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Abstract

Using a sol-gel synthesis method, nanoparticles of SnO, doped by a range of lanthanide ions (Ln**)
were produced. The UV-visible photoluminescence (PL) emission and excitation spectra were
analyzed. Upon excitation of the host oxide at energies above its fundamental bandgap, efficient
sensitization of PL emission of all the lanthanide ions was observed. The effects of the Ln**
concentrations and ionic radii on the spectra were discussed and interpreted in terms of likely

mechanisms of host-guest energy transfer.

Keywords: tin (IV) oxide nanocrystals; lanthanide; photoluminescence; energy transfer mechanism;

ionic radii

1. Introduction

Lanthanides (Ln**) have been exploited for many years as potential luminescent centers. Because
their inner-shell 4f orbitals are shielded by filled 5s and 5p valence orbitals, interactions with the
surroundings often result in useful luminescent, magnetic and electrical properties with applications
in the field of optoelectronic devices such as LED lamps, lasers and optical amplifiers. Despite Ln**
ions being good emissive centers, their 4f and 5d electronic transitions are parity forbidden, so that

direct 4f excitation with conventional light sources normally yields only weak luminescence.



However, in Ln-doped wide-band-gap nanosemiconductors (NSCs) such as TiO, [1-3], SnO, [4-12],
Zn0 [13-15], etc., lattice defects can give rise to simple configurational mixing caused by the non-
centrosymmetric crystal fields, permitting an opposite-parity excited configuration. In addition,
because of the larger surface-to-volume ratios in the host NSCs, a range of other physical and
chemical properties differ significantly from those in the bulk.

There is considerable interest in the synthesis of Ln-doped wide-band-gap NSC and the optimization
of the lanthanides’ luminescent properties. Lanthanide host-sensitization studies are numerous, and
in many cases, more efficient pathways to Ln excitation are observed, although broad emission lines
are often reported, as a result of poor incorporation of Ln*" ions into the NSC crystal lattice. The

mechanism of energy transfer (ET) from host to Ln remains a hot topic.

The synthesis and photonic properties of sol-gel derived SnO, doped with Ln** ions were recently
reviewed [16]. Amongst this previous work, we have previously reported the observation of intense,
well-resolved emission lines from Sm*" by host sensitization in Sm**-doped SnO, nanoparticles [4]. A
more detailed discussion of the host-sensitization mechanism is presented here for a wider range of

lanthanides (Sm**, Eu**, Tb*, Ho®*) doped in nanocrystalline SnO,.

2. Experimental section

The sol-gel synthesis and characterization of the nanoparticulate samples were carried out exactly as
previously reported [4] for pure and Sm>*-doped SnO,. Briefly, tin (IV) chloride pentahydrate and 0
to 3 mol % of LnCl; (Ln = Sm, Eu, Th, Ho) were dissolved in methanol and hydrolyzed by aqueous
ammonia, forming gels from which Ln-doped SnO, nanoparticles were obtained. After washing,
drying and annealing at 673 K, the nanocrystallite diameters were determined by powder X-ray
diffractometry (XRD) and transmission electron microscopy (TEM) analysis [4] to be in the range 21 -
28 nm.

Photoluminescence studies of thin solid films cast from aqueous suspensions onto quartz slides were
carried out at room temperature, using a Varian Cary Eclipse fluorescence spectrophotometer with a
300W Xe lamp excitation source. The spectrometer was calibrated using the fluorescent emission of
Rhodamine-B and appropriate correction curves. Measurements were performed with slit settings of

1.5 nm for excitation and emission, at a scan rate of 120 nm min™.



3. Results and discussion

3.1. SnO, Nanocrystals Photoluminescence
Stoichiometric SnO, is an insulator, but in its common slightly oxygen-deficient form it behaves as an

n-type semiconductor with a band gap of 3.6 eV. Point defects in the SnO, crystal lattice, either

oxygen vacancies or tin interstitials, are responsible for donor states that give rise to several

photophysical features [17].
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Fig. 1. Normalized solid-state photoluminescent emission and excitation spectra of SnO:

semiconductor nanocrystals at ambient temperature.

Fig. 1 shows the photoluminescence emission and excitation spectra of SnO, nanocrystals,

monitoring A, of 409 nm in the excitation spectrum and Ae 300 nm in the normalized emission

spectrum.

The origin of the visible emission is mainly dependent on the energy band structure of the SnO,.

Reported calculations show the oxygen 2p electrons to be tightly bound to the tin 4d electrons

[17,18]. In fact, the valence band (VB) is reported to be mostly made of O 2p states, with minor

contributions from Sn 5s, 5p, and a slight contribution from Sn 4d states due to a small amount of

mixing between the Sn 4d states and O 2p. The conduction band is mainly of Sn 5s character with

some Sn 5p, O 2s, and O 2p contributions. However, since the energy of the 409 nm emission

maximum (3.0 eV) is smaller than the band gap (3.6 eV), emission is unlikely to be the result of direct

recombination between a conduction band electron in the Sn 4d and a hole in the O 2p valence

band. Therefore, as in the cases of common oxide semiconductors such as ZnO [19] and TiO, [2, 20-

22], emission is a consequence of luminescent centers in the band gap originating from lattice



defects such as oxygen vacancies and Sn interstitials or surface defects such as Sn-Cl or Sn-OH

species [23-26].

Intrinsic Sn®* defects may also be generated by reduction of the Sn*" ions, and this could occur via a

Sn** ion receiving a photoelectron:

SnO, + hv > ecg + hys

ecs + Sn*" > sn®

Reducing Sn** to the Sn’* state can trap electrons and the corresponding holes may oxidize 0*

anions to form O (trapped hole) or oxygen gas [27].

3.2. Photoluminescence sensitization of Ln>* - doped SnO» nanocrystals
In our previous work [4] on sensitization of Sm>* via SnO, host energy transfer, evidence of a PL
efficiency exceeding that of direct excitation via the parity-forbidden f-f transitions of Sm>" was
reported. The intensity of emission was strongly affected by the excitation wavelength, and the SnO,
matrix was shown to have an important effect on the energy transfer process. In fact, excitation
lines arising from f-f transitions were barely detectable, because of the more efficient host-to-
dopant pathway of excitation. A maximum efficiency at 1.5 atom % Sm*" (see Fig. 2) was explained

on the basis of short-range energy transfer according to Dexter’s model [28].
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Fig. 2. PL emission spectra of Sn0,:Sm3+ via direct excitation at 402 nm and via host-sensitization
at 300 nm. The top curve shows the emission of the 4Gs,2—°H7,; transition with varying Sm3+
content. Reproduced from Morais Faustino et al [4] with permission from Elsevier ©

In an attempt to further verify the nature of energy transfer from the nanoscale semiconductor host
to the Ln*, other lanthanides with a range of ionic radii were doped into SnO, nanoparticles, and

their sensitized emission was studied.

In the case of Eu**, 5 major peaks can be detected in the emission spectra of SnO,:Eu** when excited
above the SnO, band gap: >Dy=>’F, (557 nm), *Do=>"F;1 (593 nm), *Dy>"F, (613 nm), °Dy=>"F; (650
nm), °Do=>’F, (698 nm). Several other successful photoluminescence sensitization studies on Eu**
have been reported [3, 6, 10, 11, 29-41]. Recent publications on Eu** sensitization no longer focus on
the novelty of emission efficiency but rather on the mechanisms of energy transfer — whether of
resonance or non-resonance type [37] — and on the defect states in the nano lattice reportedly
contributing to the overall efficiency. The importance of the nano-environment of the lanthanide is
further evidenced with europium. For Eu®*, the *Dy=>’F; (593 nm) is mostly a magnetic-dipole
transition and thus independent of site symmetry, whereas the *Dy=>’F, (613 nm) is an electric-
dipole transition and is thus solely allowed at sites of low symmetry with no inversion center [3, 31,
41, 42]. Previous work on Eu®" in rutile-structured SnO, by Arai and Adachi [29] has shown strong
predominance of the *Do>’F; peak, supporting those authors’ assertion that the lanthanide ions
were in centrosymmetric D,, sites The observation of five major emission peaks from Eu® in SnO, in

the present work is very unusual; the high intensity of the D, ’F, peak indicates that a significant



proportion of the Eu® is located in non-centrosymmetric (or highly-distorted) sites, but further work

will be required to reveal their nature.

Increasing the doping concentration of Eu®* optimizes the emission intensity at 1.5%, beyond which
some form of quenching occurs (Fig. 3). In the literature, the optimum amount of Eu** dopant varies

significantly with the type of host material, preparation technique and conditions.
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Fig. 3. PL emission spectra of Sn0;:Eu3+ via direct excitation at 395 nm and via host-sensitization
at 300 nm. The top curve shows the emission of the 5Dy>7F; transition as a function of Eu3+
content.

Likewise, the Th>" and Ho>* emission is also enhanced upon excitation above the band gap energy of
Sn0,. The resulting emission (490 nm) in Tb** revealed a maximum intensity at around 2-2.5 atom %
Tb* (Fig. 4 and Fig. 5), and on varying the dopant concentration of Ho** in SnO,:Ho>" between 0.5-

3.5% Ho® per Sn a maximum efficiency was seen at 2.5% (Fig. 6 and Fig. 7).
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Fig 4. The effect of Tb3* doping concentration on the emission spectra of Tbh3* in Sn0,:Tb3+ when
excited at 300 nm (via host energy transfer). The spectrum at the front is that for direct excitation
of the lanthanide ion.
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Fig. 5. Intensity of the PL emission from the 5D4,>7F¢ transition in Sn02:Tb3* as a function of the
concentration of Tb3* dopant.
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Fig. 6. The effect of Ho3* dopant concentration on the emission spectra of Ho3* in Sn0O;:Ho3* when
excited at 300 nm (via host energy transfer). The spectrum at the front is that for direct excitation

of the lanthanide ion.

500 A
e N
.,./ \\
400
3 N\
8
2300 \.
w /
c
@ /
c |}
200~ yd
o //
100 - e
- "’./
0 T T g T T T T T T T T T T 1
0,0 0,5 1,0 1.5 2,0 2,5 3,0 3,5

% Ho™ /At. Sn

Fig. 7. Intensity of the PL emission from the 5F, - S5I; transition in Sn0O;:Ho3+* as a function of
concentration of Ho3+ dopant.



4. Sensitization energy-transfer mechanism
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Fig. 8. Suggested mechanism of Ln3+ sensitization via host ET mediated by defect states of the SnO
nanolattice. (Note: n is the number of valence-shell electrons in each Ln3+ion.)

Fig. 8 illustrates the mechanism of energy transfer from host SnO, to Ln** ions wherein excitation
above the band gap of SnO, leads to excess electrons in the conduction band, and holes in the
valence band. The energy resulting from the recombination of electrons and holes in the host is
slightly greater than those of the defect states located high in the band gap [23-26, 28]. The defects
are said to be exothermic to the conduction band. The emission spectra of pure SnO, nanocrystals
show a broad peak centered at 400 nm. The Ln*"-doped SnO, absorption and excitation spectra
feature only the f-f lines from Ln*" with no detectable peaks characteristic of SnO,, indicating a more

efficient excitation pathway for Ln** than direct excitation.

The position of the defect states within the energy gap of the nanosemiconductor is high enough to
allow non-radiative energy transfer to an excited state of the neighboring Ln**. Judging by the
emission spectra of SnO,, most of the defect states lie at ca. 3.1eV, although the broadening is most

likely due to a collection of states ranging from 2.5 to 3.5 eV. With most defect states lying at around



3.1 eV, they are positioned well above the emissive excited states of all the lanthanides used except
Tb*, for which the °D; emissive state is higher than 3.1 eV, but another emissive state (°D,) lies
below 3.1 eV. Evidence of this is seen in the expanded spectrum shown in Fig. 9. The 425 nm
transition (°D;>’Fs) is observed under direct excitation of Th** but not in doped samples until about
2% Tb>*. This can be rationalized by considering the importance of the doping effect to the
generation of defects due to ionic radii mismatch, thus providing further sensitizing centers at the
same level as, or above, °Ds. The °D, level and its decay to "Fe, 'Fs, 'Faand 'F5 is also emissive as it lies
below the defect state. The above observations support the idea that energy transfer is mediated by
oxygen vacancies or other possible defect states in the band gap of SnO,. Should the ET process be
mainly a result of direct exchange interaction between levels in the conduction band and excited
states of Ln**, the above phenomena would not be seen, and sensitization of the *D;=>’F; transition

would occur at Tb** concentrations as low as 0.5%.
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Fig. 9. PL spectra of Sn0;:Tb3+ for the indicated concentrations of Tb3+ (%), expanded in the region
of 5D3>7F3 Tb emission.

The energy transfer between SnO, (conduction band or defects) and Ln** is thought to be in
accordance with Dexter’s model [29] for nonradiative ET. This very short-range process (<10 A)
requires overlap of wavefunctions between the two species, since the rate of energy transfer by
electron exchange is, according to Dexter’s model, a function of the separation between the two
species. The calculated distances between lanthanides agree with a sensitization process dependent

on the ionic radii for every single Ln*". For example, considering the optimum efficiency at 1.5% in



the case of Sm*" doping, assuming that every fourth atom of Sn*" is substituted by Sm*" in the rutile
unit cell, the smallest Sm-Sm distance is 9.2 A, before quenching predominates and the intensity
diminishes. Fig. 10 illustrates the effect of the ionic radii of each Ln* and the concentrations
required to achieve maximum efficiency. A linear trend is consistent with Dexter’s model for ET, as
the larger the ion the smaller the proportion of Ln** is necessary to reach the critical distance (in all
cases within the <10 A expected for Dexter-type ET). The emission ratio between the lowest (0.5%
Ln**) and the maximum peak of the most intense transition of each lanthanide demonstrates that
smaller ions are more easily sensitized than larger ones (with the exception of a small inversion; Eu**

having a smaller ionic radius than Sm*" but being slightly more readily sensitized).

T =T T 1 T 1 1T T " 17T 4.5
28 e Sm* 1
24 A Eu™ 140
v Tb* T
224 & Ho* 435
x —— Linear Fit
c 2.0 M 4308
@ 1.
g 1.8 425 g
3 p RS
_ [72]
516 i {202
8 ¢ I,
& 1.4 L
5 415
1.2
—=41.0
1.0 4 o ) 1
Emission Ratio 405
0.8 T T T T T T T T T T T
102 104 106 108 110 112 114

lonic Radii (pm)

Fig. 10. The concentrations of Ln in doped Sn0O: required to achieve maximum emission from the
lanthanide, as a function of the Ln3+ ionic radii.

This could be an indication of further modification of the defect state energies, leading to some
being below the emissive states due to ionic radii mismatch. However, this remains inconclusive as
no obvious alteration of the absorption spectra of SnO, is seen with increasing ionic radii of the
dopants. No similar studies have been found in the literature with regard to the effect of ionic radii
on the emission ratio, although Wang et al. [35] found that the introduction of more lanthanide led
to greater distortion of the SnO, crystal lattice and consequently increased the quenching of the
symmetry-allowed transitions. This suggests that larger ionic radii may result in the same effect to
some extent. However, in this work the whole range of PL decreased in intensity with larger Ln**
ions, as opposed to the single electric-dipole transitions reported by Wang. Therefore, quenching
was most probably a result of Ln** cross-relaxation; nevertheless, loss of symmetry with increasing
dopant concentration may not have been negligible (although seemingly contributing to quenching

to an undetectable extent). The quenching results in an equal decrease in emission ratio for all



transitions, whether magnetic or electric-dipole in nature. Equally, improving the crystallinity by
increasing the calcination temperature may result in the enhancement of symmetry-allowed
transitions [10]. This could ultimately explain Eu®** samples being better sensitized than Tb** samples,
if the emission ratio is not constant for every transition in Eu*. XRD analysis revealed no significant

difference in crystallinity between Tb*" and Eu®* doped nanoparticles.

Indeed, the energy corresponding to the excitation of our nanocrystals at 300 nm (4.1 eV) exceeds
the band gap of SnO, nanocrystals, which is in turn higher than that of bulk SnO, [44]; this is
consistent with the notion of the energy being transferred to a higher excited state of the Ln** ion.
Excitation at 300 nm may possibly result in non-radiative transfer to the nearest available excited
state of Ln*". Non-radiative decay of energy from higher to lower excited states generally precedes
the visible range emissions from the lowest emissive excited state to the ground state, giving rise to
sharp crystal field (CF) emission lines in the PL spectra corresponding to each particular transition.
Note that the presence of sharp, well-resolved, CF emission lines is also in agreement with
substitutional doping into the Sn0O, lattice, as it reveals the high-level order in the nano-environment
at the Ln*" site. Such CF splittings are characteristic of SnO, and would vary from nanosemiconductor

to nanosemiconductor [3, 6, 11], mostly governed by the unit cell structure of the host.

Despite the significant amount of research on the sensitization of Ln** ions doped into
semiconductor nanocrystals, a comprehensive mechanism for the ET from host to Ln*" is lacking, or
at best equivocal in most of the recent literature [2, 6, 19, 21, 35, 45, 46]. There has been repeated
mention about the possibility of defect states in the nanosemiconductor playing a crucial role in the
ET between host and Ln**. Indeed, the spectra of nanosemiconductors reveal a broad range of
emissive states assigned to defects; however, the understanding of the mechanism of the ET process

from the defect energy levels of the host to the dopants has not reached a general consensus yet.

Mukherjee et al [47] have summarized the literature on the history of lanthanide sensitization by
nanocrystal hosts. Based on supportive evidence from their own experimental data on ZnS Ln**
nanoparticles, the authors agreed with the possibility of Forster (dipole-dipole interaction) and
Dexter (exchange interaction) electronic energy transfer mechanisms but also do not discard the
likelihood of a third different mechanism dependent on the type of lanthanide. This is consistent
with studies by Dorenbos and his co-workers [14, 48-52]. Whether Forster resonance energy transfer
(FRET) or exchange interaction dominates, the transfer seems to be extremely dependent on the

lanthanide and the host, and hence each system must be considered independently.



Conclusion
Publications on the mechanisms of energy transfer in SnO, nanocrystals are relatively scarce. Whilst
data herein presented are in good agreement with Dexter-type energy transfer mediated by defects,
due to the short inter-dopant distances within the unit cell, a contribution from other processes such
as FRET cannot be disregarded, and it may be present to some extent in the case of longer
interaction distances between centers several unit cells apart. Therefore, supplementary time-
resolved studies on single Ln**-doped SnO, nanocrystals will be needed to further investigate the
rates of ET in individual systems and to provide greater understanding of the role of defects in the

process of Ln*" sensitization.
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HIGHLIGHTS:
e Sn0, nanocrystals are doped with a range of lanthanide ions (Lh = Sm, Eu, Th, Ho)
e Photoluminescent properties show efficient host-guest sensitization
e Concentration dependence suggests Dexter energy transfer from O vacancies to dopant

e largest Lnions need lower concentrations to reach maximum luminescence





