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Cathodoluminescence defect characterization of hydrothermally grown

SnO, nanoparticles
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SnO, nanoparticles in the 50— 150 nm size range were grown by a low temperature hydrothermal
process, using SnCl,-5H,0 as precursor and CH;(CH,),sN(Br)(CHs); as stabilizing agent. The
as-grown samples were mostly amorphous and their crystallinity improved either by prolonged
hydrothermal process or by air annealing at high temperatures. The absence of near-band-edge
emission and appearance of a broad visible emission related mainly to oxygen vacancies and
crystalline defects were the main characteristics of their room temperature cathodoluminescence
(CL) spectra. A luminescent band in the 1.79-1.83 eV spectral region was also detected. The
intensity of the defect bands reduces both on prolonged hydrothermal treatment and air annealing at
high temperatures, indicating a net decrease of defect content on thermal treatments. Panchromatic
CL images revealed that most of the defect emissions come from smaller SnO, nanoparticles.

© 2008 American Institute of Physics. [DOI: 10.1063/1.2885060]

I. INTRODUCTION

Semiconducting metal oxide nanostructures have inter-
esting optical, electrical, and chemical properties to be used
for a range of applications.1 In particular, tin dioxide (SnO,)
is a n-type semiconductor with wide band gap (E,=3.7 eV at
300 °C) (Ref. 2) with applications in catalysis,’ gas
sensing,“’5 transparent  conducting electrodes,’  and
transistor.” An intriguing catalytic application of metal ox-
ides is the surface deactivation of organophosphorus-based
chemical warfare agents.3 High surface areas of small SnO,
nanoparticles have been reported to increase the efficiency of
anode in Li-secondary battery.8

SnO, can be synthesized by several growth methods, for
example, thermal evaporation of oxide powdelr,9 hydrother-
mal synthesis,lo’11 rapid oxidation of the tin,'* combustion
chemical vapor deposition,13 spray pyrolysis,14 and chemical
solution routes.'> Recent trend of synthesizing SnO, nano-
structures is based on the control of their size, shape, and
defect distribution by cheap and easy process. Hydrothermal
synthesis is an adequate method to prepare SnO, nanostruc-
tures with good control of size. However, there are few re-
ports on SnO, synthesis by hydrothermal process.

In this work, we present the preparation of SnO, nan-
opowders by a low temperature hydrothermal process and
their cathodoluminescence (CL) properties. Apart from CL,
the nanostructures were also characterized by scanning elec-
tron microscopy (SEM), x-ray diffraction (XRD), energy dis-
persive spectroscopy (EDS), and Fourier-transform infrared
(FTIR) spectroscopy techniques in order to evaluate their
morphology, crystalline, and optical properties.
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Il. EXPERIMENTAL DETAILS

The SnO, nanopowders were grown by hydrothermal
method at 120 °C, using SnCl, as precursor. We dissolved
3g of SnCl-5H,0, 2 g of CH3(CH,);sN(Br)(CHs);
(CTAB), and 1.711 g of NaOH into 80 ml de-ionized water
in a three necked round bottom flask. In this step, the mixture
had a whitish color. The mixture was stirred for 10 min at
room temperature (RT) and then heated to 120 °C. This tem-
perature was maintained either for 16 h (sample A) or for
48 h (sample B). After cooling down, the samples were
washed with de-ionized water once and ethanol twice under
centrifuge at 15 000 rpm for 10 min. Then, the samples were
dried at RT. In order to improve the crystalline quality, both
samples were annealed for 2 h at 300 °C (renamed as
samples Al and B1) or 550 °C (renamed as samples A2 and
B2). The morphology and chemical composition of the SnO,
powders were evaluated by a SEM (JEOL JSM-5300) with
Noran analytical system attached. The CL system attached to
this SEM includes a SPEX 340E monochromator and a Kei-
thley 427 current amplifier. For CL studies, electron beam of
25 keV and a filament current of 27 nA were used. A
Hamamatsu R928P photomultiplier was used for recording
the CL spectra and panchromatic images of the samples. The
monochromator was manipulated from a personal computer
and the acquired CL spectra were corrected for the mono-
chromator and detector responses. The crystallinity of the
samples was examined by Phillips X’pert x-ray diffracto-
meter with a (A=0.154 nm) CuKe line as excitation source.
The FTIR studies were carried out by a Nicolet Magna 750
FTIR spectrometer. All the measurements were performed at
RT.

lll. RESULTS AND DISCUSSION

Typical SEM images of the as-grown SnO, powders can
be seen in the Figs. 1(a) and 1(b) for the samples A and B,

© 2008 American Institute of Physics
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FIG. 1. (Color online) Typical SEM
images of the SnO, nanopowders pre-
pared for (a) 16 h and (b) 48 h of hy-
drothermal treatments at 120 °C
(samples A and B, respectively). Typi-
cal SEM images of (c) sample A after
annealing for 2 h at 550 °C (renamed
as sample A2) and (d) sample B after
annealing for 2 h at 550 °C (renamed
as sample B2), with (e) its particle size
distribution histogram.

Number of particles

IETREL
Particle size [nm)

respectively. Formation of inhomogeneous SnO, particles
can be seen from the images. Inspecting both images with
more details, we can identify the presence of SnO, particles
of nanometer size. However, bigger particles of the order of
few microns formed by agglomeration of smaller particles
are observed too. Therefore, the SnO, samples are not com-
pletely broken until this step. Typical SEM images of
samples A and B after annealing at 550 °C for 2 h are pre-
sented in the Figs. 1(c) and 1(d), respectively. The SEM
images of the annealed samples [Figs. 1(c) and 1(d)] present
SnO, nanopowders with more homogenous sizes but still,
there remain bigger SnO, agglomerates. A quarter of the Fig.
1(d) was processed to measure the size of the SnO, particles
and its size distribution is illustrated in the Fig. 1(e). The
average particle size of the sample was estimated to be about
94 nm from the Gaussian fit to the size distribution histo-
gram. Similar processes were applied to the other annealed
samples. The average particle size of the SnO, nanopowders
varied in between 90 and 130 nm.

The XRD patterns for the four annealed samples are
graphed in the Fig. 2. Figures 2(a)-2(d) correspond to the

100 110 120 130 140

samples Al, A2, B1, and B2, respectively. It must be men-
tioned that the XRD patterns of the as-grown samples did not
reveal any diffraction peak, indicating their amorphous na-
ture. There appeared distinct diffraction peaks in the an-
nealed samples corresponding to tetragonal rutile phase of
SnO, with lattice constants @=04738 nm and ¢
=0.3187 nm. Miller indices of each diffraction peak are in-
dicated in Fig. 2 and the interplaner spacings agreed well
with the standard data file.'® From the Figs. 2(a) and 2(b), we
can note that the diffraction intensity increased and the full
width at half maximum (FWHM) decreased on increasing
the annealing temperature for the sample prepared for 16 h
of growth time. Similar trend can be observed from the Figs.
2(c) and 2(d) for the SnO, powders prepared for 48 h of
growth time. Therefore, thermal annealing process helps to
crystallize the SnO, powders, perhaps, by removing oxygen
vacancies and other crystal defects as we will see later. Now,
if we observe only Figs. 2(a) and 2(c), we can distinguish
that for 300 °C annealing temperature, SnO, has better crys-
talline quality when the growth time or hydrothermal treat-
ment is longer. One more time, the same result can be de-
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FIG. 2. (Color online) XRD patterns of the SnO, nanopowders after air
annealing at different temperatures. Improvement of crystallinity in the
samples by annealing at higher temperature is evident.

duced for annealing at 550 °C from the Figs. 2(b) and 2(c).
Thus, the sample prepared for 48 h of growth time and post-
growth air annealing at 550 °C [Fig. 2(d)] has best crystal-
line quality.

The crystallite size (d) for the annealed samples was
estimated from their XRD patterns using the Scherrer equa-
tion: d=0.9\/B cos 6; where \ is the wavelength of the irra-
diation, B is the FWHM of the diffraction peak in radian, and
0 is the diffraction peak position. The estimated sizes of the
crystalline nanograins were 27, 108, 47, and 115 nm for
samples Al, A2, Bl, and B2, respectively. Here, we must
emphasize that the Scherrer equation calculates the average
size of the crystalline domains, which means the crystalline
grain size; whereas, from SEM images, we measure the size
of the agglomerated nanocrystals. However, the betterment
of crystallinity with prolonged hydrothermal treatment and
air annealing at higher temperatures is very clear form the
above results. Remembering the SEM results, we can note
that for the samples annealed at 550 °C, the particle sizes
calculated from both techniques are very similar. Therefore,
we believe that the nanoparticles seen by SEM in the
samples after annealing at 550 °C are almost monocrystal-
line.

CL is a powerful and efficient technique for the defect
characterization in semiconductors and semiconductor nano-
structures, especially for detecting their spatial distributions.
However, very few CL studies have been reported on nano-
structured SnO,.

RT CL spectra of the samples Al and B1 are presented
in Fig. 3. There appeared a broad emission band in the
3.5—-1.5 eV energy range for both samples, indicating mul-
tiple defect related emissions in them. However, the intensity
of the CL emission is lower for sample B1, prepared with
longer hydrothermal treatment. The CL spectra of sample

J. Appl. Phys. 103, 064301 (2008)

B ——sample 41 =
——sample BI

CL intensity (a.u.)

15 20 25 30 35
Energy (V)

FIG. 3. Typical RT CL spectra of samples Al and B1.

A2, annealed at 550 °C, are presented in Fig. 4. The inte-
grated CL intensity of the samples reduced about 30% after
annealing at 550 °C, indicating a reduction in defect density
on annealing at higher temperature. On the other hand, the
CL spectra of both the samples (A2 and B2) were quite simi-
lar.

Computer deconvolution of the broad CL band of
sample A2 revealed three component bands centered around
1.85, 2.52, and 3.18 eV. We named those component bands
as P1, P2, and P3, respectively. Similar deconvolution opera-
tions were carried out for the CL bands of the other samples.
In Table I, the position and intensity of the component bands
for all the samples are listed. From the table, we can see that
P2 and P1 peak positions vary in opposite manner on thermal
annealing. While the P2 peak suffers a redshift after anneal-
ing at 550 °C, P1 peak suffers a blueshift. The position of P3
peak remains almost at the same position after thermal treat-
ment at 550 °C.

An emission band in the 390-400 nm (3.1-3.17 eV) re-
gion, similar to our P3 band, has been reported by several
authors in their photoluminescence (PL) or CL spectra of
SnO, nanostructures. The emission was assigned to surface
dangling bonds'""® or to the oxygen vacancies and tin
interstitials' " in the nanostructured SnO,. Exact origin of
this band is yet unclear. A band in between 455 and 490 nm
(2.5-2.7 V), similar to our P2 band, has been assigned as
the blue-green emission in SnO, nanostructures.'>*'*? The
origin of this emission band was assigned either to the struc-
tural defects during the growth of nanostructures'>*' or oXy-
gen vacancies.”> Reduction of emission intensity of this
band, either by prolonged hydrothermal treatment of air an-
nealing at high temperature (Table I), justifies the above ar-
guments.

On the other hand, to the best of our knowledge, it is the
first time that SnO, nanoparticles revealed a luminescence
emission band (Pl peak) in the 1.78—1.83 eV range at RT.
Emission bands at about 620 nm (2 eV) and 640 nm
(1.93 eV) have been reported by He ef al.** and Kim er al.**
in their PL spectra of one dimensional SnO, nanostructures
and subsequently attributed to growth induced crystalline de-
fects such as oxygen vacancies or tin interstitial. However,
Maestre et al.”> have reported a CL emission band at about
650 nm (1.9 eV) in the low temperature (80 K) CL spectra
of SnO, nanostructures prepared by sintering commercial
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FIG. 4. (a) Typical RT CL spectrum, (b) secondary electron image, and (c)
panchromatic CL image [of the area shown in (b)] of sample B2. The
smaller SnO, particles emit higher intensity CL.

SnO, powders. They attributed the emission to both oxygen
vacancy and structural defects. A complex intensity evolu-
tion of this band on thermal treatment and ball milling times
leads them to predict a competition between creation and
recovery of defects.

An emission band peaked in between 1.95 and 2.0 eV
has been reported in the PL and CL studies of tin oxide.
Cheng and Park” reported an orange PL band and suggested
to be related to nonstoichiometry and other defects. Themlin
et al.’’ have found that the defect states of most stable
SnO,(110) surface correspond to donor defect states at about
1.4 eV above the top of the valence band, which is compat-
ible to the transitions leading to orange emission. A broad CL

J. Appl. Phys. 103, 064301 (2008)

TABLE I. A summary of the peak position and CL intensity of the compo-
nent defect bands for all the samples.

Peak position (eV) CL intensity (a.u.)

Sample P1 P2 P3 P1 P2 P3
Al 1.78 2.73 3.19 44.39 14.58 5.07
A2 1.82 2.52 3.18 30.71 523 1.49
Bl 1.80 2.58 3.12 31.51 2.66 1.29
B2 1.83 2.53 3.10 31.35 4.26 0.95

emission extending from green to orange spectral regions has
been reported by Crabtree”®? and oxygen vacancies are sug-
gested to be responsible.

The position of the P1 band we observed in the orange
spectral region varied from 1.84 to 1.78 eV (675-695 nm).
By monitoring the position and intensity of the emission
band, we can see (Table I) that both of them varied notably
on variation of hydrothermal treatment time but did not vary
much with increase of air annealing temperature. Such evo-
lutions of the emission band suggest that the band is more
regulated by the crystalline defects rather than electronic de-
fects such as oxygen vacancies, for the used annealing tem-
perature range.

From Table I, we can see that the P2 and P1 peak posi-
tions vary in opposite manner on air annealing. While P2
peak suffers redshifts after annealing, P1 peak suffers a blue-
shift. On the other hand, P3 peak does not change its position
notably before and after annealing treatment. So, the emis-
sions could be associated to different types of radiative re-
combination processes. However, the intensity of all the
emissions reduces after thermal annealing process. There-
fore, if the luminescence is associated with crystal defects,
then, the annealing process helps to recrystallize the SnO,
particles by removing the crystal defects in agreement with
our XRD results.

It must be noted that we could not detect the near-band-
edge (NBE) emission in our SnO, nanoparticles. Since in the
CL process, the excitation occurs through highly energetic
electrons, the absence of NBE emission in CL spectra indi-
cates the real effect of high surface-to-volume ratio in the
nanostructures. As a free semiconductor surface can present
singly occupied atomic orbitals (dangling bonds) that can
form two dimensional surface bands which may partly lie in
the forbidden gap, it can result in a pinning of the Fermi
level and of acceptor-like surface states in n-type samples as
well as in the presence of a space charge layer.30 The thick-
ness of that depletion layer could be about 150 nm for
Sn02.17 Therefore, the absence of NBE in our samples is
justified due to their smaller average sizes and high surface-
to-volume ratios.

Figures 4(b) and 4(c) are the secondary and panchro-
matic CL images, respectively, of the same area of sample
B2. The images evidently suggest that the radiative recom-
binations come mainly from the smaller SnO, nanoparticles.
In fact, the SnO, agglomerates or bigger particles do not
emit. It is known that SnO, is not a good luminescent mate-
rial in bulk form. The luminescence increases notably when
in nanoparticle form.”! Many good properties of SnO, are
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FIG. 5. (Color online) (a) Typical EDS spectrum of sample A2 and (b) FTIR
transmittance spectra for samples Al and A2.

related to impurities of crystal defect in the surface or inter-
face, for example, the oxygen vacancies. The surface-to-
volume ratio increases as SnO, goes to nanosize. So, maybe
the defects attributed to the luminescence are more effective
in nanoparticles than microparticles or in bulk.

Figure 5(a) shows a typical EDS spectrum and chemical
composition for sample A2. The presence of only oxygen
and tin was identified. Quantitative elemental analysis re-
vealed about 66.67 and 33.33 at. % of O and Sn in the
sample, which correspond to perfect stoichiometry of SnO,.
Same EDS results were obtained for the others sample after
annealing.

The FTIR spectra for samples Al and A2 are presented
in Fig. 5(b). The transmittance spectra revealed four charac-
teristic signals related to water, CTAB, CO,, and SnO,. The
bands at 3430 and 1622 cm™! are associated with water ab-
sorbed on the surface.”>* The band at 2350 cm™ corre-
sponds to the CO, traces in the atmosphere.32’33 The bands at
2918 and 2850 cm™' are related to the antisymmetric and
symmetric vibrations of C—CH, bond of the CTAB.* The
band at 613 cm™' corresponds to the antisymmetric Sn—
O-Sn mode of the tin oxide.*>*® From the Fig. 4(b), we can
determine that the washing process was not enough to re-
move completely the surfactant CTAB form the samples. On

J. Appl. Phys. 103, 064301 (2008)

the other hand, the intensity of both signals related to water
and CTAB reduces in sample A2. It means that annealing for
2 h at 550 °C is not enough to remove water trace. Finally,
in both samples, SnO, related band (at about 613 cm™) is
present. The intensity of this band increases after annealing
at higher temperature. Thus, once again, it is evident that
SnO, recrystallize by annealing at high temperature.

IV. CONCLUSIONS

SnO, nanoparticles of 50—150 nm size range could be
prepared by low temperature hydrothermal process using
SnCl,-5H,0 as precursor and CTAB as surfactant. The crys-
tallinity of the nanoparticles can be improved either by pro-
longed hydrothermal treatment or by thermal annealing at
high temperatures in air ambient. The density of crystalline
and oxygen vacancy related defects in the nanoparticles can
be reduced by air annealing at high temperatures. The rela-
tive intensities of the defect bands depend on the time of
hydrothermal treatment and postgrowth annealing tempera-
ture. While the blue-green defect band at around 2.52 eV is
mainly related to defects during growth, the orange emission
at about 1.82 eV is related to the oxygen vacancies and tin
interstitials in SnO, nanoparticles. Stronger CL emissions
from the smaller particles indicate the surface origin of the
defect structures in SnO, nanoparticles.
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