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Antimony tin oxide (ATO) nanoparticles were prepared using co-precipitation with tin chloride and antimony chloride as the
main raw malterials. X-ray diffraction (XRD), ficld-emission scanning electron microscopy (FESEM) and ultraviolet-visible
spectrophotometry were used to characterize the crystal structure, morphology and laser reflectivity. The effects of the pH value,
co-precipitation reaction temperature, calcination temperature and calcination time on the laser reflectivity of ATO
nanoparticles were studied. The results show that, compared with the undoped SnO; powder, the reflectivity of a Sb-doped ATO
powder at a laser wavelength of 1.06 pm is significantly reduced, and with an increase in the Sb doping, the reflectivity of the
ATO powder at 1.06 pm first decreases and then increases. When the Sb/Sn molar ratio is 2/10, the reflectivity decreases to the
lowest point, which is caused by the high concentration of Sb™. ATO powders (Sb/Sn = 2/10) prepared at a titration-end-point
pH of 2, co-precipitation temperature of 70 °C, calcination temperature of 800 °C and calcination time of 6 h have the lowest la-
ser reflectivity at the laser wavelength of 1.06 um, which is less than 0.02 %.
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V ¢lanku so predstavljeni kositer-antimonov oksidni (ATO) nanodelci prahu s postopkom koprecipitacije (slov. izloCanja) z
uporabo izhodnih surovin kositrovega in antimonovega klorida. Iz nastalih nanodelcev je bila, s pomo€jo rentgenske difrakcije
(XRD), vrsti¢ne elektronske mikroskopije na emisijo polja (FE/SEM) in spektrometra na vidno in ultravijolitno svetlobo,
doloCena kristalna struktura, morfologija in odbojnost prahu za lasersko svetlobo. Obravnavan je tudi vpliv kislosti raztopine
(pH)., temperatura koprecipitacijske reakcije in temperatura ter Cas kalcinacije na reflektivnost ATO nano-delcev. Rezultati
raziskave so pokazali, da imajo delci dopirani z antimonom (Sb), v primerjavi s ¢istim SnO, prahom, bistveno manj%o
reflektivnost laserske svetlobe z valovno dolZino 1,06 pm in da z naraS¢ajoco vsebnostjo Sb odbojnost ATO prahu najprej pada
in nato zopet naras¢a. Pri molarnem razmerju Sb/Sn je 2/10 je odbojnost padla na najniZjo vrednost zaradi velike koncentracije
Sb™* jonov. ATO prahovi (Sb/Sn = 2/10), izdelani na koncu titracije pri pH = 2, temperaturi koprecipitacije 70 °C, temperaturi
kalcinacije 800 °C in Casu kalcinacije 6 ur, imajo najmanjSo (0,02 %) odbojnost laserske svetlobe z valovno dolZino 1,06 pm.
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1 INTRODUCTION

At present, the laser stealth is mainly aimed at
1.06 pm and 10.6 pm laser wavelengths. Laser stealth is
achieved by reducing the reflectivity at these two laser
wavelengths.! The level of science and technology deter-
mines the development of a war situation and military
strength of a country; thus, the influence of advanced
weapons on future wars is more and more important.
With the application of advanced detection equipment
operating in various wavebands, individual stealth mate-
rials cannot meet the stealth needs of modern war, so the
stealth material is developing towards a multi-spectrum
stealth material that can be compatible with multi-band
electromagnetic wave stealth, such as meter wave, centi-
meter wave, millimeter wave, infrared, laser and so on.
Near-the-plasma oscillation frequency, an absorption
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peak induced by an incident photon and plasma reso-
nance appears because of the special optical properties of
semiconductor materials.> When the wavelength of the
incident light is lower than the plasma wavelength of a
semiconductor, the incident light can propagate in the
medium. Therefore, by doping, the carrier concentration
can be controlled to change the plasma wavelength of the
doped semiconductor compound so that it can produce
strong absorption near the wavelength of 1.06 um. At the
same time, the infrared radiation range of a doped semi-
conductor compound can be separated from the infrared
atmospheric window with a doping modification so that
the infrared and laser compound stealth abilities are
compatible. Therefore, a doped semiconductor com-
pound can be used as one of the functional materials for
laser stealth.’* Antimony tin oxide (ATO) is a common
doped semiconductor material. It exhibits strong absorp-
tion of the 1.06 um laser, so it has low reflectivity at the
1.06 um laser wavelength. It is a laser-stealth material
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with good development prospects. Nano-ATO also has
many excellent properties, such as high transparent con-
ductivity, excellent optical properties and good weather
resistance.”® Thus, it can be widely used for the prepara-
tion of electrode materials, transparent heat-insulation
materials, infrared-absorption materials and so on.”®

However, there are few related studies and reports on
ATO as a laser-stealth material.*!° N. Haddad and other
authors!' prepared ATO using a facile sol-gel method;
their results suggested that the as-prepared ATO nano-
particles were a good quality material for thin-film so-
lar-cell applications. Abhijit A.Yadav'? prepared trans-
parent conducting antimony-doped SnO; thin films with
chemical spray pyrolysis; the results showed that the av-
erage optical transmittance of the films decreased from
89 % to 73 % within the visible range of 350-850 nm
with an increase in the film thickness. The preparation
methods for nanopowders are various.'>'* Among them,
co-precipitation is a better method for preparing ATO
nanopowders because of its simple operation, easy con-
trol of the process flow and homogeneous preparation of
nanopowders.”” In this paper, ATO powders were pre-
pared with the co-precipitation method. The plasma fre-
quency, visible-light and near-infrared transmittance as
well as infrared reflectivity of the ATO powders are all
related to the main phase, doped phase and preparation
process of the doped semiconductor. Through research,
analysis and selection, the best values of the carrier con-
centration, conductivity and dielectric constant can be
obtained.

2 EXPERIMENTAL PART

2.1 Preparation of the ATO powder with co-precipita-
tion

The main raw materials of this experiment were tin
tetrachloride, antimony trichloride, ammonia water and
concentrated hydrochloric acid. Tin tetrachloride and an-
timony trichloride were weighed proportionally and
placed in a beaker. A certain amount of a 1:1 hydrochlo-
ric acid solution was added to the beaker. The solution
was fully stirred and dissolved to form a transparent so-
lution. Ammonia water was added to the transparent so-
lution drop by drop as the precipitant. The pH value was
adjusted by controlling the amount of ammonia droplets
to produce a co-precipitation reaction. The co-precipita-
tion reactants were aged for a period of time, washed
with deionized water and ethanol for several times, and
then dried in an oven at 80 °C. The dried ATO precursor
was ground and calcined in a resistance furnace to obtain
ATO powder.

2.2 Analysis and characterization

The phase composition of the sample powder was an-
alyzed with an ARL X’TRA X-ray diffractometer from
the American Thermo Electric Company. The test condi-
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tions were as follows: a Cu-K, ray and a 26 angle scan-
ning range of 10-70°. The phase composition, crystal
structure, cell parameters and grain size of the ATO pow-
der were analyzed with the MDI Jade 5.0 software. The
morphology of the samples was analyzed with a
LEO-1530VP field-emission scanning electron micro-
scope (FESEM) from LEOL Company, Japan. The
reflectance spectra of the samples in the wavelength
range of 900-1800 nm were measured with a
UV-3101PC ultraviolet, near-infrared spectrophotometer
made by Shimadzu Company, Japan, and the reflectivity
of the samples at the 1.06 pm laser wavelength was re-
corded.

3 RESULTS AND DISCUSSION
3.1 The pH value

In the co-precipitation liquid system, the pH value of
the solution is one of the main influencing factors. In or-
der to complete the co-precipitation reaction and if the
precipitation particles generated are not too small to be
filtered, the pH value of the titration end-point solution
should be adjusted in a range of 2—6. Under the same
co-precipitation temperature, a Sb/Sn molar ratio of
2/10, calcination temperature of 600 °C and calcination
time of 2 h, the pH value of the titration end-point solu-
tion was set to 2, 4 and 6. The ATO powders prepared
were tested with XRD and the results are shown in Fig-
ure 1. Figure 1 shows that with a decrease in the pH
value, the intensity of a diffraction peak increases and
the diffraction peak sharpens. When the pH value de-
creases from 6 to 2, the crystallization degree of an ATO
powder increases gradually.

The laser reflectivity of the ATO powders prepared at
different pH values was measured and analyzed with the
ultraviolet-visible-infrared spectrophotometer. The ref-
lectance map is shown in Figure 2. Figure 2 shows that
the ATO powders prepared at different pH values have
very low reflectivity in the near-infrared band of

pH=6
pli=4
pH=2
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Figure 1: XRD patterns of ATO powders obtained with different pH
values. Preparation conditions: Sb/Sn molar ratio of 2/10, reaction
temp. = normal temp., calcination temperature of 600 °C, calcination
time of 2 h
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Figure 2: Reflectivity curves of ATO powders obtained with different
pH values

900-1800 nm (covering the 1.06 pum laser wavelength),
which indicates that the ATO powders exhibit strong ab-
sorption at the 1.06 pm laser wavelength. With the de-
crease in the pH value, the reflectivity of the ATO pow-
der decreases further. When the pH value is 2, the
reflectivity of the ATO powder at the 1.06 pm laser
wavelength reaches the lowest value of about 0.03 %.
This might be due to a uniform distribution of precipita-
tion and doping, an increase in the grain size of the ATO
powders and a better crystallinity at a low pH value.
However, when the pH value is high, the precipitation re-
action is too fast and the doping distribution is not uni-
form, which reduces the carrier transition probability of
the donor level; therefore, the carrier absorption perfor-
mance in the near-infrared region is weakened, and the
reflectance at the 1.06 pm laser wavelength is increased.

3.2 Co-precipitation reaction temperatures

The co-precipitation temperature will affect the rate
of precipitation reaction and the heat treatment tempera-
ture, which will affect the performance of ATO powder.
The laser reflectivity of ATO powders prepared at differ-
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Figure 3: Reflectivity curves of ATO powders obtained with different
reaction temperatures
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ent co-precipitation temperatures of 30 °C, 50 °C and
70 °C was measured and analyzed by ultraviolet-visi-
ble-infrared spectrophotometer. The reflectivity map is
shown in Figure 3. As can be seen from Figure 3, the
reflectivity of ATO powder at the 1.06 um laser wave-
length decreases with the increase of co-precipitation
temperature. The laser reflectivity of ATO powder pre-
pared for the co-precipitation temperature of 70 °C is the
lowest, which is about 0.03 %. It may be due to the im-
provement of crystallinity of ATO powder with the in-
crease of co-precipitation temperature and grain size.

3.3 Calcination temperatures

The precursor powder ATO was calcined at (300;
400; 500; 600; 700 and 800) °C. Figure 4 shows the
reflectance spectra of the ATO powders prepared with a
spectrophotometer at the calcination temperatures of
(300; 400; 500; 600; 700 and 800) °C. The reflectivity of
the ATO powders at the 1.06 pm laser wavelength is
about 0.06 % when calcined at 300 °C. With the increase
in the calcination temperature, the reflectivity decreases
gradually. The reflectivity of the ATO powders prepared
with calcination at 800 °C decreases to about 0.03 %.
This is due to the increase in the number of Sb** con-
verted to Sb** after the calcination-temperature increase,
leading to an increase in the carrier concentration in ATO
and an easier electronic transition of the donor level.
Therefore, the absorption at the 1.06 pm laser wave-
length is enhanced and the reflectivity is reduced.

3.4 Calcination time

The ATO precursors were calcined at 800 °C for (2;
4; 6) h. The effect of the calcination time on the la-
ser-stealth performance of an ATO powder was dis-
cussed. Figure 5 shows the XRD spectra of the ATO
powders calcined at different times. It can be seen from
Figure 5 that with the increase in the calcination time,
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Figure 4: Reflectivity curves of ATO powders obtained at different
calcination temperatures. Preparation conditions: Sb/Sn molar ratio of
2/10, pH = 2, reaction temp. = normal temp., calcination time of 2 h
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Figure 5: XRD patterns of ATO powders obtained at different calcina-
tion times. Preparation conditions: Sb/Sn molar ratio of 2/10, pH = 2,
reaction temperature of 70 °C, calcination temperature of 800 °C

the intensity of diffraction peaks increases and the shape
of the peaks becomes sharper.

The FE-SEM photographs of the ATO powders cal-
cined at different times are shown in Figure 6. It can be
seen that the ATO powders prepared at different calcina-
tion times exhibit a certain agglomeration phenomenon,
showing irregular spherical shapes. With the extension of
the calcination time, the primary-particle size gradually
grows up. When calcined for 2 h, the primary-particle
size is about 60 nm; and when calcined for 4 h, the pri-
mary-particle size is about 80 nm. When the calcination
time is extended to 6 h, the primary-particle size is about
100 nm.

The laser reflection of the ATO powders prepared
with calcination at different times was tested and ana-
lyzed with an ultraviolet-visible-infrared spectrophoto-
meter. The reflection spectra are shown in Figure 7. It
can be seen from Figure 7 that a proper prolongation of
the calcination time is beneficial for further reduction of
reflectivity. After the calcination for 6 h, the reflectivity
decreases to about 0.02 %. The scattering extinction ef-
fect of the ATO powders at the 1.06 um laser wavelength
is enhanced and the reflectivity is reduced due to the in-
crease in the particle size caused by the prolongation of
the calcination time. However, the low reflectivity of the
ATO powders at the 1.06 um laser wavelength is mainly
due to the fact that ATO is a material with a strong ab-
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Figure 7: Reflectivity curves of ATO powders obtained at different
calcination times

sorption of the 1.06 um laser light, so the effect of the
particle-size change on the reflectivity is not very big.

3.5 Influence of the Sb content

The effect of the Sb doping on the structure of an
ATO powder was investigated when the Sb/Sn molar ra-
tio was set to 0/10, 1/10, 2/10 and 3/10. The XRD test re-
sults are shown in Figure 8. After the calcination at
800 °C, all the ATO powders with different Sb/Sn molar
ratios show the characteristic diffraction peaks of SnO,,
and there are no other characteristic diffraction peaks of
a crystalline phase, indicating that the ATO-powder
structure is still a rutile structure of tetragonal SnO,, but
the diffraction-peak intensity of the SnO, doped with Sb
is lower than that of undoped SnO,, and the diffraction
peaks of the (112) and (301) crystal planes have not yet
appeared. At the same time, with an increase in the Sb
doping amount to 2/10, the intensity of diffraction peaks
is further reduced, and the diffraction peaks are widened
in varying degrees. This is because after Sb partially re-
places Sn, lattice defects are caused, hindering the
growth rate of ATO grains, leading to a decrease in the
grains and the broadening of diffraction peaks.

The laser reflection of the ATO powders with differ-
ent Sb contents was tested and analyzed with a ultravio-
let-visible-infrared spectrophotometer. Figure 9 shows
the reflectivity of the ATO powders with different
Ab-doping amounts. Compared with the undoped SnO»

Figure 6: FE-SEM images of ATO powders obtained al different calcination times
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Figure 8: XRD patterns of ATO powders obtained at various Sb/Sn
molar ratios. Preparation conditions: calcination temperature of
800 °C, pH = 2, reaction temp. = normal temp.

powder, the reflectivity of the Ab-doped ATO powder at
the 1.06 um laser wavelength is significantly lower. After
the Sb doping, Sb** enters SnO; instead of Sn*, produc-
ing a positive charge center. The excess electrons form
the donor impurity energy level near the bottom of the
conduction band. The number of carriers increases
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Figure 9: Reflectivity curves of ATO powders obtained at various
Sb/Sn molar ratios
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greatly, resulting in the plasma exciton effect, and the
near-infrared band (covering 1.06 pm) absorption in-
creases greatly. With the increase in the Sb/Sn molar ra-
tio, the reflectivity first decreases and then increases.
When the Sb/Sn molar ratio is 2/10, the reflectivity of
the ATO powder at the laser wavelength of 1.06 pm de-
creases to the lowest point. However, when Sb doping
continues to increase, the ratio of Sb>*/Sb** decreases,
Sb** takes the place of Sn*, and Sb** forms the acceptor
energy level, which compensates for part of the electrons
generated by Sb**, reducing the effective carrier concen-
tration so that the reflectivity of the ATO powder at the
laser wavelength of 1.06 um is relatively high.

4 CONCLUSIONS

The crystal structure, particle size and laser reflec-
tivity of the ATO powders prepared with the co-precipi-
tation method are affected by the preparation conditions
(co-precipitation reaction temperature, calcination tem-
perature/time and titration-end-point pH). The reflec-
tivity of the Sb-doped ATO powder at the laser wave-
length of 1.06 um is significantly lower than that of
undoped SnO; powder, and with an increase in the Sb
doping, the reflectivity of the ATO powders at 1.06 pm
first decreases and then increases. When the Sb/Sn molar
ratio is 2/10, the reflectivity decreases to the lowest
point, which is due to a high concentration of Sb>*. From
the point of view of the preparation technology, the
1.06 pm laser reflectivity of the ATO powders (Sb/Sn =
2:10), prepared under conditions of a titration-end-point
pH of 2, co-precipitation temperature of 70 °C, calcina-
tion temperature of 800 °C and calcination time 6 h, is
less than 0.02 %.
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