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Defect-Mediated Photoluminescence Dynamics of Eu’"-Doped TiO,
Nanocrystals Revealed at the Single-Particle or Single-Aggregate

Level**
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Lanthanide-doped materials are finding use in a wide variety
of applications in optics as gain media for amplifiers and
lasers and as biolabels, white-light emitters, and full-color
phosphors for displays."? Since direct excitation of the
parity-forbidden intra-f-shell lanthanide ion crystal-field
transitions is inefficient, it is anticipated that the lumines-
cence of lanthanide ions incorporated in a wide-band-gap
semiconductor lattice (e.g., ZnO and TiO,) could be sensi-
tized efficiently by exciton recombination in the host
(Figure 1). Recently, we synthesized Eu*'-doped TiO,
(TiO,:Eu*") nanocrystals by Ar/O, radio-frequency thermal
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Figure 1. A) Energy diagram for the charge- and energy-transfer reac-
tions induced by photoexcitation of TiO,:Eu** nanoparticles. VB and
CB denote valence and conduction bands, respectively. The charge-
trapping and energy-transfer processes are indicated by the dotted and
dashed arrows, respectively. B) lllustration of energy transfer from the
TiO, host to the doped Eu** ions. The Eu*" ions located in the interior
region and at the surface of the TiO, host are sensitized efficiently by
exciton recombination.
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plasma oxidation and observed bright red emission either by
exciting the TiO, host with UV light of shorter wavelength
than 405 nm or by directly exciting Eu’* at a wavelength
beyond the absorption edge (405nm, 3.06eV) of TiO,.
Various types of defect states have been considered to play
an important role in energy transfer between TiO, and the
activating Eu®" ions. For example, with increasing annealing
temperature, the photoluminescence (PL) intensity of visible
emissions due to Eu’' ions increases at first but then
decreases and reaches a maximum at an annealing temper-
ature of 700°C.”! In this respect, the luminescence of Eu*"
depends critically on the locations of dopants in the host.
However, the mechanism of the energy-transfer process from
the defect energy levels of the host to dopants has not yet
been clarified owing to several difficulties, such as the
inhomogeneous distribution of ions in the material.

Single-molecule (single-particle) fluorescence spectrosco-
py has already yielded new insight into the photophysics and
photochemistry of inorganic and organic nanocrystals.”
There are, however, only a few reports on the PL behavior
of lanthanide-doped materials.”l We have now investigated
the PL dynamics of undoped TiO, and TiO,:Eu*"
(0.5 atom %) nanoparticles (or their aggregates) using
single-particle PL spectroscopy. Photostimulated formation
of emissive defects at the TiO, surface and defect-mediated
PL of the doped Eu*" were examined at the single-particle or
single-aggregate level.

Undoped TiO, and TiO,:Eu*" powders were synthesized
by radio-frequency Ar/O, thermal-plasma oxidation of mists
of liquid precursors containing titanium tetra-n-butoxide and
europium nitrate. Detailed synthetic procedures and charac-
terization of particles (UV/Vis absorption and excitation
spectra, XRD, TEM, and AFM) are given in reference [2d]
and the Supporting Information.

The PL images and spectra of individual luminescent
spots were measured during 405-nm laser excitation of
TiO,:Eu*" nanoparticles in ambient air. As shown in Fig-
ure 2A, a number of spots with various intensities were
observed (left image).

Figure 2B shows typical PL spectra of individual lumi-
nescent spots below the diffraction limit of about 150 nm for
TiO,:Eu®" nanoparticles in ambient air (the AFM image is
given in the Supporting Information, Figure S1). Single-
particle spectral measurements revealed that the PL bands
around 590 and 615 nm are attributable to transitions from
the D, level to the 'F, and 'F, levels of Eu**, respectively.!?!
Since the Dy—F, transition is electrically allowed, it is very
sensitive to the surroundings of the Eu’" ion, whereas the
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Figure 2. A) Typical PL images observed during 405-nm laser excitation
for TiO,:Eu** nanoparticles (or aggregates) under air (left) and Ar
(right) atmospheres. B) Typical PL spectra of individual TiO,:Eu**
nanoparticles (or aggregates) in ambient air. C) Histograms of the R
values obtained for single TiO,:Eu** nanoparticles (or aggregates)
spin-coated on the cover glass (dry sample; RH~40%) (a), embedded
in a PVA film (b), and surface-modified nanoparticles embedded in a
PS film (c). Average R values were determined from the Gaussian fits.
D) Time evolutions of the PL spectra obtained during 405-nm laser
excitation for a single undoped TiO, nanoparticle (or aggregate) under
an Ar atmosphere. The dotted lines indicate the Gaussian distributions
fitted to the spectrum (see text for details). E) Trajectories of PL
intensities under Ar (a) and air (b) atmospheres (bin time is 33 ms).
Solid lines indicate the kinetic traces calculated by using Equation (1).

magnetically allowed °D,—’F, transition is almost not
influenced. Consequently, the relative intensity (area) ratio
of °Dy—'F, to *D,—’F,, the so-called R value, provides
information about the breaking of centrosymmetry and the
degree of disorder around the Eu** ions.?! For instance, a
relatively small R value (2.8) was obtained for spectrum a
compared with that of 7.8 for spectrum b. In addition, 5% of
the particles showed blue-shifted emission (spectrum c),
which may be assignable to Eu,Ti,O, particles,*! because
the fraction of such particles increased with increasing
concentration (5 atom %) of doped Eu’" (data not shown).
Thus, we excluded all Eu,Ti,O; particles from the following
statistical analyses.

As shown in Figure 2C, a very wide R distribution was
obtained. This result clearly indicates that the local environ-
ment around the doped Eu’ ions in TiO, is quite different
between individual nanoparticles. According to the average
particle size (ca. 10 nm, Figure S1), the number of Eu*" ions
per single particle and interion distance are roughly estimated
to be 230 and 0.8 nm on average, respectively.”! As suggested
elsewhere, the luminescence properties are significantly
influenced by dopant-pair formation."® For example, the
emission from higher °D; levels of Eu** or Tb*" is quenched by
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cross-relaxation processes in pairs, whereas this is not
observed for single ions.!! Based on the mathematical
probabilistic theory (Stein-Chen Poisson approximation),”
the probability for pair-state formation is calculated to be
26% (see Supporting Information for details). These esti-
mates imply that several emitting sites exist in the interior
region and at the surface of the nanoparticles.®

The TiO, nanoparticles are usually covered with hydroxyl
groups and physisorbed water molecules. Dossot and co-
workers recently reported that the R value of about 4
obtained for the Eu**-doped glass sample can be assigned to
partially hydroxylated Eu** ions with Eu—OH bonds.”! In
fact, almost the same distribution of R values was obtained for
the TiO,:Eu*" nanoparticles in a poly(vinyl alcohol) (PVA)
film, that is, the TiO, surface is covered with hydroxyl groups
in ambient air (Figure 2C). When the TiO, surface was
modified with octadecyltrimethoxysilane,'”! the distribution
of R values shifted to higher values and became narrower
relative to the PVA-coated sample. From these findings, it is
considered that the Eu*" ions located at the surface have a
lower R value than those in the interior region of the TiO,
host in ambient air.!

Interestingly, as shown in Figure 2 A, a dramatic increase
in PL intensity was observed on changing the gas atmosphere
from air to Ar during laser irradiation for TiO,:Eu’*" nano-
particles (and vice versa). A reversible change in PL intensity
was also observed for undoped TiO, nanoparticles. The
spectral measurements clearly show growth of a broad PL
band in the visible region (500-750 nm), which can be
assigned to the oxygen-vacancy-related defects (color cen-
ters; see Figure 2D).[213]

Photoactivation of nanoparticle PL, that is, an increase in
intensity by an order of magnitude or more, is a new process
of preparing highly luminescent nanocolloids, such as semi-
conductor quantum dots.'* In our system, light absorption in
the spectral region of the intrinsic absorption (hv >
3.06eV)?! and in the bands corresponding to the color
centers (extrinsic absorption, hv <3.06 eV) generates free
electrons that induce formation of free and trapped excitons
and surface oxygen species, such as the superoxide radical
anion (O,), which oxidize the color centers.">"!

According to the literature,!'¥ the main feature of the
kinetics under visible-light irradiation is the dependence of
the absorbance of the sample on the number of color centers
(N). Assuming that the rates of formation (k") and deacti-
vation (k) of the color centers are directly proportional to N,
one obtains Equation (1), where N, is the number of color
centers that exist prior to irradiation.'

1
£ (- Jestken W

N(t) =

The observed trajectories of the PL intensity were well
reproduced by Equation (1) (see Figures2E and S2).
Although it is very difficult to estimate the absolute value,
the N, values significantly increased by a factor of about 20
after the photoactivation.'®!”! Assuming that the absorption
cross section and PL quantum yield of color centers are
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constant, the k* value is determined to be 0.05+0.01s™" for
both processes, while the k= values are 0.5+0.2 and 15+ 557!
for the photoactivation and deactivation processes, respec-
tively. The remarkable difference in £~ should be due to the
different oxygen concentration in the gas phase.

In addition, we noted that photoactivation is accompanied
by numerous “photon bursts” (Figures2E and S3, and
Supporting Movie) until saturation of the PL intensity
occurred (and vice versa). These results imply that a large
number of light-emitting defect sites were formed on the
surface and deactivated with a characteristic lifetime. How-
ever, reliable evidence to fully explain the mechanism was not
obtained in the present study, and further investigation will be
required for a deeper understanding of the photon bursts
during the photoactivation and deactivation processes.

Next, we examined energy transfer from the trapped
exciton at the surface to the doped Eu*" ions. Figure 3A
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Figure 3. Time evolutions of the PL spectra (A and B) obtained during
405-nm laser excitation for a single TiO,:Eu*" nanoparticle (or aggre-
gate) under an Ar atmosphere. C) Time traces for the enhancement
factor, which is calculated by dividing the differential PL intensity by
the original intensity, obtained at 550 nm (black line) and R values
(red line).

shows the time evolution of the PL spectra observed for a
single TiO,:Eu*" nanoparticle (or aggregate) under an Ar
atmosphere. Only the PL bands due to Eu** were observed
immediately after laser irradiation, and then the PL band
from the trapped exciton appeared in the visible region (500
750 nm) and increased over time. The PL bands attributed to
the °D,—’F, and °D,—’F, transitions increased and
decreased with increasing irradiation time, respectively
(Figure 3B). The time evolution of the R value also seems
to be synchronized with the photoactivation event (Fig-
ure 3C). This contains information that is difficult or impos-
sible to obtain from ensemble experiments, since each particle
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or aggregate behaves differently (Figure S4). Such a spectral
change was not observed for both 405-nm excitation of
TiO,:Eu*" in air (Figure S5) and 532-nm excitation (i.e., the
"Fy,—’D; transition) of TiO,:Eu’" in Ar (data not shown).

Based on the above results and discussion, we propose the
following PL mechanisms: First, visible color centers, most
probably, trapped electrons (e, ) in the vacancy defect sites,
are generated by intrinsic and/or extrinsic excitation of TiO,
nanoparticles under 405-nm laser irradiation [reactions (2)—
(4)]. Both ey~ and e,  can then recombine with the
photogenerated holes (hy.., ") to produce PL in the UV and
visible regions, respectively [reaction (5)]. In our experimen-
tal setup, only the latter could be detected. The quenching of
eree DY O, molecules consequently results in decreased PL
from the trapped excitons [reaction (6)]. Free excitons should
excite both the interior and surface-located Eu*" ions, while
trapped excitons at the surface would only excite the surface-
located Eu’" ions [reactions (7) and (8)]. This interpretation
is supported by the fact that photoactivation of color centers
in the TiO, host, that is, formation of trapped excitons at the
defect sites, is accompanied by a significant decrease in R
(Figure 3).

TiO, + hv(405 nm) — eg.. + Ay (intrinsic absorption) (2)
e — € (color centers) 3)
e, (color centers) + Av(405 nm) — ey~

(extrinsic absorption)  (4)

e, (color centers) + hy.,, " — PL (trapped exciton emission) ®)

e+ O,(surface) — O, (surface) (6)
Eu’** (interior/surface) + free exitons — PL(°D, — F;) (7)
Eu’* (surface) + trapped excitons — PL(’D, — F,) (8)

In conclusion, we have clarified the defect-mediated PL
dynamics of pure and Eu*"-doped TiO, nanoparticles using
single-particle PL spectroscopy. The PL spectra and time
traces of individual nanoparticles or aggregates revealed that
the PL band originating from defects at the TiO, surface
appears in the visible region with numerous photon bursts on
photoirradiation with a 405-nm laser under an Ar atmos-
phere. Energy transfer from defects to surface-located Eu**
ions is experimentally suggested by the fact that a significant
decrease in R is observed during the photoactivation pro-
cesses. Our findings and methodology should provide further
insight into the mechanisms of charge and energy transfer in
hybrid inorganic nanomaterials.

Experimental Section

Pure (undoped) and Eu**-doped TiO, nanoparticles were synthesized
by the reported procedures.’¥) In a typical method, the liquid
precursor (a mixture of titanium tetra-n-butoxide (TTBO), dieth-
anolamine, europium(III) nitrate, citric acid, etc.) was delivered by a
peristaltic pump into the center of the plasma plume through an
atomization probe. The TiO, nanoparticles formed by rapid oxidation
of the atomized liquid precursor by Ar/O, thermal plasma mainly
deposit on the filter and the inner walls of the reactor. The flow rate of
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the liquid precursor was controlled at 4.5 gmin™', which corresponds

to 4.5x 10 molmin " in terms of TTBO. The atomization probe was
water-cooled to resist the extreme temperature of the plasma, and the
precursor was atomized into mists at its tip by Ar carrier gas flowing
through the probe at 5Lmin"'. The Ar/O, thermal plasma was
generated by mixing O, gas with the Ar sheath. The total flow rate of
the sheath gas (Ar+ 0O,) was set at 90 Lmin~". Characterization of
particles is given in reference [2d]. The atomic force microscopy
(AFM, Seiko Instruments, Inc., SPA400-DFM, SI-DF20) and trans-
mission electron microscopy (TEM, JEOL JEM-2100F) images
indicated that the mean particle size of the material was about
10 nm (Figure S1).

To explore surface effects on the spectral characteristics, the
nanoparticles were embedded in polar (poly(vinyl alcohol), PVA) or
nonpolar (polystyrene, PS) matrices. Approximately 0.5 mg of the
TiO,:Eu** powder was mixed with a toluene solution (300 pL)
containing octadecyltrimethoxysilane (10 uL, Aldrich). The mixture
was then sonicated for 20 min and allowed to stand for 12 h under an
Ar atmosphere. The resulting slurry was centrifuged and washed with
fresh toluene to remove any unattached silane molecules. Samples for
the single-particle experiments were prepared by spin coating a
toluene solution (40 uL) of the modified TiO,:Eu** powder and PS
(M =287000, 5 gL") on a clean cover glass at 2000 rpm for 50 s.

For the single-particle PL measurements, the cover glasses (22 x
22 mm) were purchased from Fisher Scientific or Matsunami Glass
and cleaned by sonication in a 20% detergent solution (As One,
Cleanace) for 6 h, followed by repeated washing with running water
for 30 min. Finally, the cover glasses were washed with Milli-Q water.
An aqueous suspension of TiO,:Eu** nanoparticles (1 mgmL™', pH 3,
HNO;(aq), 40 pL) was coated onto the clean cover glass by spin
coating at 2000 rpm for 50 s. The sample was enclosed in a homemade
glove box, and the oxygen concentration inside the box was adjusted
by an Ar gas purge.

The experimental setup for single-particle P measurements is
based on an Olympus IX71 inverted fluorescence microscope.
Continuous-wave light emitted from a 405-nm diode laser (Olympus,
LD405, 0.5 kW cm2) that passed through an objective lens (Olympus,
UPlanSApo, 1.40 NA, 100x ) after reflection at a dichroic mirror
(Olympus, DM455) was used to excite the nanoparticles. The
emission from single nanoparticles or aggregates on the cover glass
was collected by an oil-immersion microscope objective, magnified by
the built-in 1.6 x magnification changer (thus, net magnification was
160x ), passed through an emission filter (Olympus, BA475) to
remove the undesired scattered light, and intensified by an image
intensifier (Hamamatsu Photonics, C8600-03) coupled to a CCD
camera (Hamamatsu Photonics, C3077-70). The images were con-
verted into an electronic movie file at a video frame rate of 30 frames
per second by using a ADVC 1394 video capture board (Canopus). A
number of luminescent spots were analyzed by means of the mean
gray scale in the region of interest (typically 3 x 3 pixels) by using
custom-made software (Library, Gray Val32) or ImageJ software
(http://rsb.info.nih.gov/ij/).

For spectroscopy, only the emission that passed through a slit
entered the imaging spectrograph (Acton Research, SP-2356) equip-
ped with an electron-multiplying charge coupled device (EM-CCD)
camera (Princeton Instruments, PhotonMAX:512B). The width of
the slit was 200 pm, which corresponds to 1.25 um at the specimen,
because the images at the slit were magnified by 160 x. The spectra
were typically integrated for 2 or 5 s. The spectrum detected by the
EM-CCD camera was stored and analyzed on a personal computer.
All experimental data were obtained at room temperature.
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