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Abstract

In this paper, green and red up-conversion emissions of Er’ "—Yb** co-doped TiO, nanocrystals were reported. The phase structure,
particle size and optical properties of Er**—Yb** co-doped TiO, nanocrystals samples were characterized by using X-ray diffraction
(XRD), transmission electron microscopy (TEM), UV-vis—NIR absorption spectra and photoluminescence (PL) spectra. Green and red
up-conversion emissions in the range of 520-570 nm (2H] 12> 4S3/2—>4115/2) and 640-690 nm (4F9/2—>4I|5’,/2) were observed for the
Er’"=Yb** co-doped TiO, nanocrystals. The visible up-conversion mechanism and temperature dependence of up-conversion emission

for Er’* in TiO, nanocrystals were discussed in detail.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Rare-earth ion doped materials have played an impor-
tant role in the development of optical communication
technology during the past few decades [1-8]. Recently, up-
conversion emission in terms of absorption of two or more
lower-energy photons followed by emission of a higher-
energy photon has attracted much attention due to
available low-cost near-infrared laser diodes. Erbium (III)
is suitable for the up-conversion of infrared to visible light
because of a favorable electronic level scheme with equally
spaced, long-lived excited states. Potential applications in
optical devices, such as color display, optical data storage,
biomedical diagnostics and temperature sensors, have been
developed on the basis of up-conversion emission of
Er’ " —Yb® " -co-doped materials [9,10]. Up to now, several
papers have reported the up-conversion properties of Er® "
doped in TiO, thin films [11], nanocrystallites [12] or
glasses [13].
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In this work, Er* *—Yb>" co-doped titania nanocrystals
were successfully synthesized by the sol-gel process. Green
and red emission of Er’" in TiO, nanocrystals under the
infrared excitation via up-conversion and the energy
transfer process from Yb>" were observed.

2. Experimental section

All reagents were analytical grade. RE(NOs)-6H,O0
(RE =Er and Yb) salt was freshly prepared by the
reaction of RE,O3 with nitric acid. The concentration of
RE in aqueous solution was 0.1 mol/L. Water was distilled
and deionized using a Millipore Milli-Q Purification
System.

The sol-gel method was used for the preparation of
Er'"—Yb*"co-doped TiO, nanocrystals. Titanium iso-
propoxide was used as the precursor for titania sol
preparation. 3.4mL titanium isopropoxide was added to
the mixture of 2.0 mL acetic acid and 16.0 mL ethanol. The
sol was then stirred for half hour meanwhile 1.0 mL water
was added dropwise. Then a certain amount Er(NO;); and
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Yb(NO3); was added and the sol was stirred for one more
hour. The obtained products were dried at 60 °C in vacuum
oven for 12h and then calcined for 4h at different
temperatures 600-800 °C.

The crystal phase of calcined samples was identified by
powder X-ray diffraction (XRD). The XRD patterns of the
different samples recorded with different temperatures
were acquired using a Japan Rigaku D/max-rA X-ray
diffractometer system with a monochromatized Cu Ka
radiation. (4 = 1.5418 A).

Transmission electron microscopy (TEM) observations
were completed on a Hitachi H-8100 IV microscope
operating at 200KV. UV-vis—NIR absorption spectra
were measured at room temperature with a CARY 500
Scan UV—vis—NIR spectrophotometer.

The emission spectra of Er’*—Yb*" co-doped TiO,
nanocrystals was measured using a Jobin-Yvon LabRam
Raman spectrometer system equipped with 600 and 1800
grooves/mm holographic gratings and a Peltier air-cooled
CCD detector. Precise control of sample temperature
(£0.1°C) was achieved by means of a Linkam THMS
600 temperature programmable heating/cooling micro-
scope stage. The THMS stage was used in conjunction
with a Linkam LNP cooling system when cooling. VA-I-
DC external 980 nm (2 W) semiconductor solid laser was
used as the excitation source.

3. Results and discussion
3.1. Structural and morphological investigations

Fig. 1 represents the XRD patterns of TiO, nanocrystals
before and after Er’* " or/and Yb*" ions doping that were
calcined at 973 K. It is shown that the rutile phase and the
anatase phase are present in the sample without rare-earth
ions, where the former dominates. The anatase phase
dominates after doping with rare-earth ions.
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Fig. 1. Powder X-ray diffraction patterns of samples (calcined at 973K
for 4h) (a) TiO, nanocrystals; (b) Yb*" (10mol%) doped TiO,
nanocrystals; (¢) Er*" (10mol%) doped TiO, nanocrystals; (d) Er®”*
(10mol%)-Yb*" (10mol%) co-doped TiO, nanocrystals.
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Fig. 2. Powder X-ray diffraction patterns of Er’" (10mol%)-Yb>"
(10mol%) co-doped TiO, sample calcined at different temperatures.

Fig. 2 shows the XRD of Er**—Yb** co-doped TiO,
nanocrystals calcined at different temperatures. It can be
seen that the rutile phase dominates when the final
temperature is 1073 K while the anatase phase dominates
after doping with rare-earth ions below this temperature.
Anatase is a metastable phase that can transform into rutile
at different temperatures depending on impurities, calcina-
tion temperature, crystal size, sample history, etc. [14]. In
the present work, rare-earth ions are added as impurities.
Calcination temperature is another reason for the phase
conversion.

The crystal sizes of the nanoparticles can be calculated
using Scherrer’s equation

K
" Bcos 0

where K = 0.9; D represents the crystallite size (10\); Ais the
wavelength of Cu Ko radiation and f is the corrected half
width of the diffraction peak.

The average particle sizes of TiO, nanocrystals calcu-
lated according to Eq. (1) are shown in Table 1. The
particle sizes are 102, 22, 21 and 13 nm for sample of TiO,
nanocrystals without rare-earth doping, and with 10 mol%
Er”, 10mol% Yb’", 10mol% Er’*-10mol% Yb**
doping, respectively. When the sample is processed at
873, 973 and 1073 K, the average particle sizes are 11, 13
and 67 nm.

Fig. 3 shows TEM image of Er*"—Yb*" co-doped TiO,
nanocrystals prepared at 973 K. The size of most nano-
crystals is found to be less than 20 nm in diameter, which is
in accordance with XRD result, i.e. an average diameter of
13 nm.

(1)

3.2. Optical properties of ErX*—Yb’* co-doped TiO,
nanocrystals

The UV-vis—NIR absorption spectra of Er* *=Yb> " co-
doped TiO, nanocrystals are shown in Fig. 4. The
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Table 1
Particle sizes of TiO, nanocrystals on different process

Annealing temperature (K)

Particle size of TiO, nanocrystals (nm)

No RE** +10mol% Er** +10mol% Yb* ™ +10mol% Er**-10mol% Yb®
873 11
973 102 22 21 13
1073 67

100nm

Fig. 3. TEM image of Er*"=Yb** co-doped TiO, nanocrystals calcined
at 973 K.
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Fig. 4. UV-vis-NIR adsorption spectra of Er*"—Yb*" co-doped TiO,
nanocrystals powder calcined at 973 K.

absorption peaks at 220 and 300-350 nm are attributed to
charge transfer from valence band to conduction band of
TiO, nanocrystals. Peaks at 489, 522, 654, 795, 976 and
1531 nm are associated with the 4F7/2—>4115/2, 2H1 1/2—>4115/2,
41:9/2—’4115/2, 419/2—>4I15/2 4111/2—’4115/2, 4I13/2—>4115/2 tran-
sitions of Er’" ions, respectively. Peak at 976nm is
associated with 2F 5/2—>2F7/2 transition of Yb*>" at the
same time.

3.3. Up-conversion luminescence properties

Continuous wave excitation with a 980 nm semiconduc-
tor laser at room temperature produces up-conversion
emission of Er'" (10mol%)-Yb*" (10mol%) co-doped
TiO, nanocrystals in the visible region, as shown in Fig. 5

along with the energy level diagrams of Er'" and Yb**
ions. The green emission in 520-570 nm is assigned to the
(2H11/2,4S3/2)—>4115/2 transition and the red emission in
640-690 nm is assigned to the 4F9/2—>4115/2 transition for
the Er’ ™ in TiO, nanocrystals. It is obvious that both green
and red up-conversion emission intensities are enlarged
with Yb* " ion doping with the red emission being stronger
than the green one.

Fig. 6 shows the upconverted luminescence spectra in
500-750nm for three samples of Er**—Yb’" co-doped
TiO, nanocrystals prepared at 873, 973 and 1073K,
respectively. It is evident that the up-conversion lumines-
cence intensity increases remarkably with increasing
annealing temperature up to 1073 K. The luminescence is
very bright to be seen with naked eyes for the sample
annealed at 1073 K. From the inset, plot of the Ig/Ir
branching ratio vs. anneal temperature, it is obvious that
the Ig/Ir branching ratio decrease as the increasing
annealing temperature.

The dependence of the green and red up-conversion
emission for the sample under 980nm excitation on
temperature is shown in Fig. 7. It can be seen the green
and red emission increases significantly with a decreasing
sample temperature from 467 to 78 K. This may be
explained by increasing ground state population and
decreased population of higher levels of the 1,5 2 manifold.
At 78K, the green and red up-conversion emission
intensities are about 25 and 100 times greater than those
at 467 K, respectively. But the emission from *Hj; /2—>4115/2
and 4S3/2—>4115/2 transition was not observed at 467K,
whereas that of the 4F9/2—>411 s/> transitions was observed
clearly. This result is different from the up-conversion
emission of Er’* in other matrixes obtained by our group
[15]. In Sun’s reports transition to ground state originating
from 2H11/2 level was not observed as the temperature
decreasing to 77K in YVO,4 nanocrystals.

To study the mechanisms, the up-conversion lumines-
cence intensities of green (2H11/2, 4S3/2—>4115/2) and red
(4F9/2—>411 s/2) emission have been measured as a function
of the pump power. As is well known, the up-conversion
emission intensity, I, is proportional to the nth power of
the excitation intensity, Iigr,

n
Lup o Iy

where n is the number of IR photons required to convert a
visible photon, of which the value is obtained from the
slope of the graph of In(/p,) vs. In(/ir). For the green and
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Fig. 5. Up-conversion emission spectra of Er* "=Yb?* co-doped and Er** doped TiO, nanocrystals following excitation with 980 nm when watts is in
527mW. Inset: Schematic representation of the excited-state adsorption (ESA) and energy-transfer upconversion (ETU) mechanism.
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Fig. 6. Up-conversion emission spectra excitation with 980 nm when
Watts in is 527mW of Er’ " (10mol%)-Yb*" (10 mol%) co-doped TiO,
nanocrystals annealed at different temperature. Inset: Plot of the Ig/Ir
branching ratio vs. anneal temperature (G: 525nm, R: 660nm).

red emission in all samples, the plots are shown in Fig. 8,
giving a straight line with a slope of 1.97 and 1.52,
respectively. Though the slop of 1.52 is not very close to 2,
which may be the result of saturation or ground state
depletion effect under strong pump power, it still can be
concluded that two IR excitation photons are absorbed to
produce a visible photon. A two-photon process was thus
involved in the up-conversion mechanism responsible for
the green and red emission in the Er*"—Yb®* co-doped
TiO, nanocrystals.

Usually, the up-conversion emission of Er’" can be
explained by several well-known mechanisms such as
excited-state absorption (ESA), energy transfer up-conver-

sion (ETU). As mentioned above, the dominant up-
conversion mechanisms in Er’ *—=Yb’* co-doped TiO,
nanocrystals are ESA, which is well explained by our
group [15,16], and ETU. The ETU involves not only two
closely neighboring Er®" but also Er*" and Yb®>". When
Yb? ' at 4F5/2 state returns nonradiatively to the 4F7/2
ground state, its energy is transferred to neighboring Er®*
in the *I;; 12 state, and then this already excited Er’*”" ionis
excited to the 4F7/2 (*H, o) state through the following
channels: *1;, /2—>4F7/2 and 4113/2—>4F9/2. This is the main
pathway by which Yb®" sensitizes the up-conversion
process. Transition from 4S3/2, H,, 2 excited state to the
1 s ground state results in the green emission in
520-570nm. The 640-690 nm red emission is assigned to
the transition from 4F9/2 excited state to the 4115/2 ground
state. The excited Er’ " at 4113/2 level may be populated
after different excitation-energy transition and relaxation
because of the large Er’ " and Yb?* concentration in our
samples. Therefore, the most relevant pathway for up-
conversion emission initiates with the transition “I, 52
—>4II3/2. Afterwards, excited Er’" ions at 4113/2 level will
take one ion to the 419/2 level. This step is followed by other
successive transfer processes from ions at the 4113/2 state,
which results in the excitation to higher levels. After
nonradiative decay to lower states, radiative transitions to
the ground state give rise to the observed red upconverted
fluorescence [2].

4. Conclusions

Powders of Er’"-Yb®" co-doped TiO, nanocrystals
were prepared using sol-gel method. Doping with rare-
earth ions affects the phase structure and particle size of
TiO, nanocrystals. The rutile phase also can be turned to
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Fig. 7. The up-conversion fluorescence emission spectra of Er’" (10mol%)-Yb>" (10mol%) co-doped TiO, nanocrystals at different measured

temperature (excitation with 980 nm, watts is in 527 mW).
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Fig. 8. Power dependence of the up-conversion luminescence in Er’* (10mol%)-Yb>" (10 mol%) co-doped TiO, nanocrystals excited at 980 nm. Inset:

Graph of log(Iyc) vs. log(Ipymp) for the sample.

anatase phase with increasing calcinations temperature.
Upon UV excitation of the TiO, matrix, the energy transfer
to the Er* " ions occurs and the characteristic luminescence
of the f—f transition is observed. The green (520-570 nm)
and red (640-690nm) up-conversion emission in Er®"
doped and Er'"-Yb’" co-doped TiO, nanocrystals
powders were obtained, They were associated with (2H11 /25
4S3/2—>4115/2) and (4F9/2—>4115/2) transfer of Er’™, respec-
tively. Both of the green and red up-conversion emission
intensities were proved to increase with increasing calcina-
tions temperature from 873 to 1073 K and decreasing
measure temperature from 467 to 78 K. The up-conversion
process is most efficient for the large particles as well as
other reports [17,18]. According to the energy level
diagram of Er'" and Yb’' ion and the relationship
between I, and Iy, the up-converted emission mechanism

for Er'"—=Yb’" co-doped TiO, nanocrystals sample is
confirmed as ESA and ETU under 980nm infrared
excitation.
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