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Upconversion emission of BaTiO; : Er nanocrystals
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Abstract. Here, we report the dopant concentration and pump-power dependence upconversion emission
properties of erbium doped BaTiO; nanocrystals derived from sol-emulsion—gel method. Green (550 nm) and
red (670 nm) upconversion emissions were observed at room temperature from the 49., and *Fy), levels of
Er**: BaTiO; nanocrystals. It is found that at 850 mW of cw excitation power (at 980 nm) the total lumine-
scence was 17130 Cd/m” for 1000°C heated 0-25 mol% Er-doped BaTiO; nanocrystals. It is worthwhile to
mention that the unusual power-dependent upconversion luminescence (saturation) is observed at higher
dopant concentration (2-5 mol%) and high pump power. Our analysis confirms that the depletion of the
excited state is responsible for the relevant fluorescence upconversion. We have again confirmed that a two-
photon excited state absorption process occurs for all samples.
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1. Introduction

The research in the field of rare-earth doped nanocrystals
for upconversion emission has recently been paid great
attention to find out potential applications in the areas of
photonic and biophotonic (Silversmith et a/ 1987; Dow-
ing et al 1996). As these potential applications are still
very much in the design-phase, further fundamental re-
search in the field of upconversion spectroscopy remains
a challenge. Intensive research efforts are, therefore, de-
voted to designing and tuning of the upconversion pro-
perties of these materials. As a matter of fact, upconversion
emissions of rare-earth ions-doped nanocrystals have al-
ready been shown in different crystal hosts such as ZrO,
(Patra et al 2003a), Y,0s; (Matsuura 2002; La-Rosa-Cruz
et al 2003), Lu,Os3 (Pandozzi et al 2005; La Rosa et al
2005), BaTiO; (Patra et al 2003b), TiO, (Patra et al
2003b), and Gd,O; (Guo et al 2004). The process of pho-
ton upconversion is a way to convert long-wavelength
excitation radiation into shorter wavelength output radia-
tion. Upconversion is one of the most studied nonlinear
optical processes compared to second harmonic genera-
tion and two-photon absorption. The two most common
excitation processes that lead to emission from the higher
energy states to the terminating state are energy transfer
upconversion (ETU) and excited state absorption (ESA).
In both these cases, a simple cw diode laser can be used
for the upconversion process, in contrast to expensive
mode locked lasers used in two-photon upconversion in
organic fluorophore. Therefore, efficient upconverting
rare-earth doped nanocrystals can be good replacement of

*Author for correspondence (msap@iacs.res.in)

Nanocrystals; erbium; upconversion; two-photon excitation.

organic dyes in two-photon confocal microscope imag-
ing. The upconversion emission spectra and the pump-
power dependence of luminescence intensities are essen-
tial to the understanding of excitation mechanism in rare-
earth doped upconverting materials. It is often assumed
that in such nonlinear processes the slope of the intensity
versus pump power in double-logarithmic representation
is equal to the number » of photons required to excite the
emitting state. There is no report on the study of power
dependence upconversion emission of BaTiOs:Er’"
nanocrystals with changing dopant concentration. There-
fore, there is plenty of scope for understanding the effect
of dopant concentration and pump power on UPC lumi-
nescence efficiency of Er’* doped BaTiO; nanocrystals.

2. Experimental

The synthesis procedure is described in our previous papers
(Patra et al 2002, 2003b). Barium acetate (Ba(CH;COO),-
H,0), titanium isopropoxide (Ti(OiPr),, from Fluka) and
erbium acetate were used as the starting materials. First,
Ba(Ac), was dissolved in water and acetic acid under
stirring condition. Then, the required amount of titania
sol was slowly added to this solution under vigorous stir-
ring at ambient temperature. A clear transparent sol was
thus obtained. Then, the required amount of erbium ace-
tate was added to this sol. To obtain emulsified sol droplets
through water-in-oil (w/0) type emulsions, cyclohexane
and sorbitan monooleate (Span 80, fluka) were used as
the organic liquid (oil phase) and the non-ionic surfactant,
respectively. The sol droplets formed in the process were
then gelled by controlled addition of base. The gel parti-
cles were separated by centrifugation followed by wash-
ing with acetone and methanol. The product thus obtained
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was dried at 60°C in an air oven for 12 h. The dried mate-
rials were heated at different temperatures up to 1000°C.
The particles were aggregated after heat treatment at high
temperature. The crystallite sizes of the nanoparticles
were calculated following the Scherrer’s equation

D = KA/fcos®,

where K =0-9, D represents crystallite size (A), A the
wavelength of CuK« radiation and S the corrected half
width of the diffraction peak. The crystalline phases of
heat-treated powders were identified by X-ray diffraction
(XRD). All peaks are matched well with the bulk BaTiOs,
which could be indexed as the cubic structure of BaTiOs
(JCPDS NO. 5-0626). We did not find any peak for
tetragonal phase. We pressed the particles to form a
smooth, opaque flat disk for optical study. The samples
were irradiated with a diode laser tuned to 980 nm. A
CCD-coupled spectrometer recorded the fluorescence
spectra.

3. Results and discussion

Figure 1 shows the upconverted emission spectra of the
1 mol% Er’ doped BaTiO; nanoparticles prepared at three
different temperatures of heating, 700°C, 850°C and
1000°C. The upconversion luminance values are 343 Cd/m’,
1448 Cd/m> and 9487 Cd/m> for 700°C, 850°C and
1000°C heated samples, respectively. It is found that the
upconversion emission intensity increases with increasing
temperature of heating. The crystal phase (cubic) is same
in all the samples and the estimated crystallite sizes are
30, 50 and 80 nm for 700, 850 and 1000°C, respectively.
Therefore, the enhancement of the upconversion emission
intensities related to the heating temperature is ascribed
to two main factors: one is growth of the particles, which
induces a decrease of the number of surface defects in the
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Figure 1. Upconverted emission spectra of 1 mol% Er’* ions
doped BaTiO; nanoparticles prepared at different temperatures,
700, 850 and 1000°C.
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host; the second is the loss in the amount of organic resi-
due and hydroxyl groups, which lowers the multiphonon
relaxation rate. For the same concentration of dopant
ions, the fraction of pairs will be different for different
particles sizes. It is known that the probabilities for dopant
pair-state formation depend on the particle size and the
contributions of ions at the surface sites increases with
decreasing size of particle. This could be another reason
for increasing the upconversion luminance value with
increasing the size for the same concentration because
less dopant-pair formation occurs. Figure 2 shows the
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Figure 2. Upconverted emission spectra of different concen-

trations of Er’" ions doped BaTiO; nanoparticles prepared at
1000°C.
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Figure 3. Variation of the luminescence value with changing
concentration of Er*" ions in BaTiO; nanocrystals prepared at
1000°C.
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upconverted emission spectra of 1000°C heated different
concentrations of Er’ doped BaTiO; nanoparticles.
The upconversion luminance values are 17130 Cd/m”,
9487 Cd/m” and 1653 Cd/m” for 0-25, 1 and 2-5 mol%
Er’* doped BaTiO; nanocrystals, respectively. Here, we
also observed that there is a significant drop in the overall
intensity with increasing concentration of Er’" ions. Fig-
ure 3 shows the variation of luminance value with chang-
ing concentration of Er* ions in BaTiO; nanocrystals. To
our knowledge, no absolute luminance value of this sys-
tem is reported. The absolute fluorescence intensity was
measured with a Minolta LS-110 luminance meter, and
the fluorescence was considered to be isotropic. The lu-
minance is moderately high, considering the relatively
moderate (850 mW) cw excitation power. Here, a signifi-
cant drop in the overall intensity is observed with an in-
creasing concentration of Er’" ions due to concentration
quenching non-radiative process. The intensity ratio of
the green emission to that of the red emission decreases
with increasing concentration of Er’* ions. Since the size
of the Er’" ion (~0-10 nm) is almost intermediate bet-
ween those of the Ba™* ion (~0-14 nm) and Ti'" ion
(~0-06 nm), it seems equally likely that the Er’* ions oc-
cupy the site of either ion in the BaTiOs lattice. At low
concentration (0-25 mol%), the mean distance between the
Er’* ions is estimated by R = 0-62/(N)'” to be 1-81 nm but
for high concentration (2-5 mol%) the distance is 0-84 nm
(Patra et al 2003b). Therefore, the erbium ions in low
concentration Er’'—Er’" distances are too far apart and at
higher concentration, the distances between two Er* ions
are shortening, thus leading to formation of Er’* clusters
(Quimby et al 1994). As a result, concentration-quenching
processes will be the predominant non-radiative decay
process at higher concentrations, as a result the emission
intensity sharply decreased. Silver et al (2001) also
showed that the upconversion process is most efficient for
the larger particles. However, they suggested that resonance
energy transfer is responsible for efficient upconversion
in larger particles, because resonance energy transfers
extend the lifetimes of the excited states of the rare-earth
ions. The mechanism of the upconverted emission of Er’*
has been well established in the literature (Patra et al
2003b). To explain this phenomenon, we use the typical
energy level diagram of Er’” ions as shown in figure 4.
The diode-laser wavelength (980 nm) matches the ab-
sorption transition between the ground state, ‘155, and
the excited level, “I;;». After first-level excitation, the same
laser pumps the excited atom from the ‘1 to the *Fy )
level. Subsequent nonradiative relaxation populates the
Sy Hyy » and the *Fop levels. Bright green (550 nm) and
red (670 nm) emission were observed due to the transi-
tions *Ss» = ‘I15» and *Fop = L5, respectively. At low
dopant concentration, the S nPHiyn levels decay radia-
tively to *Is/». Therefore, the green emission has a higher
intensity and this emission will mainly be contributed by
the excited-state absorption (ESA) process. The lumine-
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scent lifetime of *Ss»/*Hi ), levels is shortened as a result
of the cross-relaxation process between (3H11/3 —>419/3)
and (4115/3 - 4113/3) transitions taking place at a higher
concentration and the red emission is observed upon exci-
tation at 980 nm. The study of emission intensity versus
pump power is essential to understand the excitation
mechanism in rare-earth doped upconverting materials. It
is well known for an unsaturated mechanism, the inten-
sity of the upconverted luminescence, /., is proportional
to some power, n, of the excitation intensity, 7, i.e.
Lype o I, where n=2.3, ... is the number of pump pho-
tons required to populate the emitting state and is deter-
mined from the slope of the line of the graph of intensity
versus pump power in a log-log plot. The pump power
dependence of the emission bands at 550 and 670 nm
were investigated on excitation intensity at 980 nm and
the experimental data for 550 and 670 nm emission bands
have been fit with a straight line with a slope of ~2, which
confirms that these UPC emission lines are also a two-
photon absorption process for low concentration of
dopant. Figure 5a shows that the upconversion emission
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Figure 4. The energy level diagram of Er** ion under infrared
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Figure 5. Power dependence upconverted emission intensity of 0-25 (a) and 2-5 (b) mol% Er** in BaTiO; nanoparti-

cles heated at 1000°C.

intensity increases with increasing pump power in low
concentration of dopant (0-25 mol%). It is worthwhile to
mention that the unusual power-dependent upconversion
luminescence (figure 5b) is observed at higher dopant
concentration (2-5 mol%), which is a new and unprece-
dented result. We have seen that the upconversion emis-
sion intensity saturates at higher pump power (~0-7 W)
for high concentration dopant (2-5 mol%). In case of pa-
rametric upconversion or higher order harmonic genera-
tions in quantum optics the cause of saturation may be due
to depletion of pump power. In such processes the up-
converted intensity exhibits #th order dependence on the
pump power, which levels off to linear behaviour and
conversion efficiency approaches unity. Unlike these sys-
tems the cause of saturation in ETU and ESA processes is
the depletion of lower level populations. Therefore, in
such cases at very high pump power the upconverted in-
tensity should become constant or independent of pump
intensity. In 1966, Singh and Geusic observed the ‘satura-
tion” phenomenon of upconversion of NdCl; single crys-
tal for higher pump power. Recently, Pollnau ef a/ (2000)
also studied the physical nature of the saturation phe-
nomenon in Cs;Lu,Cls : Er’" and other crystals. There are
several probabilities leading to the unusual power de-
pendent upconversion luminescence behaviour. In order
to analyse the UPC mechanism, we derived a relation
between the fluorescence and the pump intensity by solv-
ing the rate equations based on the excitation and emis-
sion to understand the mechanism of the upconversion
emission from ‘Fy/» — *I15» level at 670 nm of 2-5 mol%
Er’* doped BaTiO; nanocrystals. We used a simple two-
photon stepwise excited-state absorption process as
shown in figure 6. In this case, depletion of the excited
state is responsible for the relevant fluorescence upcon-
version. This is possible either by further excitation of the
relevant level or nonradiatives de-excitation due to

change in temperature of the interaction volume. In both
the cases, the depletion will be proportional to the pump
power. In the former case, it is a direct dependence while
in the latter case it is indirect dependence as the increase
in temperature will be proportional to the absorbed energy
in the interaction volume. The y; is the decay rate or the
transition probability from the ith to the jth level. R, =
oily/hv, and R, = o»l,/hv;, are the pump rates of the first
and second steps, respectively. Here, o and o> are the
absorption cross sections of the first and second steps,
respectively and v, the frequency of the pump light beam.
In a simple manner the scheme can be depicted as a four-
level system as shown in figure 6. If &, is the population
of the ith level and N the total ion density, the rate equa-
tions for describing this case are given as

MRy = No(Ry + Ry + 1) + Na(Ro + 732) = 0, (D
RoN> = N3s(Ry + Rz + 31 + 132) = 0, (@)
R3N3 — Nyyy =0, 3

where R; is the rate of de-excitation of the third level to
fourth level and is considered as proportional to pump
power, /,. The relation between the fluorescence inten-
sity, /r with I, in such a system will be given as

2
K1,

= , S
(4 + BI, +CI} + DI)

Iy

where the coefficients K, 4, B and C are given as

K = gNlviai 0251 yar/h sz,

A=y + ps2)ya

B=[((oz+ o3)ya + (201 + o2)pa1 + 201 pa2) y I/ v,
C=[Boioz+ 201 + a))/(h,) 7a.

D= aiovas/(hv,)’,
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Figure 6. Four energy levels diagram depicting two-photon
upconversion with excited state absorption (ESA) process with
excited state depletion.

where o3 is the absorption cross-section from level three
to level four, g the geometrical collection factor, N the
rarc-carth ion density in the sample, /; the upconverted
fluorescence intensity, /p the pumping intensity and J” the
interaction volume. It is seen that (4) provides an excel-
lent fit to the experimental data of 2-5 mol% Er-doped
BaTiO; nanocrystals (figure 5b). However, in low con-
centration (0-25 mol%), the experimental data is fitted
(figure 5a) with (4) where C =0 and D = 0. Our analysis
clearly reveals that upconversion emission and pump
power dependence emission are sensitive to dopant con-
centration. It is demonstrated that derived expression fits
excellently to the experimental data. We have again con-
firmed that upconversion process in all these samples are
due to two-photon excited-state absorption (ESA) process.

4. Conclusions

Here, we demonstrated the role of dopant concentration and
pump power on upconversion emission efficiency of Er’*
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doped BaTiO; nanocrystals. We have shown that the
overall upconversion luminescence intensity decreases
with an increasing concentration of the Er’* ions and the
concentration quenching is responsible for the decrease in
overall intensity. We have also confirmed that the upcon-
version process follows two-photon ESA process.
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