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We present results on the photoluminescence and optical properties of SnO, nanocrystals as a function
of their size. Samariums ions are incorporated in SnO, nanostructures to huge improve their photolu-
minescence efficiency. We have performed photoluminescent, ellipsometrical, atomic force microscopy,
and structural studies of these nanocrystals and found them to be a direct semiconductor with a gap
of ~3.6 eV. The origin of the observed photoluminescence has been discussed. The doping of lanthanide
atoms in semiconductor nanocrystals expands the range of possibilities offered by such materials, allow-
ing them to be modified to meet specific requirements in electronic and optoelectronic applications.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

During the past two decades, the photoluminescence (PL)
of semiconductor nanocrystals has been discussed intensively
[1-3]. Investigation of the optical properties of semiconductor
nanoparticles is important for both fundamental research and
applications. Today, for example, semiconductors based on SnO,
are the important materials for the microelectronics industry. SnO,
is transparent semiconducting material with a tetragonal rutile
structure and a wide band gap of around 3.6eV and it is mainly
used as gas sensors, transparent conductor, in photovoltaic cells,
photocatalysis and optical materials [4]. Due to its large band gap
and exciton binding energy, it is attractive as light emitters for
the ultraviolet-visible spectral range. Nanostructures formed from
wide band gap semiconductors are especially interesting and have
potential use as luminescent materials in solid-state lighting [1,3].
For such applications, the oxygen vacancy related defect band can
be used for down-conversion of excited UV or blue light into red
region of the spectrum. Due to the reduction of the nonradiative
contribution to the relaxation mechanism and the high photolu-
minescence efficiency because of a low cutoff vibrational energy
(~600cm~1) the SnO, as a wide band gap semiconductor has huge
attraction. Generally lanthanide ions such as Eu3*, Er3* and Sm3*,
etc., are incorporated in SnO, to improve the photoluminescence
(PL) efficiency [3-5]. The luminescence in such structures is mainly
due to the transitions of electrons between the spin-orbital splitted

* Tel.: +380 44454 2190; fax: +380 44454 2190.
E-mail addresses: vasyl_kravets@yahoo.com, vgk2007@ukr.net

0925-8388/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2011.05.086

4f states of the rare-earth atoms entering optical active centers. The
ions of rare-earth elements incorporated in SnO, nanocrystals can
also be selectively excited by energy transfer from the host matrix
to the Eu3*, Er3* and Sm3* ions. It was shown that the Eu3* (or
Sm3*) emission can be strongly enhanced by energy transfer from
the SnO, nanocrystals [3,5].

While SnO, pure nanostructures have attracted a lot of atten-
tion, the potential of such nanostructures activated by rare-earth
Sm3* ions has not been fully exploited yet. It is of great interest
to distinguish between the luminescence arising from Sm3* ions
and of that arising from defect centers in the SnOx matrix. Thus,
the purpose of this paper is to study in detail the structural and
the complex optical properties of SnOx and SnOx:Sm nanoparti-
cles. The complex refractive index and absorption coefficient of the
SnOx-based nanostructures in the photon energy range of 1-5eV
have been determined with spectroscopic ellipsometry (SE). The
results are discussed considering the effect of the nanocrystal size
on the band gap altering. The dependences of the emissions origi-
nated from defects in SnOyx and Sm3* ions in SnOx:Sm on the SnO,
nanocrystals size are found. The relation between the PL depen-
dences and the absorption features has been confirmed. Our results
demonstrated the strong influence on the PL spectra the absorption
edge and additional states inside the band gap of SnO, semiconduc-
tor. The optical measurements have also provided evidence for a
defect-related trap level that may be involved in the energy transfer
between the SnOy host and the Sm3* ions.

2. Experimental details

We have fabricated two different versions of the SnOy and SnO,:Sm,0s3
(5wt%) nanoparticle samples: i) the powder; ii) the solutions of powder in the
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polymethyl-methacrylate (PMMA) and then spin-coated these solutions on top of
the glass substrates resulting in a 130 nm thick film. The powder SnOy particles were
synthesized in a low pressure H,/O,/Ar premixed flame reactor. We have realized
nanoparticles with sizes between 7 and 20 nm and oxygen stoichiometry of x~ 1.7.
For preparing the SnO,:Sm,03 powder we used following procedures: (i) mixing
of SnO, powder with 5wt% Sm;0s; (ii) solution of SnO,: Sm,03 (5wt%) in ethanol
with adding of HCl acid by slow dropping; (iii) stirring of solution in ultrasound bath
for 1h; (iv) deposition of solution onto Si substrates; (v) drying of solution at room
temperature. The final materials were also annealed in oxygen at 300 and 600°C
for 1h. Such annealing helps to form samarium PL centers in SnOy nanocrystals.
For film-like specimens the SnOy and SnO,:Sm3* powders were mixed with PMMA
anisole solution. These mixtures were then spin-coated onto a glass slides to obtain
about of 130 nm thick polymer films.

The structural characterization was done by atomic force microscopy (AFM) and
X-ray diffraction (XRD) study. AFM analysis was performed in the tapping mode on
the sample to examine the surface morphology in a scan area of 0.2 pum x 0.2 pm.
XRD data were collected at 26 angles ranging from 20° to 70° using Cu Ko radiation.
A qualitative analysis included the phase identification.

The emission spectra of the photoluminescence were measured with a sin-
gle beam spectrometer, in which two double diffraction monochromators were
used. The PL was measured at room temperature in a back scattering geometry.
The emission spectra were recorded using a CCD detector and corrected for the
wavelength-depended sensitivity of the detection. The excitation was produced
with a second-order Ti-sapphire CW laser A=400nm (3.1eV) and 488 nm line
(2.54eV) of an Ar* laser below the SnO, band gap (~3.6eV).

To measure the optical response of the SnO, and SnO,:Sm>* nanoparticles in
polymer films we employed Woollam spectral ellipsometer in the 1.0-5.0 eV range
at60°,65°,70° incidence angles. The complex refractive index n s = n + ik was directly
determined from ellipsometric parameters /(A) and A(A)[6]. The inversion of ellip-
sometric data was performed within the framework of film-substrate model (pure
substrate was also measured). We take into account possible perturbations of the
ellipsometric data due to surface roughness or grain texturing. Our measurements
at multiple angles of incidence from 60° to 70° confirm that the surface roughness
effect on nx=n+ik is less than 5% over the measured spectral range and therefore
does not significantly influence relative changes of nx=n+ik. From atomic force
microscopy images the rms value of the surface roughness was found to be less
than ~10 nm.

3. Results and discussion

AFM images of the SnOy and SnO,:Sm3* films are shown in
Fig. 1a and b. For structural analysis we have chosen the nanos-
tructures after annealing at T=300°C for 1h in pure O,. Fresh
SnOx and SnOx:Sm3* nanoparticles have size about 10 nm. It was
revealed that thermal annealing at T=300°C leads to an increase
the diameter of nanocrystals by approximately ~10nm and such
treatment promotes to incorporate the atoms of Sm into crystal
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Fig. 1. AFM images of the SnOy (a) and SnOx:Sm>?* (b) nanostructures after their annealing at T=300°C for 1 h in pure O,.
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structure of Sn-0. It can be seen (Fig. 1a and b) that the particles
form loosely agglomerated structures of fractal shape, consisting of
nearly spherical primary particles. AFM witnesses the formation of
the large number of SnOx (Fig. 1a) and SnOx:Sm3* (Fig. 1b) clusters.
The average particle size is about 20 nm. The AFM images of the
nanoparticles show the existence of ordered SnO, cores and dis-
ordered (amorphous) shells. Note that the sizes of the SnOx:Sm3*
particles are slightly larger than pure SnOx.

The XRD spectra indicate a tetragonal SnO, phase in tin
oxide nanoparticles. This phase is dominant with lattice constants
a~4.75A and c~3.19A. Apart from the tetragonal phase we also
reveal alow concentration of orthorhombic crystals. Doping of SnOy
nanocrystals with Sm atoms does not change the XRD spectra. Crys-
tal lattice parameters are also not affected by the thermal treatment
and for all samples the value is slightly higher in comparison to pure
Sn0O,. The diffraction peak (10 1) 20 =39.63° of the nanocrystalline
film is broadened due to the small size of the crystals. Using the
Sherrer formula [8] and the experimental width of this diffraction
peak the average diameter of SnOx was also determined. The XRD
data confirm the average size of nanoparticles obtained from AFM
measurements.

Fig. 2a shows the PL spectra of the SnOy particles with different
nanocrystal sizes. We started to measure the PL for fresh SnOy par-
ticles (D~ 10nm), and then the size was increased due to annealing
at T=300°C (D~20nm) and T=600°C (D ~30-35 nm). Annealing
was done in pure O, during 1h. There is a broad peak between
1.8 and 2eVnm in the PL spectra for samples with D=10 and
20 nm. No significant size dependence of the PL peak energy was
observed. The highest PL efficiencies are observed for fresh sample
with nanoparticle sizes about of 10 nm. Fig. 2a demonstrates that
the annealing temperature has a strong effect on the PL intensity.
The PL in red spectral region disappears after annealing of SnOy
nanocrystals at T=600°C for 1 h (Fig. 2a).

Strong photoluminescence in spectral region 1.8-2 eV for SnOx
nanoparticles can be caused by the presence of crystalline defects
resulting from the synthesis process of nanostructures. With
respect to the PL of the SnOx nanoparticles, oxygen vacancies have
been assumed to be the most likely candidates for the recombina-
tion centers in PL processes, which resemble that of other oxide
nanocrystals such as ZnO, TiO,, SiO; and Al;03 [7-10]. Our experi-
mental data confirm that the singly ionized oxygen vacancy can be
responsible for the red emission in the SnOy particles. This emis-
sion results from the recombination of a photogenerated hole with
the singly ionized charge state of this defect. Additional thermal
treatment these samples in O, air should be expected to decrease
in the number of oxygen vacancies.

To find the physical origin of PLemission we should consider two
kinds of defects, i.e., Sn vacancies (Vs,) and oxygen vacancies (Vg)
[11]. The oxygen defects create a defect band inside the band gap of
pure SnO;, which does not destroy the insulating behavior of SnO,
but decreases its band gap (it was confirmed by measurements
of absorption spectra, see below). This indicates that the O defect
is electronic in nature. We can assumer that Vg are the recombi-
nation centers for the PL emission [12], which have an effective
monovalent positive charge with respect to the regular 0%~ site.
Themlin et al. [12] based on data of synchrotron measurements
of the Sn0O, (110) surface, suggested the existence of states sen-
sitive to oxygen chemisorption, situated 1.4eV above the valence
band top. These levels related to the Sn* cation and associated
with the presence of oxygen vacancies, are compatible with the
electron transitions leading to the ~1.9 eV PL emission observed in
the present work. The electron is promoted from the trapped band
inside of band gap to the conduction band, leaving a hole in the
trapped band. The active hole formed can be trapped at the Vg cen-
ter directly to form the Vg center. Thereafter, recombination of a
Voo center with a conduction band electron gives rise to the red
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Fig. 2. Photoluminescence spectra of the SnO, nanoparticles (a); PL spectra
Sn0,:Sm3* nanostructures for fresh ((intensity multiplied by x10) and annealed at
temperatures T=300 °C (intensity multiplied by x 10)and at 600°C 1 hin pure O; (b).
Comparison the photoluminescence spectra of the SnOy:Sm3* powder nanocrystals
and their solution in PMMA film (c).

photoemission. From the above scheme, it is clearly seen that the
PL emission band has been generated due to the recombination of
the trapped charges and photogenerated electrons from the con-
duction band. By annealing samples at low temperature (T<450°C)
many more Vg centers are formed to maintain the balance of the
valence compared with the initial condition. Subsequently, in the PL
processes, more holes can be trapped at these Vg centers to form the
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recombination center (Vog) after photoexcitation of the SnO,
nanoparticles. That is the reason the PL intensity becomes remark-
ably larger after annealing samples at T=300°C. The treatment of
the sample under an oxygen atmosphere heated at T= 600 °C causes
the decrease of the PL emission in the red region. This experimen-
tal fact also indicates an annealing-induced decrease in the vacancy
concentration due to the thermally activated oxygen diffusion.

Decreasing particle size has degraded the local symmetry of
Sn-0 bonds from Dy, to D3, (Vy,), which is the local structure of
the optically active center that gives strong PL [11,12]. Oxygen
vacancies are the postulated main source of electron states on the
surface of particle. The ratio between surface states and bulk elec-
tron states decreases while the particle size increases. Therefore,
the efficiency of absorbance in the region of 400-550 nm (or PL
emission in 600-650 nm) rises with decreasing particle size.

By incorporating Sm3* ions into the SnO, host lattice, many
more Vg centers are formed to maintain the balance of the valence
compared with the initial condition. Fig. 2b shows evolution of
the PL spectra for SnOx:Sm3* nanoparticles before and after their
annealing at T=300°Cand T=600°C for 1 hin pure O,. The PL spec-
tra of fresh SnOx:Sm3* demonstrate a wide band (Fig. 2b), which
is located in the red spectral region and its spectral dependence
is closed to those of pure SnOx nanoparticles (Fig. 2a). After first
step annealing at T=300°C this sample exhibits the strongest red
PL which can be seen by eyes (in Fig. 2b, intensity of PL gives in
relative units for best demonstration of the spectral changes in PL
spectra). Note that the shape of PL dependences shows the appear-
ance of emission lines. These lines stay stronger after annealing the
SnOy:Sm3* nanostructures at T= 600 °C for 1 h. Note that at 400 nm
excitation the SnOy:Sm3* samples annealed at 600°C show one
order of magnitude higher luminescence efficiency in comparison
to fresh SnOy nanoparticles (Fig. 2a).

There are several sharp peaks between 1.6 and 2.4eV in the PL
spectra of annealed SnOx:Sm3* sample. The peaks at ~1.77, ~1.92,
~2.08 and ~2.21eV could be attributed to the 4G7/2,5/2 —>7Hn/2
(n=3, 5 and 7) transitions of Sm3* [13-15], because these intra-
centre transitions in the Sm3* ions place for materials activated
rare-earth ions. The Sm3* ions can create the electron states in the
bandgap of wide-gap semiconductors [1,3,13]. Such kinds of states
were observed in the electron spectra of Y,03 and CeO, nanocrys-
tals doped with Eu and Sm [13-15]. In these nanostructures the
visible emission of trivalent samarium Sm3* consists of transitions
from the 4Gs, excited state to the lower °H; (j=5/2, 7/2, 9/2 and
11/2) energy levels. In our case the visible emission spectra of
SnOx:Sm3* nanocrystals (Fig. 2b and c) following excitation with
400nm (3.1eV) and 488 nm (2.54 eV), are dominated by the tran-
sitions “Gsj, — ®Hy, at approximately 2.08 eV. Additional strong
emissions were observed at 1.92 and 1.77 eV and can be associated
with the 4G5, — ®Hsp; and 4Gsj; — ®Hg, transitions, respectively.
Note that the SnOx:Sm3* nanocrystals soluble in PMMA matrix and
performed in polymer films show also a visually dominant red
emission due to the 405/2 — 6H7/2 electron transitions (Fig. 2c). The
spectral dependence of the PLis not significantly changed for filmed
solution of SnOx:Sm3* in PMMA. Therefore, the spectral structure of
PL shown in Fig. 2b and c indicates that Sm3* can indeed be doped in
SnOy nanocrystals. The sudden increase in PL emission output after
annealing at 600 °C is believed to be caused by the decrease defect-
or dopant-related non-radiative relaxation cannels for excited Sm3*
ions.

With the aim to persuade that the introducing of the Sm3*
ions into SnOx nanocrystals leads to form additional electronic
states inside of the band gap we have performed the measure-
ment and comparison of the complex refractive index for the
SnOx and SnOy:Sm3* films. Such investigations allow determin-
ing the influence of the confinement (size) effect on the energy
spectra of nanocrystals. To extract the effective refractive index of
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Fig. 3. Optical properties of the SnO, and SnO,:Sm3* nanostructures: the real (a)
and imaginary (b) parts of the effective refractive index.

the studied nanocomposites we use the Maxwell-Garnet effective
medium approximation (EMA) [16,17]. EMA describes the interac-
tion between the incident light and nanostructured materials and
assigns a complex effective index of refraction to such structures.

The effective complex dielectric function, &, for a composite
system containing semiconductor nanoparticles embedded in a
host dielectric matrix is defined by relationship [16,17]:

em(1 4+ 2x) + 2¢e4(1 —x)

em(1—x)+6e4(2+x) M

e =¢&q

where ¢e, €4, and ¢ are the effective complex dielectric functions of
polymer film, dielectric (PMMA) and SnOy (SnOx:Sm3*) nanocrys-
tals, respectively; x is a particle volumetric concentration in film.
The optical constants of a PMMA film have been parameterized by
the Cauchy function. To find Cauchy coefficients we again carried
out spectroscopic ellipsometry measurements of pure PMMA film.

Fig. 3a and b shows the extracted optical constants n and k (n +
ik = ,/¢) for SnOy and SnO,:Sm3* nanocrystals. These figures dis-
play the complex refractive index for samples annealed at 600°C,
when the influence of defect states in the band gap of SnOy is min-
imized and Sm3* ions can create additional energy levels (as was
assumed from PL data). The values of n for SnO,:Sm3* nanocrystals
are slightly larger than those of SnOy (Fig. 3a) and these data are
consistent with reported in literature [18] for SnO, films. We also
see that the real part of the refractive index, n, increases with the
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Fig.4. Experimental absorption spectra for the SnO, nanocrystals plotted as (ahw)?.

increase of photon energy. The values of n ranged from 1.8 to 2.05
and they are slightly smaller than that of bulk SnO,.

The imaginary part of the refractive index k increases with
increasing of the photon energy in case of SnOyx nanocrystals
(Fig. 3b). It is clear seen the existence of the weakly absorbed
region (values of k is small for photon energy E<3eV) and strong
absorbance region 3-5 eV. Such dependence of k confirms the sharp
interband absorption edge around photon energy 3.4-3.6 eV.

Three pronounced extinction peaks appear in k dependence for
SnOx:Sm3* nanocrystals, (see Fig. 3b). These absorption peaks are
located at hw ~ 2.5, ~3.2 and ~4.4eV. The energy position of these
peaks for different annealing temperatures does not change. The
broad absorption bands at hw ~ 2.5, ~3.2 eV are correlated to the
f—f transitions of Sm3* ions due to splitting these levels in crys-
tal field of host (SnOyx). Such tendency in extinction spectra of
SnOyx:Sm3* nanocrystals confirms the suggestion that samarium
ions can introduce additional energy levels in the forbidden gap
of SnOy semiconductor. Therefore, the absorption in SnOy:Sm3*
nanocrystal is a sum of absorption at edge of band gap in SnOy
semiconductor and the electron transitions between the individ-
ual energy levels of Sm3* ions. Moreover, the absorption peak
in k at hw ~3-3.2 eV coincides with the exciting energy of laser
A ~400nm (3.1eV) which is used for stimulating of PL. To sum-
marize, the emission lines in PL spectra (Fig. 2b and c) and broad
maxima in extinction spectra (Fig. 3b) are results of the transitions
of electrons between the energy levels of Sm3* ions which are split-
ted by the crystal field of SnOx nanocrystals. The broad UV peakin k
at iw ~ 4 eV is also the direct Sm3* ions excitation peaks. According
to Ref. [19], Sm3* ions produce 4Lj energy levels, close to bottom
of Eg. The absorption can occur at high-energy excitation (E>4eV),
because the electrons may go from one of these energy levels to
conduction band of the SnO, semiconductor. Moreover, an efficient
energy transfer from the SnO, host to the Sm3* ions can take place.
Due to this the excitation efficiency is much higher for the Sm3*
ions in the nanocrystals of SnOy by energy transfer from the SnOy
host.

Finally, we consider the dependence of absorption spectra
(v =4mk/)) of the SnOy particles on the particle sizes. The measure-
ments of the UV-vis absorption spectra show that the absorption
of the SnOy particles (Fig. 4) is dominated by the band-edge, which
associated with the interband electronic transitions. To determine
the transition type and band gap E; (the absorption edge), we fit the
curve with the direct transition equation of a(hw) = (hw — Eg)l/z/w.
These spectra show a blueshift of the absorption edge while the
particle size decreases from 20 to 10 nm. We find the curve o(hw)

reveals direct absorption edge with the E to be about 3.6 eV for par-
ticles with D=10 nm. So it is quite evident that the optical band gap
of SnOx (x~ 1.7) nanocrystal is closed to the band gap of bulk SnO,.
The reduction of band gap energy for SnOy particles with D=20nm
is due to significant disorder and changes in the SnO, structure. This
is also supported by Urbach tail states due to nonzero electronic
densities of states close to the band edges.

It should be taken into account that the efficiency of absorbance
in the region of 400-550nm decreases with increasing particle
size. This result shows that the intensity of PL is well correlated
with the absorption of light by the SnOx nanocrystallites. Con-
sideration of this effect is expected to rise the PL intensity for
fresh samples (with D=10nm), which posses the strongest absorp-
tion. The PL spectra obtained for different excitation wavelengths
(A =400 and 488 nm) show that the spectral variation of the PL is
almost independent of the excitation energy, provided it is lower
than the band gap of the material. Moreover, the incorporation of
Sm3* ions in SnOx nanocrystal sufficiently modifies the absorption
and emission properties of wide gap SnOx semiconductor in blue-
green region. The emission and absorption of Sm3* ions consists of
several strong bands which are associated with the electron tran-
sitions between 4Gs, excited state and ®Hs; and ®Hy; base states.
The 2.08 eV emission observed in SnOx:Sm3* seems to belong to
the spin-orbital splitted 4f states transitions. With respect to the
prominent emission centered at 1.9 eV, which can be attributed
to electron transition mediated by defects levels in the band gap
of pure SnOy, such as oxygen vacancies, the intensity of PL at
2.08 eV in SnO,:Sm3* crystal has been enhanced many orders of
magnitude than that of pure SnOy due to the addition of the Sm3*
dopant.

4. Conclusions

The photoluminescence spectra of the pure wide gap SnOy
semiconductors and Sm3* jon doped in SnOx nanocrystals were
investigated. It was shown that the photoluminescence spectra of
the tin-oxide nanocrystals characterize a band at ~1.9 eV, which is
associated with oxygen vacancies. Electronic properties of SnOy and
SnO,:Sm3* nanoparticles were investigated by measuring ellipso-
metric characteristics. It was revealed the existence of the new
absorption peaks in the band gap of SnOy:Sm3* which is caused
by the transitions of electrons between the spin-orbital splitted
4f states of the rare-earth atoms. Such additional absorption of the
light in SnO,:Sm3* nanocrystal stimulates the increase of the inten-
sity of PL in the red region up to two orders in comparison to the
defect imitated emission in SnOx nanocrystals. It was shown the
blueshift of the absorption edge for SnOx nanoparticles while the
particle size decreases from 20 to 10 nm.
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