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The influence of Sb doping on the structural and optical proper-
ties of the SnO, nanocrystals and films were investigated. An
unusual enhancement in near infrared absorption was found in
the SnO; nanocrystals with increasing Sb doping content, and the
maximum absorption shifted to shorter wavelength.

Tin oxide is an important n-type semiconductor with a large band
gap (E; = 3.6 €V, at 300 K). As one of the most promising
functional semiconductor materials, SnO, has stimulated con-
siderable research interest for its wide application in various fields
such as gas sensors,"”” Li ion batteries,>® solar cells’ and
photocatalysis.® Doping with an appropriate element, such as In,
Nb, Ta and Sb, can modulate the optical and electrical properties
of Sn0,,” in which the Sb is the most common dopant in SnO,.

Antimony doped tin oxide (ATO) is an important transparent
conductive oxide (TCO) with high visible transmission, excellent
electrical properties and good stability. Previous studies were
mainly focused on the ATO thin films fabricated by methods such
as magnetron sputtering,® spray pyrolysis® and chemical vapor
deposition.'® Recently, the synthesis of ATO nanoparticles has
aroused great interest due to their potential applications in Li ion
batteries,"* gas sensors,"* electrochromic windows,"® transparent
electrodes™ and heat-insulating films.">'® Different methods have
been explored to synthesize ATO nanoparticles including copre-
cipitation,"”
particles with uniform size distribution and good dispersity have
achieved by hydrothermal or solvothermal methods.”® Nanosized
monodispersed ATO nanocrystals have been obtained by a
nonaqueous sol-gel procedure.”! The ATO nanocrystals doped
with 18 mol% Sb have been prepared by using “benzyl alcohol

route”.**

combustion'® and sol-gel routes."® The ATO nano-
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The visible transmission and near infrared (NIR) block
properties of ATO thin films depend strongly on the Sb doping
content.>*** An ATO nanocrystal film with a limited size and good
dispersion can maintain high visible transparency due to the
decrease in the scattering of light,>® and a relative low reflection in
the NIR region in comparison to the films deposited by traditional
physical and chemical vapor deposition.”> Nevertheless, the
underline mechanisms of those behaviors of ATO nanocrystals
film is still not very clear.

In this communication, we report the solvothermal synthesis of
Sb doped SnO, nanocrystals by using benzyl alcohol as solvent.
We found that the size of SnO, nanocrystals gradually decreases
while NIR absorption remarkably increases with increasing Sb
doping content. The NIR block behavior of the ATO nanocrystal
film results from the enhanced absorption due to the increased
free electron concentration.

XRD analyses (Fig. 1) indicate that all the diffraction peaks of
the as-prepared samples can be well indexed into tetragonal rutile
SnO, (JCPDS card No 88-0287) without any indication of other
phases, such as Sb,O; or Sb,0s, implying that the Sb doping
occurs by substituting Sn atoms in the SnO, crystal structure. The
average crystallite size as estimated by Scherrer equation (d =
0.89//(Bcosl), where d, ., B and 0 are the grain size, X-ray
wavelength, the fullwidth-at-half-maximum and Bragg angle,
respectively) is about 11.4, 10.5, 9.6 and 8.8 nm for SnO,
nanoparticles doped with 0, 2, 6 and 10% Sb, respectively.

TEM observations reveal that small spherical and large
quadrate nanoparticles coexist in the undoped SnO, sample with
average size of about 11.3 nm (Fig. 2a). With increasing Sb doping
content, the average size of SnO, nanoparticles gradually
decreases, and has an average size of about 10.7, 9.8 and 8.5
nm with Sb doping content of 2, 6 and 10% (Fig. 2c-e),
respectively (size distribution is shown in Fig. S1, ESIf), which
are in good agreement with the XRD results. HRTEM observations
further proved that the ATO nanoparticles are single crystalline
(Fig. 2e), the clear lattice fringes with spacings of about 0.335 nm
correspond to the (110) interplanar distances of rutile SnO,. The
obvious color change can be observed from the digital images of
the Sb-doped SnO, nanocrystals dispersed in cyclohexane solution
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Fig. 1 XRD patterns of SnO, nanoparticles with Sb doping content of (1) 0, (2) 2,
(3) 6 and (4) 10%.

(Fig. 2f), which is an indication of the presence of electrons in the
conduction band due to Sb doping.***’

The XPS analysis demonstrates the existence of only Sn, Sb and
O without any impurities in the Sb-doped SnO, nanocrystals (Fig.
S2a, ESIf). The binding energies at 486.5 and 495.0 eV are
attributed to Sn 3ds;, and Sn 3ds,, respectively (Fig. S2b, ESIf),
which are in a good agreement with the reported values in
literature.”® The XPS peak for Sb 3d;/, shows a slight hump on the
low energy side (Fig. S2¢, ESIf) and the corresponding Gaussian
fitting gives two binding energies at 539.1 and 540.2 eV and can be
respectively assigned to Sb®" 3d,, and Sb°* 3d,, in the tin oxide
lattice. The coexistence of the oxidation states of Sb®>" and Sb®* has
been constantly observed in ATO materials.">** The Sb®* ions
substitute for Sn*" ions forming a shallow donor level close to the

Fig. 2 TEM images of SnO, nanoparticles with Sb doping content of (1) 0, (2) 2,
(3) 6 and (4) 10%. (e) HRTEM image of the nanoparticles in (d). (f) Digital images
of SnO, nanoparticles doped with different contents of Sb dispersed in
cyclohexane solution.
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Fig. 3 Raman spectra of SnO, nanocrystals with Sb doping content of (1) 0, (2)
2,(3) 6 and (4) 10%. The inset shows dependence of peak position of Aq
vibration on the Sb doping content.

conduction band of SnO,, while the Sb*" ion doping introduces a
shallow acceptor level close to the valence band. The free carrier
concentration directly depends on the ratio of Sb>" and Sb*" sites.
The results shown in Fig. Slc, ESLT proved that the ATO
nanocrystals doped with different Sb contents all contain Sb>
and Sb* ions. The fact that the peak area of Sb>" is larger than
that of Sb*" indicates that the effective donor concentration is
higher than acceptor concentration, and thus the ATO nanocrys-
tals prepared in the present study have a high free electrons
concentration. The actual doping contents obtained by the
quantitative calculation from high solution scans of Sb 3d;, and
Sn 3d;/, were found to be about 1.8, 5.7 and 9.1 at%, which are
slightly lower than the target contents.

Fig. 3 shows the room temperature Raman spectra of as-
prepared SnO, nanocrystals doped with different Sb contents. The
Raman peak at about 632.7 em™" for SnO, nanoctystals can be
assigned to A, mode,* corresponding to the vibration perpendi-
cular to the caxis and slightly shifts to lower frequency with
increasing Sb doping content (the inset in Fig. 3). This shift is due
to the replacement of Sn ions by Sb ions within the SnO, lattice.**
Three broad Raman peaks at 458, 566 and 720 cm ™" are assigned
to surface vibration modes of SnO, nanocrystals, which generally
can not be observed in bulk Sn0,.%° It is well known that some
inactive vibration modes in bulk material can be active owing to
the size effect in very small particles or in nanostructures with
some reduced dimension.**** The intensity of these bands
changes with increasing antimony content, which can be
correlated to vibration modes of incorporated Sb ions inside the
Sno, lattice.”*

The UV-Vis-NIR absorption spectra of the oleylamine modified
SnO, nanocrystals doped with different Sb contents in perchlor-
oethylene solution reveal that there is only one absorption band in
the near UV range for the SnO, nanocrystals (see curve (1) in
Fig. 4), resulting from the band gap absorption of SnO,
nanocrystals.>® Meanwhile, for ATO nanocrystals, except for the
strong band gap absorption, the Sb doping results in the
absorbance in the NIR range.*® The NIR absorption of the 2%
and 6% ATO nanocrystals increased monotonically with wave-
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Fig. 4 UV-Vis-NIR absorption of oleylamine modified SnO, nanocrystals with Sb
doping content of (1) 0, (2) 2, (3) 6 and (4) 10% dispersed in perchloroethylene
solution.

length without reaching a maximum, as shown in curves (2) and
(3) of Fig. 4, respectively, which is a typical absorption feature of
doped semiconductor while for 10% ATO there is a distinct broad
NIR absorption peak with maximum at about 2200 nm, as shown
in curve (4) of Fig. 4. The appearance of absorption in the infrared
region is a clear signature of n-type doping®>” and can be
attributed to surface plasmon absorption in ATO.™ According to
the Drude model the absorption coefficient, «, associated with the
free electron in n-type semiconductors, is directly proportional to
the charge carrier density, N, from the following equation:*®

o= Niez 1)

T MeboncTam?

where e is the electron charge, m, the effective mass of an electron,
& the vacuum permittivity, t the relaxation time of free electrons, n
the refractive index of undoped semiconductor, and ¢ and o the
speed and frequency of light, respectively. In addition, the infrared
absorption position of the plasmon band is directly proportional
to the electron plasma frequency, w,, according to following
expression:*®

2
2_ Yp
l14+éem

Dsp (2)
where g, is the surface plasma absorption frequency, &y, is
dielectric constant of the surrounding medium and w;, is known
as the electron plasma frequency, which has a square root
dependence on the free electron concentration:*®

Ne?
Me&o €0

®)

(,Up:

where ¢ is the optical dielectric constant. From above equations
one can see that the strong near infrared absorption of n-typed
semiconductor nanocrystals originate from free electron absorp-
tion in the near infrared region and the surface plasma absorption
position can be tuned by variation of free electron concentration.
The increase in free electron concentration with increasing Sb
content will thus lead to the enhanced NIR absorption and the
blue shift of the maxima.
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Fig. 5 Transmission and reflection spectra of SnO, nanocrystals films with Sb
doping content of (1) 0, (2) 2, (3) 6 and (4) 10%.

FESEM observations reveal that Sb-doped SnO, nanocrystals
films are uniform and consists of many nanocrystals (Fig. S3,
ESIf). From the corresponding transmission and reflection spectra
(Fig. 5), one can see that the transmittance of the pure SnO,
nanocrystals film can reach as high as 90% in visible light region,
while that of the ATO nanocrystal films gradually decreases with
increasing Sb content due to the direct photon absorption and the
increased photon scattering, but still all exceeds 80%. It is worth
noting that the reflection in the visible light region slightly
increases with increasing Sb doping content while that in NIR
region is nearly zero. Similar results have been observed in other
TCO nanocrystal films.”?° The excellent NIR block is considered
to result from the strong NIR absorption of free electrons. The

infrared reflection R can be given by:*>*!
2
R=1- T (4)

From eqn (1) and (4), one can see that the reflection and
absorption depends strongly on the relaxation time of free
electrons, the shorter the relaxation time, the higher the
absorption and the lower the reflection. Due to the small crystal
size and loose structure, the relaxation time of free electrons in
ATO nanocrystal films is relative low, and thus results in a low
reflection and strong absorption in the NIR region.

In summary, we have synthesized SnO, nanocrystals with
different Sb doping content by a facile one-step solvothermal
method. The crystal size decreases, the A;; mode vibration shows
a red shift with increasing Sb content in the ATO nanocrystals. The
Sb** and Sb’* can coexist in the ATO nanocrystals and the effective
concentration of donor Sb®" is higher than that of the acceptor
Sb**. The NIR absorption of ATO nanocrystals enhances with the
increase of Sb content with the maximum band shifting to shorter
wavelength due to the increased free electron concentration. The
ATO nanocrystals film has a high visible light transmittance and
nearly zero NIR reflection. Our results demonstrate that the ATO
nanocrystal films have excellent optical properties with promise as
a heat insulation coating in the energy conservation field and
transparent electrodes in the optoelectronic field.

This journal is © The Royal Society of Chemistry 2013
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Experimental
Chemicals

Tin(v) tetrachloride, oleylamine and oleic acid were purchased
from Aladdin, antimony(m) trichloride, benzyl alcohol, perchlor-
oethylene, acetone, ethanol and cyclohexane were purchased from
Sinopharm Chemical Reagent Co., Ltd. and were of analytical
reagent grade and used without further purification.

Preparation of Sb-doped SnO, nanocrystals

In a typical preparation of 10 at% ATO, 2.7 mmol SnCl, and 0.3
mmol SbCl; were dissolved in 50 ml benzyl alcohol in a closed
glass vessel, and then the mixture was stirred with a magnetic
stirrer for 1 h before being transferred to a Teflon-lined autoclave.
The autoclave was kept at 200 °C for 24 h and then cooled to room
temperature naturally. The nanocrystals were separated by
centrifugation at 7000 rcf for 10 min, and then washed three
times with acetone. The target Sb doping content is 2, 6 and 10
at%. To prepare the nanocrystal dispersions, 0.1 g nanocrystals
were dispersed in 20 ml cyclohexane with the addition of a few
drops of oleylamine.

Preparation of Sb-doped SnO, nanocrystals films

Firstly, a glass substrate was treated at 80 °C with oleic acid, in
which the substrate will change to hydrophobic from hydrophilic
due to the formation of a very thin oleic acid layer on its surface.
Then, the nanocrystal dispersion was spin-coated onto the
functionalized substrate. The thickness of the nanocrystal film is
controlled via changing the spinning rate and coating times.
Finally, the films were annealed in air at 550 °C for 1 h to remove
the organic contaminants.

X-ray diffraction (XRD) analyses were carried out on Philips
X'Pert using Cu Ka line. The morphology and microstructure were
examined using field emission scanning electron microscopy
(FESEM, Sirion 200) and transmission electron microscopy (TEM,
JEOL-2010). X-ray photoelectron spectrum (XPS) was recorded on a
VG ESCALAB Mark II X-ray photoelectron spectroscope. Raman
spectra were measured at room temperature using a confocal
microprobe Raman system (Renishaw, inVia) with the excitation
wavelength of 532 nm. The UV-Vis-NIR spectra were recorded on a
Shimadzu UV3600 spectrophotometer.
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