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Simultaneous Enhanced Ultraviolet, Visible and Infrared
Emissions in Er*-Yb*:TiO, by Li* Codoping
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Abstract: The Er*-Yb*:TiO, powders by Li* codoping have been prepared by sol-gel method. Both ultraviolet, blue,
green and red upconversion and infrared downconversion emissions in the wavelengths of 350~1 700 nm were
observed by a 976 nm semiconductor laser diode (LD) excitation. The ultraviolet, visible and infrared emissions of
Er**-Yb? ":TiO, enhanced simultaneously by increasing Li* from 0 to 20mol% . The significant enhancement of
ultraviolet, visible and infrared emissions resulted from the distortion of crystal field symmetry of Er** caused by the
dissolving of Li* at lower Li* codoping concentration and the phase transformation at higher Li* concentration. It can

be concluded that codoping with Li* is an efficient method to enhance the luminescence of Er** doped materials.
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Rare-earth ions doped luminescence materials
have attracted much attention because of the
application to color display, data storage, biological
diagnosis, infrared detection and temperature sensor!™.

Er** is one of the most popular rear-earth ions due to its

Weks B39 .2010-11-22, Y& R B9 .2010-12-12,

upconversion and downconversion emissions in Er®*
doped luminescence materials under the excitation of
980 nm semiconductor laser diodes (LD). However, the
relative low absorption cross-section of Er** at 980 nm

limits the efficiency of Er’*. Tt is well-known that the
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luminescence efficiency of Er’* doped materials is
dependent on their intra 4f transition probabilities®¥.
The intra 4f transition probabilities of Er’ in Er** doped
materials are related to the energy migration between
active ions and the crystal field symmetry of active ions
in the host matrix'?. Codoping with Yb** is an efficient
method to overcome the low absorption cross-section
of Er’* because of the larger absorption cross-section of
Yb** at 980 nm and the large spectral overlap between
Yb** emission and Er'* absorption which results in
an efficient resonant energy migration from Yb’* to
Er*!""5lOn the other hand, the change of crystal field
symmetry of Er** can also affect the intra 4f transition
probabilities of Er’*. Patra et al.” found that the green
and red upconversion emissions intensities of Er’*:Zr0,
nanocrystals depended on their phase structures.
Compared with tetragonal phase, the monoclinic phase
of ZrO, with lower crystal field symmetry was more
favorable to the green and red emissions of Er’*:ZrO,
nanocrystals. For the Er**:Ti0, nanocrystals, the mixture
of rutile and anatase phases with the lowest crystal field
symmetry caused the maximum green and red
upconversion emissions intensities!'”. The dopant of Li*
with small ionic radius can change the luminescence
emissions of Er'* after introduced into the Er** doped

luminescence materials!™. Bai et al.'*'® and Chen

et al [17-18]

reported that the formation of Li* solution by
Li* codoping could enhance the upconversion emissions
intensities of Er**:Y,0; and ZnO nanocrystals due to the
distortion of crystal field symmetry of Er’*. In this
paper, we report that both Li* solution and the phase
transformation caused by Li* codoping can simultaneo-
usly enhance the ultraviolet, visible upconversion and
infrared downconversion emissions of Er'* in the Er’*-

Yb*":TiO, powders by Li* codoping, also the correspon-

ding mechanism is discussed.
1 Experimental

Sol-gel method was used to prepare the Er**-Yb**-
Li* codoped TiO, powders. The iso-propyl (i-PrOH) was
first added as solvent into the modified titanium (V) n-
butoxide which was performed by chelating reaction

between n-butyl titanate (Ti(OBu),) and acetylacetone

(AcAc) under agitation for 1 h at room temperature.
Then a mixture of deionized water, i-PrOH and the
concentrated nitric acid (HNOs) were added slowly into
the solution. The mixed solution was stirred for 6 h to
form a clear and stable TiO, sol. The molar ratios of
Ti(OBu), to AcAc, H,O and HNO; were 1:1, 1:2 and 3:
1, respectively. Finally, Er**, Yb** and Li* were introd-
uced by adding Er(NOs);+5H,0, Yb(NO,);+-5H,0 and
LiNO; in the molar ratio of 1:10:(0~20):100 for Er**:
Yb**:Li*:Ti**. The Er*-Yb**-Li* codoped TiO, sols were
dried at 100 °C for 8 h to get rid of the solvent. The
xerogels obtained were heated at the heating rate of 4 °C
‘min”" and kept at the sintering temperature of 1250 °C
for 1 h, and then cooled down to room temperature in the
furnace. The doped TiO, sintered was milled into powder
for structural analysis and spectral measurement.

The phase structures of the Er**-Yb**-Li* codoped
TiO, powders were analyzed by SHIMADZU XRD-6000
X-ray diffractormeter (XRD) with Cu Ko radiation. The
luminescence emissions spectra were obtained by a 976
nm semiconductor LD excitation. The luminescence
emissions from the powders were focused onto Jobin
Yvon iHr550 monochromator and detected with CR131
photomultiplier tube and InGaAs detector associated
with a lock-in amplifier. The spectral resolution of the
experimental set-up was 0.1 nm. All the spectroscopic

measurements were carried out at room temperature.
2 Results and discussion

Fig.1 show s the XRD patterns of 1mol% Er® -
10mol% Yb** doped TiO, by Omol% ~20mol% Li*
codoping. The XRD pattern of Er® *-Yb® =TiO, is
characteristic of tetragonal rutile phase of TiO, (JCPDS
No.21-1276) and face-centered
Yb,Ti,0; (JCPDS No.17-0454) and Er,Ti,0; (JCPDS No.
73-1700). By 1mol% or 2mol% Li* codoping, the phase

structures of Er**-Yb*:Ti0, do not change, but the main

cubic phases of

diffraction peak of TiO, shifts toward larger angles.
Phase transformation happens and a new monoclinic
phase of Li,Ti,0y (JCPDS No.33-0832) forms when Li*
codoping concentration increases to Smol% , and the
of  LiyTi,0

gradually while Li* increases from 5mol% to 20mol%.

diffraction peak intensities increase
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The Li* codoping concentration higher than 20mol%
results in further increase of diffraction peak intensities
of Li;Ti40s phase. The main diffraction peak of TiO,
shifts reversely toward smaller angles for Li*
concentration of Smol%~20mol%. Substituting the Ti**
ion by the smaller Li* ion causes the host lattice to
shrink and occupying the interstitial sites causes the
host lattice to expand. Consequently, the peak shift
toward larger angles by 1mol%~2mol% Li* codoping is
ascribed to the substitution of Ti** sites by Li* ions, and
the peak shift toward smaller angles by 5mol% ~
20mol% Li* codoping is ascribed to the occupation of

interstitial sites by Li* ions.
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Fig.1 XRD patterns of Er**-Yb*:TiO, powders codoped
with Omol%~20mol% Li*

Fig.2 gives the ultraviolet, visible and infrared
emissions spectra of 1mol% Er’*-10mol% Yb’* doped
TiO, by 0, 2mol%, 5Smol% and 20mol% Li* codoping.
The ultraviolet, blue, green and red upconversion and
infrared downconversion emissions are observed from
the *G11p—="11sn, *Hop™"115p, Hy1n/*S30="1 15, *Fop—"I15
and *I,3,—* 5, transitions of Er’* in the wavelengths of
350~1 700 nm, respectively. The 2mol% Li* codoping
has no effect on the shape of the emission spectra of
Er*-Yb*:Ti0,, but uniformly increases the intensities of
ultraviolet, visible and infrared emissions. With Li*
codoping concentration increasing to Smol%, the shape

of emission spectra of Er**-Yb*:Ti0, changes obviously.

It can be seen that the ultraviolet, blue and green
emissions increases higher than that of red and infrared
emissions. The intensities of ultraviolet, visible and
infrared emissions are further enhanced significantly by
20mol% Li* codoping. For Li* codoping concentration
higher than 20mol% , we found that the ultraviolet,
visible and infrared emissions reached maximum by
25mol% Li* codoping and then decreased dramatically

with the further increase of Li* codoping concentration.
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Fig.2 Ultraviolet, visible and infrared emissions spectra
of Er*-Yb*™:TiO, by 0, 2, 5 and 20mol% Li*
codoping
Fig.3 shows the integrated emissions intensities of
ultraviolet, visible and infrared emissions of 1mol% Er**
-10mol% Yb** doped TiO, as a function of Li* codoping
concentration. Due to the upconversion and
downconversion emissions are detected by different
detectors, the intensities of upconversion emissions
cannot be compared with that of downconversion
emissions. As shown in Fig.3, the intensities of
ultraviolet, visible and infrared emissions dramatically
increase with Li* codoping concentration of Omol% ~

20mol% .

intensities of ultraviolet, visible and infrared emissions

It can be observed that the change of

with Li* codoping concentration is divided into two
stages. With the Li* codoping concentration below
2mol% , the intensities of ultraviolet, blue, green, red
and infrared emissions enhance linearly with the Li*
concentration. When the Li* codoping concentration
increasing above 5mol%, the ultraviolet, blue and green
emissions enhance significantly than the infrared and
red emissions. The maximal intensities of ultraviolet,
blue, infrared

green and red upconversion and
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downconversion emissions are obtained for Er’*-Yh**
TiO, by 20mol% Li* codoping, which are about 50, 80,
600, 30 and 16 times higher than that of Er**-Yb*:TiO,,

respectively.
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Fig.3 Integrated emissions intensities of ultraviolet,
visible and infrared emissions of Er**-Yb*:Ti0,

as a function of Li* codoping concentration

The schematic energy levels diagram of Er'* and
Yb* as well as the proposed mechanisms for ultraviolet,
visible and infrared emissions by a 976 nm LD
excitation is given in Fig.4. The green upconversion
emission is produced by transitions of *H,;,/*S3,—"],5,
of Er**. The two emitting levels of *H}, and *Sy, are
mainly populated by the excited state absorption (ESA
(1)), two successive energy transfers ET(I), ET(Il) and
nonradiative decay from “F;, to 2H,;, and *Ss, levels.
About the red upconversion emission by transition of
*Fop—"l)s, of Er'*, the population of *Fy, level is
ascribed mainly to ET(II) and the cross-relaxation (CR)
process'™. The Er'* in the *S3;, level is further promoted
to the ‘G, level through ESA (II) process and the

ultraviolet emission centered at 382 nm is generated.
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Fig.4 Schematic energy levels diagram of Er** and Yb*
as well as the proposed mechanisms for

ultraviolet, visible and infrared emissions by a

976 nm LD excitation

The nonradiative decay from *Gy,, to *He, and the ET(IV)
process produce the blue emission by the transition of
2Hop—*1 5. The infrared downconversion emission with
broadband extending from 1 400 to 1 700 nm which
centered at 1 553 nm is attributed to transition of “/;3,—
55 of Er.

The crystal field symmetry of Er'* in the host
matrix could affect the intra 4f transition probabilities
of Er** and then changed the luminescence efficiency of
Er’* doped materials efficiently®'”. The phase structures
of Er**-Yb**:Ti0, did not change with the dissolving of
Li* in the matrix by 1mol% or 2mol% Li* codoping.
Although Li* was not energetically strong enough to
alter the phase structure, strain created in chemical
bonds due to Coulomb interactions was expected to
change the length of chemical bond of Er**. The shift of
diffraction peaks of TiO, by 1mol% and 2mol% Li*
codoping in Fig.1 indicated the change of lattice
constant, which also showed that the length of chemical
bond of Er’* varied with Li* codoping. Bai et al. also
found that the Er-O bond length in the Er’ %ZnO
nanocrystals was altered with the addition of Li* by
using extended X-ray absorption fine structure spectro-
scopy (EXAFS)!". The length change of the chemical
bond of Er'* led to the decrease of local crystal field
symmetry around Er*, inducing the increase of the
transition probabilities which govern various intra 4f
transitions of Er**1%. Therefore, both ultraviolet, blue,
green and red upconversion and infrared downconver-
sion emissions enhanced uniformly with the shape of
emission spectra having no obviously change. Phase
transformation happened and a new phase of Li,Ti,09
formed when the codoping concentration of Li *
increased to 5mol%. The monoclinic phase of Li,Ti,Oq
was less symmetric than the tetragonal phase of TiO,, so
the crystal field symmetry of Er'* decreased by 5mol%
Li* codoping. The induced low symmetry of the crystal
field of Er’* favored the luminescence emission proper-
ties™™. Therefore, the ultraviolet, visible and infrared
emissions enhanced significantly. Due to the crystal
field symmetry was different for Er** in the different
crystal phases, the nature of emissions of Er'* from the

TiO, and Li,Ti,09 phases was not identical. The
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increase trends of ultraviolet, visible and infrared
emissions by Smol% Li* codoping was no longer uniform
as shown in Fig.3. The ultraviolet, blue and green
emissions increased more quickly than the red and
infrared emissions. With the concentration of Li* incre-
ased from 5mol% to 20mol%, the increasing content of
Li,Ti,09 phase further reduced the symmetry of Er**,
leading to the further enhancement of ultraviolet,

visible and infrared emissions.
3 Conclusions

Imol% Er**-10mol% Yb** doped TiO, powders by
Omol% ~20mol% Li* codoping have been prepared by
sol-gel method. No change of phase structure was
observed for Er**-Yb* doped TiO, by 1mol% or 2mol%
Li* codoping, while phase transformation happened and
a new phase of Li,T1,09 formed by 5mol%~20mol% Li*
codoping. The ultraviolet, blue, green and red
upconversion and infrared downconversion emissions of
Er**-Yb**:TiO, enhanced significantly by increasing Li*
from Omol% to 20mol% . The intensities of ultraviolet,
visible and infrared emissions uniformly enhanced by
1mol% and 2mol% Li* codoping, which resulted from
the distortion of crystal field symmetry of Er** caused by
Li* dissolving. The selective increase of ultraviolet to
infrared emissions by 5mol% ~20mol% Li* codoping
was ascribed to the variation of the ecrystal field

symmetry of Er** caused by the phase transformation.
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