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HIGHLIGHTS

® The prototype of the micro radio-
isotope thermoelectric generator was
fabricated by screen printing.

® The matching scheme of the thermo-
electric leg material is compared.

® Three types of radioactive isotopes
were considered for experiments.

® 5 pairs of thermoelectric legs has an
Voo of 68.41 mV, I of 328.96 pA and
an Ppax of 5.81 uW.
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GRAPHICAL ABSTRACT

A new solution for micro-isotope power supply is proposed. The prototype of the radial structure micro RTG was
fabricated by the screen printing. Curing temperature was designed for optimal material properties. The pro-
totype's electrical performance was tested and evaluated. This type of energy harvester may provide a new idea
for energy development in the future space exploration missions. It can be used not only in micro RTG but also in
lightweight applications.
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ABSTRACT

The micro radioisotope thermoelectric generator can be invoked as a long-life power supply in low-power device
applications. Improving the current, voltage and power of power sensors by enhancing the properties of ther-
moelectric material composites matters in low-power device applications. The micro radioisotope thermoelectric
generator driven by the temperature difference between radial thermoelectric legs printed on polyimide sub-
strate and the loaded central heat source is reported in this study. The electrical conductivity of n-type
Bi,Te; 7Seq 3, p-type BigsSby sTes, and p-type Sb,Tes radial thermoelectric legs are 24.57-165.8 Sem ™!, with
Seebeck coefficients of —176.6, 223.3 and 139.7 uV-K ™! respectively. Thermoelectric legs are prepared by
screen printing with a paste consisting of epoxy resin and BiTe-based powders. The generator has five couples of
radial thermoelectric legs, and their material properties are optimized through selecting the preliminary curing
temperature. The electrical conductivity of n-type Bi,Te, ,Se 3, p-type BigsSb; sTes, and p-type Sb,Tes ther-
moelectric legs are 24.57-165.8 Sem ™!, with Seebeck coefficients of —176.6, 223.3 and 139.7 uV-K’1 re-
spectively. When loaded with 1.5W isotope heat sources, the prototype generator would generate an open-
circuit voltage of 68.41 mV, a short-circuit current of 329.0 pA, and an output power of 5.81 pW at 39.20 mV.
Stacking and series-parallel can harvest considerable energy.
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Nomenclature Vi hot-side voltage (V)
AT temperature difference (K)
o electrical conductivity (Sm™hH T temperature of hot end (K)
n carrier concentration (cm ™~ 2) T, temperature of cold end (K)
e quantity of electric charge Voe open-circuit voltage (V)
u carrier mobility (cm?v~1s™hH I short-circuit current (A)
S seebeck coefficient (LV-K™1) N the number of thermoelectric legs
kg Boltzmann constant ap p-type Seebeck coefficient (pV~K‘1)
h Planck's constant a, n-type Seebeck coefficient (UV-K™ 1)
m* effective mass of the carrier By radioisotope thermal power (W)
T absolute temperature (K) Bpax maximum output power (W)
PF power fator (W-m ™K~ ?) Rint internal resistance (€2)
o seebeck coefficient (LV-K 1) Rioad load resistance (Q2)
AV voltage difference (V) TE thermoelectric
V. cold-side voltage (V)
1. Introduction materials are very attractive owing to its low cost, flexibility and high

The radioisotope thermoelectric generator (RTG) converting radio-
isotope heat into electric power by thermoelectric (TE) material
without moving parts has numerous advantages, such as high relia-
bility, long lifetime, and minimal environmental impact [1-4]. The
increasing number of small spacecraft and studies on potential scientific
applications indicates the need for RTG application at low power levels.
Micro RTGs (MRTGs) mainly lend themselves to small, long-life power
devices. Moreover, MRTG can provide stable long-term power output
for low-power sensing devices when carrying out deep space missions
[5]. The application range of miniature scientific instruments, for ex-
ample, the small long-life meteorological/seismological stations dis-
tributed across planetary surfaces, subsurface probes, deep space micro-
spacecrafts and sub-satellites, is very likely to extend due to such power
supply [4]. However, the minor temperature difference, low efficiency
and insufficient reliability of the miniaturized RTG currently limit its
application in space missions. As regard to the output performance
problem of RTG, a novel micro RTG is designed to improve the above
shortcomings in this paper.

TE modules in RTG can convert the energy between heat energy and
electric energy directly, diversely applied in harvesting and sensing
energy at the same time [6,7]. The optimization of structure and ma-
terial is important to the properties of thermoelectric devices [8].
Whalen et al. have used 11 pairs of 215 pm-thick Bi,Tes in the design of
a wheel spoke thermocouple, and optimized the thermopile through
cutting the thermoelectric material by four equal parts. [9]. Menon
et al. have stacked 15p-n radial TE couples in series, and further ob-
tained the voltage and power increasing in linear along with TE
[10,11]. The application of block and thick-film devices with this
structure has been reported in previous work. The number of elements
and power in a given area needs to be balanced [12,13]. Semiconductor
alloy materials based on Bi,Te; have the brittleness characteristics
[14]. In particular, the devices of long-life micro radioisotope of TEGs
based on printed thick film BiTe requires a high degree of mechanical
stability and flexibility. Physical cutting methods can no longer meet
the thin film requirements for fabricating devices with radial structures.
Thus methods of molding the thick film TE material need to be
changed. As for the 2D additive manufacturing method, the screen
printing has the advantages of low cost, rapid prototyping and mass
manufacturing. Son and Cho et al. have applied the screen printing
method to produce high-performance thermoelectric generator by using
all-inorganic and hybrid viscoelastic inks in recent years [15-17]. A
large number of thermocouples can be manufactured rapidly by screen
printing, able to provide high electric power, which is indeed a devel-
oped and appropriate program [18,19]. RTG's reliability is similar to
the requirements on flexibility and output performance of a wearable
thermoelectric device [20-22]. Polymer thermoelectric composite
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power density [23]. Madan et al. have reported a flexible thermo-
electric generator of polymer thermoelectric composite, used in flexible
and high output practical wireless sensor networks [24]. Gima et al.
have reported 50-couple screen printed Bi>Tes/BigsSby sTes-epoxy
annular thermoelectric generators, used in ultra-low-power sensors,
with the average power of 0.068 nW at a 20 K temperature gradient,
26nA and 2.6mV [25]. In this study, we have investigated the TE
properties of MRTG composite materials. In addition, a new manu-
facturing process is optimized, and the properties of the composite
semiconductor material are explored. Furthermore, a prototype with
five pairs of TE legs, diameter of 1.5cm, and an area of 1.77 cm? is
prepared. It is tested by loading a radioisotope heat source. The output
performance of the MRTG is further evaluated.

Moreover, it will improve the energy conversion efficiency by fab-
ricating planar array and space stack thermoelectric devices. Thus, the
thermoelectric device technology deserves to be promoted because of
the simple heat treatment process, equipment manufacturing process,
heat treatment conditions, and the whole process posing no harm to the
environment. The use of new thermoelectric device manufacturing
technology is not limited to micro RTG. Various lightweight devices,
such as low-cost flexible wearable generators, solar thermal generators
and pipe powering wireless sensors are also welcomed [20,26].

2. Materials and methods
2.1. BiyTes—epoxy TE paste synthesis

TE bulk ingots are prepared as TE powder (i.e., p-type Big sSb; sTes,
Sb,Te3 and n-type Bi,Te, ,Seq 3) through airflow milling. The powder
needs to be sieved through a 325 mesh screen before use. The polymer
binder is an epoxy system formulated by the polypropylene glycol di-
glycidyl ether epoxy resin (Sigma-Aldrich) and the methylhexahy-
drophthalic anhydride (Sigma-Aldrich). Among them, the equivalent
weight ratio of epoxy and hardener is 1:0.85. Furthermore, use the 1-
Cyanoethyl-2-ethyl-4-methylimidazole (0.5 wt%; Shikoku Chemicals)
as the catalyst in the system.

The TE powder occupies 45-50 vol% of and paste (Fig. S1). Add the
butyl acetate (Sigma-Aldrich) to the resin blend to reduce the viscosity
of the ink as a nonreactive diluent. Furthermore, the low percentages of
organic solvents are used to extend the shelf life of the epoxy system so
as to adjust the viscosity for printing, and the epoxy system is selected
in this work owing to its low viscosity and extended pot life. Use the
planetary mixer to mix the powder and solvent cement uniformly. Mix
the turbid liquid system at 1000 rpm for 3 min, being held for 1 min,
and mix it again at 1800 rpm for 3 min.
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Fig. 1. Formation of TE thick films (a and b) and concept of MRTG (c).
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Table 1
Comparison of crucial radioisotope heat source material properties.
Parameters 238py0, 908rTiO 241AmO,
Half-life of isotope (T}, year) 87.7 28.9 432.7
Specific activity (Ci/g) 15 133 3.43
Power per activity (uW/Ci) 32000.0 6665.92 32362.0
Density (g/cm?) 11.5 5.11 13.67
Initial volumetric power density (W/cm®) 5.52 4.54 1.52
Heat source thermal power (W) 1.564 1.287 0.431

2.2. Device structure fabrication by screen printing

The steel mesh aperture is 200 mesh. The square samples are formed
through successively curing the printed p-type, n-type, and electrode on
the polyimide film substrate at 90 °C for 2h. Then, cure the square
samples at various temperatures (i.e., 150 °C, 200 °C, 250 °C, 300 °C,
and 350 °C) for 6 h in N, atmosphere tube furnace to prevent oxidation.
Further, print the shape of thermoelectric legs onto a fixed transparent
substrate for printing visual alignment. TE legs used for device fabri-
cation need to be cured twice. Moreover, fix the polyimide film sub-
strate used for visual alignment before printing TE legs on a plate with
preprinted patterns. Then, cure the p-type TE legs at 90 °C for 2h and
300 °C for 6 h after being printed. After that, cut the samples used for
device fabrication into round slices, and punch a hole at the center.
Finally, the TE legs are cured at 90 °C for 2 h, and then 300 °C for 6 h.

The procedure usually involves printing, drying, printing, and
curing. However, the thermoelectric legs from the second printing is
incomplete owing to the stickiness of paste, which causes strong re-
sistance and even the non-conductivity [25]. Curing is thus divided into
two steps: materials are cured after the first printing; materials do not
adhere to the screen after the second printing, thereby the internal
resistance of the generator is reduced.

As shown in Fig. 1lc, the prototype device comprises several ther-
mocouples, among which, one thermocouple includes one n-type leg
and one p-type leg. This radial distribution structure enables thermal
energy to flux from the center of the heat source in a radial pattern, and
thermal flux to flow from inside to outside through the thermocouples.
Red and blue elements in the figure represent p-type and n-type TE
semiconductors respectively, and the temperature difference causes
hole carriers and electron carriers in the semiconductor to diffuse
outside (cold side) from the center (hot end). The potential vector
presents from inside to outside in p-type, which is opposite to that in n-
type.

748

2.3. Radioisotope heat source

By the power density and mission time, the output of three typical
radioisotope heat sources is compared. According to the parameters of
the isotope material, as listed in Table 1 [27], the heat source thermal
power could be calculated, then the simulation thermal power value of
the surrogate heat source is obtained. The heat source power cannot
exceed the power limit arising from the volume and power density.
Thus, setting the thermal power as 0.125, 0.25, 0.5, 0.75, 1, and 1.5 W
may act as a reference for heat sources with different variety or purity
in the experiment 2.3.

2.4. Characterization of TE thick film performance

Seebeck coefficient measurements of the printed TE films are con-
ducted using a custom testing device. The Seebeck coefficient is de-
termined according to the voltage difference (AV) and temperature
difference (AT) curves obtained through using a multimeter (Agilent
34970A Data Acquisition with 34901A 20 Channel Multiplexer,
Agilent; Fig. S2). Electrical conductivity, carrier concentration, and
mobility are obtained by using a Hall measurement system (HT-50,
HONOR TOP). The magnetic flux density is 0.5 T, and the electrical
current is 15 mA. X-ray diffraction (XRD) patterns are obtained through
using a Cu Ka X-ray source at 40 kV and 40 mA. Morphologies of the
materials are imaged through using a Quanta 650 FEG scanning elec-
tron microscope (SEM; Thermo Fisher Scientific, USA) operating at
15kV. During SEM measurements, EDS (X-act SDD detector, Oxford
Instruments, UK) data are obtained so as to analyze the chemical ele-
ments.

The square standard samples (70 um X 20 mm X 20 mm (Fig. 2a))
are used to test the electrical conductivity and conduct the Seebeck
coefficient measurements.

2.5. Measurement of MRTG application

The heat source rod is loaded vertically into the hole, which is at the
center of the radial TE leg samples. The lower part of the heat source
bar is covered with foamed plastic to reduce heat loss. A resistive joule
thermal surrogate is used in the MRTG to simulate a radioactive fuel
pellet for experimental research (see Fig. 6). The power for the heat
source rods is provided by a programmable linear DC power supply
(DP832A, RIGOL Technologies Inc.). The power range of 0-1.5W re-
presents the three heat source columns, with the corresponding rule
shown in Table 2. J-type thermocouples are placed on the hot and cold
sides of the prototype so as to monitor AT across the device. The MRTG
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Fig. 2. (a) TE paste printed in various shapes with radial TE legs and square samples. X-ray diffraction (XRD) patterns of screen-printed (b) n-type Bi,Te, ;Sey 3, (¢) p-
type Big sSb; sTes, and (d) p-type Sb,Te; samples with different curing temperatures. Insets show that the XRD pattern is indexed to the corresponding JCPDF.

is connected to a parameter analyzer (Keithley 4200-SCS). I-V char-
acteristics are measured using software KTEI (Keithley Test Environ-
ment Interactive).

3. Result and discussion
3.1. Material properties of screen-printed TE thick films

Fig. 2b-d shows the XRD spectra of the n-type Bi,Te, ;Seq 3, p-type
Bip sSby sTes, and p-type SboTes samples, prepared by increasing the
curing temperature from 150 °C to 300 °C. The XRD peaks of the sam-
ples can be indexed to the corresponding JCPDF crystal samples (i.e.,
JCPDF Nos. 50-0954, 49-1713, and 71-0393). Element types and con-
tent are consistent with TE powder and epoxy resin (Fig. S3).

Fig. 3 shows the function relationship of curing temperature and the
TE properties of composite films measured at room temperature. The
figure shows the carrier concentration of the three TE composite films.
The carrier concentration of Bi,Te,,Sey 3 and Sb,Tez increases along
with the increased temperature, and the opposite for Biy sSb; sTes after
the temperature is more than 250 °C. The Seebeck coefficient of a si-
milar metal-doped degenerate semiconductor may be affected by the
carrier concentration. Thus these properties will affect the TE proper-
ties of the material.

o = neu @
21,2 2/3
_ sk m*T( x )
3eh? 3n 2

The relationship between Seebeck coefficient and power factor are
shown in TE characteristics of (a and b) Bi2Te2.7Se0.3, (¢ and d)
Bi0.5Sb1.5Te3, and (e and f) Sb2Te3 thick films as a function of curing
temperature. All samples are cured for 6 h. Fig. 3b, d, and f, and their
values are obtained according to the following equation:

AV = V=V, 3
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AT = T,—T, ()]
LA 14
Tdr Y% 5)
PF = a’o. (6)

The conductivity will be determined by the carrier concentration
and mobility along with the change in curing temperature [28-30].
Hall effect tests reflect that mobility increases more slowly than carrier
concentration. In the low-temperature curing process, the contribution
of carrier concentration to conductivity is significant. The variation of
the Seebeck coefficient is different from that of high-temperature sin-
tering, and a trend of monotonic decrease with the carrier concentra-
tion is not observed. These resin composite TE materials may have lost
the performance of degenerate semiconductors. Because BipsSb; sTes
has a high melting point and low electrical conductivity, the con-
ductivity of the composite material system is lower than that of the
others though its Seebeck voltage is higher than that of the other
(Fig. 4a). Property variation of Sb,Te; in this study is consistent with
that in similar research [31,32]. In fact, the samples cured with tem-
perature above 300 °C have a high fragmentation rate after incinerating
the cured epoxy resin. Given the power factor (Fig. 4b), p-type Sb,Te;
and n-type Bi,Te, ;Seq 3 at 300 °C should be the preferred solution.

The slope of the AT-AV function (Fig. 4a) represented the values of
the Seebeck coefficients of n-type Bi,Te,;Seq s, p-type BigpsSb; sTes,
and p-type Sb,Te; (cured at 300°C) of —176.6, 223.3, and
139.7uVK™!, respectively. The square standard samples
(70 pm x 20mm x 20mm) are cured at 300°C for 6h after being
cured at 90 °C.

3.2. TE legs case of MRTG

A comparison of the experimental output performance of two com-
binations is shown in Fig. 5. The n-type TE legs amid the two
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Fig. 3. TE characteristics of (a and b) Bi,Te, 7Seo 3, (c and d) Big sSb; sTes, and (e and f) Sb,Tes thick films as a function of curing temperature. All samples are cured

for 6 h.

combinations are Bi;Te,;Seys. The p-type legs are BijsSb; sTes and
SboTes. The output power is caused by the differences of the internal
resistance between two combinations (BiyTe,,Seq3-BigsSby sTes
~ 5951 Q, Bi,Te, 7Seq 3—-SbyTes ~ 191.13 Q). The results of the test have
confirmed the characterization of the material. The combined open-cir-
cuit voltage of the BigsSb; sTes case is 15.84% higher than that of the
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Sb,Tes; because of the slightly higher Seebeck coefficient (Table 2). Al-
though its Seebeck coefficient of p-type Big sSb; sTes is high, its intrinsic
resistivity is higher than the other. The output power of the Biy 5Sb; sTes
scheme is lower than that of the Sb,Te; scheme with an order of mag-
nitude. The Bi,Te,,Sey-Sb,Tes scheme exhibits an excellent compre-
hensive performance. The results show that compared to BigsSb; sTes,
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Fig. 5. Output performance of two TE leg devices loaded with 0.75 W thermal power.

Sb,Tes is more suitable for MRTG. The conductive epoxy silver is not used
as connection electrode, but the TE material itself is connected to the
electrode to avoid the catalyst poisoning effect in this experiment.

3.3. Output performance of MRTG

Voc = N‘(“p_“n)'AT )

The maximum power By, is obtained through matching the external
load and the internal resistance of the generator, i.e., Rjpag = Rin, and it
is related to V., as shown in the following equation:

Voe
4Rint

Pmax (8)

Fig. 7d shows the output performance of the calculated values of
thermal power and electrical output and a comparison with the ex-
perimental measuring values of Table 2.

The internal resistance of a typical prototype MRTG is shown in
Fig. 7a, and the slope of I-V is approximately 191.14 Q. Good linearity
is maintained in the wide range of voltage current, and the stability of
resistance enables a stable output of power generation. After loading
0.125-1.5W heat source, the temperature of cold and hot ends in-
creases along with the increased heat source power. The AT of TE leg
also increases with the increased power. MRTG resistance still keeps
stable amid various heat source power, with only 3.1Q (3.30%)
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increased within 0-1 W and 13.68 Q (7.04%) increased within 1-1.5W.

The current-voltage-power curves (Fig. 7c) of the MRTG are ob-
tained through changing the radioisotope heat source power (thermal
power) of five couples of TE legs (Bi,Te,;Seq3-SboTe; ~ 191.13 Q)
from 0.125W to 1.5W (AT is 3.6 °C to 48.3 °C).

The maximum thermal power from various isotope heat source
pellets with the same volume of heat source is shown in Fig. 7d. As the
thermal power function of the MRTG, the open-circuit voltage, short-
circuit current, and maximum power are shown as well. The relation-
ship between heat source power and AT presents an approximate linear,
thereby causes the output voltage and output power to increase linearly
and quadratically respectively, along with the thermal power.

When the heat source power value is within 0.125-1.5W, the
output open-circuit voltage ranges from 6.61 mV to 68.41 mV, the
short-circuit current ranges from 34.56 pA to 329.0 pA, and the max-
imum output power ranges from 54.47 nW to 5.81 uW. The maximum
output performance of three radioisotope heat sources is shown in
Table 3. Compared with the non-optimized materials and process in the
past, the improvement of output performance is apparent. The opti-
mization process is essential for this kind of micro-power supply, which
will directly affect the quality of the power supply. The functions of
extrapolation and interpolation data are shown in Table S5. The pro-
totype power density in this work is 237.7 uW cm ~ 3, which forms an
upgrade of 128.5% over that of similar devices [9]. The research results
show that the output power density of monolithic radioisotope ther-
moelectric generators increases significantly. This result has positive
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Fig. 6. (a, b, and d) Electrical output measurement of prototype device. (c) Prototype size.

Table 2

Material properties of printed thermoelectric/epoxy composites measured at room temperature.
Composite material a (pV~K_1) o (Sem™ 1Y) o0 (Wm~1K™2) I (em2vV~1s™1) n (cm™3)
n-type BiyTe, 7Seq 3 -176.6 39.89 1.24 x 10~ 29.63 -1.15 x 10*°
p-type Big sSby sTes 223.3 24,57 1.23 x 1074 27.34 1.91 x 10"
p-type SbyTes 139.7 165.8 3.21 x 1074 54.41 5.85 x 10'®

significance for the development of device stacking and series-paral-
leling. According to the specific application of MEMS, the prototypes of
this paper are stacked and connected in parallel to obtain a suitable
power and voltage range. In real practice, they can provide ultra-low
power MEMS of space detectors, such as accelerometers and wireless
sensor networks with electricity. The typical micro-power three-axis
accelerometer MEMS (ADXL372) requires 22 pA of current and 2.5V of
voltage. The 2*®Pu0, prototype stacked in series requires 36 layers to
drive the MEMS. Our research team is conducting multilayer prototype
research and manufacture work.

4. Conclusions

In this work, we have developed the relatively low-temperature
curing epoxy resin matrix composite thermoelectric material used for
micro radioisotope thermoelectric generators, and have further im-
proved the preparation process and optimized the curing temperature.
Based on the experimental results of the material properties, the curing
temperature of 300 °C and molding process with two curing steps are
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preferred. We have also found that Sb,Tes is more suitable for the resin
thermoelectric composite material system compared to BigsSb; sTes.
Furthermore, we have made the radial structure micro radioisotope
thermoelectric generator prototype devices by screen printing. Given
the optimization of the Seebeck coefficient power factor and the in-
ternal resistance, the performance of the device is significantly better
than that of the previous micro radioisotope thermoelectric generator.
The p-type and n-type thermoelectric legs printed on a 75 pm polyimide
have electrical conductivity of approximately 165.8 and 39.89 S cm ™1,
with Seebeck coefficients of 139.7 and —176.6 uV K™ ! respectively.
Loaded with a 2*®*Pu0, radioisotope heat source, the prototype of the
five-pair thermoelectric legs supplies the maximum output power of
6.31 uW at 35.66 mV, the short-circuit current of 356.6 pA, open-vol-
tage of 71.82mV, and power density of 237.7 yW cm ™3, and the cal-
culation results are consistent with the experimental results. The elec-
trical output of the multilayer prototype is expected to drive some pA-
level sensors and actuators. In the future, we will improve the efficiency
by making planar array and space stack thermoelectric devices.
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Fig. 7. Electrical performance of prototype. (a) Internal resistance. (b) Relationship between thermal power of radioisotope and internal resistance of system
temperature. (c and d) Relationship between thermal power of radioisotope and electrical output of device.

Table 3
Output performance comparison of prototype [13].
Test Py I Voc Byax
Ideal 0.5W 1.98 mA 46.73 mV 23.13 uW at 23.37 mV
Previous 0.5W 3.52 pA 14.26 mV 12.57 nW at 7.51 mV
This work 241Am0O, = 0.431 W 10.67 pA 20.58 mV 0.67 uW at 11.35 mV
%081 TiOs = 1.287 W 295.3 pA 59.29 mV 4.43 uW at 29.82 mV
238py0, = 1.564 W 356.6 pA 71.82mV 6.31 uW at 35.66 mV
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