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Er31 – Y31 codoped TiO2 films were prepared on a fused silica substrate by the sol–gel process. The
effect of Y31 codoping on the;1.54mm photoluminescence~PL! properties of Er31-doped TiO2

films are investigated. Enhancement of PL properties due to Y31 codoping by a factor of 10 for
intensity and of 1.5 for the full width at half maximum in comparison with the Er31 – Al31 codoped
SiO2 system has been observed in the film annealed at Er31:Y31:Ti4155:30(;50):100. Extended
x-ray absorption fine structure measurements show that the local chemical environment of Er31 ions
in the Er31 – Y31 codoped TiO2 films is similar to that in Er2O3. The average spatial distance
between Er31 ions is enlarged due to the partial substitution of Y31 for Er31 ions in the Er2O3-like
local structure. It is believed that the more intense PL emission of the Er31 – Y31 codoped TiO2

films can be attributed to the better dispersion and distorted local structure of Er31 ions in the TiO2

host matrix by yttrium codoping. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1413490#
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I. INTRODUCTION

Erbium-doped planar optical waveguides have recei
considerable attention for use in integrated optical devi
~e.g., planar optical amplifiers or up-conversion lasers!1–3 be-
cause the intra-4f transition (4I 13/2→4I 15/2) of Er31 ion oc-
curs at;154 mm which matches the lowest signal attenu
tion in silica-based optical fibers.4 Furthermore, this;1.54
mm transition wavelength exhibits characteristics of host a
temperature independence due to the outer closed 5s25p6

shells screening the unfilled inner 4f 11 shell.5,6

In order to achieve high gain optical amplification
compact optoelectronic devices, a high doping concentra
of Er31 ions is required. Unfortunately, the emission ef
ciency of ;1.54 mm photoluminescence~PL! will be de-
graded for higher concentration Er31-doped fiber amplifiers
because of the concentration quenching effect.7–9 Several re-
searchers have noted that codoping with other foreign i
such as Al31 is effective in dispersing rare earth ions
silicate glass matrices, since Al31 ions can act as a networ
modifier and network former, which can further induce mo
nonbridging oxygen in the network of SiO2.

10–13

Another way to enhance;1.54mm PL performance is to
change the host material. Since TiO2 film has a higher refrac-
tion index (n52.52 for anatase phase andn52.76 for rutile
phase! as well as lower phonon energy~,700 cm21)14 than
silica glass film, Er31-doped TiO2-based films have potentia

a!Author to whom correspondence should be addressed; electronic
sychen@cc.nctu.edu.tw
5560021-8979/2001/90(11)/5564/6/$18.00
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applications in microintegrated photonic devices. Howev
few detailed studies have been made to investigate the
of the Er31 content in the PL properties of Er31-doped TiO2

films.15,16

In this article, TiO2 was used as the host material and
Y31 ion was specially selected to be codoped with Er31 ions
the TiO2 matrix because Y31/Er31 ions have similar ionic
radii (Y3150.0892 nm and Er3150.0881 nm! and
Y2O3/Er2O3 has nearly the same crystal structural as well
lattice constant.17 We demonstrate that the;1.54 mm PL
properties can be enhanced 10-fold for intensity and 1.5-f
for the full width at half maximum ~FWHM! in the
Er31 – Y31 codoped TiO2 films in comparison with the
Er31 – Al31 codoped SiO2 system. The effects of the Y31

codopant on phase development and related optical pro
ties of Er31-doped TiO2 films are investigated. Additionally
the extended x-ray absorption fine structure~EXAFS! tech-
nique was used to measure the local chemical environm
of Er31 ions that strongly affect the PL properties. A possib
mechanism based on crystal chemistry is proposed to e
date the importance of the Y31 codopant in promoting the
dispersion of Er31 ions.

II. EXPERIMENT

A. Thin films preparation

Acetic acid~HAc, Merck! and 2-methoxyethanol~MOE,
Merck! with molar ratio of Ti/HAc/MOE51/10/15 were first
added to titanium isoproxide~Alfa!. The yttrium acetate
il:
4 © 2001 American Institute of Physics
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~Alfa! solution ~a mixture of methanol and ethylene glyco!
and erbium acetate~Alfa! were dissolved into the titanium
solution in order to process homogeneous hydrolysis and
lymerization reaction. Subsequently, the Er31 – Y31 codoped
TiO2 precursor solution was spin coated onto fused si
substrates. The as-deposited sol–gel films were first p
lyzed under dry oxygen atmospheres at 400 °C for 30 mi
a heating rate of 3 °C/min and then annealed at temperat
ranging from 600 to 1000 °C for 1 h in dry oxygen atm
sphere. Multiple spin-coating processes were employed
deposit;0.5 mm thick films. For comparison, the compos
tion and procedure proposed by Zhou and co-workers
Er31 – Al31 codoped SiO2 films were also fabricated.13,18

B. Characterization measurements

The phase structures of films were analyzed by an x-
diffractometer~MAC Science, M18X! using CuKa radia-
tion. Electron spin resonance~ESR! spectra were recorde
using a Bru¨ker ESR spectrometer~EMX-10! with 100 kHz
field modulation. The microwave frequency was about
GHz and the samples were cooled to about 4 K. Transm
sion electron microscopy~TEM! ~JEOL-200CX! equipped
with energy-dispersive x-rays~EDX! was used to observ
and analyze the phase crystallization and composition
films. The thickness of the films was measured using a
face profilmeter~Sloan, DekTak3ST). The fluorescence spec
tra were excited by a 980 nm diode laser with power of
mW inclined 45° to irradiate the sample films and were
corded normally from the film using a spectrophotome
equipped with a liquid N2-cooled Ge detector~NCSC!.

Erbium Lm-edge x-ray aborption spectra were record
at wiggler beamline S-05B at the Synchrotron Radiation R
search Center~SRRC!, Hsinchu, Taiwan. The electron sto
age ring was operated at energy of 1.3 GeV and curren
80–200 mA. A Si~111! double-crystal monochromator with
0.5 mm entrance slit was used for energy scanning. The
ergy resolution,DE/E, was about 1.931024. Measurements
were performed at room temperature in fluorescence mod
polycrystalline Er2O3 powder ~Cerac, 99.9% purity! was
used as a reference standard.

III. RESULTS AND DISCUSSION

The x-ray diffraction~XRD! patterns in Fig. 1 show the
effect of the annealing temperature on the phase evolutio
Er31 – Y31 codoped TiO2 films with molar ratios of 5:0:100
~sample A!, 5:10:100~sample B!, and 5:30:100~sample C!
for Er31:Y31:Ti41. For comparison, a sol–gel TiO2 film is
inserted into Fig. 1~a!. As the pure TiO2 film is being an-
nealed at 700 °C, anatase phase is observed. However,
the incorporation of 5 mol % Er31 and 10 mol % Y31 ions
into the TiO2 network, the XRD peaks of the TiO2 phase
become broadened, indicating that the crystallinity of
matrix host becomes poorer. Furthermore, with an incre
in the doping concentration of Y31 ions to 30–50 mol %, a
weak broad continuum around 2u5;30.7° is observed
which is characteristic of an amorphous structure. When
annealing temperature exceeded 750 °C, a strong prefe
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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~222! peak was observed@i.e., in sample C (800 °C) of Fig
1~b!#, demonstrating that a pyrochlore phase with formula
ErxY22xTi2O7 has developed in the TiO2-based amorphous
structure ~both Y31 and Er31 ions in the ErxY22xTi2O7

phase are structurally indistinguishable!.19 Above 900 °C, in
addition to the ErxY22xTi2O7 pyrochlore phase, the residua
TiO2-based amorphous phase recrystallizes to form a crys
line rutile phase.

Figure 2 shows that the refractive index~n! of the
Er31 – Y31 codoped TiO2 films is strongly dependent on th
Y31-doped concentration. An increase of Y31 concentration
leads to the decrease of the refractive index of the compo
films. The refractive indices are 2.28, 2.25, and 2.13 at 5
nm for pure TiO2 and Er31 – Y31 codoped TiO2 films
~samples B and C! annealed at 700 °C for 1 h, respective
This can be elucidated as follows. The refractive index o
heterogeneous mixture is primarily related to the refract
index and volume fraction of individual phases.20–22 Since
the refractive index of a Y2O3 single crystal is about 1.89
which is smaller than that (n52.52 for anatase! of TiO2, the

FIG. 1. XRD patterns of different Er31 – Y31 codoped TiO2 films annealed
at ~a! 700 and~b! 800– 100 °C for 1 h (Er31:Y31:Ti41 mole ratios for
sample A55:0:100, sample B55:10:100, and sample C55:30:100!. Anatase
TiO2 is also shown as a reference sample.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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refractive indices of Er31 – Y31 codoped TiO2 films should
be reduced with an increase of the Y31 concentration. Addi-
tionally, the refractive index of amorphous phase is low
than the highly crystalline phase~e.g., the refractive index o
amorphous TiO2 is about 2.0–2.1!.23 Therefore, a smaller
and adjustablen value can be obtained for the Er31 – Y31

codoped TiO2 films @see Fig. 1~a!#.
The effect of the annealing temperature on the photo

minescence spectra of Er31 – Y31 codoped TiO2 films
~sample C! is shown in Fig. 3. When sample C was annea
below 700 °C, the PL intensity increased with increas
temperature because of the relative reduction of hydro
quenching centers.9,24 On the other hand, when highly crys
talline pyrochlore phase developed in the Er31 – Y31

codoped TiO2 films ~i.e., at annealing above 800 °C), the P

FIG. 2. Dependence of different Er31 – Y31 codoped TiO2 films annealed at
700 °C for 1 h on therefractive index (Er31:Y31:Ti41 mole ratios for
sample B55:10:100 and sample C55:30:100!. Anatase TiO2 is also shown
as a reference sample.

FIG. 3. Temperature dependence of the photoluminescence spectra obs
from Er31 – Y31 codoped TiO2 films (Er31:Y31:Ti41 mole ratios for
sample A55:0:100, sample B55:10:100, sample C55:30:100, and sample
D510:30:100. Sample E is the Er31 – Al31 codoped silica film with an
optimal molar ratio of (Er31:Al 31:Si4150.7:8:100). The inset is a magni
fied photoluminescence spectra of sample A.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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intensity was reduced and the shape of the PL spectrum
viously split into many sharp peaks. The formation of r
solved manifold lines implies that the Er31 ions were located
on well-defined lattice sites in the ErxY22xTi2O7 structure.
The above-mentioned phenomena are also observed
samples A and B annealed at 600– 900 °C.

The influence of Y31 concentration on the photolumi
nescence spectra is shown in Fig. 4. A PL spectrum con
ing of a sharp main peak at 1.538mm and some side peaks a
1.506, 1.553, 1.561, and 1.579mm is observed in the
Er31-doped ~5 mol %! TiO2 films ~sample A, FWHM513
nm!. However, the addition of Y31 ions into the Er31-doped
~5 mol %! TiO2 films not only increases the PL intensity b
also broadens the PL spectra~FWHM536, 75, and 75 nm for
samples B, C, and D, respectively!. Notice that the PL spec
tra in samples C and D include some broad shoulders~1.502,
1.547, 1.553, and 1.562mm! on both sides of the main peak
Such broad band emission indicates that the bond
environment of Er31 ions obviously has a wider diversit
with increased Y31 ion concentration in Er31-doped
TiO2 films. For comparison, we also prepared Er31 – Al31

codoped silica films with an optimal molar rati
(Er31:Al 31:Si4150:7:8:100).13 The PL properties of the
Er31 – Y31 codoped TiO2 system~sample C! exhibit more
intense emission~;10-fold! and wider FWHM~;1.5-fold!
than those of the optimal Er31 – Al31 codoped SiO2 system.
This result implies that the PL properties strongly depend
the composition and structure of the host materials. Ho
ever, with increased Er31 doped concentration more than o
equal to 10 mol %~sample D!, decreased PL intensity i
observed and is attributed to the concentration quench
effect.7–9

The variation of the;1.54 mm PL intensity of the
Er31 – Y31 codoped TiO2 films ~at 700 °C) with Er31 or
Y31 concentration is summarized in Fig. 5. By doping 1
mol % Er31 and 10–30 mol % Y31 ions into the TiO2 host
matrix, the PL intensity can be remarkably enhanced. The
intensity of the sample@with molar ratio of Er31:Y31

55:30) is almost six times higher than that of the sam
(Er31:Y3155:10)]. However, the PL intensity does not in
crease more with further increases of the Y31 concentration
up to 50 mol %. In addition, when 10 mol % Er31 ions are
added~irrespective of the Y31 ion concentration used!, a
lower PL intensity is always found~compared with the
samples having 1 or 5 mol % Er31 dopant!. This phenom-
enon indicates that the concentration quenching effect oc
due to Er31 ion clusters in the Er31 – Y31 codoped TiO2

films. Even though more Y31 ions can be incorporated int
the Er31-doped TiO2 films, there always exists a limited
solid solubility of Er31 ions in the distorted amorphous ho
matrix.

As reported in the literature, Al31 ions are usually
codoped in the Er31-doped SiO2 system to reduce Er31/Er31

ion clustering because it can either promote the formation
nonbridging oxygen or serve as a mutual solvent to m
Er31/Er31 ions soluble in the SiO2 network.10–13 However,
in our Er31 – Y31 codoped TiO2 system, no such bonding
configuration (AlO4/2 and AlO6/2 coupled with SiO4/2) is ob-
served. Therefore, it is supposed that the structural mode

rved
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

1 May 2014 07:02:26
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FIG. 4. ;1.54mm PL intensity of different Er31 – Y31

codoped TiO2 films as a function of the Y31 dose. The
samples were annealed at 700 °C for 1 h.
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the Er31 – Al31 codoped SiO2 system is not applicable to th
Er31 – Y31 codoped TiO2 system.

It is well known that the;1.54mm intra-4f transition is
electric dipole forbidden for the free Er31 ion. If the sym-
metry of the local crystal field around the Er is distorted
the host materials, the parity forbidden intra-4f transition
will be allowed.25,26 However, it was generally though tha
for a high Er31-doped concentration, the luminescence e
ciency will be reduced through energy transfer process
tween two nearby Er31 ions ~e.g., the concentration quench
ing effect involving cooperative upconversion or ener
migration processes that result in the loss of excited ions!.7–9

FIG. 5. Pseudoradial distribution functions obtained from thek3-weighted
Fourier transforms of different Er31 – Y31 codoped TiO2 films annealed at
700– 800 °C for 1 (Er31:Y31:Ti41 mole ratios for sample A55:0:100,
sample B55:10:100, and sample C55:30:100!. The standard Er2O3 sample
is also shown for comparison.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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That implies that the local chemical environment of Er31

ions ~i.e., the symmetry and clustering of Er31 ions! in the
host matrix significantly affects the intensity and FWHM
PL spectra. Therefore, the role of the Y31 codopant in the PL
properties of the Er31-doped TiO2 films was investigated by
EXAFS measurement.

Figure 6 shows the pseudoradial distribution functio
obtained from thek3-weighted Fourier transforms of th
Er31 – Y31 codoped TiO2 films annealed at 700– 800 °C fo
1 h. It is observed that the Er–O bond length of the first a
second nearest neighbor distances in samples A, B, an

FIG. 6. ESR spectra of different Er31 – Y31 codoped TiO2 gel-powdered
samples annealed at different temperatures for 1 h (Er31:Y31:Ti41 mole
ratios for sample A55:0:100 and sample C55:30:100!.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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FIG. 7. ESR spectra of differen
Er31 – Y31 codoped TiO2 gel-
powdered samples annealed at diffe
ent temperatures for 1 h
(Er31:Y31:Ti41 mole ratios for
sample A55:0:100 and sampleC
55:30:100).
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~annealed at 700 °C) is close to that of Er2O3. In other
words, the first and second neighbor shells of Er31 in the
Er31 – Y31 codoped TiO2 films are similar to the erbium
environment in the crystalline Er2O3. The same phenomeno
has been observed in other systems such as Er31 – O22

codoped Si and Er31-doped multicomponent glasses f
which it was reported that the local chemical environmen
Er31 ions had an Er2O3-like environment~i.e., optically ac-
tive centers!.27–30 However, it should be noted that the fir
and second neighbor distances around Er31 ions gradually
become enlarged with an increase of the Y31 concentration
from 0 to 30 mol %~see Fig. 6!. Since both Er31 and Y31

ions have the same valences and similar ionic radii, they
be replaced with each other. Therefore, the enlarged se
neighbor distance seems to reveal that the second shell
be partially a result of contributions from Y31 ions because
the ionic radius of the Y31 ion is somewhat larger than tha
of the Er31 ion. This will result in enlargement of the ave
age atomic spacing among Er ions due to the partial oc
pancy of Y31 ions on the second shell of Er31 ions ~e.g., the
formation of Er–O–Y–O–Er bonds replaces Er–O–Er–
O–Er bonds!, which can reduce the concentration quench
effect and enhance the PL intensity.

In addition, the increased PL intensity is also related
the distorted local structure of Er31 ions that can increase th
probability of the normally forbidden intra-4f transition. As
shown in Fig. 5, the Er31 ~5 mol %!-doped TiO2 film exhib-
ited a sharper PL spectrum, which means that Er31 ions are
located on well-defined lattice sites in the crystalline anat
TiO2 matrix. However, with the incorporation of Y31 ions
into the Er31-doped~5 mol %! TiO2 films, the intrinsic net-
work of the TiO2 host matrix becomes distorted and t
phase evolution from a poorly crystallized anatase to
amorphous structure is observed at 700 °C annealing~see
Fig. 1!. Furthermore, as seen from TEM examination~not
shown here!, no microcrystals~such as ErxY22xO3, TiO2,
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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and ErxY22xTi2O7) were detected in the amorphou
Er31 – Y31 codoped TiO2 films. Therefore, Er31 ions would
be located on the distorted sites in the amorphous Er31 – Y31

codoped TiO2 system and the ligand field experienced
each Er31 ion is more diversified. This leads to enhanced
intensities and Stark splitting of excited state/ground st
manifolds, promoting an inhomogeneous broadening ef
~as one can see in the broad PL spectra in Fig. 4!.

On the other hand, when the Er31 – Y31 codoped TiO2

films are annealed above 800 °C, the highly crystall
ErxY22xTi2O7 phase forms in the host matrix and the loc
chemical environment of Er31 ions has completely change
~as shown in Fig. 6!. In the highly crystalline ErxY22xTi2O7

phase, the Er31 ions were located on well-defined lattic
sites and the coordination number of Er31 ions is
eightfold.31–33 The local environment around the Er31 ions
becomes more uniform~or isolated! and with higher-order
symmetry compared to that in the amorphous host mat
Hence a number of sharper PL lines along with the redu
PL intensity due to the forbidden 4f transition are observed
~see Fig. 3!.

Although EXAFS is a powerful technique by which t
study the change of the local Er31 structure, ESR spectra ca
also shown the characteristic of the Er atom configurat
that is influenced by the local chemical environment.34,35

Figure 7 shows ESR spectra of Er31 – Y31 codoped TiO2

gel-powdered samples annealed at 700– 900 °C. All of
samples at 700 °C exhibit a broad low-field Er3131
signal.36,37According to Barrier`e et al., the hyperfine lines of
the Er ESR peak were detected only for 1 mol % Er.38 How-
ever, in the present work, a high doping concentration of
~5 mol %! was used. Therefore, the broad ESR peak is att
uted to Er31 unresolved hyperfine splitting. In th
Er31-doped TiO2 system~sample A!, a relatively small peak
with g value of 2 due to the contribution by Ti41 ions is
observed.39 However, the addition of 30 mol % Y31 ions into
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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the Er31-doped TiO2 system will result in broadening of th
Er31 ESR signal and disappearance of the Ti41 ESR signal.
Because sample C was annealed at 900 °C~well-crystallized
rutile and pyrochlore phases form!, a sharp Er31 ESR signal
along with other small broad peaks are observed in the E
spectra. Note that no trace of a quenched Er31 ESR signal
corresponding to Er31 ion clusters is detected in th
Er31 – Y31 codoped TiO2 system. The variation of Er31 ESR
signals in the Er31 – Y31 codoped TiO2 system again reveal
that yttrium codoping and annealing temperatures~about
800 °C) obviously affect the local chemical environment
Er31 ions, which reflects the difference in PL properti
among different samples.

Therefore, it is believed that the improved;1.54mm PL
performance of the Er31 – Y31 codoped TiO2 films can be
attributed to the better dispersion and the distorted lo
structure of Er31 ions in the amorphous host matrix.

IV. CONCLUSION

An enhancement of;1.54 mm in PL properties due to
Y31 codoping effects was obtained from Er31 – Y31

codoped TiO2 films annealed at 700 °C with molar ratio o
Er31:Y31:Ti4155:30(;50):100. It is believed that the lo
cal chemical environment of Er31 ions in Er31 – Y31

codoped TiO2 films is similar to that in Er2O3. Furthermore,
the average spatial distance between Er31 ions is enlarged
due to the partial substitution of Y31 for Er31 ions in the
Er2O3-like local structure. Therefore, the enhanced PL int
sity can be attributed to contributions by the increased
persion and distorted local structure of Er31 ions in
Er31 – Y31 codoped TiO2 films. We believe that the low fab
rication temperature and the high efficiency/wide bandwi
of the PL properties for Er31 – Y31 codoped TiO2 films may
open up another new possible way to fabricate planar wa
guide amplifiers in integrated optics.
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