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Physical characteristics and infrared fluorescence properties of sol–gel
derived Er 3¿– Yb3¿ codoped TiO 2

Chu-Chi Ting and San-Yuan Chen
Department of Materials Science and Engineering, National Chiao-Tung University, Hsinchu, Taiwan 300,
Republic of China

Hsin-Yi Leea)
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~Received 21 February 2003; accepted 19 May 2003!

Er31 – Yb31 codoped TiO2 films were prepared on fused silica by sol–gel processes. The Yb31

codoping effect on the physical characteristics and;1.54mm photoluminescence~PL! properties of
Er31-doped TiO2 films was investigated. Maximum;1.54 mm PL intensity occurs in Er31

(5 mol %) – Yb31(30 mol %) codoped TiO2 samples annealed at 700 °C. However, when the
concentration of Yb31 ions is more than 30 mol %, the back energy transfer effect from Er31 to
Yb31 will deteriorate the;1.54 mm PL efficiency. Extended x-ray absorption fine structure
measurements show that the average spatial distance between Er31 ions is slightly decreased due to
the partial substitution of Yb31 for Er31 ions in the local structure. The Yb31 ion in the Er31 – Yb31

codoped TiO2 samples not only plays the role of disperser but is also a sensitizer of the Er31 ion.
This dual effect leads to larger PL intensity in the Er31 – Yb31 codoped TiO2 system in comparison
with Er31 – Y31 codoped TiO2 samples. Compared with SiO2 films with Er31 (5 mol %) – Yb31 ~30
mol %! codoped and annealed at optimal temperature of 985 °C, the Er31 – Yb31 codoped TiO2 film
obtains better PL properties at lower annealing temperature. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1590411#
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I. INTRODUCTION

Erbium-doped materials can act as an optical gain m
dium in optical communication systems because the opt
transition of Er31 ions occurs at an eye-safe wavelength
;1.54 mm which coincides with the third maximum tran
parent window of silica-based optical fibers.1–3 In order to
achieve high gain optical amplification in compact optoel
tronic devices, a high doping concentration of Er31 ions is
required. However, emission efficiency of;1.54mm photo-
luminescence~PL! will be degraded for higher concentratio
Er31-doped fiber amplifiers because of the concentrat
quenching effect.4,5 Codopants of Al31, Y31, and Yb31 are
usually adopted to inhibit Er31 clustering and to promote
more uniform spatial distribution of Er31 ions in Er-doped
silica.6–8

TiO2 film has higher refraction index (n52.52 for ana-
tase andn52.76 for rutile! as well as lower phonon energ
~,700 cm21!9 than silica glass film. Recently, it has bee
demonstrated that Er31-doped TiO2-based films show poten
tial for application in microintegrated photonic device
There are some advantages of a TiO2 thin film optical wave-
guide. For instance, it has high transparency in the visible
the near-infrared wavelength regions. The high refractive
dex (n52.75 and 2.54 atl5550 nm for rutile and anatas
phases, respectively! allows the use of small waveguid
bending radii~,100 mm!, which leads to a reduction in de

a!Author to whom correspondence should be addressed; electronic
hylee@srrc.gov.tw
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vice dimensions. In addition, when a TiO2 planar waveguide
is cladded with SiO2 (n51.45), the high contrast in refrac
tive index between the core and cladding layers can resu
high confinement of the optical mode in the guide. Howev
few detailed studies have been made to investigate the
of rare-earth codopants for the PL properties of Er31-doped
TiO2 films.10,11 In a previous report, we demonstrated th
the ;1.54mm PL properties can be enhanced by a factor
10 in intensity and 1.5 times for the full width at half max
mum ~FWHM! in Er31 – Y31 codoped TiO2 films in com-
parison with the Er31 – Al31 codoped SiO2 system.12 The
enhanced PL emission of Er31 – Y31 codoped TiO2 films is
attributed to sufficient dispersion and the distortion of t
local structure of Er31 ions in the TiO2 host matrix by yt-
trium codoping.

On the other hand, a Yb31 codopant has been demon
strated as increasing variation of the Er sites which result
the inhomogeneous broadening effect.13 In addition, a Yb31

ion can sensitize Er31 ions and enhance the;1.54 mm PL
intensity.14 This mechanism makes the population of t
4I 11/2 Er31 level increase and leads to enhancement of
;1.54 mm PL efficiency. Guet al. studied Er31 and Yb31

ion codoped silica thin films prepared by rf magnetron sp
tering and reported that the enhanced PL intensity is a re
of the transfer of energy from Yb31 to Er31.15 However, the
role of the Yb31 ion in phase development and in optic
properties related to the Er31-doped TiO2 system has not
been investigated. Therefore, it is very important to inve
gate the influence of codopant Yb31 on the physical charac
il:
2 © 2003 American Institute of Physics
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 [This a
teristics and optical properties of Er31-doped titania.
Although Yb31/Y31/Er31 ions have similar ionic radii

(Yb3150.0862, Y3150.0892, and Er3150.0881 nm)16 and
Yb2O3 /Y2O3 /Er2O3 has nearly the same crystal structu
and lattice constant, Yb31 and Y31 belong to different
chemical groups. Yb is characteristic of intra-4f transition
and the outer closed 5s25p6 shells screen the unfilled inne
4 f ~Ref. 11! shell but Y does not have an intra-4f transition
orbital.17,18

Therefore, in this work, the role of Yb31 and Y31

codopants for the photoluminescence properties
Er31-doped titania materials will be studied. A further com
parison of;1.54mm PL is made to clarify the role of Yb31

and Y31 codopants in Er31-doped TiO2 based on structura
similarity and different characteristics between Yb31 and
Y31 ions.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation

Acetic acid ~HAc! ~Merck! and 2-methoxyethano
~MOE! ~Merck! with molar ratio of Ti/HAc/MOE51/10/15
were first added to titanium isopropoxide~Alfa!, followed by
stirring for 30 min. Subsequently, the ytterbium acet
~Alfa! and erbium acetate~Alfa! powders were dissolved in
the titanium solution and stirred for 10 h to create a hom
geneous hydrolysis/polymerization reaction. The molar ra
of Er31/Ti41 and Yb31/Ti41 were varied from 0.5 to 10 and
10 to 50 mol %, respectively.

For thin-film fabrication, the Er31 – Yb31 codoped TiO2

precursor solution was spin coated onto fused silica s
strates (232 cm2). The as-deposited sol–gel films were fir
pyrolyzed under dry oxygen atmosphere at 400 °C for 30 m
at a heating rate of 3 °C/min and then annealed at temp
tures ranging from 600 to 1000 °C for 1 h in dry oxygen
atmosphere. Multiple spin-coating processes were emplo
to deposit 0.560.02mm thick films for each sample with
different Er31/Yb31/Ti41 molar ratios. Moreover, eac
sample was prepared for five species carefully fabricated
der the same conditions for further measurement of the fl
rescence intensity. For comparison, Er31 – Y31 codoped
TiO2 films prepared using the same procedure were a
fabricated.12

B. Characterization measurements

The crystal structure of samples was analyzed by a M
Science 18 kW x-ray diffractometer with CuKa radiation at
the in-house x-ray laboratory at the National Synchrot
Radiation Research Center~NSRRC!, Hsinchu, Taiwan. Er-
bium L III -edge x-ray absorption spectra were recorded at
BL17C wiggler beamline at NSRRC. The electron stora
ring was operated at energy of 1.5 GeV and a curren
120–200 mA. A Si~111! double-crystal monochromator wit
a 0.5 mm entrance slit was used for energy scanning.
energy resolution,DE/E, was about 1.931024. Measure-
ments were performed at room temperature in fluoresce
mode and the sample was positioned 45° to the incid
x-ray beam. The pre-edge background of x-ray absorp
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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spectra, which was fit to a straight line, was extrapola
throughout the entire range of data and then subtracted.
postedge background was simulated by a cubic spline in
der to isolate extended x-ray absorption fine structure~EX-
AFS! oscillations from the overall absorption. The EXAF
function, so-calledx(k) data, was obtained by subtractin
the postedge background from the overall absorption d
followed by normalization to the edge step. After bein
weighted byk3, wherek is the photoelectron wave vecto
the x data in the range of 2.75,k,11.25 Å21 were Fourier
transformed intor space. The data inr space between 0 an
10 Å were then windowed and backtransformed~filtered! to
get rid of high-frequency noise for subsequent comparis
Polycrystalline Er2O3 powder~Cerac, 99.9%! was used as a
reference standard.

Fourier transform infrared~FTIR! spectra were recorde
on a Perkin-Elmer 580 spectrometer. A 980 nm diode la
with power of 50 mW was used as the pump source inclin
45° to irradiate the center of the samples and the fluo
cence spectra were recorded normal from the sample
room temperature using a spectrophotometer equipped w
liquid N2-cooled Ge detector to detect infrared fluorescen
In order to compare the fluorescence intensity of differ
samples, the distance and position between the samples
spectrophotometer were fixed exactly for each measurem
and the fluorescence intensity of each sample was the a
age value of five species.

III. RESULTS AND DISCUSSION

A. Structural evolution

Typical x-ray diffraction~XRD! was used to investigate
the effect of the annealing temperature on the structural
velopment of Er31 ~5 mol %!-doped TiO2 . As shown in Fig.
1~a!, at 700 °C, both anatase and rutile phases formed. As
sample was annealed at 800 °C, a weak XRD peak co
sponding to Er2Ti2O7 pyrochlore phase~P! was detected.
However, for the Er31 (5 mol %) – TiO2 with Yb31 ~30
mol %! codoped, the XRD patterns in Fig. 1~b! show that at
700 °C, the host matrix becomes amorphous in contras
that @Fig. 1~a!# of the sample without Yb31 codopant. It is
obvious that the addition of more than 30 mol % Yb31 ions
can lead to destruction of the TiO2 network structure. The
grain size of the Er31 ~5 mol %!-doped TiO2 sample an-
nealed at 700 °C is estimated, according to the Sche
formula,19 to be approximately 60 Å, while the grain size o
900 and 1000 °C annealed film is;390 and;500 Å, respec-
tively. However, the Er31 (5 mol %) – TiO2 with Yb31 ~30
mol %! codoped film annealed at 700 °C shows an am
phous matrix while grains of 900 and 1000 °C annealed fi
are;240 and;390 Å, respectively. Therefore, the grain siz
can be made smaller by adding doping Yb31 to the system.
This is beneficial for the application of waveguides beca
smaller grain size can reduce light scattering. Furthermore
800 °C, it was found that the pyrochlore phase has fully
veloped. After the Er31 – Yb31 codoped TiO2 samples were
annealed at 900–1000 °C, both the rutile~R! and pyrochlore
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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~P! phases become well crystallized. Similar results are a
observed in the Y31 – Er31 codoped TiO2 system~not shown
here!.

Figure 2 shows pseudoradial distribution functions o
tained from k3-weighted Fourier transforms of th
Er31 – Yb31 codoped TiO2 samples annealed at 700 °C for
h. The local structural parameters, such as the interato
distance, coordination number, and Debye–Waller facto~a
measure of disorder of neighboring atoms around an abs
ing atom! can be extracted from the EXAFS function. How
ever, no attempt was made to perform a detailed analys
this work. Instead, a qualitative comparison will be presen
here. From the Fourier transform of the EXAFS functi
shown in Fig. 2, the first shell bond distance around Er31 is
;1.81 Å which is close to the Er–O bond length~;1.86 Å!
of a standard Er2O3 sample.~According to theoretical calcu
lation of a standard Er2O3 sample, it was found that the shi
in phase makes the pseudoradial distance approximately
Å shorter than the real distance in this measurement.! Quali-
tative observation of the 700 °C-annealed samples~i.e., no
formation of pyrochlore phase! reveals that its EXAFS func
tions are not significantly different for concentration

FIG. 1. X-ray diffraction patterns of~a! Er31 ~5 mol %!-doped TiO2 and~b!
with 30 mol % Yb31 codopant annealed from 700 to 1000 °C for 1 h.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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Yb31<30%. This indicates that the local structure arou
Er31 ions in Er31 – Yb31 codoped TiO2 systems is similar
for those samples. Additionally, it is noted that the seco
neighbor distance around Er31 slightly decreased from 2.855
to 2.775 Å when the concentration of Yb31 increased from
10 to 30 mol %. The shorter second shell distance is pr
that Yb ions may replace the second shell position of Er–
Er. In other words, Er–O–Er–O–Er ispartially replaced by
Er–O–Yb–O–Er.This phenomenon can be attributed to t
fact that since Er31 and Yb31 have the same valence and a
close in ionic radii, they can be replaced with each oth
However, as the Er31-doped TiO2 was codoped with 50
mol % Yb31, the second-neighbor distance around Er31 be-
came larger compared to that with 30 mol % Yb31 codoped
which is probably due to high disorder around Er31 ions or
the formation of clusters.

For the sample annealed at~800 or 900 °C!, the well
crystallized pyrochlore crystallites were generated within
TiO2 host matrix. EXAFS analysis in Fig. 3 shows that t
Er sites have very different local environments compa
with those of samples without pyrochlore crystallites. The
titanate-pyrochlore phases have a general formula,A2B2O7 ,
in which the A site can be rare-earth~Ln! and theB site
titanium (3d transition element!. It is interesting to note tha
Er2Ti2O7 and Yb2Ti2O7 pyrochlore phases have the sam
lattice structure and similar lattice constants. Therefore,
pyrochlore phases in Er31 – Yb31 codoped TiO2 samples are
structurally indistinguishable. In addition, Yb2Ti2O7 pyro-

FIG. 2. Fourier transform of the EXAFS function at the ErL III edge for
Er31 ~5 mol %!-doped TiO2 samples with 0–50 mol % Yb31 codopant an-
nealed at 700 °C for 1 h.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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 [This a
chlore phase with a smaller cation exhibits smaller a lat
constant~i.e., smaller distance betweenA–A cations!. In the
pyrochlore phase, Ti41 ions are sixfold coordinated and lo
cated within trigonal antiprisms with all six anions equ
distances from the center Ti41 cations. However, Er31

(Yb31) ions are eightfold coordinated and located with
scalenohedra~distorted cubes! that contain six equal spac
anions at a slightly shorter distance from the center E31

(Yb31) cations.20 The aforementioned local structural evol
tion of Er31 ions can considerably influence the photolum
nescence properties of Er31 – Yb31 ~or Er31 – Y31) codoped
TiO2 systems.

B. È1.54 mm photoluminescence properties

Figure 4 shows;1.54 mm PL spectra of the Er31 ~5
mol %!-doped TiO2 samples with 0–50 mol % Yb31 added
annealed at 700 °C for 1 h. All of the spectra were norm
ized to the same intensity to compare differences betw
spectral features. The Er31 ~5 mol %!-doped TiO2 sample
exhibits a sharp PL spectrum with a 1.537mm main peak
which is characteristic of Er31 emission (4I 13/2→4I 15/2).
However, by increasing the Yb31 codopant concentration
the PL spectra become broader. The maximum bandw
(FWHM567 nm) of;1.54mm PL spectra was obtained fo
the sample with added Yb31 content above 30 mol %. Th
line-broadening mechanism can be attributed to the inho
geneously broadened transition of Er31 ions.21 For the
sample without Yb31 codopant, the well-resolved spectru

FIG. 3. Fourier transform of the EXAFS function at the ErL III edge for
Er31 (5 mol %) – Yb31 ~30 mol %! codoped TiO2 samples annealed at var
ous temperatures for 1 h.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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demonstrates that the Er31 ions are located in well-defined
sites in the TiO2 matrix. Namely, each Er31 ion occupies a
similar type of site that has well-defined surroundings a
hence, each Er31 ion experiences similar crystal fields. How
ever, the Yb31 codopant can destroy the network of the TiO2

host matrix, which results in varying Er sites with differe
surrounding environments and causes randomization of
Stark splittings. Therefore, the overall spectral lines that
sult from superimposed contributions of each Er site are
homogeneously broadened.

Figure 5 illustrates that the influence of the anneal
temperature on the;1.54 mm PL spectral feature of Er31

(5 mol %) – Yb31 ~30 mol %! codoped TiO2 samples. As the
samples were annealed above 800 °C, the spectra with m
split lines were detected. From the XRD patterns in Fig. 1~a!,
it is seen that Er2Yb22xTi2O7 crystallites were generated a
annealing temperatures above 800 °C. This means that
majority of Er31 ions should be located in the crystallin
Er2Yb22xTi2O7 phase and that the Er31 bonding environ-
ment becomes uniform and produces the well-resolved
spectrum. For comparison, an Er31 (5 mol %) – Yb31 ~30
mol %! codoped silica film was also prepared and annea
at optimal temperature of;985 °C.22 Figure 6 illustrates that
the PL properties of the Er31 – Yb31 codoped TiO2 system
exhibit more intense emission~; two times more! and a

FIG. 4. ;1.54mm PL spectra of Er31 ~5 mol %!-doped TiO2 samples with
0–50 mol % Yb31 codopant annealed at 700 °C for 1 h. All the spectra w
normalized to the same intensity to compare the differences in spectral
ture.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

1 May 2014 05:27:26



l
L
tu

a

e
o

o
he

a
-
th
d

r

n-

%

tion
.

se
e

in
be-

ites
-
ef-
till

re
l fe

of

2106 J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Ting, Chen, and Lee

 [This a
wider FWHM ~;1.5 times more! than those of an optima
Er31 – Yb31 codoped SiO2 system. This implies that the P
properties strongly depend on the composition and struc
of the host materials. Furthermore, the Er31 – Yb31 codoped
TiO2 film not only obtains better PL properties but also
lower annealing temperature.

The dependence of the annealing temperature on the
intensities of Er31 (5 mol %) – Yb31 ~30 mol %! codoped
TiO2 samples is shown in Fig. 7. The final PL intensity se
often results from the competition between the content
hydroxyl groups~i.e., quenching centers! and the symmetry
of local structure around the Er31 ions. The increase in PL
intensity from 600 to 700 °C is attributed to the reduction
the OH2 hydroxyl content as one can see in Fig. 8. T
FTIR absorption around 4000–3000 cm21, corresponding to
O–H vibration mode, decreases with an increase of the
nealing temperature.23–25However, above 800 °C, the PL in
tensity is abruptly reduced and this is strongly related to
formation of ErxYb22xTi2O7 pyrochlore phase as evidence
from XRD patterns in Fig. 1~b!. The local structure around
Er31 ions in well-crystallized ErxYb22xTi2O7 phase~above
800 °C! becomes more symmetric compared to that of E31

ions in the amorphous host matrix~700 °C! and may result in
less probability of the normally forbidden intra-4f transition
of Er31 ions and degradation of the PL efficiency.26–28Simi-
lar temperature dependence of Er–Yb codoped TiO2 on the

FIG. 5. ;1.54 mm PL spectra of Er31 (5 mol %) – Yb31 ~30 mol %!
codoped TiO2 annealed from 700 to 1000 °C for 1 h. All the spectra we
normalized to the same intensity to compare the differences in spectra
tures.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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PL intensity is also observed in the Er–Y codoped TiO2 sys-
tem.

The variation of the ;1.54 mm PL intensity of
Er31 – Yb31 codoped TiO2 samples with the Er31 – Yb31

concentration is summarized in Fig. 9. When the Yb31

codoping concentration is 10 mol %, the variation of PL i
tensity shows the phenomenonI (1%).I (5%).I (10%) ~where
I (1%) represents the PL intensity of the sample with 1 mol
Er31 doping dose!. However, for Yb31 codoping concentra-
tion above 10 mol %, the phenomenon changes toI (5%)

.I (10%).I (1%) . This indicates that 10 mol % Yb31 codop-
ing concentration is still not enough to disperse Er31 ions
very well and a large number of Er31 ions ~5 and 10 mol %!
can still form clusters. When 20 mol % Yb31 codoping con-
centration was used, however, the influence of concentra
quenching onI (5%) and I (10%) can be considerably reduced

For the sample with Yb31 concentration above 30
mol %, as the poorly crystalline pyrosilicate pha
(ErxYb22xTi2O7) crystallized in the host matrix, it can b
assumed that the Er31 ions are located in the Yb2Ti2O7 ma-
trix. If the Er31 ions were postulated to randomly disperse
ErxYb22xTi2O7 phases, then the average spatial distance
tween Er31 ions would be enlarged because some Er s
were occupied by Yb31 ions. The PL intensity can be re
markably enhanced by the reduction of Er–Er quenching
fect and at this time, the Er–Yb energy transfer effect s

a-FIG. 6. Comparison of;1.54 mm PL spectra of~a! Er31 – Yb31 codoped
TiO2 and~b! Er31 – Yb31 codoped SiO2 annealed at optimal temperatures
700 and 985 °C for 1 h, respectively.
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does not dominate. Nevertheless, the 50 mol % Yb31

codopant leads to the reduction of PL intensities that mi
be related to the back energy transfer from Er31 to Yb31

ions ~i.e., double energy transfer!29 and resonant energy m
gration between Yb31 ions.

For comparison, Er31(5 mol %) – Y31(10– 50 mol %)
codoped TiO2 films were also prepared and annealed at
same annealing temperature of 700 °C. The;1.54 mm PL
spectra~not shown here! of the Er31 – Y31 codoped TiO2

samples exhibit a similar phenomenon to that of
Er31 – Yb31 codoped TiO2 samples. Enhancement of PL in
tensities with an increase in Y31 content up to 50 mol % was
observed for the Er31 (5 mol %) – Y31 ~10–50 mol %!
codoped TiO2 samples, shown in Fig. 10. In contrast, ma
mum PL intensity appears in the sample of Er31

(5 mol %) – Yb31 ~30 mol %! codoped TiO2 , above that, re-
duced PL intensity was observed, like in the sample with
mol % Yb31. The comparison of the PL intensities of th
TiO2 codoped with Er31 (5 mol %) – Yb31 ~30 mol %! with
the sample codoped with Er31 (5 mol %) – Y31 ~30 mol %!
demonstrates that the PL intensity in the former is abou;
two times higher than that in the latter. According to t
aforementioned results, the mechanisms for the enhance
of PL intensity between Er–TiO2 doped with Yb31 and Y31

are somewhat different.
Because Er31 and Yb31 ~or Y31) have the same valenc

and similar ionic radii, they could be replaced by each ot
and the –Er–O–Er–O–Er–bonding structures can b
changed into – Er–O–@Yb (or Y31) – O#n– Er– . Therefore,
the more the Y31 codopant the larger the atomic spaci

FIG. 7. PL intensity of Er31 ~5 mol %!-doped TiO2 samples with 30 mol %
Yb31 codopant annealed from 600 to 1000 °C for 1 h.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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t

e

e

0

ent

r

among Er31 ions and the enhanced PL properties that can
attributed to an increase in dispersion and solubility of Er31

ions in Er31 – Yb31 ~or Er31 – Y31) codoped TiO2 systems.
However, it is worth noting that with an increase of Yb31 up
to 30 mol %, the PL intensity was remarkably enhanced. T
implies that the Yb31 ion not only plays the role of disperse
but also that of sensitizer for Er31 ions. This dual effect
might have superimposed impact on the;1.54 mm PL effi-
ciency, which seems consistent with our experimental res
that Er31 – Yb31 ~10–30 mol %! codoped TiO2 samples have
larger PL intensity than Er31 – Y31 ~10–30 mol %! codoped
TiO2 samples.

However, for Yb31 concentration greater than 30 mol %
the ;1.54 mm PL efficiency was reduced and that can
attributed to two deleterious processes:29–31 ~i! back energy
transfer from Er31 to Yb31 ions and~ii ! double energy trans
fer ~DET! where a second excited Yb31 ion transfers its
energy to the excited Er31 ion, which results in promoting
the Er31 energy level from the4I 11/2 to the 4F7/2 manifold.
On the other hand, although Y31 also possesses similar va
lence and ionic radius as Er31, DET does not show up in the
Er31 – Y31 codoped TiO2 system because Y31 is not an op-
tically active element. Therefore, with an increase in Y31

concentration, the PL intensity continuously increased a
that can be attributed to an increase in dispersion and dis
tion of the local structure of Er31 ions in Er31 – Y31

codoped TiO2 films.

FIG. 8. FTIR transmittance spectra of Er31 (5 mol %) – Yb31 ~30 mol %!
codoped TiO2 annealed from 600 to 1000 °C.
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FIG. 9. Dependence of the Yb31 concentration on the;1.54mm PL inten-
sity of Er31 – Yb31 codoped TiO2 samples with different concentration Er31

ions added annealed at 700 °C for 1 h.

FIG. 10. Comparison of;1.54 mm PL intensities between Er31

(5 mol %) – Yb31 ~10–50 mol %! and Er31 (5 mol %) – Y31 ~10–50
mol %! codoped TiO2 systems annealed at 700 °C for 1 h.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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IV. CONCLUSIONS

Maximum ;1.54 mm PL intensity was obtained for th
Er31 (5 mol %) – Yb31 ~30 mol %! codoped TiO2 sample
annealed at 700 °C. This can be attributed to the competi
between the content of hydroxyl groups and the Er site sy
metry. Below 700 °C, the content of hydroxyl groups pla
an important role in the PL intensity. On the other han
above 700 °C, the pyrochlore phases that form in
Er31 – Yb31 codoped TiO2 systems can result in degradatio
of the ;1.54 mm PL efficiency and the formation of well
resolved spectral lines. The average spatial distance betw
Er31 ions in Er31 – Yb31 codoped TiO2 films slightly de-
creased due to partial substitution of Yb31 for Er31 ions in
the local structure. This indicates that the Yb31 ion can act
as a disperser of Er31 ions and reduce the concentratio
quenching effect. Therefore, in comparison with t
Er31 – Y31 codoped TiO2 samples, the Yb31 ion in the
Er31 – Yb31 codoped TiO2 samples not only plays the role o
disperser but it is also a sensitizer for the Er31 ion. This dual
effect leads to larger PL intensity in the Er31 – Yb31 codoped
TiO2 system than in the Er31 – Y31 codoped TiO2 system.
However, when the concentration of Yb31 ions reaches 50
mol %, the back energy transfer effect from Er31 to Yb31

will deteriorate the;1.54mm PL efficiency.
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