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a b s t r a c t

Thermoelectric (TE) materials working in radioisotope thermoelectric generators are irradiated by
neutrons throughout its service; thus, investigating the neutron irradiation stability of TE devices is
necessary. Herein, the influence of neutron irradiation with fluences of 4.56 � 1010 and 1 � 1013 n/cm2 by
pulsed neutron reactor on the electrical and thermal transport properties of n-type Bi2Te2.7Se0.3 and p-
type Bi0.5Sb1.5Te3 thermoelectric alloys prepared by cold-pressing and molding is investigated. After
neutron irradiation, the properties of thermoelectric materials fluctuate, which is related to the material
type and irradiation fluence. Different from p-type thermoelectric materials, neutron irradiation has a
positive effect on n-type Bi2Te2.7Se0.3 materials. This result might be due to the increase of carrier
mobility and the optimization of electrical conductivity. Afterward, the effects of p-type and n-type TE
devices with different treatments on the output performance of TE devices are further discussed. The
positive and negative effects caused by irradiation can cancel each other to a certain extent. For TE
devices paired with p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.7Se0.3 thermoelectric legs, the generated power
and conversion efficiency are stable after neutron irradiation.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Radioisotope thermoelectric generators (RTGs) are the main
power source, or even the only power source, for current deep
space exploration missions [1,2]. To date, RTGs have been used in
space missions for many times. They are not affected by sunlight,
weather, and dust, and they have stable output power, high energy
density, long service life, and mature technology. For example, the
Curiosity rover that landed on Mars in 2011 used 110 W multi-
mission RTGs, which have been working normally for more than
10 years, supporting the rover to explore waters, climate, and
geological changes of Mars [3]. In addition, micro-RTGs can be used
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to drive scientific instruments to explore extraterrestrial planets,
and the RTGs are approximately 4.3 cm3 in size, which possess
more than 450 mW of power [4,5].

The general structure of the RTG is primarily composed of three
parts: heat source, thermoelectric conversion device, and radiator.
Thermoelectric conversion devices are the core components for the
direct conversion of thermal energy into electrical energy by See-
beck effect. The performance of thermoelectric materials and their
device is critical to RTG output. Current research on materials and
devices primarily focuses on thermoelectric performance
improvement and stability. The thermoelectric characteristics of
RTGs can meet the needs of engineering applications, particularly
in aerospace engineering. With the deepening of application
research, their service stability becomes increasingly important.
Stability research primarily focuses on the thermal stability, irra-
diation stability, and mechanical stability of thermoelectric mate-
rials and devices, such as high temperature, a particles, neutrons,
protons, and toughness [6e11]. Among them, neutrons are pro-
duced by the isotope heat source, which have high penetration that
could affect materials and devices. Studies have shown that the
type of thermoelectric material, neutron irradiation dose,
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irradiation temperature, and other factors affect the performance of
thermoelectric materials after neutron irradiation, that is, the
performance of thermoelectric materials under different neutron
irradiation conditions is complicated [9e11]. Neutrons can affect
grain boundary andmaterial structure, and then the properties of it
change [12e14]. It is reported that neutrons have an important
impact on semiconductor materials [15e18], especially in thermal
conductivity and electrical conductivity which are the noteworthy
factors affecting the performance of thermoelectric materials
[19e23]. Based on existing studies, in RTGs, the cumulative neutron
fluence of TE devices during service is less than 1012 n/cm2

magnitude [9]. Previous research has studied the effect of neutron
fluence at 1.3 � 1018 n/cm2 on n-type Bi2Te2.7Se0.3 and p-type
Bi0.5Sb1.5Te3 materials, which indicates that the power factor of n-
type Bi2Te2.7Se0.3 thermoelectric materials and the thermal con-
ductivity of p-type Bi0.5Sb1.5Te3 materials increase [11]. Changes in
materials such as electric transport performance and thermal
transport performance caused by neutron irradiation during ser-
vice life directly influence the output and longevity of the device
[24]. Therefore, studying the overall performance variation of the
device under neutron irradiation is necessary. In addition, the
neutron irradiation stability of the device must be tested when
exploring new preparation process, new structure composition,
and new combination mode.

In this work, the neutron irradiation stability of thermoelectric
materials and devices using experimental and simulation methods
was investigated. Based on the existing research results, repre-
sentative thermoelectric materials such as n-type Bi2Te2.7Se0.3 and
p-type Bi0.5Sb1.5Te3 bulk materials at a low temperature range were
selected as the research object. In addition to the unirradiated
control group, the irradiation neutron total fluence of 4.56� 1010 n/
cm2 (defined as low fluence) and 1 � 1013 n/cm2 (defined as high
fluence) were added to verify the effects of neutron irradiation and
its fluence. After testing the thermoelectric properties of n-type
Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3 materials with and without
neutron irradiation, a finite-element simulation was used to study
the stability of the TE device paired with p-type Bi0.5Sb1.5Te3 and n-
type Bi2Te2.7Se0.3 thermoelectric legs.

2. Experimental sections

2.1. Experimental methods

As shown in Fig. 1, the bulk materials that be irradiated were
prepared by cold-press sintering and molding [25]. First, thermo-
electric paints composed of commercial Bi2Te3-based alloy (n-type:
Bi2Te2.7Se0.3, p-type: Bi0.5Sb1.5Te3, Chengdu alfa metal) powder
blended with DER732 binder (polypropylene glycol diglycidyl
ether, Aladdin) were placed into the mold. Second, pressure was
applied to the filled mold by using a press machine to enhance the
tightness of the alloy. Then, they were demolded and sintered at
573.15 K for 3.5 h. After forming the slices, corresponding neutron
irradiation experiments were conducted. Our neutron irradiation
test was carried out in a Xi'an pulsed neutron reactor. The neutron
flux produced by reactor is 1.7� 109 n/cm2$s, the neutrons have an
energy range of 0e10 MeV, average energy is 2.1 MeV, and the
irradiation temperature was maintained at 300 K.

2.2. Characterization of thermoelectric materials

For thermoelectric materials, the dimensionless TE figure of
merit is an important evaluation factor, as given by Eq. (1), which is
primarily associated with Seebeck coefficient (S), electrical con-
ductivity (s), and thermal conductivity (k). The Seebeck coefficient
can be used to characterize the magnitude of the Seeback effect. As
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shown in Eq. (2), S is related to the carrier concentration (n) and
effective mass (m*) of the material. It is to be hoped that the in-
ternal resistance of material would be small in order to generate
more electricity, so the electrical conductivity has an impact on
thermoelectric material. s is proportional to the carrier concen-
tration and carrier mobility (m). It is earnestly hoped that the
temperature difference between the ends of the thermoelectric
material is large, so the thermal conductivity of thermoelectric
material is also important. k is primarily composed of two parts:
lattice thermal conductivity (kL) and electronic thermal conduc-
tivity (ke). Based on Eq. (1), an excellent thermoelectric material
usually has a large Seebeck coefficient, high electrical conductivity,
and low thermal conductivity.

ZT ¼ S2s
k

T; (1)

S¼8p2k2BT
3eh2

m*
� p

3n

�2=3
; (2)

s¼ nem; (3)

k¼ kL þ ke; (4)

where T is absolute temperature, e is the carrier charge, kB is the
Boltzmann constant, h is the Planck constant. S and swere obtained
using Cryoall CTA under argon atmosphere between 300 K and
700 K. k was obtained using LFA500 under nitrogen atmosphere
between 300 K and 550 K. Carrier concentration and Hall mobility
were obtained using the Hall effect testing system (HT-50 type) at
room temperature. The size of all test samples was set to
10 mm � 6.7 mm � 1.5 mm.

2.3. Finite element analysis

The effect of neutron irradiation on the properties of the Bi2Te3-
based TE device was simulated by finite element method using
COMSOL Multiphysics. The thermoelectric parameters of S, s, and k

for the p/n-type materials with and without irradiation were fed
into the model. After simulation, heat flux, output power, and other
output data were generated [25]. The model structure of the TE
device is illustrated in the subsequent part. The dimension of n-
type and p-type thermoelectric leg was 4 mm� 4mm� 3mm. The
spacing between the thermoelectric legs was set to 1 mm. Hot and
cold side temperatures were defined as 300 K and 550 K
respectively.

3. Results and discussions

3.1. Thermoelectric properties of n-type Bi2Te2.7Se0.3 and p-type
Bi0.5Sb1.5Te3 materials

The performance curves of the n-type Bi2Te2.7Se0.3 materials
with or without neutron irradiation are presented in Fig. 2. Inter-
estingly, the n-type thermoelectric legs are optimized after neutron
irradiation modification. Fig. 2(a) shows the change in temperature
of the Seebeck coefficient of n-type materials before and after
neutron irradiation. Regardless of the treatment the n-type mate-
rial receives, the variation law of S with temperature is almost the
same. The Seebeck coefficient reaches its maximum value with the
increase of temperature and then declines because of the presence
of minority carriers (holes) with positive Seebeck coefficients [26].
The Seebeck coefficient of materials varies between �104
and �184 mV/K. That is, neutron irradiation has little effect on the



Fig. 1. Preparation process based on cold-press sintering and molding.

Fig. 2. Thermoelectric parameters of n-type Bi2Te2.7Se0.3 materials before and after neutron irradiation: (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity,
and (d) figure of merit.
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Seebeck coefficient of n-type Bi2Te2.7Se0.3. The enhancement of
electrical properties of materials by neutron irradiation is primarily
reflected in the increase of electrical conductivity. As shown in
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Fig. 2(b), the electrical conductivity of neutron-irradiated n-type
Bi2Te2.7Se0.3 materials can reach 32.31� 103 and 35.37� 103 S/m at
322 K, whereas that of non-irradiated n-type thermoelectric
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materials is 29.75 � 103 S/m. Within the working temperature
range of n-type Bi2Te2.7Se0.3 materials, the electrical conductivity of
n-type Bi2Te2.7Se0.3 materials increases by 6.4% after low neutron
irradiation fluence and 8.2% after high neutron irradiation fluence.
At 300 Ke375 K, the electrical conductivity at high fluence in-
creases greatly, which indicates that high-fluence neutron irradia-
tion has a stronger effect on materials at low temperature. At low
fluence, the thermal conductivity slightly changes, but the thermal
conductivity changes remarkably under high fluence conditions,
with an average decrease of 16.6%, as shown in Fig. 2(c). Fig. 2(d)
shows that the ZT values of the irradiated n-type Bi2Te2.7Se0.3
thermoelectric materials are higher than those of the unirradiated
materials. The ZT value is maximum at approximately 320 K, which
decreases with the increase of temperature. The maximum and
average ZT value of n-type Bi2Te2.7Se0.3 materials increase by 32.1%
and 31.1%, respectively, after high-fluence neutron irradiation.

However, contrary to n-type Bi2Te2.7Se0.3 materials, the Seebeck
coefficient and electrical conductivity of p-type Bi0.5Sb1.5Te3 ma-
terials decrease after neutron irradiation. As shown in Fig. 3(a), the
fluctuation of the Seebeck coefficient of p-type Bi0.5Sb1.5Te3 mate-
rials is relatively smooth under different neutron irradiation con-
ditions; the three curves are not much apart, and the changes are
primarily concentrated in the range of 300 Ke450 K. The Seebeck
coefficient of three p-type thermoelectric materials varies roughly
within 112e206 mV/K, and its variation is greater than that of n-
type materials. Comparing the electrical conductivity before and
Fig. 3. Thermoelectric parameters of p-type bismuth telluride materials before and after n
ductivity, and (d) figure of merit.
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after neutron irradiation, neutron irradiation greatly affects the
electrical conductivity of p-type materials, as shown in Fig. 3 (b).
The electrical conductivity of the materials was dropped from
28.20 � 103 to 23.95 � 103 S/m at room temperature. The electrical
conductivity of p-type Bi0.5Sb1.5Te3 materials decreases by 11.4%
after neutron irradiation fluence of 4.56 � 1010 n/cm2 and by 14.5%
after neutron irradiation fluence at 1 � 1013 n/cm2. Consistent with
n-type material, the electrical conductivity of p-type material de-
creases firstly and then increases as temperature increases. To start
with, as temperature increases, lattice vibration intensifies,
resulting in carrier scattering then decreasing carrier mobility and
the electrical conductivity. When the intrinsic excitation tempera-
ture is reached, the carriers in the material are excited, which in-
creases the carrier concentration and makes the electrical
conductivity rises again. It is reported that neutron irradiation
creates point defects and defect clusters could also be affected by
annealing in materials [11], so the electrical conductivity increases
at high temperature might due to the annealing and excitation of
the material. Fig. 3(c) shows that the thermal conductivity of the p-
type Bi0.5Sb1.5Te3 material does not change much (from 0.47 to
0.46 W/mK at 317 K) before and after irradiation, which indicates
that low- and high-fluence neutron irradiation has little effect on
the thermal conductivity of p-type materials. As shown in Fig. 3(d),
the maximum and average ZT values of p-type Bi0.5Sb1.5Te3 mate-
rials decreased by 24.1% and 10.4% after neutron irradiation of
4.56 � 1010 n/cm2, and decreased by 24.3% and 19.9% after neutron
eutron irradiation: (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal con-
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irradiation of 1 � 1013 n/cm2, respectively.
In general, in obtaining large heat to electricity conversion ef-

ficiency, the thermoelectric material must have a good Seebeck
coefficient and electrical conductivity to transport electricity and a
poor thermal conductivity to maintain a temperature difference.
After irradiation, the electrical conductivity of the n-type
Bi2Te2.7Se0.3 material increases and decreases in p-type Bi0.5Sb1.5Te3
materials, which changes their ZT value accordingly. The difference
between n-type Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3 under
neutron irradiation was further analyzed from the internal mech-
anism. The changes in n-type Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3
material carrier transport properties before and after neutron
irradiation are shown in Table 1. The Seebeck coefficient is pro-
portional to the effective mass and inversely proportional to n2/3,
and the effective mass and carrier concentration of the n-type
material decrease after irradiation. Thus, the Seebeck coefficient
slightly changes before and after irradiation. The enhancement of
electrical conductivity is primarily due to the increase of carrier
mobility, as the electrical conductivity is proportional to carrier
mobility. The semiclassical MotteJones formula (Eq. (2)) shows that
the Seebeck coefficient and carrier concentration can be estimated
as S ~ n�2/3 [27]. However, the measured S value for bulk materials
with and without irradiation do not conform to this law, indicating
that other factors such as potential-barrier scattering may play an
important role in affecting n. Notably, the potential barriers at the
interfaces and grain boundaries can filter low-energy carriers,
which can decrease carrier concentration and enhance carrier
mobility [28e30]. The other notable attraction is the ubiquitous
lattice strain in the grain boundaries, which causes strong scat-
tering of phonons, reducing thermal conductivity [31]. These phe-
nomena correspond to the changes in the properties of n-type
materials caused by neutron irradiation; thus, the change in grain
boundaries produced by neutron irradiation increases the ZT value
in n-typematerials. Notably, the hall mobility of p-type Bi0.5Sb1.5Te3
materials shows evident decrease, and carrier concentration in-
creases after irradiation. Irradiation-induced point defects in
Bi0.5Sb1.5Te3 materials, such as vacancies, substantially reduce
charge carrier mobility via local charge order, which affect the
thermoelectric properties of p-type Bi0.5Sb1.5Te3 materials [32,33].

Although the substrate crystal structure is the same, the p-type
Bi0.5Sb1.5Te3 material is insensitive to thermal irradiation compared
with n-type Bi2Te2.7Se0.3. The T dependent s(T) is usually used to
judge the scattering mechanism. The acoustic phonon scattering is
usually the dominant carrier scattering mechanisms for heavily
doped thermoelectric semiconductors, giving a negative T-depen-
dence. When grain boundary scattering plays an important or even
dominant role in the carrier transport, s(T) usually tends to rise
with positive T-dependence [34]. Therefore, in the temperature
range of our interest, 300e550 K, for n-type materials, the main
scattering mechanism is acoustic phonon scattering in the range of
Table 1
Electronic transport properties with respect to neutron irradiation fluence at 300 K.

Parameter Value

Type of TE material n-Bi2Te2.7Se0.3

Without
irradiation

Low-fluence
irradiation

High-flu
irradiati

Carrier concentration
( � 1019 cm�3)

9.19 4.18 1.52

Hall mobility (cm3 V�1 s�1) 9.17 20.24 45.14
Seebeck coefficient (mV/K) �183.51 �186.80 �189.48
Electrical conductivity ( � 103 S/m) 29.75 32.31 35.37
Effective massa (m0) 2.56 1.53 0.81

a m0 is the free electron rest mass.
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300e470 K, and grain boundary scattering in the range of
470e550 K, and the main scattering mechanism is acoustic phonon
scattering in the range of 300e550 K for p-type materials. It is re-
ported that when the grain size is much smaller than the mean free
path of phonons, phonons are almost not scattered [35], therefore,
based on the experimental results that defects introduced in n-type
materials having a scattering effect on phonons, whereas defects
introduced in p-type materials have little effect on phonons, we
believe that, the neutron irradiation has almost no effect on the size
of p-type materials, but increasing the size of n-type materials
which enhances phonon scattering in n-type materials. For mate-
rials that the main scattering mechanism is grain boundary scat-
tering, smaller grains in nanoscale thermoelectric materials
generally lead to a decrease in thermal conductivity through grain
boundary scattering. The grain size of the material can be changed
by hydrothermal method during preparing or by spark plasma
sintering during sintering [36e40], thereby when the main scat-
tering mechanisms in the material determines, the thermal con-
ductivity can be optimized by adjusting the grain size. Furthermore,
measures such as radiation hardening in p-type Bi0.5Sb1.5Te3 ma-
terials must be observed to maintain its decent performance.

3.2. Thermoelectric properties of n-type Bi2Te2.7Se0.3 and p-type
Bi0.5Sb1.5Te3 devices

COMSOL simulation was used to study the power and efficiency
changes of thermoelectric legs with a certain temperature differ-
ence and deeply analyze the influence of neutron irradiation on TE
devices. The obtained distribution of temperature (T) and electrical
potential (f) of n-type Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3 single
leg is given in Figs. 4 and 5, respectively. Given the high Seebeck
coefficient of p-type Bi0.5Sb1.5Te3 leg, its open-circuit voltage is
higher than that of n-type Bi2Te2.7Se0.3 leg at the same temperature
difference (250 K) [26].

The output characteristics of n-type Bi2Te2.7Se0.3 and p-type
Bi0.5Sb1.5Te3 thermoelectric legs are shown in Table 2. Before irra-
diation, the p-type thermoelectric legs have higher open-circuit
voltage, lower internal resistance, and therefore higher power
generation. The internal resistance and conductivity of the ther-
moelectric legs change after irradiation, which makes output po-
wer different. When the open-circuit voltage is similar and the
internal resistance is small, the corresponding output power and
conversion efficiency are high [41]. After neutron irradiation, the
open-circuit voltage of the p-type Bi0.5Sb1.5Te3 thermoelectric leg
decreases, and the internal resistance increases. Thus, the output
power decreases, and the conversion efficiency drops from 6.25% to
5.74% at a low neutron irradiation fluence and 5.24% at a high flu-
ence. The n-type thermoelectric leg has the opposite effect of the p-
type. The open-circuit voltage of the n-type Bi2Te2.7Se0.3 TE leg
increases; the internal resistance decreases; the output power is
p-Bi0.5Sb1.5Te3

ence
on

Without
irradiation

Low-fluence
irradiation

High-fluence
irradiation

3.14 4.08 20.57

15.89 12.27 2.33
206.69 194.77 197.55
28.20 24.11 23.95
1.54 1.68 4.97



Fig. 4. (a) Temperature and (b) electrical potential distribution of n-type Bi2Te2.7Se0.3 thermoelectric leg.

Fig. 5. (a) Temperature and (b) electrical potential distribution of p-type Bi0.5Sb1.5Te3 thermoelectric leg.

Table 2
Output characteristics of the thermoelectric leg at a temperature difference of DT ¼ 250 K (Th ¼ 550 K, Tc ¼ 300 K).

Parameter Value

Type of TE material n-Bi2Te2.7Se0.3 p-Bi0.5Sb1.5Te3

Without
irradiation

Low-fluence
irradiation

High-fluence
irradiation

Without
irradiation

Low-fluence
irradiation

High-fluence
irradiation

Open-circuit voltage, Voc (mV) 44.41 45.22 45.04 49.10 46.57 46.57
The internal resistance, R (mU) 4.11 3.86 3.42 3.94 3.86 4.23
Generated power, P (mW) 120.0 132.4 148.3 152.9 140.4 128.2
Current, I across the leg (A) 5.4 5.9 6.6 6.2 6.0 5.5
Efficiency, h 5.51% 6.08% 6.81% 6.25% 5.74% 5.24%
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improved, and the efficiency increases from 5.88% to 6.08% at a low
irradiation fluence and 6.81% at a high fluence. These results are
consistent with the previous effect of n-type Bi2Te2.7Se0.3 material
performance enhancement, and the performance of p-type
Bi0.5Sb1.5Te3 materials decrease after neutron irradiation, which
Fig. 6. (a) Temperature and (b) electrical potential di
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indicates that neutron irradiation affects the output and efficiency
performance of n-type Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3
materials.

Considering that the TE device is paired with p-type and n-type
thermoelectric legs, a post-irradiation performance evaluation of
stribution of eight pairs of Bi2Te3-based devices.



Table 3
Output characteristics of eight pairs of Bi2Te3-based devices at Th ¼ 550 K and Tc ¼ 300 K.

Parameter Value

Type of TE device p-without irradiation þ n-
without irradiation

p-low irradiation fluence þ n-low
irradiation fluence

p-high irradiation fluence þ n-high
irradiation fluence

p-without irradiation þ n-high
irradiation fluence

Output voltage, Voc

(mV)
735.27 722.00 720.47 740.26

The internal
resistance, R (mU)

64.40 61.76 61.20 58.88

Generated power, P
(mW)

2098.7 2110.1 2120.4 2326.7

Efficiency, h 5.88% 5.91% 5.94% 6.53%
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the p- and n-combined device must be performed. The obtained T
and f distributions of the eight pairs of Bi2Te3-based devices are
shown in Fig. 6. Compared with thermoelectric single leg, the
temperature distribution of the TE device is more uniform under
the thermal conduction of the electrode. The open-circuit voltage of
the device is slightly above 0.7 V.

The output characteristics of eight pairs of Bi2Te3-based devices
are shown in Table 3. The conversion efficiency of Bi2Te3-based
device before neutron irradiation is 5.88%. After irradiation, though
thermoelectric properties of n-type Bi2Te2.7Se0.3 and p-type
Bi0.5Sb1.5Te3 materials vary, the output power and efficiency of
devices are practically stable, which is due to the decrease in the
properties of p-type Bi0.5Sb1.5Te3 material offset by the increase of
n-type Bi2Te2.7Se0.3 materials. Interestingly, if we only irradiated
the n-type Bi2Te2.7Se0.3 material with targeted neutrons and left the
p-type Bi0.5Sb1.5Te3 material untreated, then the conversion effi-
ciency of the combined TE device could be increased to 6.53%. This
result is somewhat of an overturning of our previous knowledge,
and may be an effective means to drive further development of
thermoelectric energy conversion technology. In addition, the TE
devices compensate and recover during the actual service, thereby
prolonging its working time. Moreover, we can pre-treat the n-type
material by irradiating it with neutrons beforewelding and forming
the device to enhance its overall output properties.
4. Conclusion

We successfully prepared the bulk n-type Bi2Te2.7Se0.3 and p-
type Bi0.5Sb1.5Te3 materials based on cold pressing andmolding and
irradiated them at a pulsed reactor with a neutron fluence of
4.56 � 1010 and 1 � 1013 n/cm2. After irradiation, in n-type
Bi2Te2.7Se0.3 materials, the carrier concentration decreases, and the
hall mobility increases, which primarily enhances the electrical
conductivity and promotes the maximum ZT value from 0.80 to
1.07. Moreover, the circumstance of p-type Bi0.5Sb1.5Te3 materials is
completely opposite to the n-type, which makes its average ZT
values decrease 10.4% and 19.9%. The output of thermoelectric legs
is simulated by the finite-element simulation performed for ther-
moelectric single legs. The maximum evaluated efficiency reaches
6.81% for n-type Bi2Te2.7Se0.3 and 6.25% for p-type Bi0.5Sb1.5Te3 at
the temperature difference of DT ¼ 250 K. When n-type
Bi2Te2.7Se0.3 and p-type Bi0.5Sb1.5Te3 materials form eight pairs of
Bi2Te3-based devices, the conversion efficiency without irradiation
is 5.88%, which fluctuates slightly to 5.91%, and 5.94% after irradi-
ation which means that in RTG, the effect of neutron irradiation to
Bi2Te3-based TE devices is infinitesimally small. Given the
enhancement of the properties of the n-type Bi2Te2.7Se0.3 material
by neutron irradiation, we can maintain this enhancement while
reducing the degradation of the performance of the p-type
Bi0.5Sb1.5Te3 material through measures such as radiation hard-
ening to enhance the output power and conversion efficiency of
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Bi2Te3-based TE devices and combine themwithmedium and high-
temperature thermoelectric materials to improve the overall con-
version efficiency of the device. In other applications of thermo-
electric devices, such as recovering waste heat and reducing carbon
emissions, neutron irradiation can used as a modification method
to improve the performance of n-type Bi2Te2.7Se0.3 thermoelectric
materials for obtaining a better economic efficiency. A fly in the
ointment is that the COMSOL simulation ignores the current loss
caused by the contact resistance and the temperature reduction on
the ceramic plate, indicating differences between simulation and
experimental results. However, the existing results show that the
gap between the simulation and experiment is small. Thus, our
results are still of referential significance. Nevertheless, the effects
of neutron irradiation must be experimentally evaluated, which is
the direction of our next work.
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