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A B S T R A C T   

Aiming at the low utilization of radiation photons in the solar thermophotovoltaic system, a rare earth core–shell 
(REC) structure selective thermal emitter is designed to achieve selective emission. The 3D symmetrical opal 
core–shell structure and rare earth elements play an important role in the selective emission characteristic of the 
REC emitter. The opal core–shell structure of the REC emitter is optimized by finite difference time domain 
simulation and numerical calculation, and the optimal size is determined. The REC emitter can adjust the 
characteristic peak of rare earth elements to produce a narrow–band radiation peak with an emissivity 
approaching 1 at a wavelength just before the cutoff wavelength, and maintain low emissivity in the long and 
short–wave bands. The conversion efficiency of the solar thermophotovoltaic system based on the REC emitter 
and InGaAs cell is 17.29 % at 1400 K, and the power density can reach 428.3 mW/cm2. The mechanism of the 
selective emission characteristic of the REC emitter is revealed, and its emissivity is insensitive to polarization 
and incidence angle. The REC emitter further improves the selective emission characteristic and makes the ra-
diation spectrum better match the thermophotovoltaic cell. The power density and conversion efficiency of the 
solar thermophotovoltaic system are increased by improving the utilization of the thermophotovoltaic cell to the 
radiation photon.   

1. Introduction 

With the increasing demand for energy, people are paying more 
attention to clean energy such as solar energy, which can be used in 
many ways. Solar thermophotovoltaic (STPV) technology converts the 
sunlight spectrum into near–infrared spectrum and generates electricity 
with infrared sensitive thermophotovoltaic (TPV) cells [1]. STPV has the 
unique advantages of high theoretical conversion efficiency, high power 
density, simple energy exchange structure, and high stability. STPV has 
very broad application and development prospects in the utilization of 
solar energy because the thermal emitter can reshape solar radiation 
spectrum and solve the problem of mismatch between the spectrum and 
the TPV cell [2–7]. 

The STPV system is mainly composed of absorber, thermal emitter, 
filter, and TPV cells, as shown in Fig. 1 (a). In operation, the absorber 
receives the sunlight, heats up, and transfers the heat to the thermal 
emitter. The high–temperature thermal emitter generates thermal 

radiation. The radiation photons hit TPV cells to generate electron hole 
pairs through the photovoltaic effect. When an external load is applied, 
electrons and holes migrate toward the two ends to generate current. 
However, not all photons can be absorbed and converted by TPV cells. 
Fig. 1 (b) shows only photons whose wavelength is shorter than the 
cutoff wavelength of TPV cells can be used and converted into electrical 
energy. Other photons cannot be converted but can heat TPV cells, 
causing adverse effects [8–10]. Moreover, because of the high thermal 
loss, the short–wave photon causes relatively low energy utilization 
efficiency [7,11–13]. Therefore, adjusting the radiation spectrum by 
optimizing the thermal emitter is the key to improve the performance of 
STPV system. 

Early selective emitters were mainly material–based thermal emit-
ters, which realized selective emission through the characteristics of the 
materials, such as yttrium oxide, erbium oxide, and other rare earth 
oxides or ceramics doped with metal ions [14–17]. Selective emitters 
using these materials can produce narrow–band emission peaks 
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determined by the characteristics of the materials themselves, but these 
characteristic peaks are often not within the optimal response range of 
TPV cells, and the problem of small view factor due to the distance 
between the emitter and TPV cells cannot be solved [18]. 

With the development of nanophotonic and micro–nano processing 
technology, the research on structure–based selective thermal emitter 
has gradually emerged, such as photonic crystals (PhC) and meta-
material (MTM) [11]. These selective emitters usually consist of mate-
rials with different refractive indices arranged periodically, ranging 
from 1D periodic structure to 3D symmetric structure [9,19–26]. The 
opal structure designed and applied in this paper is a representative 3D 
PhC structure. The symmetry in three directions makes the selective 
emitter exhibit emissivity insensitivity to polarization and incident 
angle. The core–shell structure, as a typical MTM, can use fully the 
different materials with large refractive index difference to regulate the 
radiation spectrum, which can be perfectly applied in the opal structure. 
Previous works designed a selective emitter with core–shell nanosphere 
structure using tungsten and SiO2, and achieved relatively excellent 
selective emission characteristic [27]. However, the emitter still has 
high emissivity at short wavelength, which does not solve the problem of 
high thermal loss. Therefore, rare earth elements were introduced into 
the thermal emitter in this paper to solve the problem of efficiency 
reduction caused by the thermal loss of short–wave photons [16,28]. 

Based on the existing research of core–shell thermal emitter, rare 
earth elements were applied to play the characteristic peaks, and the 3D 
selective structure was used to adjust the characteristic peaks to the 
optimal response range of TPV cells, thus forming the selective emission 
characteristic of the thermal emitter. The rare earth core–shell (REC) 
emitter was simulated by using the finite difference time domain 
method. Through the design and optimization of its structure, the 
optimal performance was obtained, and the influence law of the REC 
emitter on the electrical performance of the STPV system was explored. 
The emissivity insensitivity to polarization and incident angle of the REC 
emitter was investigated, and the selective emission characteristic of the 
REC emitter was analyzed. Moreover, the REC emitter samples were 
prepared by using the wet chemical method. The aim of this study is to 

propose an emitter design with excellent selective emission character-
istic and beneficial to improving the performance of STPV system. 

2. Materials and methods 

2.1. Structure design of REC emitter structure 

Based on the 3D structure of opal, nanospheres were replaced with 
core–shell nanosphere structure, and rare earth elements were used in it 
to build the core–shell nanosphere of rare earth oxides (Y2O3 mainly 
used in this simulation) and SiO2. The core–shell nanospheres were 
stacked to form a 3D opal structure, and a certain thickness of tungsten 
was used as the base plate at the bottom. The structural design of the 
REC emitter is shown in Fig. 2. The REC emitter combines the selective 
3D structure with rare earth elements to produce a very narrow radia-
tion peak in front of the InGaAs cutoff wavelength 1.72 μm, which is 
expected from the spectrum of the REC emitter. At the same time, the 
symmetrical 3D structure of the REC emitter makes it have emissivity 
insensitivity to polarization and incident angle. Aiming at the design of 
the REC emitter, the model is built in FDTD, the variation law of the 
thermal radiation performance with the Y2O3 radius R, SiO2 thickness H 
and stacking layers N were explored, and the optimal structural size was 
determined by effective spectral efficiency as the evaluation basis. 

2.2. Effective radiation spectrum calculation 

The photon transmissivity T(λ) is zero because the thickness at the 
bottom of the emitter is in the order of microns. According to Kirchhoff’s 
law, when an object is in thermal equilibrium, its emissivity ε(λ) at each 
wavelength is equal to the absorptivity α(λ), which can be calculated 
from the reflectance R(λ): 

ε(λ) = α(λ) = 1 − R(λ) (1) 

The thermal radiation power at temperature T can be derived ac-
cording to the blackbody radiation and the emissivity of the emitter Ee(λ, 
T): 

Fig. 1. (a) Structure and workflow of a STPV system. (b) Radiation spectrum of a blackbody emitter (solid black line) and an ideal thermal emitter (colored region).  

Fig. 2. Geometric structure design of the REC emitter.  
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Ee(λ, T) = Eb(λ, T)ε(λ) (2)  

Eb(λ, T) =
2hc2

λ5
1

e hc
λkT − 1

(3)  

where Eb(λ,T) is the thermal radiation power of the blackbody at tem-
perature T, which can be obtained by Planck’s blackbody radiation law 
(Equation (3)), h is Planck’s constant, c is the speed of light in vacuum, 
and k is Boltzmann’s constant. 

In order to evaluate the selective emission characteristic of the REC 
emitter, it is necessary to focus on whether the radiated photons can be 
used by the TPV cell as much as possible. The proportion ηt of photons 
whose wavelength is shorter than the cutoff wavelength in the radiation 
spectrum of the REC emitter can be derived from the emissivity ε(λ) 
[29]: 

ηt =

∫ λTPV
0 Ee(λ,T)dλ
∫∞

0 Ee(λ, T)dλ
(4)  

where λTPV is the cutoff wavelength of the TPV cell. 
In addition to selective emission, the thermal radiation power of the 

emitter is also an important evaluation index. The proportion ηc of 
available radiation photons emitted by REC emitter to the available 
radiation photons emitted by blackbody can be calculated: 

ηc =

∫ λTPV
0 Ee(λ,T)dλ
∫ λTPV

0 Eb(λ, T)dλ
(5) 

To evaluate the spectral modulation ability of the REC emitter, the 
effective spectral efficiency ηsp is used as the evaluation index. It can not 
only ensure the energy conversion efficiency of the TPV system, but also 
enable the system to have high power density. The calculation formula is 
as follow: 

ηsp = ηtηc (6)  

2.3. Performance of STPV system 

InGaAs cell was used for electrical output in the STPV system. To 
calculate the electrical output of the InGaAs cell, the photon number 
density n(λ,T) radiated by the REC emitter is obtained, which can be 
derived according to emissivity ε(λ): 

n(λ, T) =
2πc
λ4

ε(λ)
e hc

λkT − 1
(7) 

When the radiation photons hit TPV cells, the resulting short–circuit 
current Jsc and reverse saturation current J0 can be calculated from the 
quantum efficiency ηEQE of TPV cells: 

JSC = q
∫ λTPV

0
n(λ,T)ηEQE(λ)dλ (8)  

J0 = q
∫ λTPV

0

2πc

λ
[

exp
(

hc
λkT

)

− 1
] dλ (9) 

According to Shockley formula, the output current density J(V) 
generated by the photovoltaic effect in TPV cells can be calculated. The 
calculation formula is as follow: 

J(V) = JSC − J0

[

exp
(

qV
kTα

)

− 1
]

(10)  

where q is the unit charge, V is the output voltage, and Tα is the TPV cell 
temperature, which is set as 300 K. 

At this time, the maximum output power of the STPV system Pmax is 
determined by the maximum product of the output current density and 
the output voltage: 

Pmax = Max(V × J) (11) 

Therefore, the system efficiency of the STPV system ηsys can be 
calculated by the following formula: 

ηsys =
Pmax∫∞

0 Ee(λ,T)dλ
(12)  

2.4. Fabrications of REC emitter 

REC emitter samples were prepared by solution method. 150 mL 
ethanol solution (99.7 %, AR) was added with 1 g Er2O3 or Y2O3 and 
ultrasonic dispersed for 1 min, followed by 7 g polyvinylpyrolidone 
(PVP) and ultrasonic dispersed again for 1 min. The mixed solution of 
the two was magnetically stirred for 24 h, in which PVP was used as a 
dispersant to stabilize the rare earth oxide nanoparticles and prevent 
their aggregation. The solution was then centrifuged and washed several 
times. The washed rare earth oxides and 6 mL 3–aminopropyl trethox-
ysilane (APS) were added to 150 mL ethanol solution, respectively, and 
ultrasonic dispersion was carried out twice for 1 min before and after. 
After 24 h of magnetic stirring, the solution was centrifuged several 
times. APS was used as a surface modifier to change the nanoparticles so 
that the outer layer can be coated with SiO2 shell. Then, rare earth 

Fig. 3. (a) Emissivity of the REC emitter with 1 or 3 layers and the flat tungsten 
emitter. (b) Emissivity of the REC emitter with 1, 5, or 10 layers. 
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oxides were added to 150 mL ethanol solution, and 1 mL ammonia water 
was added to make the solution alkaline. The mixed solution was 
magnetically stirred for 12 h, and 0.5 mL tetraethyl orthosilicate (TEOS, 
99 %, GC) was dripped four times (once every 3 h) to provide SiO2 for 
the system through the hydrolysis polycondensation reaction. The final 
solution was centrifuged, washed, and dried into sample powder, and 
then the REC emitter sheet was cold pressed by a tablet press under 8 
MPa pressure. 

3. Results and discussions 

3.1. Emissivity of REC emitter 

The emissivity of the REC emitter obtained through simulation with 
FDTD is shown in Fig. 3 (a, b). When the wavelength is lower than the 
cutoff wavelength, the emissivity of the REC emitter oscillates in the 
range of 0.4–0.8, whereas the emissivity drops rapidly to zero after the 
cutoff wavelength. Its emissivity is substantially better than that of flat 
tungsten emitter. The REC emitters with one–layer and three–layer 
structures generate a narrow–band emission peak with an emissivity 
close to 1 near the cutoff wavelength, whereas other layers, such as 5 
and 10 layers, do not have this emission peak. The emission peaks at 
1.45 and 1.67 μm are within the optimal response range of the InGaAs 
cell, which is the most important selective emission characteristic, and 
the energy conversion efficiency is the highest at this time. Moreover, 
the thermal emitter with high stacking layers has weaker inhibition on 
long–wave band emissivity. 

Fig. 4 shows the effective spectral efficiency gradually decreases with 
the increase of accumulation layer number N overall, and an oscillation 
is observed during the decline. Owing to its emissivity peak before cutoff 
wavelength, the effective spectral efficiency of the REC emitter has a 
peak value at one and three–layer structures with all size combinations. 
When the two conditions are compared, the one–layer REC emitter has a 
better emissivity suppression effect at the long wavelength. Photons 
with wavelengths longer than the cutoff wavelength only heat TPV cells 
adversely, so the one–layer REC emitter is more effective at weakening 
the energy loss caused by low–energy photons. 

The influences of the core radius R and the core–shell thickness H 
were further explored based on the one–layer REC emitter. First, the 
parameters of 100, 160, 240, 320, 480, and 640 nm were combined as R 
and H pairs to form 36 kinds of nanosphere structures for simulation. 
The size was selected corresponding to the optimal value from the 

simulation results, eight samples were used by dichotomy between the 
optimal value and the suboptimal value for simulation, and the above 
steps were repeated. After four dichotomies, a simulated sample whose 
size gradually approached the optimal value can be obtained in Fig. 5. 
The effective spectral efficiency obtained from the whole simulation 
sample at the temperature of 1300 K gradually increased from around to 
the middle, and the best effective spectral efficiency can reach 29.48 % 
(The flat tungsten emitter of the same thickness was 15.12 %), which 
was obtained when R = 330 nm and H = 310 nm. This is the optimal REC 
emitter size matching InGaAs cutoff wavelength of 1.72 μm. 

3.2. Analysis of electrical output 

Fig. 6 shows the power density spectrum of the optimized 
Y2O3@SiO2 REC emitter at different temperatures. The thermal radia-
tion power density of the REC emitter at different temperatures presents 
the same change trend. The REC emitter can maintain low thermal 

Fig. 4. Effective spectral efficiency of the REC emitter with the number 
of layers. 

Fig. 5. Effective spectral efficiency of the one–layer REC emitter with the core 
radius R and the core–shell thickness H. 

Fig. 6. Thermal radiation power density spectrum of optimal size REC emitter.  
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radiation in short wavelengths. Although these photons can be used by 
the TPV cell, their utilization efficiency is very low. Because a rather 
large proportion of photon energy is wasted in the form of heat. The low 
radiation in short wavelengths can further improve the conversion ef-
ficiency of the STPV system. In addition, when the wavelength exceeds 
1.72 μm, the radiation power density decreases rapidly and becomes 
zero. If these photons are absorbed by the TPV cell, they will not be 
converted into electric energy, and they will heat up the TPV cell, which 
will have adverse effects. Therefore, keeping the radiation low in the 
long wavelength range can well eliminate the energy loss generated by 
the photons outside the band gap. Finally, a high narrow peak can be 
clearly seen at 1.59–1.70 μm. The radiation peak is within the optimal 
response range of InGaAs cell, and the conversion efficiency of TPV cells 
is highest in this wavelength band. This narrow–band radiation peak is 
the advantage of rare earth elements used in REC emitter, which can 
maximize the energy conversion efficiency of radiated photons. These 
results indicate the core–shell structure changes the wavelength of 
radiated photons through the refractive index difference, and the rare 
earth elements show their narrow–band radiation characteristics well. 
Further doping with rare earth elements on the basis of core–shell se-
lective emitter can substantially improve selective emission 
characteristic. 

By using the thermal radiation power density spectrum of the REC 
emitter combined with the quantum efficiency of InGaAs cell, the I–V 
and P–V curves of the STPV system can be calculated, and the power 
density and conversion efficiency are shown in Fig. 7. The performance 
of plate tungsten emitter is simulated under the same conditions. With 
the increase of temperature, the power density and conversion efficiency 
of the two thermal emitters increase gradually, which is consistent with 
the simulation results. The conversion efficiency of the REC emitter is 
slightly higher than that of the flat tungsten thermal emitter, which are 
17.29 % and 16.17 %, respectively at 1400 K. The power density of the 
system can reach 428.3 mW/cm2 when the REC emitter is used, which is 
1.48 times that of flat tungsten. 

The prepared REC emitter is combined with InGaAs cell to build 
STPV system for testing. The power density of the system at 900 K, 1100 

K, and 1300 K is shown in Table 1. The output of the sample prepared 
with Er2O3 is slightly higher than that of Y2O3, and the power density of 
the STPV system is 55.73 ± 2.15 mW/cm2 and 69.20 ± 1.27 mW/cm2 at 
1300 K. 

3.3. Radiation characteristics and mechanism of REC emitter 

To analyze the selective emission mechanism of the REC emitter 
further, the electric field distribution of the REC emitter with the 
optimal structure size (R–H = 330 nm–310 nm) and the contrast 
structure size (R–H = 240 nm–240 nm) in FDTD are drawn in Fig. 8. The 
two larger dotted lines are the boundaries of Y2O3 and SiO2. The 
strongest electric fields are mostly located on the dotted line of the 
arrow, inside the rare earth oxide. This factor is the most important one 
affecting the ultra–high narrow–band radiation peak of the REC emitter 
before the cutoff wavelength. The core–shell structure adjusts the 
characteristic peak of rare earth elements to the optimal response range 
of the InGaAs cell, so that rare earth elements can make a great 
contribution to the narrow–band radiation peak of the REC emitter. 
Second, the sub–strong electric field is distributed on the SiO2 surface, 
and the distribution of the electric field restricted in the dielectric layer 
is a typical characteristic of magnetic polariton resonance. Magnetic 
polariton resonance also determines the selective emission character-
istic of the REC emitter, which is the advantage of using core–shell 
structure in REC emitters. Finally, the distribution of the electric field is 
symmetric, which macroscopically makes the REC emitter insensitive to 

Fig. 7. Power density and conversion efficiency of the two thermal emitters 
with temperature. 

Table 1 
Power density of REC emitters Y2O3@SiO2 and Er2O3@SiO2 (mW/cm2).  

REC emitter Emitter temperature  

900 K 1100 K 1300 K 

Y2O3@SiO2 0.5026 ± 0.004 12.44 ± 0.24 55.734 ± 4.29 
Er2O3@SiO2 1.3504 ± 0.047 28.986 ± 1.21 69.202 ± 2.55  

Fig. 8. Electric field distribution of REC emitters with size (a) R = 330 nm, H =
310 nm (b) R = 240 nm, H = 240 nm. 
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polarization and incident angles. 
Fig. 9 (a) shows the emissivity curves of heat–radiated light of 

different wavelengths at dissimilar incidence angles. When the inci-
dence angle is between 0◦ and 80◦, the emissivity stays within a certain 
range, and decreases rapidly to zero after 80◦. The structural design has 
emissivity insensitivity to incident angle and can maintain the selective 
emission characteristic up to 80◦ of incident angle. Fig. 9 (b) shows the 
emissivity spectra of the REC emitter under different polarized light. For 
S polarization and P polarization, the emissivity of the REC emitter is 
same, and it has polarization insensitivity. In the actual work of the 
thermal emitter, the thermal radiation light in different incidence angles 
must meet the selective emission characteristic needed. The designed 3D 
symmetrical structure can make the REC emitter have emissivity 
insensitivity to polarization and incident angle until 80◦. The REC 
emitter can maintain excellent selective emission characteristic under 
most system structural designs and small view factor. 

4. Conclusion 

In this paper, a core–shell selective emitter doped with Y2O3 was 
designed, and its structure was optimized. The optimization results show 
rare earth elements can exert the typical peak characteristics in the REC 

emitter well, so that the emissivity is concentrated in front of the TPV 
cell cutoff wavelength. Moreover, the application of core–shell structure 
can further adjust the characteristic peaks of rare earth elements, so that 
the emission peaks are concentrated in the optimal response band of 
InGaAs cells, while maintaining a very low emissivity in the long and 
short–wave bands. Therefore, the REC emitter has good selective emis-
sion characteristic, and the STPV system combined with InGaAs cells has 
high conversion efficiency. The effective spectral efficiency is up to 
29.48 %, and the system conversion efficiency is 17.29 % at 1400 K. In 
addition, the emissivity of the REC emitter has emissivity insensitivity to 
polarization and incident angle until 80◦, which can solve the problem 
of small view factor due to spacing in practical applications. These re-
sults demonstrate the designed REC emitter can further improve the 
performance of STPV system, and introduce some experience and 
technology for the development of subsequent high–efficiency STPV 
system. 
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