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Abstract: Sn,_Sm O, (x=0wt%, 8wt%, 16wt%, 24wt% ) micro/nano-fibers were prepared by electrospinning combined with heat

treatment. The phase, morphology, infrared emissivity, and laser absorption properties of the products were characterized. The first
principles simulation based on density functional theory was used to compare and analyze the photoelectric properties of Sn,_Sm O,
(x=0wt%, 16wt%) material, and the effect mechanism of Sm** doping on the infrared emissivity and laser absorption of SnO, from the
perspective of electronic structure was further clarified. Results show that after calcination at 600 °C, the calcined Sn,_ Sm O, micro/
nano-fibers all present the single rutile structure and show good fiber morphology. The fibers interlace with each other, forming

irregular three-dimensional network structure, and the elements are evenly distributed on the fiber. With increasing the Sm’* doping

amount, the reflectivity of Sn,_ Sm O, micro/nano-fibers is decreased gradually at wavelength of 1.06 and 1.55 um, and the infrared
emission is decreased firstly and then increased. When x=16wt%, the reflectivity at wavelength of 1064 nm is 53.9%, the reflectivity
at wavelength of 1550 nm is 38.5%, and the infrared emissivity at wave band of 8—14 um is 0.749, which provides a theoretical and
practical basis for the thin, light, wide-band, and high-performance laser-infrared compatible stealth materials.
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With the continuous development of military technology
and the advent of various advanced detectors, the traditional
single-function camouflage coating faces severe challenges.
The multi-spectra compatible stealth materials are required,
and the development of effective laser-infrared compatible
stealth material has been widely researched . Laser-infrared
compatible stealth materials have high reflection and low
emission within the infrared bands (3—5 and 8—14 pm), and
have low reflection and high absorption at the Ilaser
wavelengths of 1.06, 1.55, and 10.6 pm. Currently, the
common laser and infrared compatible stealth materials
mainly include the photonic crystals®*, metamaterials”®, and
doped oxide semiconductors”™. Photonic crystals and
metamaterials are difficult to prepare, and the traditional
composite coating of stealth materials is thick and dense',
which is adverse to application. Therefore, it is of great
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significance to develop a thin compatible stealth material with
easy preparation.

Oxide semiconductor materials have a broad application
prospect in the infrared and laser compatible stealth fields™. It
is found that the carrier concentration and plasma wavelength
of oxide semiconductors can be adjusted by doping
additives”"”. On the one hand, the strong absorption and
excited radiation can be generated near the wavelength of 1.06
pm, and the laser absorption properties of oxide semicon-
ductors can be improved. On the other hand, the resistivity
and infrared emissivity of the doped system can be reduced
for infrared stealth®™' "%, SnO,, as a typical wide-gap N-type
oxide semiconductor material, has stable physical and
chemical properties, high visible light transmittance, and low
resistivity, showing great potential as a photoelectric
material™ . Su et al"¥ prepared Sn,_Fe O, (x=0, 0.03, 0.06,
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0.09) solid solution powder by coprecipitation method, and
found that its infrared emissivity is decreased with increasing
the Fe doping amount. Lu et al'” doped SnO, with transition
element oxides (Ni,0,/CuO/Sb,0,) and found that the
prepared coating has good laser absorption performance. Rare
earth elements can effectively improve the laser absorption
performance of materials. Particularly, the transition from °H,,
ground state into the °H,, excited state of Sm*" ions leads to
the strong absorption peak of 1050—1150 nm generated by the
Sm-containing compounds, resulting in excellent laser absorp-
tion properties’” . Zhang et al®” prepared SmB,,Al, O,
powder by citric acid sol-gel combustion method, and found
that absorption peaks appear at wavelength of 1.06 pm.
SmB,;Al ,O, has the lowest reflectivity of 43.36% at
wavelength of 1.06 um. Li et al®" prepared SmCrO, powder
material through the high-temperature solid-phase method. At
the calcination temperature of 1400 ° C, the specimen with
thickness of 0.2 mm shows strong absorption peaks at
wavelength of 1.06 and 1.55 pum, and the corresponding
absorption ratios are 54% and 53%, respectively, showing
good laser stealth performance. Micro/nano-fiber materials
have large specific surface area, light-weight, and high
porosity™
field"*!. However, the infrared and laser compatible stealth
properties of fibrous rare earth element-modified tin oxide
materials are rarely reported.

Therefore, in this research, Sn,_Sm O, (x=0wt% , 8wt%,

—x

, presenting great potential in the stealth material

16wt% , 24wt% ) micro/nano-fibers were prepared by
electrostatic spinning process combined with heat treatment.
The microstructure, laser absorption performance, and
infrared emissivity of Sm*-doped SnO, were analyzed.
Meanwhile, the doping model was established by the first-
principles calculation, and the effect mechanism of Sm’
doping on the laser absorption performance and infrared
emissivity of SnO, materials was investigated from the
perspective of electronic structure, providing a theoretical and
practical basis for the further research of laser and infrared
compatible stealth materials.

1 Experiment

Zn,_Ce O (x=0, 0.02, 0.04, 0.06, 0.08) nano-fibers were
prepared by the
microwave absorption properties and infrared emissivity were
studied. When x=0.04, the minimum infrared emissivity of the
specimen is 0.78. Meanwhile, La,_Ba MnO, (0<x<0.5) with
perovskite structure was also prepared by the sol-gel

PVP+
DMF Magnetic stirring
| for 12 h
SnClL+ ‘

electrospinning method™, and their

HVDC

Sm(NO‘):-ﬁH:O , Electrostatic
+deionized Spimning spinning

water precursor

HVDC: high voltage diect current

method™. It is found that with increasing the Ba doping
content, the infrared emissivity is firstly decreased and then
increased. When x=0.3, the infrared emissivity is the lowest.
Based on Ref.[25], the Sm doping content was set as Owt%,
8wt%, 16wt%, and 24wt% in this research.

SnCl,-2H,0 and Sm(NO,),"6H,0 raw materials were dis-
solved in deionized water to prepare the product with stoichio-
metric ratio of Sn,_Sm O, (x=0wt%, 8wt%, 16wt%, 24wt%).
Polyvinylpyrrolidone (PVP) and N/N-dimethylformamide
(DMF) with the same mass were also dissolved in the water.
Then the two solutions were mixed and stirred for 12 h to
prepare the spinning precursor. The spinning precursor was
transferred into a syringe with a stainless-steel needle (23G)
for electrostatic spinning. The spinning process was conducted
at room temperature with 20 kV in voltage, 20 cm in distance
between the needle and the receiver, 0.1 mm/min in the solu-
tion propulsion rate, and 140 r/min in the receiving speed. The
precursor micro/nano-fibers were dried at 100 °C for 12 h,
then placed in an intelligent temperature control box resis-
tance furnace, heated to 600 °C at heating rate of 1 °C/min,
calcined for 2 h, and finally cooled to room temperature in
furnace. The preparation process is shown in Fig.1.

Thermogravimetric  analysis (TGA) and differential
scanning calorimetry (DSC) were performed by SDT-Q600
thermal analyzer (TA Company). The phase of the specimens
was analyzed by XD6 polycrystalline X-ray diffractometer
(XRD). The model 380 Fourier Transform infrared
spectrometer (FT-IR, Nicolet) was used to analyze the infrared
spectra of specimens. SU-8010 field emission scanning
electron microscope (SEM, Hitachi) was used to observe the
specimen microstructures. The element composition of the
product was analyzed by energy dispersive spectrometer
(EDS, Genesis Apex2, USA). The full spectra and valence
band spectra of the product were analyzed by X-ray
photoelectron spectrometer (XPS, Thermo Scientific, K-
Alpha, USA). Diffusion reflectivity of the product was tested
by UV-3600 spectrophotometer and ISR-603 integrating
sphere. The calcined products were mixed with epoxy resin
with volume ratio of 1:1, then coated on the high emissivity
cera-mic sheets (diameter of 50 mm, thickness of 1 mm) with
smooth surface by screen printing method, and finally dried at
100 °C for 2 h. After cooling to room temperature, ST2258C
digital four-probe tester and IR-2 infrared emissivity tester
were used to test the resistivity and infrared emissivity within
the infrared bands (3—-5 and §—14 pum). UTil20S infrared
thermal imager was used to capture the infrared thermal
imaging images.

Calcination at 600 °C

Dry at 100 °C
i for 12h for2h g
o [——1 iﬂ ) ‘9 9

Precursor fiber
membrane Sn, Sm0,

micro/nano-fiber powder

Fig.1  Schematic diagram of preparation process of Sn,_ Sm O, micro/nano-fibers



Xia Yuanjia et al. / Rare Metal Materials and Engineering, 2023, 52(1):31-40 33

CASTEP module in the Material Studio software was
selected, the exchange-correlation function GGA, and the
modified function PBE were used for calculation. The
supersoft pseudopotential was used to approximately describe
the interaction between valence electrons and ions. The
parameters were as follows: the plane wave cutoff energy was
489.8 eV; the K-grid point of the Brillouin zone was 3x3x1;
the unit electron energy was 2x107° eV/atom; the self-
consistent accuracy was 2.0x107 eV/atom; the interatomic
interaction force is less than 0.5 eV/nm; the stress deviation
was less than 0.1 GPa. The selected valence electron
configurations were Sn (5s°5p’), O (2s2p*), and Sm
(5p°4f°6s).

2 Results and Discussion

2.1 TGA-DSC analysis

Fig.2 shows the TGA-DSC curves of precursor Sn,_ Sm O,
fibers. According to Fig.2, the thermal decomposition process
of precursor Sn,_Sm O, fibers can be divided into four stages.
The first stage is from room temperature to 150 °C. The mass
loss is about 9.5%, which is caused by the volatilization of
residual solvent, the free water adsorbed on the precursor fiber
surface, and the crystallization water in the raw material. The
second stage is at 150-350 °C, and the mass loss is about
15.7%. According to the DSC curve, the small exothermic
peak at 320 ° C is mainly caused by the carbonization
decomposition of the PVP side chain. The third stage is at 350
—500 °C, showing a large mass loss of 39.6%. Meanwhile, the
exothermic peak appears near 430 °C in the DSC curve, which
is mainly due to the complete decomposition of PVP main
chain and the gradual replacement of chlorine element by
oxygen element. Therefore, SnCl, is gradually transformed
into SnO,. The fourth stage is over 500 °C. The mass barely
changes and no exothermic peak appears in DSC curve,
indicating that the thermal decomposition of the polymer in
precursor fiber is completed, and SnCl, is completely
transformed into SnO,. Therefore, in order to fully crystallize
the product, the calcination temperature of precursor
Sn,_Sm O, fibers is set at 600 °C in this research.

2.2 XRD analysis

Fig.3 shows XRD patterns of Sn,_Sm O, (x=0wt%, 8wt%,
16wt%, 24wt%, 32wt%) micro/nano-fibers after calcination at
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Fig.2 TGA-DSC curves of precursor Sn,_ Sm O, micro/nano-fibers

600 ° C. As shown in Fig. 3, after calcination at 600 ° C,
obvious and sharp diffraction peaks of (110), (101), (200),
(211), (220), (301), and (310) crystal planes can be observed
in all specimens, and the intensities of the main diffraction
peaks are arranged from strong to weak as (110)>(101)>(211)>
(200). This result is consistent with JCPDF41-1445 reference,
indicating that the products are all composed of single
tetragonal rutile SnO,. No characteristic diffraction peak of
Sm* oxide can be observed in the calcined products,
indicating that Sm* enters the lattice of SnO,. Since the radius
of Sm (0.16 nm) is close to that of Sn atom (0.18 nm), Sm
atoms may enter the SnO, lattice by replacing Sn atoms. It is
worth noting that when the Sm doping content is 32wt%, the
crystallinity of SnO, is low and the original crystal structure of
SnO, may be destroyed. Therefore, the maximum doping
content is set as 24wt%.

2.3 FT-IR analysis

Fig.4 shows FT-IR spectra of Sn,_ Sm O, micro/nano-fibers
after calcination at 600 °C. It can be seen that all products
have absorption peaks at 3435, 2361, 1642, and 618 cm™. The
absorption peaks near 3435 and 1642 cm™ are caused by the
stretching vibration of O-H bond and the deformation
vibration of adsorbed water, resulting from the adsorption of
water vapor in the air by the product®. The absorption peak
at 2361 cm™ indicates CO,, which can be attributed to the
stretching vibration of CO, adsorbed onto the product™. The
absorption peak near 618 cm™ is the characteristic absorption
peak of SnO, crystal, which can be attributed to the vibration
band of Sn-O bond™*' with the E,TO vibration mode™.
Other special absorption peaks cannot be observed, which
further indicates that the products after calcination at 600 °C
are composed of single tetragonal rutile SnO,.

2.4 SEM & EDS analysis

Fig. 5a and 5b show SEM morphologies of precursor

Sn,_Sm O, micro/nano-fibers. It can be seen that the precursor
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Fig.3 XRD patterns of Sn,_Sm O, micro/nano-fibers after calcina-
tion at 600 °C
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fibers are continuous and uniformly distributed, forming an
irregular network. According to Fig. Sb, the fiber surface is
smooth and shows a network structure. The fiber diameter is
500 — 900 nm. Fig. 5¢c — 5f show SEM morphologies of
Sn,_ Sm O, micro/nano-fibers after calcination at 600 °C. The
calcined products still maintain the fiber morphology, and
their diameter is smaller than that of the precursor fiber, which
is caused by the PVP decomposition during high-temperature
calcination. Compared with that of the precursor fiber, the
surface of Sn,_Sm O, micro/nano-fibers is slightly rough,
which is composed of a large number of Sn,_Sm O, fine
grains.

Fig. 6 shows EDS analysis results of Sn ,,Sm, O, micro/
nano-fibers corresponding to Fig.5e. According to Fig.6a, only
Sm, Sn, and O exist in the product, indicating that during the
heat treatment process, PVP and other substances are

—x=0wt%

—x=8wt%
——x=16wt%
X=24wt%

Transmittance

4000 3000 2000 1000
Wavenumber/cm™!

Fig4 FT-IR spectra of Sn,_SmO, micro/nano fibers after

calcination at 600 °C

RO ORDUNCL
SUB010 15.0kV 8.6mm x45.0k SE(UL) 1.00um

completely decomposed. This result is consistent with XRD,
FT-IR, TGA-DSC analysis results. According to Fig.6b—6e, all
elements are evenly distributed in the fiber. The atomic ratio
of Sm to Sn+Sm is about 16%, indicating that the Sn,,,Sm, O,
micro/nanofibers have high purity and no impurities are
prepared during the electrospinning process.
2.5 XPS analysis

Fig. 7 shows overall, Sn 3d, Sn 3d, and O 1s spectra of
Sn,,Sm,,,0, micro/nano-fibers. According to Fig. 7a, the
binding energy peaks of C, O, Sn, and Sm can be observed.
The C peak is caused by the carbon injection correction
during the detection, and other substances cannot be detected.
According to Fig.7b, the binding energy peaks near 486.4 (Sn
3d,,) and 494.8 (Sn 3d,,) eV correspond to Sn*"*", indicating
that SnCl, is completely transformed into SnO, during the
calcination. As shown in Fig.7c, the binding energy peaks near
1083 (Sm 3d,,) and 1109.9 (Sm 3d,,) eV correspond to
Sm*PY indicating that the Sm exists as Sm’* in the fibers. As
shown in Fig.7d, the binding energy peaks near 530.1, 531.0,
and 533.3 eV correspond to lattice oxygen (O,,), surface
adsorbed oxygen (O,,), and surface adsorbed water molecule
(Oy0), respectively®™. These results all indicate that the pure
Sn,_Sm O, fibers can be prepared by electrostatic spinning
method.
2.6 Reflection performance

The reflectivity of Sn,_Sm O, micro/nano-fibers after
calcination at wavelength of 500-2000 nm is shown in Fig.8a,
and it can be divided into two parts: 500—1700 nm and 1700—
2000 nm. When the wavelength is 500 — 1700 nm, the
reflectivity of Sn,_Sm O, fibers is gradually decreased with
increasing the Sm* doping amount. It can be seen that the
Sn,,,Sm, O, and Sn,,.Sm,,,0, fibers have obvious absorption

Fig.5 SEM morphologies of Sn,_ Sm O, mico/nano-fibers before (a, b) and after (c—f) calcination at 600 °C: (c) x=0wt%, (d) x=8wt%, (e) x=

16Wt%, and (f) x=24wt%
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Fig.7 XPS spectra of Sn,,,Sm, ,,0, micro/nano-fibers: (a) overall, (b) Sn 3d, (c) Sm 3d, and (d) O 1s

peaks at wavelength of 1000—1100 nm, which is favorable for
the low reflectance at wavelength of 1064 nm. The reflectivity
of Sn,Sm,, O, and Sn,,Sm,,,0, fibers at wavelength of
1064 nm is 53.9% and 50.5%, respectively. In addition, the
wavelength of 1550 nm is a common working band of lasers,
and the reflectivity of Sn,,,Sm,,O, and Sn,.,Sm,,,0, fibers at
this wavelength is 38.5% and 29.8%, respectively. When the
wavelength is 1700—2000 nm, the reflectivity of Sn,,,Sm,,,0,
fibers is low, while that of Sn,,,Sm, O, fibers is greater than
that of SnO, and Sn,,,Sm,,O, fibers. Thus, the higher

reflectivity and lower emissivity in the infrared band can be
achieved for the Sn ., Sm,, O, fibers. According to the
semiconductor continuous spectrum theory, the propagation
characteristics of light wave in the visible infrared band in the
semiconductor are closely related to its plasma wavelength®™,
which can be expressed by Eq.(1), as follows:

A, = 2mc % (1)

where 4 is the plasma wavelength, m is the effective mass of
the electron, ¢, is the dielectric constant of the vacuum, N is
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Fig.8 Reflectivity (a) and schematic diagram of reflection mechanism (b) of Sn,_ Sm O, micro/nano-fibers

the carrier concentration, e is the electron charge, and c is the
vacuum speed of light. When the wavelength of the incident
light 4 > A, the semiconductor gradually exhibits the
characteristics of metal and has a high reflectivity. This is
because after Sm’* doping, a new donor energy level is
provided, free electrons
concentration is increased. The plasma wavelength of the
system decreases, resulting in the better reflectivity of
Sn, ., Sm, O, and Sn,,,Sm, O, fibers in 1700-2000 nm band,
compared with that of the SnO,”**. However, excessive
doping leads to the impurities and defects in the fibers. The
scattered impurity ions change the mobility of carriers, reduce

are excited, and the carrier

the concentration of carriers, and increase the plasma
wavelength. Thus, the low reflectivity of Sn,,.Sm,,,0, fibers
remains™”. After doping Sm’, there are three reasons for the
decrease in laser reflectivity for the doped fibers. Firstly, the
micro/nano-fibers have large specific surface area and
nonlinear characteristics, which promotes the charge transfer
in the doped fibers

performance of charges™®. Secondly, Sm* doping regulates

and enables the light absorption

the carrier concentration in the doped fibers, and the
propagation of light in semiconductors is closely related to the
plasma wavelength. Sm* doping increases the carrier
concentration, provides a new donor energy level (Sm*), and
enhances the plasma effect”””. Meanwhile, the increase in
carrier concentration leads to 2 <4, Thus, the doped fibers
have dielectric characteristics, namely the low reflectivity™.
Thirdly, the electrons in Sm*" are excited to transit from °H,,
to °H,,"""", and then an absorption band appears at wavelength
of 1000— 1100 nm, thus resulting in the low reflectivity at
wavelength of 1.06 pm, as shown in Fig.8b.
2.7 Resistivity and infrared emissivity

The working band of infrared detectors is generally 3—5 and
8—14 pm. The infrared emissivity of Sn,_ Sm O, micro/nano-
fibers with x=0wt%, 8wt%, 16wt%, and 24wt% at wavelength
of 3—5 um is 0.742, 0.685, 0.596, and 0.638, respectively, as
listed in Table 1. The working band of thermal imaging
Table 1 Infrared emissivity of Sn,_ Sm O, micro/nano-fibers at

wavelength of 3-5 pm

X 0wt%
0.742

8wt%
0.685

16wt%
0.596

24wt%
0.638

Infrared emissivity

system is usually 8—14 pm. Fig.9 presents the resistivity and
infrared emissivity at wavelength of 8—14 um of Sn,_Sm O,
micro/nano-fibers. It can be seen that the infrared emissivity
and resistivity have similar change trends: with increasing the
Sm doping amount, the infrared emissivity is decreased firstly
and then increased. When x=16wt% , the lowest infrared
emissivity is achieved as 0.749.

According to Kirchhoff’s law", the infrared emissivity is
related to reflectivity, as follows:

g=1-R, (2)
where / is the wavelength, R, is the reflectivity at wavelength
of /, and ¢, is the infrared emissivity at wavelength of /.

In the infrared spectrum, reflectivity is related to the
electrical performance and it is mainly reflected by the
complex refractive index and complex dielectric constant,
based on the free electron theory™, as follows:

_(nonyy+ ¥

(n+ ng) + & ®
no_ - 1
e" = 2nk ~ meapf 4)

where R is the reflectivity, n is refractive index, k is extinction
coefficient, n, is vacuum refractive index, &" is the imaginary
part of dielectric constant, g, is vacuum dielectric constant, p
is resistivity, and f'is electromagnetic frequency. In the middle
and far infrared band (1>5 um), the relationship between
infrared emissivity and resistivity can be obtained, according

to the Hagen-Rubens approximate equation'*”), as follows:
100 1.00
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Fig.9 Resistivity and infrared emissivity of Sn,_ Sm O, micro/nano-
fibers
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E, =2 /2¢e,0p (5)

where E is the infrared emissivity and @ is the incident
frequency of electromagnetic wave. According to Eq. (5),
when the incident frequency of electromagnetic wave is
constant, the infrared emissivity is positively correlated with
the resistivity, i.e., the higher the resistivity, the higher the
infrared emissivity. On the one hand, SnO, is a typical oxide
semiconductor material, and its main form of carrier is free
electrons in the lattice. The Sm® enters the SnO, lattice and
causes ion replacement because of the difference in valance
and ion radius of Sn*" and Sm®". As a result, a large number of
oxygen vacancy defects and the novel donor energy levels
(Sm’") are generated, which increases the number of free
electrons, improves the carrier concentration of the doping
system, and reduces the resistivity™*'!. However, with further
increasing the Sm doping amount from 16wt% to 24wt%, the
resistivity is increased slightly. This is because the excessive
doping may cause lattice distortion of SnO,, which results in
interface enlargement and the reduction of electron
migration®. On the other hand, the micro/nano-fibers have
special 3D network morphology, which can provide a
convenient transmission path for carrier transmission”®, thus
facilitating the formation of 3D conductive network.
Moreover, the 3D network morphology of micro/nano-fibers
has a large specific surface area, which can further improve
the conductivity of ions®™**” and enhance the electrical
performance of the doping fibers.

The Sn,,,Sm,, O, micro/nano-fibers and epoxy resin were
mixed evenly at volume ratio of 1:1 and then coated on the
high-emissivity ceramic sheets (infrared emissivity of 0.749,
right wafer in Fig. 10). The uncoated customized high-
emissivity ceramic sheets (infrared emissivity of 0.913, left
wafer in Fig. 10) was used as control group for the infrared
thermography comparison. These round ceramic sheets were
placed on the heating device at 40 °C, as shown in Fig. 10a.
Fig. 10b — 10e show the infrared thermography images of
Sn, .,Sm, , O, micro/nano-fiber coating heated at 40 °C for 0,
1, 2, and 3 min, respectively. Because the infrared
thermography barely changes after heating for 3 min, the
heating duration was set as 3 min. It can be seen that with the
heating proceeding, the infrared radiation of both the wafers is

gradually increased. However, the infrared radiation of the

)

right wafer is significantly lower than that of the left wafer,
indicating that the Sn,y,Sm, O, micro/nano-fibers have low
infrared emissivity and can effectively reduce the infrared
radiation on the material surface. It can be inferred that the
Sn,,,Sm, O, micro/nano-fibers have great potential as the
infrared stealth material.

2.8 First-principles analysis

The first-principles calculations were performed for the
Sn,_ Sm O, micro/nano-fibers. The supercell structure model
of 1x2x3 was constructed, containing 24 O atoms and 12 Sn
atoms. In order to reduce the edge effect, Sm atoms were used
to replace the Sn atoms in the middle. The doping model is
shown in Fig.11a and 11b, and the doping amount is 16wt%.
The band structures of SnO, and Sn,,,Sm, O, micro/nano-
fibers are shown in Fig.11c and 11d, respectively. The bottom
of the conduction band and the top of the valence band of the
specimens are located at G point in the Brillouin region,
indicating that SnO, before and after doping is still a
semiconductor with direct bandgap. Compared with those of
SnO,, the conduction band and valence band curves of the
Sn, ,Sm, , O, micro/nano-fibers become denser and smoother,
and new conduction band and valence band appear. The
bottom and top of the conduction band move closer to the
Fermi level, enhancing the coating conductivity. This is
mainly due to the effect of 4f orbit of Sm atom, which results
in the appearance of the impurity level at the bottom of
conduction band. The valence band carriers can be directly
transformed to the impurity level and then to the conduction
band, which reduces the energy loss and strengthens the
electrical performance of the doped fibers, leading to a smaller
band gap width™®”. The state density distributions of SnO, and
Sn,,,Sm, O, micro/nano-fibers are shown in Fig.1le and 1f,
respectively. The conduction band energy of the doped fibers
is mainly contributed by the Sn 5s and Sn 5p, and that of the
upper valence band is mainly contributed by Sn 5s, Sn 5p, and
O 2p. The lower valence band energy is mainly contributed by
Sn Ss, Sn 5p, and O 2s. In addition, the Sm 4f contributes to
the energy of lower conduction band and upper valence band
of the doped fibers. The Sm 4f concentrated at the bottom of
conduction band and the top of valence band forms a large
number of impurity energy levels, provides a large number of
hole carriers for the doped fibers, promotes the electron

[ Heat/a.u.
" . 40.8
18.2

Fig.10 Appearance of heating device for infrared thermography comparison (a); infrared thermography images of coated and uncoated ceramic
sheets heated at 40 °C for 0 min (b), 1 min (c), 2 min (d), and 3 min (e)
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Fig.11

difference charge densities (i, j) of SnO, (a, c, e, i) and Sn,
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infrared emissivity reduces. The reflectivity of SnO, and

Sn,,,Sm,, O, micro/nano-fibers is shown

in Fig. 1lg.

Compared with SnO,, the Sn,,Sm,, O, micro/nano-fibers
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have an obvious reflection valley (absorption peak) at
wavelength of 1.06 pm, and have a higher infrared absorption
rate. It can also be seen that the Sn,,Sm,, O, micro/nano-
fibers have a high infrared reflectivity in the infrared band,
which leads to the low infrared emissivity. The imaginary part
of the dielectric function of the SnO, and Sn,,Sm, O, micro/
nano-fibers is shown in Fig. 11h, which represents the dipole
formation energy and directly reflects the actual transition of
electrons between the filled and unfilled states. The higher the
value of imaginary part, the higher the probability of
transition generation®*. It can be seen from Fig.11h that the
Sn, ., Sm, O, micro/nano-fibers have a larger imaginary part
of dielectric function at wavelength of 1.06 um than the SnO,
does, which is prone to electron transition at wavelength of
1.06 um, thus resulting in the laser absorption. The electron
density of SnO, and Sn,,,Sm,, O, micro/nano-fibers is shown
in Fig. 111 and 11j, respectively. It can be seen from Fig. 11i
that in SnO,, the Sn atom is light white, while the O atom is
light red, indicating that the Sn atom gains a small number of
electrons and the O atom loses a small number of electrons.
According to Fig.11j, in the Sn,,,Sm_,,O, micro/nano-fibers,
the center of the Sm atom is red, indicating that its electron
loss is severe. The surrounding area of Sm atom is blue, which
indicates that a positive charge is around the Sm atom. By
comparing the values of chromaticity markers and chromatic
aberration, it can be seen that Sm®" is the main reason for the
increased carrier concentration. The carrier concentration
affects the wavelength of plasma, which results in low
reflectivity at wavelength of 500—1500 nm and low emissivity
in the infrared bands. The simulation results are consistent
with the experiment analyses, and the effect mechanism of
Sm’ doping on the infrared emissivity and laser absorption of
SnO, from the perspective of electronic structure was
discussed.

3 Conclusions

1) In Sn,_Sm O, (x=0wt%, 8wt%, 16wt%, 24wt%) micro/
nano-fibers prepared by electrospinning combined with heat
treatment, Sm*” enters the SnO, lattice by replacing Sn*", and
the morphology presents staggered irregular network fiber
structures. The fibers are continuous and the elements are
evenly distributed on the fiber.

2) When x=16wt% , the optimal laser reflectivity and
infrared emissivity can be achieved for Sn,_Sm O, micro/
nano-fibers. The infrared emissivity is 0.749 at wavelength of
8—14 pm, the reflectivity is 53.9% at wavelength of 1064 nm,
and the reflectivity is 38.5% at wavelength of 1550 nm,
showing great potential as the laser-infrared compatible
stealth material.

3) The three-dimensional network of micro/nano-fibers has
a large specific surface area, which improves the charge
transfer efficiency and conductivity, thereby ensuring the high
light absorption performance and low infrared emissivity.
Sm*" doping improves the carrier concentration in the fibers,
introduces a new impurity level, reduces the band gap width,
and enhances the plasma effect and electrical performance,

thus improving the infrared and laser compatible stealth
performance. Moreover, Sm’" doping increases the probability
of electron transition in the fibers. The excited electron
transition from °H,, to °H,, in Sm’" results in the absorption
band at 1000 — 1100 nm, which enhances the absorption
performance at wavelength of 1.06 um.
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