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Optical and structural properties of Nd doped SnQO,
powder fabricated by the sol-gel method
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We report on the structural and optical properties of undoped and neodymium doped SnO, powders (0,
1, 3, and 5 at% of Nd) synthesized by the sol-gel method. SEM and TEM microscopies reveal a
nanometric scale of the powders. We show that the tetragonal rutile phase is achieved after annealing at
700°C. The crystallites size of the doped SnO, is found to decrease gradually with the increase of Nd
content without changing the SnO, structure. A strong decrease in the intensity of the Raman peaks is
noted for doped powders, which can be attributed to the location of Nd*" ions at the Sn sites indicating
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Nd incorporation in the host matrix. For the first time the optical properties were studied by UV-Vis-NIR
spectroscopy and revealed Nd related absorption bands in the SnO, matrix. The investigation of the
photoluminescence properties shows a broad emission centred around 550-650 nm originating from
defects present in the SnO, host matrix. Under 325 nm laser excitation, a strong photoluminescence of
trivalent Nd is observed in the infrared region and shows Nd related emission peaks at 885, 1065, 1336
nm. Such strong PL signal under laser excitation indicates that Nd®" is optically active. The excitation
dependent PL (PLE) recorded in the 450-700 nm range confirms the presence of active Nd** successfully
inserted into the SnO, host matrix.

properties of tin dioxide nanostructures are related to both the
composition and the processing method.

On the other hand, the combination of the rare-earth ions with wide
band gap semiconductors is considered as part of a new class of
materials® that have a high potential for the production of several
optical devices such as fiber amplifiers, lasers, fluorescent lamps,
optical LCD and field emission displays, in
telecommunications (long-haul and local area networks) and
interconnects.”> 2® In particular, interest in the physical properties of
tin dioxide has significantly increased recently, especially when it is
doped with rare earth elements (Ce, Nd, Sm, Eu, Er, Yb )80
fact, due to its high transparency in the visible range, SnO, is an
interesting host for the incorporation of luminescent rare earth ions
providing emission from the visible to the infrared regions.”’

Introduction

Tin dioxide (SnO,) is one of the most attractive materials studied
over the last decade due to its several applications in optical
technologies, optoelectronic devices, gas sensors," > solar cells and
lithium ion batteries.* * Its optical and electrical properties are linked
to its crystallographic structure. SnO, possesses a wide optical band memories
gap’ (around 3.6 eV for bulk material at room temperature) and its ’
crystalline structure is known to be tetragonal rutile—type. It exhibits
n-type conductivity due to the interstitial tin atoms and oxygen
Vacancies,6 which act as donors in the host matrix.” The wide band
gap of tin dioxide leads to a decrease of luminescence quenching
effects and to a higher excitonic ionization energy.8 SnO, presents
also a high transparency in the visible range along with a strong
reflectivity in the infrared region,” and has remarkable chemical and
thermal stabilities in atmospheric environment.'® Such features can
be strongly tuned for nanostructured SnO,.

Considerable work has been reported on synthesis of nanostructured

Interestingly, these ions can functionalize the host with valuable
photon converting properties thanks to the 4f shell transitions.’'
Rinnert et al.** have reported on evaporated Nd doped SnO, thin
films for their use as optical converter. Also, Nd doped SnO, powder

SnO,. A vast selection of morphologies can be obtained, such as
nanorods,” ' 12 nanosheets, > nanowires,'* nanoflakes core-branched
nanoarrays,'® nanoribbons'® and nanocrystals,'”” '® which explore
novel properties. In particular, SnO, powder can be easily
synthesized through different chemical methods, such as co-
precipitation,'” ?° hydrothermal’"” ** and sol-gel.** ** The final

This journal is © The Royal Society of Chemistry 2013

has been studied by Wu et al.?! for gas sensing applications.

In this work, we report for the first time on the structural and optical
properties of undoped and Nd doped SnO, powders prepared by the
sol-gel process and thermally annealed at 700°C. We investigate the
incorporation of Nd atoms into the SnO, matrix and the consequence
on the optical properties of the Nd:SnO, powders. We discuss also
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the possibility of an energy transfer occurring between the host SnO,
and the rare earth element (Nd) versus the Nd concentration.

Experimental

Synthesis. Undoped and Nd doped SnO, as [SnO,],.Nd, solutions
are provided by RBnano’ where x was set to 0, 1, 3% and 5 at %. It
consists of metal-organic tin precursor in solution in propionic acid
(product RBnano RBN119). For doping, Nd is added in the previous
solution as neodymium (III) acetate hydrate 99.9% (Alfa Aesar). The
sol-gel solutions were then annealed at 700°C for 3h in air in order
to get SnO, crystallization. Small crystals were obtained and further
thoroughly ground in an agate mortar to obtain a fine powder. In the
following, the samples will be labelled SnO, and SnO,:Nd x with x
=1, 3 and 5%.

Characterizations. The morphology and particles size were
determined by using a JEOL 6700F scanning electron
microscope (SEM) while the crystallites size and the degree of
crystallinity of these powders were extracted from X-ray
diffraction (XRD) measurements and Raman spectroscopy,
respectively. The powders were examined using a Siemens
D5000® X-ray diffractometer equipped with a monochromatic
Cu Ko, incident radiation in the 260 range of 10°-80°
(A=0.154056 nm). Additional information on the crystalline
structure was obtained by TEM observations carried out on a
JEOL JEM2100, 200KV microscope with a resolution of 0.23
nm. Raman spectra were obtained using a confocal dispersive
Raman microprobe-LabRam Aramis from Horiba Jobin-Yvon
Co. equipped with a YAG (A = 532 nm) laser as an excitation
source. The power was minimized to 9 mW to avoid any
deformation of the structure due to laser heating. The
spectrometer resolution is lower than 1 cm™ and the data were
collected in the 250-1000 cm™ range. The optical properties
were investigated using an ultraviolet-visible-near infrared
(UV-visible-NIR) Perkin-Elmer Lambda 950
spectrophotometer. Finally, the emission properties of the
luminescent material were investigated at room temperature
using a He-Cd laser at a wavelength of 325 nm. In order to
avoid powder degradation, the applied power was chosen to 10
mW. For the photoluminescence (PL) measurements in the
350-950 nm range, the signals were recorded by means of a
cooled CCD camera. The acquisition time was varied from 10
to 20 s. In the 800-1500 nm range, the signal was analyzed by a
monochromator equipped with a 600 grooves/nm grating and
by an InP/InGAs photomultiplier tube cooled at 190 K.

Results and discussion

Structural properties of SnO, and Nd-SnO, powders. Scanning
Electron Microscopy (SEM) analysis has been carried out to
examine the morphology and the grains size of the synthesized
powders. The observations are shown in Figure 1 for the pure SnO,
and Nd doped powders. Worth noting that all powders consist of
nano-aggregated round shaped grains, with a regular, similar and
homogenous distribution. No impurities were observed and no Nd-
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oxide compounds were revealed in the detection limit of our
compositional analysis.

SEI 50KV X100.000 WD 30mm 100nm Jl IPCMS

5.0kV_X100.000 WD 3.0mm _§00nm

=—100nm

IPCMS SE 5.0kv  X100,000 WD 3.0mm

Fig. 1 SEM images of (a) SnO,, (b) SnO,:Nd 1%, (c) SnO»:Nd 3% and (d) SnO,:Nd 5 %

EDS (Energy-Dispersive X-ray Spectroscopy) analysis was used to
determine the Nd content present in the doped powders. The
extracted data are reported in table 1. It is found that the measured
Nd concentrations are in good agreement with the nominal values,
the deviation being about 15 %.

Element Nd concentration (%)

SnO,:Nd 1% 1.09 % £ 0.43

Sn0,:Nd 3% 2.45 %+ 0.41

Sn0O,:Nd 5% 4.43 % +0.38

Table. 1 The chemical composition of the Nd doped SnO, powders as estimated from
EDS analysis.

To get a more precise estimate of the particles size in our materials,
we examined the powders at a smaller scale using transmission
electron microscopy (TEM). The bright field images of the undoped
and Nd 3% doped SnO, are shown in Figures 2a and 2d. It is clearly
seen that the powders are composed of agglomerated nanometric
particles. The nanoparticles size is in the range of 14-24 nm with an
average of about 20 nm for the undoped powder while for the Nd-
doped one, the mean size is of about 9 + 2 nm. The data for all Nd-
doped samples are reported in Table 2. The particles size distribution
was extracted from TEM measurements for undoped and all Nd-
doped SnO2 powders. The results are displayed in Figure 3, which
confirms clearly the decrease of the particles size with the adding of
more Nd in the SnO2 matrix. This indicates a possible insertion of
Nd into the matrix. The TEM images also show the presence of
Moiré fringes suggesting a well-defined crystallization of the
particles. For a better view, high-resolution images were recorded
and shown in figures 2b and 2e for the undoped and Nd 3% doped
Sn0O,, respectively. It can be clearly seen from the HRTEM images

This journal is © The Royal Society of Chemistry 2012
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that the atomic planes are well defined. Moreover, the lattice
parameter ‘a’ can be deduced from the (110) interplane distance and
is estimated to be 3,35 = 0,05 A and 3,37 + 0,05 A for the undoped
and doped SnO,, respectively. This inc

a) "

O

rease in the lattice parameter
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suggests an increase of the unit cell volume for the doped powder,
which can be considered as a second proof of Nd insertion in the

host matrix

W 101
Distance hkl
-d,=(335£0.05A 110
-d,=(2.65+0.05)A 101
-d;=(2.40+0.05)A 200
-d,; =(1.80=0.05)A 211
-ds =(1.45£0.05)A 112

Fig. 2 TEM, HRTEM images and SAED patterns of undoped (a, b and ¢) and 3% Nd doped SnO; (d, e and f) powders respectively.

To get better insights on the crystallinity of the synthesized powders,
we first checked the crystallinity of the nanoparticles (at a small
range) using selected area electron diffraction (SAED) observations.
The images are presented in figures 2¢ and 2f for the undoped and
SnO,: Nd 3% samples respectively. The patterns show circular rings
characteristic of polycrystalline samples; all rings can be indexed in
the rutile phase. The tables below each SAED pattern give the dy; of
the most intense orientations, and reveal a significant distance shift
for the doped powder. This shift can be attributed to the Nd
insertion. The diffraction rings are also more continuous for the
doped sample (fig. 2d), suggesting a better statistic (and therefore
smaller crystallites) with respect to wundoped SnO,. EDS
measurements were also performed during the TEM analysis (not
shown here) and have confirmed the concentrations reported in
Table 1 as determined by SEM-EDS analysis.

SnO,:Nd 0% Nd 1% Nd 3% Nd 5% Nd
Mean size (nm) 20+ 4 16+3 9+2 6+2
Range (nm) 14-24 12-22 6-12 4-10

Table. 2 The average nanoparticles size of SnO2 versus Nd concenration in the matrix.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Nanoparticles size distribution of SnO; (a), SnO,:Nd 1% (b), SnO,:Nd 3% (c),
Sn0O,:Nd 5% (d) powders.

In the section above, the structural analyses of the synthesized
powders were performed at a very small range and have therefore a
local character. For this reason, the structural properties of the
powders were also investigated at a larger scale using X-ray
diffraction (XRD). Figure 4a shows the X-ray diffraction patterns for

J. Name., 2012, 00, 1-3 | 3
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SnO,:Nd powders with Nd concentrations of 0, 1, 3, and 5%. All
diffraction peaks can be assigned to the tetragonal rutile phase of
SnO, (reference card JCPDS 00-041-1445 of ICDD).
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Fig. 4 a) X-ray diffraction patterns of Nd-doped SnO, powders with Nd concentration
(0, 1, 3 and 5 %). Vertical bars correspond to SnO, JCPDS card n® 00-041-1445, b)
Dependence of the crystallites size of SnO,:Nd powders and the unit cell volume as a
function of Nd-doping.

Moreover, it can be noted that the Nd doping does not affect the
tetragonal structure of SnO, and no secondary phases such as
SnO or Nd,O; are detected in the limit of the XRD technique.
This is in agreement with SEM and TEM observations which
showed a homogeneous distribution of Nd within the samples.

With increasing Nd content, a slight peak shift towards lower
angles is observed, which agrees with SAED analysis. This
suggests an lattice parameter due to
tensile/compressive stress on the lattice. This is mainly due to

increase of the

the rare earth incorporation and less to the presence of defects.
On the other hand, the full-width at half maximum (FWHM) of
SnO,:Nd x% peaks increases as the Nd content increases indicating
that the average crystallites size decreases gradually with increasing
Nd content. This is in accordance with the TEM results reported
above.

The average crystallites size of the SnO,:Nd powders is usually
determined using the Scherrer formula:** [ = 0.9 /0 cos(0) ,

4| J. Name., 2012, 00, 1-3

where A is the X-ray wavelength,  is the FWHM of the (h k 1) peaks
and 0 is the Bragg angle. Only (110), (101) and (211) peaks were
introduced into the calculations. Figure 4b shows that the average
crystallites size decreases gradually as the Nd concentration
increases. The average crystallites size is found about 16 nm for the
undoped SnO, and decreased down to 5 nm for the 5% Nd doped
SnO, powder. The unit cell volume plotted also in Figure 4b is

calculated using both the

relation [] = 1/\/(/12 + 0/7)/0%+ 0%2/0% and the Bragg law.

We found that the unit cell volume is an increasing function of the
Nd concentration which indicates that some Nd atoms substitute Sn
atoms in the host matrix. Since the ionic radius of the Nd*>* (0.11 nm)
is larger than the ionic radius of Sn*' (0.069 nm), incorporating Nd**
ions into the matrix leads most likely to some distortion and stress in
the cell and the lattice respectively. As a consequence, the grains
might break which causes a decrease in the crystallites size with
respect to the Nd addition.

To further investigate the crystalline structure and follow structural
changes induced by Nd doping, Raman spectroscopy measurements
for all powders were performed. Figure 5 shows the Raman spectra
of the undoped and Nd-doped SnO, powders. Some optical modes
are observed, namely the three fundamental peaks at 475, 632, and
775 e’ assigned to E,, Ay, By respectively35’ 36 and the three weak
peaks at 249, 302, and 355 cm’ to be assigned to the E,2) TO,
E.(2) LO, and E, LO modes respectively. The other peaks at 143,
504, 554, and 692 cm™ are attributed to Big, By (2), Biy (3), and Ay,
LO modes, respectively" ** *7 Thus, the Raman spectra confirm the

38-40

presence of the rutile phase which belongs to the space

group D}JI . P42/mnm with 2 molecules per unit cell and
characterized by the presence of the four Raman active modes,
namely B, Ey Aj, and By, . In fact the optical modes are
represented as follows:

= Ay, +Ag, +B, +By, +E, +A, +2B,, +3E,
where the A,, and 2B,, modes are neither Raman active nor infrared
(IR) active, while the A,, and E, modes are IR active, and the

remaining A, B, B,,, and E, modes are Raman active.*!

Intensity (arb.units)

1 " 1 " 1 " 1 " 1 " 1 0t 1 " 1
200 300 400 500 600 700 800 900
Raman shift (cm™)

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Raman spectra of SnO,: Nd powders with different Nd concentrations (0, 1, 3 and
5%).

Figure. 5 indicates that the addition of Nd in the host matrix induces
major changes in the Raman spectra features. The intensities of the
three fundamental vibrational peaks (E,, A, and B,,) and of the By,
mode are found to decrease as the Nd content increases. On the other
hand, the other peaks corresponding to the inactive Raman modes
(A,, and E,) disappeared which suggests Nd incorporation in the
SnO, lattice and therefore confirms the TEM and XRD results.

Optical properties of the SnO, and Nd-SnO, powders. We
demonstrated above that Nd is successfully inserted into the SnO,
host matrix by studying the structural properties. In the following,
we will discuss the effect of Nd doping on the optical properties of
the synthesized SnO, powders. Figure 6 plots the UV-visible-NIR
absorption spectra of the undoped and Nd doped SnO, powders
recorded in the 250-1000 nm range. The undoped powder shows a
strong absorption in both UV-blue ranges of the spectrum and NIR
region. In the UV-blue part, no abrupt absorption is observed, but a
slope extending over 200 nm. The spectra exhibit a considerable
absorption in the 250-550 nm wavelength range and an absorption
edge from 300 to 480 nm due the large exciton binding energy.
These observations are in good agreement with those reported by
Bouaine et al.'’ and are expected for SnO,.

While no features are observed for the undoped SnO, sample, the
doped powders spectra exhibit Nd related absorption peaks at 513,
524, 583, 680, 744, 802 and 872 nm. These observations will help
understanding the excitation mechanisms of the Nd** ions that will
be discussed in the photoluminescence section below. All these
peaks correspond to direct excitation of electrons from the I,
ground state to upper excited states by comparing with the electronic
level configuration of Nd** in LaCly: Nd crystals® ** * presented in
figure 10. Such a result is particularly important for applications
such as solar cells for which SnO, is used as a transparent
conducting oxide (TCO).
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Fig. 6 Absorbance spectra of Nd-doped SnO, powders versus Nd content.

The figure 6 reveals a significant shift of the absorption edge
towards lower energies by increasing the Nd content. We have
avoided the extraction of the band gap of our materials from these

This journal is © The Royal Society of Chemistry 2012
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curves because the character of the SnO, band gap is still highly
controversial. Some authors assume an indirect transition,* while
many others suggest a direct transition across the gap.> *> ¢ In all
cases, the data suggest a decrease in the band gap with Nd addition,
which is in favour of Nd insertion into the SnO, matrix. Our
conclusion is that the absorption threshold of the Nd doped powders
enhances with the Nd content.

Luminescence properties of the SnO, and Nd-SnO, powders. As
discussed before, the Nd doping induces noticeable structural and
optical changes on the SnO, matrix which are expected to affect the
luminescence properties of the powders.

Figure 7 shows the UV-Vis-NIR emission spectra of pure SnO, and
doped SnO,:Nd 5% powders recorded under a 325 nm (3.81 eV)
laser excitation. These spectra cover a large part of the spectral range
useful for applications such as solar cells.

Since the gap energy of the pure SnO, powder is about 3.6 eV, the
band to band emission should appear at about 344 nm. This emission
is however not observed in the PL spectrum because of the detection
limit of our PL setup. However, the pure SnO, powder exhibits a
very strong luminescence band centered at 600 nm, and a much less
intense one in the 400-450 nm region.

Energy (eV)
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Fig. 7 Room temperature emission spectra of undoped and 5% Nd doped SnO, powders

The large and intense band around 600 nm can be attributed to the
presence of deep levels in the bandgap of SnO,'® whose the origin
can be multiple. It is generally admitted that oxygen vacancies,
which are present at a high concentration in oxide based powders,
can lead to the formation of important amount of trapped states
within the band gap. In particular, oxygen vacancies are one of the
dominant defects that form donor levels, which usually play an
important role in the PL process.”” ** ¥ Another source of
luminescence centers in SnO, materials can be the presence of tin
interstitial atoms resulting from the preparation technique. The large
amount of grains boundaries in the powder can also induce efficient
recombining luminescent centers. Similar observations in quantum
nanoparticles systems have been reported in the literature.*’*’

As for the band in the 400-450 nm range, earlier studies have shown

a broad dominant peak near 396 nm (about 3.14 eV). Gu et al.”’ have

J. Name., 2012, 00, 1-3 | 5
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already reported the presence of peaks centered at around 414 and
440 nm. The peak at 414 nm was assigned to the electron transitions
from the donor levels created by oxygen vacancies to the valence
band,** while the peak at 440 nm can be ascribed to the luminescent
centers due to inter-grains defects.*’

Figure 7 displays also the PL spectrum of the highly doped 5%
Nd:SnO, powder. The two peaks in the UV region are again present
and exhibit comparable PL intensities than for the undoped SnO,
sample. In contrast, the band in the visible region is almost 10 times
weaker than that for pure SnO,. This result indicates that the
presence of Nd induces fundamental changes in the defects type and
density, and consequently influences the radiative recombination
processes. This also could mean that the non-radiative
recombinations (such as point defects, dislocations, surface/interface
states, and grain boundary states) are increased with the presence of
Nd** ions. Another possibility supported by the XRD analysis is that
considerable amount of Nd atoms substitutes Sn atoms in the host
matrix. This observation does not exclude the presence of Nd atoms
in interstitials sites, which can compensate defects related to the
oxygen vacancies.

Figure 7 shows that the strong decrease of PL band in the visible
range is accompanied by an emission line centred at 885 nm and
usually attributed to the 4F5, => *,5, transitions of Nd>*. A second,
less intense band appears around 820 nm. This is a good indication
that Nd is inserted in the SnO, matrix and optically active. In fact,
inserted Nd atoms in the SnO, matrix induce simultaneously a strong
effect on the defects responsible of the PL in the visible region, and a
light emission in the NIR region (radiative recombination process).
At a first glance, the observed behaviour can suggest that an energy
transfer occurs from the SnO, band to Nd**. Similar conclusions
were drawn for Nd doped ZnO nanocrystals® and Nd doped SnO,
thin films.”

To highlight the role of Nd in a possible transfer process, we have
recorded the photoluminescence for all synthesized Nd doped SnO,
powders. The emission patterns of the powders having different Nd
concentrations (1, 3, and 5%) are shown in Figure 8.

Energy (eV)
3.2 28 24 2 1.6
SESES = T i T s T

A =325nm(3.81¢eV)
+ exc

PL intensity (arb. units)

400 500 600 700 900

Wavelength (nm)

800

Fig.8 Room temperature UV-to-NIR emission spectra of Nd doped SnO, powders with
different Nd content. (An offset has been introduced in order to improve clarity)
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It is interesting to note that, while the shape of the two defect
emission bands does not present major changes, the intensity of the
peaks is very sensitive to the Nd content in the SnO, powder. This is
especially the case for the NIR emission intensity which increases
with the Nd concentration thanks to more Nd elements in the
powder.

Since Nd** is expected to emit further in the NIR region, additional
PL measurements have been performed to have a closer look to the
Nd emission using a better resolved and longer wavelength range
detector. The PL between 850-1200 nm under He-Cd laser excitation
is reported in Figure 9. Three emission groups can be observed. The
first peaks are those reported in figure 7, centred at 885 nm, while
two more groups appear at 1065 and 1336 nm. These peaks are
commonly assigned to the *F, => *I,, transitions, with n equal to
13, 11 and 9, respectively®>. The intensity of these emission groups
enhances with Nd addition. No quenching effect was observed
meaning that most of the Nd atoms are incorporated into SnO,. To
explain the PL lines and discuss the possibility of an energy transfer
in our Nd doped systems, we represent in Figure 10 the energy levels
diagram of SnO, and Nd** ions, to clarify the possible transitions.
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Fig.9 Room temperature IR emission spectra of Nd doped SnO, powders with different
Nd content.

Since the excitation wavelength for PL measurements is 325 nm (3.8
eV, superior to the band gap of our doped powders), the excitation of
the Nd*" ions might occur via indirect mechanisms. As a first
process, (i) the band to band transition of the host SnO, can transfer
all the energy (3.6 eV) to the 4f electrons of Nd**. Another possible
energy transfer process is that occurring via transitions throughout
the electron trapped states within the band gap (ii), (iii) and (iv).
These two cases represent the resonant energy transfer process in the
ideal case. These processes are schematically drawn in Figure 10.

Concerning the process involving the traps, it can be speculated that
photons emitted between 500 and 800 nm (process involving traps in
Sn0,) can be appropriate to excite the Nd** ions from the ground
state *Io, to the *Gs), F7, excited states. As a matter of fact, we have
shown in figure 6 that the SnO, powders absorb light in the visible
region, in particular around 600 nm, which corresponds also to the

This journal is © The Royal Society of Chemistry 2012
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main emission region of SnO,. The desexcitation of the Nd** ions to
the ground state will result into the three well resolved peaks
reported above. In other words, the absorption band of SnO, in the
visible region provide a sensitizing band to excite the Nd** ions,
which then relaxes by emitting NIR photons.
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Fig.10 Energy levels diagram of the Nd*™ ions observed in LaCl;** **, and the
process of potential energy transfer from SnO, to Nd*".

For deeper investigation on a possible indirect excitation process,
photoluminescence excitation (PLE) spectroscopy experiments were
carried out on the Nd doped powders. Figure 11 plots the PLE
spectrum of the SnO,:Nd 3% powder recorded by monitoring the
near-infrared (NIR) *F3, 2 “I,;,, emission at 1066 nm in the 450-
700 nm range. The PLE was performed at room temperature using
an optical parametric oscillator (OPO) laser. The average laser
power was around 30 mW.

The PLE spectrum exhibits Nd** excitation lines centred at 470, 530,
585 and 611, 628 and 685 nm which correspond to the direct
excitation of electrons from the ground state o, of Nd** to the
upper excited states 2G9/2, 4Gy and 4G9/2, 4Gy and “Gs)p, *Gypy, and
H,,,, and *Fy), respectively (see fig. 10). It is interesting to notice the
increase of the background of the spectrum when excitation is
increased towards higher energies (represented by the dashed line in
fig. 11).

The fact that the increase of background occurs in a region where the
SnO, matrix absorbs can indicate that some transfer occurs through

This journal is © The Royal Society of Chemistry 2012
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one of the mechanisms described in figure 10. The absorbance of
Sn0,:Nd 3% is also reported for comparison

Excitation energy (eV)

2.66 247 2.28 2.09 1.9
— 5 T T T T T 1.0
: 4 2
=5 Gsz’ G?/z
2 i e PIE
L —o— Absorbance - 0.8
E
e >
| T

83l | | 406 @
= ! =
v 3
® 3
2 H048
® —
. E;
K]
=
& 0.2
o
o
> d

0 1 1 1 1 0.0

450 500 550 600 650 700

Excitation wavelength (nm)

Fig. 11 PLE spectrum at 1066 nm for the 3% Nd doped SnO, powder

The overlap between the absorption of the SnO, matrix and the
different energy levels of Nd** ions is favourable to the energy
transfer process. However, it is difficult to quantify the real
efficiency of such process. Further studies are needed to estimate the
energy transfer efficiency.

Conclusions

Undoped SnO, and Nd doped SnO, (Nd:SnO,) powders were
synthesized by the sol-gel method and annealed at 700°C. SEM
observations indicate a high agglomeration factor at a macroscopic
level, and a uniform distribution of the particles size. TEM images
showed that the particles size is decreasing with increasing Nd
content. The crystallinity, structure and crystallites size for the
powders were determined by XRD and SAED measurements. A
tetragonal crystalline phase is demonstrated for all samples. A slight
diffraction angle shift to lower angles is observed with increasing Nd
content, indicating effective Nd incorporation. The insertion of Nd
atoms in the host matrix as well as the crystallinity of the grains in
the powder was also confirmed by Raman spectroscopy analysis.

On the other hand, the absorption energy threshold was found to be
lower for the Nd doped SnO, powders as compared to the undoped
one. We also evidenced for the first time Nd related absorption
bands in the visible region in SnO, matrix.

Finally, photoluminescence measurements of synthesized powders
demonstrated the activation of the rare earth element in the matrix.
Thus, strong photoluminescence features in the near infrared region
were observed as a consequence of the desexcitation from the high
energy states of the Nd** ions to the background state. The PLE
spectroscopy was applied to investigate direct and indirect
excitations mechanisms of the Nd** ions. Some evidence for the
energy transfer from the SnO, matrix to Nd was demonstrated but
further studies are needed to confirm the process for the Nd doped
SnO, systems. Nevertheless, these results are already very
encouraging for the implementation of thin films of Nd doped SnO,
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as photon down shifter layers for optoelectronic devices such as

solar cells.
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