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Vibrational and defect states in SnO, nanoparticles
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We have studied SnO, nanoparticles fabricated by gas-phase condensation and in-flight sintering
using Raman and photoluminescence (PL) spectroscopy. We are able to identify various vibrational
states of the rutile phase of the SnO, crystal. By thorough analysis of the vibrational modes, we are
able to determine the bond lengths of the O—O and Sn—O bonds for the substoichiometric SnO; s,
leading, together with x-ray diffraction data, to a full characterization of the SnO; 5 lattice. In
absorption and photoluminescence spectra, we observe a finite density of states inside the band gap
due to oxygen vacancies, giving rise to a midgap luminescence peak. Our results suggest that the
defect related luminescence efficiency is limited by nonradiative recombination processes and by
the oxygen vacancy density. We therefore conclude that the PL intensity has a maximum around a
stoichiometry of SnO, 5. © 2006 American Institute of Physics. [DOI: 10.1063/1.2203408]

I. INTRODUCTION

Oxidic semiconductors, namely, ZnO and SnO,, have
recently gained a large amount of interest as efficient optical
materials." Due to their large band gaps3’4 and exciton bind-
ing energies,z’5 they are attractive as light emitters for the
ultraviolet-visible (UV-VIS) spectral range. Nanostructures
formed from these materials, such as nanoparticles or nano-
rods, are especially interesting and have potential use as
phosphors for solid-state lighting.6 For such applications, the
oxygen vacancy related defect band can be used for down-
conversion of UV or blue light from a light emitting diode
into the green (ZnO) (Refs. 7 and 8) or red (SnO,) region of
the spectrum. These spectral bands are interesting for tri- and
tetrachromatic phosphors which achieve better color render-
ing indices (CRIs) than conventional phosphors.6 In com-
parison to organic phosphors, oxidic semiconductors exhibit
also a much better long-term stability.

While ZnO nanostructures have attracted a lot of atten-
tion recently, the potential of SnO, nanoparticles has not
been fully exploited yet. It is the aim of this paper to present
a detailed study of the chemical, optical and vibrational
properties of SnO, nanoparticles with oxygen compositions
of 1.5=x=1.7. We investigate these properties as a function
of the size and the oxygen stoichiometry.

Il. EXPERIMENTAL DETAILS

The particles are formed by gas-phase condensation us-
ing N, as a carrier gas and SnO as an evaporation source.
The SnO is sublimated in a tube furnace operated at 800 °C
and forms SnO nanoparticles upon cooling down when leav-

YElectronic mail: cedrik.meier@uni-due.de

0021-8979/2006/99(11)/113108/6/$23.00

99, 113108-1

ing the furnace. A differential mobility analyzer (DMA) is
used for particle size separation. Before the particles are de-
posited on a substrate, they are being exposed to another
furnace for in-flight sintering. Here, an oxygen flow can be
added, so that nanoparticles with different oxygen composi-
tions can be formed depending on the furnace temperature
and oxygen flow. We have realized nanoparticles with sizes
between 5 and 20 nm and oxygen stoichiometries of x=1.5
and x=1.7. Details about the fabrication process can be
found elsewhere.”'® Furthermore, SnO, particles were syn-
thesized in a low pressure H,/O,/Ar premixed flame reactor
with a process that has been previously described
elsewhere.!" The oxygen concentration during synthesis
could be tuned to yield stoichiometries of l4=x<2,
whereby a stoichiometry of x=1.7 was used for this investi-
gation.

For the Auger electron spectroscopy (AES), the particles
were deposited on thin films (250—-300 A) of Pd on Si (111).
For transmission electron microscopy (TEM) measurements,
the particles were sampled on a carbon TEM grid. For all
other experiments, the particles were deposited on thick Au
films on Si (111).

For the AES measurements, the primary electrons had an
energy of 3 keV. The spectra were recorded in the first de-
rivative mode using a cylindrical analyzer and a channeltron.
X-ray diffraction measurements were obtained from a syn-
chrotron radiation source at a wavelength of A=1.55 A. For
the Raman spectroscopy, we used the 5145 A line of an
Ar*-ion laser. The optical pumping power on the sample was
~40 mW and the spot diameter was ~100 um. The light
was collected in backscattering geometry and dispersed in a
triple spectrometer (f=600 mm) operated in subtractive
mode. A charge coupled device (CCD) was used to collect
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FIG. 1.

Scanning electron microscopy (SEM) image of SnO,s
nanoparticles.

the data. The spectral resolution achieved with this setup was
~1 cm™'. The optical absorption spectroscopy was per-
formed by measuring the reflectivity of the samples using an
Al substrate as a reference. The absorbance was obtained by
applying the Kubelka-Munk algorithm. For photolumines-
cence (PL), a continuous wave (cw) frequency-doubled Ti:Sa
laser operated at A=400 nm was used as an excitation
source. The light was dispersed in a Czerny-Turner single
grating monochromator and detected using a liquid nitrogen
cooled CCD.

Ill. RESULTS AND DISCUSSION
A. Structural and chemical characterizations

A scanning electron microscopy (SEM) image is shown
in Fig. 1. It can be seen that the particles form loosely ag-
glomerated structures of fractal shape, consisting of nearly
spherical primary particles. Also, the image demonstrates
well that the particles have a narrow size distribution due to
the size selection in the DMA.

A typical TEM micrograph is shown in Fig. 2. Again, the
monodispersity is well visible. Also, it can be seen that the
primary particles are only loosely connected and do not form
a large extended crystalline structure. The grain boundaries
between the individual particles are well visible. This con-
firms that these particles are indeed independent structures,
and that for their electronic or vibronic properties the pri-
mary particle size is the relevant length scale.

Auger electron spectra have been recorded from the
nanoparticle samples as well as from bulk, i.e., non-
nanoscopic SnO, pellets. This way, the chemical composi-
tion and sample surface contamination could be monitored.

The AES results are shown in Fig. 3. Several features
can be identified. At ~421 and ~429 eV the Sn (MNN)
doublet is found in all samples. The O (KLL) transition is
observed at 510 eV. In addition to these structures we find
for the nanoparticle samples a small peak at ~272 eV due to
the C (KLL) Auger transition. For the bulk SnO, sample, this

FIG. 2. Transmission electron microscopy (TEM) image of SnO, 5 nanopar-
ticles sampled on a TEM grid.

structure is much more pronounced. This structure is due to
residual contamination by hydrocarbon during sample trans-
fer and synthesis. The fact that this peak is much less pro-
nounced than the Sn peak in the nanoparticle samples dem-
onstrates the purity of the synthesized nanocrystalline
samples. The structure seen at 333 eV arises from the Pd
(MNN) transition and is due to the Pd:Si substrate used.
The ratio between the oxygen peak and the low energy
Sn peak can be used to determine the oxygen stoichiometry
of the sample. As a reference, we have used the value mea-
sured for the bulk sample as SnO,. For the as-synthesized
samples we find a chemical composition of SnO; 5. The an-
nealed samples show an increased oxygen content of SnO ;.
Because for the proper analysis of the Raman data it is
essential to know the lattice structure, we have performed
x-ray diffraction (XRD) on a SnO, 5 sample with d=20 nm
(see Fig. 4) and identified the observed features using
Bragg’s condition. Obviously, the tetragonal phase is domi-
nant, with lattice constants a=4.746 A and ¢=3.189 A. The
values for bulk SnO, are a=4.737 A and ¢=3.186 A."? This
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FIG. 3. Auger electron spectroscopy (AES) measurement of SnO, particles
sampled on a Pd surface.
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FIG. 4. X-ray diffraction measurement of SnO, s nanoparticles with d
=20 nm.

means that despite the low oxygen composition in our
samples the crystalline structure is still rutile and the volume
of the conventional unit cell is only slightly increased by
~0.4%. Apart from the tetragonal phase we also find a low
concentration of orthorhombic crystals.

These results agree very well with the XRD measure-
ments performed by Zhang and Gao' on SnO, nanocrystals
prepared by a sol-gel method. They also obtain a dominant
rutile phase and an increase in the unit cell volume even for
their much higher oxidation state. This reassures us that the
SnO, phonon dispersion relation will be a reasonable starting
point for the analysis of the Raman spectra.

B. Raman spectroscopy

Raman spectra of bulk crystalline SnO, in rutile struc-
ture have been carried out in detail by Katiyar et al.'* The
Raman active modes for rutile SnO, are the E, (476 cm™),
the A;, (638 cm™), the B,, (782cm™), and the B,
(123 cm™!) mode. Although the B, ¢ mode is Raman active,
its scattering intensity is at least three orders of magnitude
lower than that of the A;, mode and therefore it is not ob-
served in most cases.'*

More recently, nanoscopic SnO, samples have been
studied using Raman spectroscopy as well.">"7 Zuo et al.
find in addition to the bulk SnO, Raman features two fea-
tures at 358 and 572 cm™'. They assign those peaks to sur-
face phonon modes.'® The results obtained by Yu et al. are
very similar. They observe three peaks not found for bulk
SnO, with Raman shifts of 358, 574, and 440 em"."5 While
they also assign the first two peaks to interface/surface
modes, they suggest that the spectral feature at 440 cm™'
could be related to the presence of oxygen vacancies that
make the otherwise Raman forbidden A,, mode allowed due
to reduced symmetry. Scott'® has applied Matossi’s'"® force
constant model on SnO, and derived for the frequency of the
A,, mode a value of 455 cm™!. This agrees well within the
limits of the model with the result by Yu et al. ' and supports
the assumption that oxygen vacancies are responsible for the
emerging of that line. The recent work by Chen ef al. on
nanocrystalline SnO, does not show any evidence of the
aforementioned peaks. Instead, the authors find a peak not
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FIG. 5. Raman spectroscopy measurement of SnO, 5 nanoparticles with dif-
ferent particle diameters.

observed before at 516.1 cm™'. This peak is only found in
the as-prepared samples and disappears after annealing.

While the work discussed above was focused on SnO,,
the scope of our study is the substoichiometric SnO; 5. Our
measurements for Raman spectra as a function of their size
are shown in Fig. 5. We have measured particles with diam-
eters of 20, 10, and 5 nm and a bulk SnO, sample for refer-
ence. As the oxygen content (SnO,s) of the particles was
considerably lower than in the previous studies, we expect a
much higher density of oxygen vacancies in our samples. We
can easily identify the A,,, the E,, and the B,, modes. While
the £, mode is only found in the bulk SnO, sample, the B,,
mode can be seen with a very weak intensity around
747 cm™" for the 10 nm and the 5 nm samples. Moreover,
for the nanocrystalline samples we observe two other bands
not present in the bulk samples at 275 cm™! (referred to as
band A in the following) and at 515 cm™! (band B).

While the A, and B,, modes can be easily assigned,
there are two possible interpretations for bands A and B.
Band A (275 cm™') might be identified as the B;, mode and
band B (515 cm™) as the A,, mode. Although both modes
are Raman inactive in the bulk, one might argue that the
reduction of the symmetry of the lattice due to the low oxy-
gen stoichiometry makes these transitions possible. How-
ever, following Matossi’s'’ model it is not possible to assign
both modes to rutile lattice vibrational states. Therefore, ei-
ther band A or band B is most likely a surface phonon state,
similar to those found by Yu et al.” and Zuo et al.'® for
SnO,.

Matossi’s force constant model for the rutile structure
delivers equations for each individual vibrational state. For
convenience, we use his labeling of the vibrational frequen-
cies, i.e., wi(Ay,), 0y(Az,), w3(By,), and wy(By,). We will
use the substitutions

P 1)
m
y = cos ¢ sin i, (2)

where k” is the force constant for the O-O binding and m the
mass of an oxygen atom.
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FIG. 6. Raman peak positions for bands A and B, and the A,, peak as a
function of particle diameter.

From the already assigned (see above) vibration modes
Ay, and B,,, we obtain the following equation:

W) — o] = 16xy. (3)

Now, we need to assign the bands A and B.
If band A is assigned to the B;, mode, one obtains from
Matossi’s model:

w§=4x(1 -2y). 4)

Together with Eq. (3), this system of equations yields a bond
angle ¥=21.16°. However, alternatively we can assign band
B to the A,, mode. This leads to the following equation:

w) =4x(1 +2y). &)

In turn, together with Eq. (3), one obtains a bond angle ¢
=12.59°, different from the bond angle calculated from the
assumption that band A is the B}, mode. This means that one
of the two assignments for bands A and B is incorrect. In the
following, we will compare the obtained values for the bond
angle to find the correct assignment.

The angle ¢ in Eq. (2) is defined after'” as the projection
of the angle between an O-Sn and an O-O bond in the (100)
plane of the lattice. For bulk SnO,, we can determine ¢ from
the geometry of the lattice positions of the Sn and O atoms.
The Sn atoms are located at (0,0,0) and (%,%,%) The O at-
oms are located at +(u,u,0) and (%+u,%—u,%), with u
=0.307."2 Therefore, one obtains

2u—(1/2)

=32.15°. 6
172 (©)

=45 ° — arctan
As we know from XRD that the lattice constants have only
been slightly distorted, it seems reasonable to assume that
the interpretation leading to a bond angle ¢ closer to the bulk
SnO, is the correct one. We therefore suggest that band A
observed at 275 cm™? is the B, mode of the rutile lattice and
band B at 515 cm™ is a surface phonon mode. From this
solution, we can determine the individual atom positions by
solving Eq. (6) for u and find u=0.347. Therefore, the Sn—O
distance in the (110) plane is increased by 12%.

Therefore, from both XRD and Raman we are able to
determine the entire lattice structure.

In the next paragraph, we want to discuss the influence
of particle diameter on the Raman spectra. In Fig. 6 we have
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FIG. 7. Optical absorption of the SnO, nanoparticles as a function of their
size.

plotted the relative peak shifts of the A;, mode, and bands A
(B),) and band B (surface phonon) as a function of particle
size. It can be seen that only the A;, mode shows a pro-
nounced and systematic size effect. The other lines do not
shift within the experimental resolution. These results can be
analyzed in the framework of the phonon confinement pic-
ture as used for nanocrystalline silicon.*! This model ex-
plains the shifts in phonon spectra by the dispersion of the
phonon dispersion relation and a phonon wave vector mixing
due to the reduced particle dimensions. In general, the shift
in the Raman spectra reflects the slope of the dispersion re-
lation in the high symmetry directions off the I" point. How-
ever, for our substoichiometric SnO 5, the bulk phonon dis-
persion is not available. Only for bulk SnO, calculated
phonon dispersion curves have been calculated,' but even in
this case some of the frequencies, e.g., for the By, mode,
differ significantly from the frequencies determined experi-
mentally in our work or those one obtains from Matossi’s
model."” However, for the A, B mode Katiyar et al. find in the
[001] direction a phonon branch with a strong negative
slope. In the [011] direction the dispersion is nearly com-
pletely flat. This agrees well with our finding of a redshift of
the A}, line. For the B,, mode they determine positive slopes
in the [001] and the [011] directions and a frequency of
100 cm™! at the T" point. Our results lead to different conclu-
sions. As we do not observe a significant peak broadening for
the B;, mode with decreasing particle size we suggest that
the dispersion relation for this mode in SnO; 5 must be quite
flat. However, this could only be confirmed by theoretical
calculations that are beyond the scope of this paper.

C. Optical absorption and photoluminescence

We have determined the optical absorption from diffu-
sive reflection spectra using the Kubelka-Munk formula. The
results for nanoparticle diameter between 10 and 20 nm and
oxidation states of SnO;; and SnO, 5 are shown in Fig. 7.
From a fit of the absorption data to
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TABLE I. Band gaps for SnO, nanoparticles determined by absorption mea-
surements.

Sample E, (eV)
20 nm SnO, ; 3.10
20 nm SnO; 5 3.53
15 nm SnO; 5 3.80
10 nm SnO; 5 3.86
2
alhw) = (ho - E,)", (7)

we determine the band gap energies shown in Table 1. For
the SnO, 5 particles, in Fig. 8 the band gap energies are plot-
ted versus the particle diameter. It can be seen that with
decreasing particle diameter the band gap increases. How-
ever, in the spectra the onset of interband absorption is quite
soft in comparison to bulk semiconductors with a direct band
gap. This is also evident from Fig. 8, where the change in
band gap energy between the 20 and the 15 nm seems to be
larger than what one would expect from an electronic con-
finement effect. This is caused by Urbach tail states due to a
nonzero electronic density of states close to the band edges.
For the 20 nm sample, this effect is quite strong and there-
fore it appears likely that the determined value for this
sample might be too small. For the annealed sample with an
increased oxygen content of SnO; 5, the band gap value de-
termined from the fit of 3.1 eV is significantly smaller than
the bulk value of SnO,. We therefore conclude that the an-
nealing indeed leads to an increase of the Urbach tail states.

In the last paragraph, we want to present the results of
the photoluminescence spectroscopy. We have excited the
nanoparticles at a wavelength of A=400 nm, which is a typi-
cal wavelength of GaN-based light emitting diodes (LEDs)
on which a phosphor coating could be applied for white light
rendering. Our results are plotted in Fig. 9. We find a broad
(AE~400 meV) peak at an energy of E=2eV (A
=625 nm). We find the center wavelength of the emission to
be independent of the particle size, which suggests that the
luminescence is caused by a defect band, most likely by the
oxygen vacancies present in the samples. The fact that the
20 nm SnO, s sample shows more intense photolumines-
cence under identical excitation conditions correlates with
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FIG. 8. Band gap of SnO, 5 nanoparticles as a function of their size.
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FIG. 9. Results of photoluminescence measurements for different particle
sizes and oxidation states.

the observation of a high electronic density of states inside
the band gap from the absorption measurements presented
above.

For the 20 nm SnO, ; sample, we observe the highest
photoluminescence intensity, ~72% higher than for the
SnO, 5 sample. We attribute this increase in intensity to a
lower rate of nonradiative recombinations in the SnO; -
sample due to a lower overall defect density. Our results
suggest that the oxygen vacancy related photoluminescence
should have a maximum intensity between oxygen stoichi-
ometries of SnO; s and SnO,. Obviously, in an ideal (i.e.,
thermodynamically limited) SnO, crystal, there is no defect
related photoluminescence. If the number of oxygen vacan-
cies is increased, the PL intensity will increase until nonra-
diative recombination processes will dominate.

IV. CONCLUSIONS

In summary, we have performed a comprehensive study
of substoichiometric SnO, (1.5<x=<1.7) nanoparticles using
optical spectroscopy. In Raman spectroscopy, we were able
to observe the A, the By,, and the B,, modes as well as a
surface phonon state. By applying a harmonic force constant
model, we are able to determine the individual atom posi-
tions inside the conventional tetragonal SnO; 5 unit cell. We
find that the bond length of the Sn—O bonds is increased
while the O—O bond length is decreased. Using absorption
and photoluminescence spectroscopy we were able to show
that the oxygen vacancies lead to a finite density of states
inside the band gap, giving rise to nonradiative recombina-
tions. We conclude that there is a stoichiometry around
SnO, ; that leads to maximum photoluminescence efficiency
of the oxygen vacancy band.
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