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ABSTRACT
Sn1−xErxO2 (x = 0%, 8%, 16%, 24%) micro/nanoﬁbers were prepared by electrospinning combined with heat
treatment using erbium nitrate, stannous chloride and polyvinylpyrrolidone (PVP) as raw materials. The target
products were characterized by thermogravimetric analyzer, X-ray diffrotometer, fourier transform infrared spectrometer, scanning electron microscope, spectrophotometer and infrared emissivity tester, and the effects of Er3+
doping on its infrared and laser emissivity were studied. At the same time, the Sn1−xErxO2 (x = 0%, 16%) doping
models were constructed based on the ﬁrst principles of density functional theory, and the related optoelectronic
properties such as their energy band structure, density of states, reﬂectivity and dielectric constant were analyzed,
and further explained the mechanism of Er3+ doping on SnO2 infrared emissivity and laser absorption from the
point of electronic structure. The results showed that after calcination at 600°C, single rutile type SnO2 was
formed, and the crystal structure was not changed by doping Er3+. The calcined products showed good ﬁber morphology, and the average ﬁber diameter was 402 nm. The infrared emissivity and resistivity of the samples both
decreased ﬁrst and then increased with the increase of Er3+ doping amount. When x = 16%, the infrared emissivity of the sample was at least 0.71; and Er3+ doping can effectively reduce the reﬂectivity of SnO2 at 1.06 μm
and 1.55 μm, when x = 16%, its reﬂectivity at 1.06 μm and 1.55 μm are 50.5% and 40%, respectively, when
x = 24%, the reﬂectivity at 1.06 μm and 1.55 μm wavelengths are 47.3% and 42.1%, respectively. At the same time,
the change of carrier concentration and electron transition before and after Er3+ doping were described by ﬁrstprinciple calculation, and the regulation mechanism of infrared emissivity and laser reﬂectivity was explained.
This study provides a certain experimental and theoretical basis for the development of a single-type, light-weight
and easily prepared infrared and laser compatible-stealth material.
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1 Introduction
With the rapid development of military science and technology, all kinds of new intelligent detection
equipment are emerging, which makes military targets face severe threats. Traditional single-band stealth
materials are difﬁcult to cope with diversiﬁed detection technologies, and multi spectrum compatible
stealth materials are expected to meet the actual needs of various military targets in complex battleﬁeld
environment. Infrared and laser compatible stealth materials are one of the key points in the research of
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multi spectrum compatible stealth materials [1–4]. At present, the common laser and infrared compatible
stealth materials mainly include photonic crystals [5], metamaterials [6], doped oxide semiconductors [7],
etc. Photonic crystals and metamaterials are difﬁcult to prepare and complex to design [1]. However, the
traditional composite coating stealth materials have problems such as thick thickness and high density [8],
so it is of great signiﬁcance to study a single-type, light-weight and easily prepared laser and infrared
compatible stealth material.
SnO2, as a typical wide-gap N-type oxide semiconductor material, has stable physical and chemical
properties, high visible light transmittance and low resistivity. It is a photoelectric material with great
development potential [9,10] and has been widely used in sensors, electrode materials, catalytic materials
and other ﬁelds [11–14]. At the same time, it also has a wide application prospect as a multi spectrum
compatible stealth material. Qiao et al. [15] prepared the core-shell structure Fe3O4@SnO2 nanochain,
and found that it has a high reﬂection loss in the radar operating band and a high reﬂectivity in the
infrared band. The color of the material shows selective absorption of visible light, which is considered
as a promising radar/infrared/visible compatible stealth material. Zhang et al. [16] synthesized
SnO2@ZnO nanostructures by two-step hydrothermal method, whose lowest reﬂection loss is −23.51 dB
at 9.2 GHz and bandwidth is 3.5 GHz, and the average infrared emissivity in mid-infrared band and farinfrared band is about 0.65 and 0.89, respectively. Qin et al. [7] synthesized Al and Sb co-doped SnO2
composite by coprecipitation method. The study found that when Al content was 20% and Sn/Sb ratio
was 10:1, its infrared emissivity was 0.708 and reﬂectivity was 43.4%, showing the best infrared laser
compatibility and stealth performance. Rare earth elements are characterized by high charge, large ionic
radius and strong self-polarization ability [17], so rare earth doping is considered to be an effective
method to improve the photoelectric properties of materials, and has broad application prospects in the
ﬁeld of stealth materials [18]. In the early stage, our research group used La3+ and Sm3+ doped SnO2 [19]
respectively to explore its infrared emissivity, and it was conﬁrmed that rare earth doping can effectively
reduce the infrared emissivity of SnO2. As a typical heavy rare earth ion, Er3+ ion has more electrons in
its 4f electron layer and is less affected by the surrounding crystal ﬁeld, and the spectral transition
similarity in different substrates is strong, which can effectively improve the doping the optoelectronic
properties of the system [20]. Li et al. [21] prepared camouﬂage ErCrO3 powder material by high
temperature solid-phase method, and found that it has strong absorption at 1.06 μm and 1.55 μm, and
when the material thickness is about 0.2 mm, its maximum absorption rate of 1.55 μm is more than 60%,
which is expected to become a kind of laser and visible light compatible stealth material. Ren et al. [22]
prepared earth-red ErFeO3 powder by high-temperature solid-phase method, and found that when the
calcination temperature was 1300°C, the absorptivity of the material sample with a thickness of about
0.2 mm at 1.55 μm reached 37.5%, showing good absorption effect for laser. Zhang et al. [23] prepared
Er3+-doped Y2O3 upconversion nano-powder materials by wet chemical method. The results show that
with the increase of doping concentration, the spectral reﬂectance of the material around 1.06 μm
decreases correspondingly, and the minimum value is close to 0.1, which shows good laser stealth
performance. However, there is no research on the use of heavy rare earth ions Er-doped SnO2 in the
ﬁeld of infrared and laser compatible stealth. Due to the advantages of large surface area, light weight
and high porosity, micro-nanoﬁbers have great potential application value in the ﬁeld of compatible
stealth materials [24,25], which is more in line with the current development trend of lightweight stealth
materials. First-principles calculations are an important way to study the microscopic electronic
interaction mechanism of materials. Starting from the electronic structure, further explaining the ion
doping mechanism can provide a new idea for the development of infrared and laser stealth materials.
Therefore, in this study, Sn1−xErxO2 (x = 0%, 8%, 16%, 24%) micro/nano ﬁbers were prepared by electrostatic
spinning method, and their infrared emissivity and laser reﬂectivity were investigated. At the same time, the doping
system models were constructed by ﬁrst-principles calculation, and the regulation mechanism of Er3+ doping on
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their infrared emissivity and laser reﬂectivity was further analyzed from the perspective of electronic structure. This
work provides a certain experimental and theoretical basis for the development of “thin, light-weight, wide-band
and high-performance” new infrared and laser compatible stealth materials.
2 Experiment and Simulation
2.1 Sample Preparation
Using analytical pure SnCl2·2H2O (Tianjin Shentai Chemical Reagent Co., Ltd., China) and analytical
pure Er (NO3)3·6H2O (Shanghai McLean Biochemical Technology Co., Ltd., China) as raw materials, a
proper amount of raw materials were weighed and mixed according to the stoichiometric ratio of
Sn1−xErxO2 (x = 0%, 8%, 16%, 24%), and dissolved in a certain amount of deionized water to prepare
the mixed solution. Analytical pure polyvinylpyrrolidone (PVP) (Tianjin Yongda Chemical Reagent Co.,
Ltd., China) and analytical pure N, N-dimethylformamide (DMF) (Tianjin Jindong Tianzheng Fine
Chemical Reagent Factory, China) of the same mass as the mixed solution were weighed and mixed for
12 h to prepare the spinning precursor. The spinning precursor was transferred into a syringe with a
stainless-steel needle (23 G) for electrostatic spinning. The spinning process parameters were as follows:
The voltage was 20 kV, the needle receiving distance was 20 cm, the solution advancing rate was
0.1 mm/min, and the receiving rate was 140 r/min. The precursor Sn1−xErxO2/PVP micro/nano ﬁbers
were dried at 100°C for 12 h, then placed in an intelligent temperature control box resistance furnace,
heated to 600°C at a rate of 1 °C/min, calcined for 2 h, and then cooled to room temperature with the furnace.
2.2 Sample Characterization
Thermogravimetric analysis was performed on the samples by differential thermogravimetric analysis
analyzer (SDT-Q600, TA, USA). The phase of the samples were analyzed by polycrystalline X-ray
diffractometer (XD6, Purkinje, China). The infrared spectra of the samples were analyzed by fourier
transform infrared spectrometer (380, Nicole, USA). The morphology of the products were characterized
by ﬁeld emission scanning electron microscope (SU-8010, HITACHI, Japan). The elemental composition
of the product was analyzed by X-ray energy dispersive spectrometer (Genesis Apex2, EDAX, USA).
The diffuse reﬂectivity of the products were characterized by spectrophotometer (UV-3600, SHIMADZU,
Japan) and integrating sphere (ISR-603, SHIMADZU, Japan). The calcined products were evenly mixed
with the epoxy resin at the volume ratio of 1:1, coated on the ceramic sheet with smooth surface
(diameter: 50 mm, thickness: 1 mm) by screen printing method, dried at 100°C for 2 h, and cooled
naturally to room temperature, digital four-probe tester (ST2258C, JG, China) and infrared emissivity
tester (IR-2, Chengbo, China) were used to test their resistivity and infrared emissivity.
2.3 Simulation Parameter Setting
The CASTEP module in Material Studio software was adopted, the electronic correlation potential was
selected as GGA-PBE functional, and the electronic pseudopotential was selected as ultra-soft
pseudopotential. The geometry optimization and energy calculation of all supercell models were carried
out in reciprocal space without considering spin polarization effect. The parameters were set as follows:
the plane wave cutoff energy was 400 eV, the K grid point of the Brillouin zone was 3 × 3 × 4, the unit
electron energy was 2 × 10−5 eV/atom, and the self-consistent accuracy was 2.0 × 10−6 eV/atom, the
interatomic interaction force was less than 0.05 eV/Å, and the stress deviation was less than 0.1 GPa. The
selected valence electron conﬁgurations were: Sn (5s25p2), O (2s22p4) and Er (5p64f126s2).
3 Results and Analysis
3.1 Analysis of Thermal Decomposition Process
Fig. 1 shows the TGA-DSC curve of SnCl2/PVP precursor polymer. As can be seen from Fig. 1, the
thermal decomposition process of precursor polymer can be divided into three stages: The ﬁrst stage is
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from room temperature to 170°C, and the mass loss is about 9.9%. At the same time, in the DSC curve, a
small endothermic peak appears at 80°C, which is due to the volatilization of free water adsorbed on the
surface of the precursor polymer, crystal water and residual solvent in the raw material [26]. The second
stage is 170°C–500°C, the TGA curve shows a large weight loss step with a weight loss rate of about
54.9%. Especially between 300°C–400°C, the polymer shows a severe mass loss. Meanwhile, in the DSC
curve, exothermic peaks appear around 325°C and 435°C, which are mainly caused by the decomposition
of PVP and inorganic salts, that is, the conversion of SnCl2 to SnO2 [27]. The third stage is 500°C and
above, the TGA curve tends to be horizontal, and the DSC curve has no exothermic peak, indicating that
the thermal decomposition of the polymer in the precursor ﬁber is completed, that is, SnCl2 has been
completely converted into SnO2. Therefore, in order to make the product fully crystallized, the
calcination temperature of SnCl2/PVP precursor ﬁber was set to 600°C in this experiment.

Figure 1: TGA-DSC curves of SnCl2/PVP precursor ﬁbers
3.2 Phase Analysis
Fig. 2 shows the XRD spectra of Sn1−xErxO2 (x = 0%, 8%, 16%, 24%) micro/nano ﬁbers calcined at
600°C for 2 h. It can be seen from Fig. 2 that the calcined products with different doping ratios all show
obvious diffraction peaks on the crystal planes of (110), (101), (200), (211) and (220). The intensity of
diffraction peak is consistent with that of JCPDF card No. 41-1445, indicating that the calcined products
with different doping ratios are single tetragonal rutile SnO2. It can also be seen from Fig. 2 that with the
increase of Er doping amount, the noise of the XRD pattern gradually increases, which may be due to the
decrease of SnO2 crystallinity with the increase of doping amount. At the same time, no diffraction peak
of Er2O3 is observed in the calcined products, indicating that Er3+ has entered into the lattice of SnO2,
and because the atomic radius of Er and Sn is close (Sn atomic radius is 0.158 nm, Er atomic radius is
0.176 nm, O atomic radius is 0.066 nm), Er atoms may enter into the SnO2 lattice by replacing Sn atoms,
which lays a foundation for the establishment of the simulation model later.
3.3 Infrared Spectral Analysis
In order to further characterize the structure of calcined products, FT-IR tests were performed on them
respectively, as shown in Fig. 3. As can be seen from Fig. 3, absorption peaks of the products all appeared
near 3434, 2374, 1637 and 619 cm−1. Among them, the absorption peaks near 3434 and 1637 cm−1 are the
stretching vibration of O-H bond and deformation vibration of adsorbed water molecule, which may be
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caused by the water vapor adsorbed by the product in the air [28]. The absorption peak at 2374 cm−1 is a
characteristic peak of CO2, which may be related to the stretching vibration of CO2 adsorbed on the
surface of the sample [29]. The absorption peak near 619 cm−1 is the characteristic absorption peak of
SnO2 crystal, which can be assigned to the vibration band of Sn-O bond [30], which belongs to the EuTO
vibration mode [31]. Except for the above peaks, there are almost no other peaks, which further indicates
that the products after calcination are all single tetragonal rutile SnO2.

Figure 2: XRD patterns of calcined products with different doping ratios
3.4 Analysis of Microstructure and Material Composition
Fig. 4a is the SEM image of SnCl2/PVP precursor micro/nano ﬁbers. It can be seen from Fig. 4a that the
precursor ﬁbers have good ﬁber morphology, and the ﬁbers are continuous and smooth, interleaving each
other and presenting an irregular network structure. Fig. 4b is the SEM image of Sn0.84Er0.16O2
micro/nano ﬁbers. It can be seen from Fig. 4b that after calcination at 600°C, the products still maintain
good ﬁbrous morphology, and the ﬁbers surface are rough and composed of numerous ﬁne Sn0.84Er0.16O2
micro/nano grains. Fig. 4c shows the diameter distribution of precursor ﬁbers and Sn0.84Er0.16O2 ﬁbers. It
can be seen from Fig. 4c that after calcination at 600°C, the ﬁber diameter of the product decreases
greatly, and its average diameter decreases from 785 to 402 nm. This is because in the calcination
process, PVP and organic matter in the ﬁbers are selectively burned out [32].
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Figure 3: FT-IR spectra of calcined products with different doping ratios

Figure 4: (a) SEM image of precursor ﬁbers. (b) SEM image of Sn0.84Er0.16O2 ﬁbers. (c) Diameter
distribution of precursor ﬁbers and Sn0.84Er0.16O2 ﬁbers. (d) EDS spectra of Sn0.84Er0.16O2 ﬁbers
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In order to investigate the elemental composition of the heat treatment products, the energy spectrum
analysis of Sn0.84Er0.16O2 micro/nano ﬁbers was carried out. Fig. 4d shows EDS spectra of Sn0.84Er0.16O2
micro/nano ﬁbers. As can be seen from Fig. 4d, except for Au treated by gold spraying, only Er, Sn and
O elements exist in the sample, further indicating that after calcination at 600°C, PVP and other
substances have been completely decomposed, which is consistent with XRD, FT-IR and TGA-DSC
analysis. Moreover, the atomic ratio of Er to (Sn+Er) is about 16%, which is consistent with the expected
doping ratio, Meanwhile, mapping was used to analyze the distribution of elements in the Sn0.84Er0.16O2
system of the product. The results are shown in Fig. 5. It can be seen from Fig. 5 that the distribution of
elements in the ﬁber is uniform, indicating that Sn1−xErxO2 micro/nano ﬁbers with high purity and no
impurities were prepared by electrostatic spinning method.

Figure 5: The distribution diagram of each element of Sn0.84Er0.16O2
3.5 Analysis of Resistivity and Infrared Emissivity
The operating bands of infrared detectors are generally 3–5 μm and 8–14 μm, of which 8–14 μm is the
working band of thermal imaging system, and the threat of ground targets mainly comes from the infrared
detection of this band. Fig. 6a shows the infrared emissivity and resistivity of Sn1−xErxO2 micro/nano ﬁbers.
It can be seen from Fig. 6a that its infrared emissivity decreases ﬁrst and then increases with the increase of
doping ratio. When x = 16%, its infrared emissivity is 0.71 at the lowest. In the working band of infrared
light, since the photon energy of infrared light is less than the forbidden band width of the
semiconductor, the absorption of infrared light by the semiconductor material mainly comes from the free
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carriers in it. Therefore, by properly adjusting parameters such as the carrier concentration, collision
frequency, and movement rate in the semiconductor material, the sample can have a lower infrared
emissivity [33], which is related to its electrical properties and can be directly reﬂected by the resistivity.
The resistivity of Sn1−xErxO2 micro/nano ﬁbers were tested, and the results are also shown in Fig. 6a.
The resistivity and infrared emissivity show the same change trend, that is, with the increase of doping
ratio, the resistivity of the sample decreases ﬁrst and then increases. According to Hagen-Rubens
law [34]:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(1)
EðxÞ  2 2e0 xq
where, E(ω) is the infrared emissivity; ε0 is dielectric constant; ω is the angular frequency of electromagnetic
waves; ρ is the resistivity of the material. According to formula (1), the infrared emissivity of the material is
positively correlated with the resistivity, that is, the lower the resistivity of the material, the stronger the
electrical conductivity and the lower the infrared emissivity. The following two conditions are required
for a material to have a certain conductivity: On the one hand, the carrier must be in a moving state
inside the material, and its main expression form is hole and free electron. SnO2, as a typical oxide
semiconductor material, its carrier is mainly in the form of free electron in the lattice. It was found by
XRD and FT-IR analysis that no new substances and new crystal forms were generated in the sample,
indicating that Er3+ entered into the internal lattice of SnO2. Due to the difference in price and ion radius
between Sn4+ and Er3+, a large number of oxygen vacancy defects and donor levels were generated when
ion replacement occurred, providing a large number of free electrons for the acceptor levels. When
excited, free electrons are more likely to transition from valence band to conduction band, which reduces
the band gap width, reduces the resistivity and enhances the electrical performance [35]. However, as the
doping ratio continues to increase, its resistivity increases slightly. This is because excessive doping may
cause lattice distortion of SnO2, resulting in interface enlargement and impurity ion scattering, thus
changing the electron migration rate [36], resulting in a small increase in its resistivity. On the other
hand, the interior of the material has a path for carriers to move. Micro/nanoﬁbers have a special “threedimensional network” morphology, which has the characteristics of large speciﬁc surface area and
anisotropy, which can provide a convenient transport path for the transport of carriers and improve the
electron transfer rate, so that it can effectively adjust the conductivity of the doped system [36–40],
thereby further regulating the emissivity, as shown in Fig. 6b. Finally, it is shown in the previous article
that the diameter of the prepared micro/nano ﬁbers is about 400 nm, and the size of the micromorphology also has a certain inﬂuence. The Mie scattering theory can be used for reference. It can be
seen from Fig. 6c that when the ﬁber size is 400 nm, the incident light with wavelengths in the mid-far
infrared region has entered the resonance region, which increases the scattering coefﬁcient and reduces
the infrared emissivity [41].
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Figure 6: The diagram of infrared emissivity and resistivity variation and action mechanism of Sn1−xErxO2
micro/nano ﬁbers
3.6 Analysis of Laser Reﬂectivity
Fig. 7a shows the reﬂectivity of Sn1−xErxO2 micro/nano ﬁbers in the 500–2000 nm band. As can be seen
from Fig. 7a, Er3+ doping can effectively reduce the reﬂectivity of the doping system at 1.06 and 1.55 μm
wavelengths, and Sn0.84Er0.16O2 and Sn0.76Er0.24O2 have small absorption peaks near 1.06 and 1.55 μm.
The reﬂectivity of Sn0.84Er0.16O2 system at 1.06 and 1.55 μm is 50.5% and 40%, respectively, and that of
Sn0.76Er0.24O2 system at 1.06 and 1.55 μm is 47.3% and 42.1%, respectively. Er3+ doping reduces the
reﬂectivity at 1.06 and 1.55 μm for the following two reasons: On the one hand, semiconductor
compounds are conductive materials with high concentration of free electron gas mode. According to the
theory of semiconductor continuous spectrum, the propagation characteristics of light wave in visible
infrared band are related to the plasma spectrum ωp, and the plasma frequency is also related to the
carrier concentration in the doping system. After doping Er3+, a new donor level (Er3+) is introduced into
the doping system to provide more free electrons, which increases the carrier concentration and reduces
the plasma frequency, strengthening the plasma effect [4]. And when the incident light frequency ω > ωp,
it has the characteristics of dielectric, with high transmittance and low reﬂectivity [42]. On the other
hand, due to the excitation of Er3+ ions from the 4I15/2 energy level to the 4I11/2 energy level and the 4I13/2
energy level, the light waves around 1.06 and 1.55 μm are absorbed [19]. Moreover, the number of
electrons in the 4f electron layer of Er3+ ion is larger, which increases the probability of excited transition
between f-f and f-d conﬁguration. The schematic diagram of electron conﬁguration and excited transition
is shown in Fig. 7b. In addition, micro/nano ﬁbers also play a certain role in the transmission of light
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waves. Firstly, micro/nano ﬁbers have small-scale effects, and their transmission and absorption rates of
electromagnetic waves are greater than those of traditional micron powders [42]. Secondly, micro/nano
ﬁbers have large speciﬁc surface area and nonlinear characteristics, which promote charge transfer in the
doped system and make them have efﬁcient light absorption performance [37–38].

Figure 7: Reﬂectivity of Sn1−xErxO2 micro-nanoﬁbers in the 500–2000 nm band and schematic diagram of
Er3+ ion transition
3.7 First-Principles Calculations
In the above analysis, it is found that the reduction of infrared emissivity and laser reﬂectivity by Er3+
doping is mainly due to the change of carrier concentration, and the change of carrier concentration is mainly
because Er3+ doping increases the number of free electrons in the doping system, improves the probability of
electron excitation, and thus improves its conductivity. Therefore, based on the ﬁrst principle of density
functional theory, this study compares and analyzes the energy band structure, state density, reﬂectivity,
dielectric constant and other properties before and after Er3+ doping, and further expounds the mechanism
of doping on infrared emissivity and laser reﬂectivity of doping system from the perspective of electronic
structure.
In this study, a 1 × 2 × 3 supercell structure model was constructed, which contained 24 O atoms and
12 Sn atoms, as shown in Fig. 8a. In order to reduce the edge effect, the doping is realized by replacing the
middle Sn atom with Er atoms, and the proportion of Er atoms is about 16%, which is consistent with
the actual situation. The doping model is shown in Fig. 8b. Figs. 8c and 8d show the band structure of
the intrinsic SnO2 and Sn0.84Er0.16O2 system, respectively, and it can be seen intuitively from Figs. 8c
and 8d that after Er3+ doping, the density of the band structure is signiﬁcantly increased, the band
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structure is more gentle, and the electron localization is enhanced [43]. At the same time, the valence band
width increases, impurity level increases, carrier concentration increases, the top of valence band passes
through Fermi level, merger phenomenon occurs, and the doping system presents strong gold properties
[44]. Moreover, the band gap width is reduced, making electrons easier to transition from valence band to
conduction band and enhancing conductivity. Figs. 8e and 8f are the state densities of the intrinsic SnO2
and Sn0.84Er0.16O2 systems, respectively. It can be seen from Figs. 8e and 8f that the conduction band
(0 to 23 eV) of the intrinsic SnO2 system is mainly formed by the hybridization of 5s and 5p of Sn
atoms. The upper valence band (0 to −8 eV) is formed by the joint hybridization of the 5s, 5p of the Sn
atom and the 2p orbital of the O atom. Er3+ doping causes the doped system to show a peak composed of
4f states of Er atoms near the Fermi level (−3 to 1 eV), which provides the energy of the conduction
band and the upper valence band for the doped system, forming a large number of the impurity energy
level, the degree of electron sharing is strengthened, the number of carriers is increased, and the electrical
conductivity is improved [45]. From the analysis of the energy band structure and density of states, it can
be seen that Er3+ doping can effectively improve the electrical properties of the doped system, mainly due
to the 4f state of the Er atom, which enhances the locality of the doped system near the Fermi level. The
hybridization level increases, the forbidden band width decreases, and the carrier concentration increases.
On the one hand, the increase of carrier concentration reduces the resistivity and thus the emissivity; On
the other hand, the change of carrier concentration regulates the plasma wavelength, strengthens the
plasma effect and reduces the laser reﬂectivity. The reﬂectivity of semiconductor materials is the
macroscopic expression of the interband transition of electrons under the perturbation of the optical
electromagnetic ﬁeld [46]. The reﬂectivity of the intrinsic SnO2 and Sn0.84Er0.16O2 systems is shown in
Fig. 8g. Compared with the intrinsic SnO2 system, the Sn0.84Er0.16O2 system has a lower emissivity in
the band below 1.1 μm, and a higher reﬂectivity in the mid-far infrared band (3–5 μm), which makes the
doped system have a lower emissivity in the infrared band. However, there are some errors between the
simulation results and the above experimental tests. The reasons for this result may be as follows: On
the one hand, the microscopic morphology and size of the material will have a certain inﬂuence on the
photoelectric properties of the material [47,48]. In the previous paper, we also discussed the mechanism
of the infrared emissivity and laser reﬂectivity of the ﬁber on the material. On the other hand, in the
process of Er3+ doping, all atomic substitutions cannot be realized, and lattice distortion may occur,
which will affect the results [41,49]. The imaginary part of the dielectric constant represents the dipole
formation energy, which can directly reﬂect the degree of electron excited transition. The larger the value,
the higher the probability of transition [50]. The imaginary part of the dielectric constant of the intrinsic
SnO2 and Sn0.84Er0.16O2 systems is shown in Fig. 8h, from which it can be seen: When the wavelength is
larger than 600 nm, the imaginary part of dielectric constant of the intrinsic SnO2 system decreases
gradually and approaches 0, while the imaginary part of dielectric constant of the Sn0.84Er0.16O2 system
increases gradually and is much larger than that of the intrinsic SnO2 system, indicating that the
probability of electron excited transition increases greatly after Er3+ doping. This is consistent with the
previous analysis of the band structure and density of states, which together conﬁrm the relevant theory
of the experimental analysis.
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Figure 8: (a) Lattice model of SnO2. (b) Lattice model of Sn0.84Er0.16O2. (c) Band structure of SnO2.
(d) Band structure of Sn0.84Er0.16O2. (e) DOS of SnO2. (f) DOS of Sn0.84Er0.16O2. (g) Reﬂectivity of
SnO2 & Sn0.84Er0.16O2. (h) Dielectric function (imaginary part) of SnO2 & Sn0.84Er0.16O2
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4 Conclusion
(1) Sn1−xErxO2 (x = 0%, 8%, 16%, 24%) micro/nano ﬁbers were prepared by electrostatic spinning
combined with heat treatment. The products all have a single rutile structure and show good ﬁber
morphology.
(2) With the increase of Er3+ doping concentration, infrared emission ﬁrstly decreases and then
increases. When x = 16%, it has the lowest infrared emissivity, which is 0.71. This is because
Er3+ doping changes the carrier concentration of the doping system, and then changes its
resistivity. At the same time, Er3+ doping can effectively reduce the laser reﬂectivity of the
doped system, the reﬂectivity of the Sn0.84Er0.16O2 system at 1.06 μm and 1.55 μm is 50.5% and
40%, respectively. The reﬂectivity of Sn0.76Er0.24O2 system at 1.06 μm and 1.55 μm is 47.3%
and 42.1%, respectively. On the one hand, Er3+ doping changes the plasma wavelength of the
doping system and strengthens the plasma effect. On the other hand, it is due to the excitation of
Er3+ ions from the 4I15/2 energy level to the 4I11/2 energy level and the 4I13/2 energy level to
absorb the light waves around 1.06 μm and 1.55 μm.
(3) The results of ﬁrst-principles calculation of their electronic structure and optical properties show that:
the reason for the improved infrared and laser compatible stealth performance of Sn1−xErxO2 system
is due to the 4f state of Er atom, the locality of the doped system near the Fermi level is enhanced, the
hybridization level increases, and the degree of electron sharing is enhanced, the probability of
electron excited transition is signiﬁcantly improved, which effectively changes the infrared
emissivity and laser reﬂectivity.
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