upper layer, a
10-layer prototype can be connected in series. A single-layer
module model is built using COMSOL Multiphysics soft-
ware, meshing is performed according to the model volume
microelement, and internal resistance is calculated using a
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Fig. 1 Schematic diagram of the structure of a Micro-RTG

constant current. Given that the voltage source is linear, the
internal resistance is the slope value of the /-V curve.

The heat source rod is loaded vertically into the hole,
which is at the center of the radial TE leg samples. The
bottom and top of the heat source rod are covered with
foamed ceramic aluminum silicate fiber to reduce heat loss.
A resistive joule thermal surrogate is used in the micro-
RTG to simulate a radioactive fuel pellet for experimental
research. The power range of 0—1.5 W represents the multiple
heat-source columns. The experimental heat source covers
the thermal power range of the above typical radioisotope
heat source. Thermocouples are placed on the hot and cold
sides of the prototype to monitor AT across the device. The
micro-RTG is connected to a semiconductor characteristic
parameter analyzer.

3 Result and Discussion

Measurement results show that the internal resistance of the
single-layer sample produced in this experiment is mainly
controlled between 70 and110 €2, indicating excellent elec-
trical properties.

Figure 2a shows the statistical results of the inter-
nal resistance experiment. Compared with the unoptimized
single-layer module, resistance is significantly reduced, and
the distribution is more stable and concentrated, indicat-
ing higher suitability for multilayer connection. Table 1 and
Fig. 2b show the performance of single-layer components
with or without FPC optimization at different heat-source
powers. The maximum output power (Ppax) reaches 20 wW,
and the V. is close to one hundred millivolts. Thus, we esti-
mate that 10 layers of similar samples can be soldered in
series with a V. of several hundred millivolts and a Pp,x in
the order of one hundred microwatts. We have completed the

Table 1 Single-layer module thermoelectric-conversion electrical per-
formance parameters

Py (W) Isc (mA) Voc (mV) Pmax (WW)
0.5 0.350 30.005 2.613
1 0.643 59.504 9.661
1.5 0.927 88.001 20.480

Table 2 Output performance comparison of the micro-RTG prototype

P Isc (mA) Voe (V) Pmax (WW)
3H-Ti 0.085 0.113 1.97
241 AmO, 0.150 0.212 7.03
90SrTiO3 0.453 0.668 75.93
B8py0, 0.551 0.815 114.38

COMSOL simulation and prototype test of the 10-layer RTG
prototype. In the simulation results, the resistance is ideal-
ized as 484 2. Under the same conditions, the maximum
output power and open-circuit voltage of the 10-layer RTG
prototype should be approximately 10 times that of the single
layer, which is 438.14 pW and 0.921 V (1.5 W heat source
simulation results), respectively. Figure 3 and Table 2 show
the test results of the 10-layer prototype. Compared with 10
times the single layer performance, the voltage and power
loss are smaller. Compared with the simulation results, it is
found that there is a difference of 11% with the voltage and
a difference of 73% with the power, which shows that the
Seebeck coefficient has no significant effect, and the inter-
nal resistance of the device is greatly affected by the actual
process.

During soldering, the internal resistance of each layer
increases the contact resistance by several to several tens
of ohms, which is an improvement compared with the
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Fig. 3 Electrical performance of assembled prototype RTG. a Assembled prototype. b and ¢ Relationship between the heat source and electrical

output

kS2-level contact resistance in some related research work.
Current—voltage-power curves (Fig. 3b) of the micro-RTG
are obtained by changing the radioisotope heat-source power
of the 10-layer prototype from 0.25 to 1.5 W. When this proto-
type is loaded with a heat source of 1.5 W, V. is 810.05 mV,
Pmax is 107.11 W, and I is 535.44 pA. With increased
heating power, the output voltage and output power increase
linearly and quadratically, respectively, along with the ther-
mal power. The increase is much lower than the electromotive
force, so the performance impact is small. In this work, the
optimization of the electrode material also curbs the above
effects.

The maximum thermal power of four typical radioisotope
heat-source pellets with the same volume is shown in Fig. 3c.
The relationship between the electrical parameters (V, Isc,
and Pp,x) of the micro-RTG and the heat-source power is
shown. The detailed electrical output performance of four
radioisotope heat sources is shown in Table 2.

Two sets of integrated packaged generators are used in
the application verification of wireless sensor networks, as
shown in Fig. 4. The entire wireless sensor network system
consists of multiple sets of independent modules, each of
which has physical power (micro-RTG), DC converters, sen-
sors, energy storage, RF transceivers, and so on. Two of the
endpoints are powered by the micro-RTG. An access point
is powered by the computer and reads the data. The three
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sets of components are identical except for the code exe-
cuted by the microcontroller. It is transmitted by two sets of
endpoints, and a set of access point receptions constitutes
a complete minimum topology. The temperature and supply
voltage parameters at the node were monitored intermittently
for along time. According to the needs of the application sce-
nario and the chip reservation interface, digital signal sensors
such as humidity, acceleration, and air pressure can be added
to monitor key scientific indicators such as atmospheric water
content and earthquake intensity on the target planet surface.

The micro-RTG may be deployed to work in different
environments in the future. A 10-layer series RTG device is
used to evaluate performance changes due to performance
and ambient temperature effects. The internal resistance of
the module increases by 12%. The performance parameters
of the 10-layer prototype are related to the ambient tem-
perature and heat source (as shown in Fig. 5). The Rjp,
Vocs Isc, and Ppax of the 10-layer prototypes increase with
increased temperature (— 30 to 120 °C). In the case of more
considerable heat-source power, T is higher than the ambi-
ent temperature because of the insufficient length of the TE
legs. When the experiment loads a low-power heat source,
T, is consistent with the ambient temperature due to the
excessive length of the TE legs and the lower temperature
heat-source surface, even without good heat dissipation. The
output performance of the prototype changes obviously when
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the high-power heat source and the high ambient tempera-
ture are loaded, which exceed the temperature dependence of
the TE material. However, under the condition of low heat-
source power, the increase in voltage is insignificant, whereas

Temperature (°C)

the increase in internal resistance is constant and the increases
in current and Ppyax are small.

The open-circuit voltage decreased slightly, and the
decrease in the performance of the control group did not
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Fig. 6 Radiation effect of prototype component performance

have a linear or nonlinear relationship with the irradiation
time, but a similar decrease in amplitude. Therefore, it is
highly probable that thermoelectric material related parame-
ters such as carrier concentration, mobility, etc., have a fixed
loss to Seebeck coefficient. The internal resistance of the
battery before and after the equivalent irradiation of Co-60
y source is shown in Fig. 6. The internal resistance of the
irradiated prototypes increased by 13—45% from 1 to 5 years
and increased statistically with the increase of service time.
Correspondingly, since the short-circuit current and the maxi-
mum output power are determined by the combination of the
open-circuit voltage and the internal resistance, linear and
quadratic correlation, respectively. However, often the limits
of these two parameters are related to a high internal resis-
tance module in the series device, so the error and uncertainty
have a certain increase.

4 Conclusions

We develop a micro-stacked-integrated annular-radial RTG
for the miniaturization, stability, and long-life power supply
requirements of space micro scientific instruments. Manu-
facturing a highly integrated device is a challenge, and a new
module component is designed for stacking to enhance power
and voltage. The performance of the single-layer module is
improved by screen printing on the FPC. When loaded with
a 238Pu0, radioisotope heat source, the 10-layer prototype
supplies the Ppax of 114.38 wW at 0.408 V, short-circuit
current of 0.551 mA, and open-voltage of 0.815 V. The per-
formance parameters of different radioisotope heat sources
are compared, and data reference is made for the broad prac-
tical application of micro-RTGs. The stacked device and
power management module drive a wireless sensor network
with two nodes as a demonstration. In different tempera-
ture environments, current, voltage, and power increase with
increased temperature. During the equivalent simulation of
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5 years of service, the internal resistance of the integrated pro-
totype increased by approximately 24.5%, the output voltage
dropped by less than 20%, and the maximum output power
attenuation was approximately 32.6%. This work provides
new ideas and inspiration for space micropower supplies and
is expected to provide long-term, stable, and reliable power
supplies for space probes, deep-space wireless sensor net-
works, and monitoring electronics.
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