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Er*—Y3* codoped TiQ films were prepared on a fused silica substrate by the sol—gel process. The
effect of Y3* codoping on the~1.54 um photoluminescencéPL) properties of Et"-doped TiQ
films are investigated. Enhancement of PL properties due®fo éodoping by a factor of 10 for
intensity and of 1.5 for the full width at half maximum in comparison with th&'ErAI*" codoped
SiO, system has been observed in the film annealed*it:f " : Ti*" = 5:30(~50):100. Extended
x-ray absorption fine structure measurements show that the local chemical environméhtiofh&r
in the EF*—Y3* codoped TiQ films is similar to that in EjO;. The average spatial distance
between Et* ions is enlarged due to the partial substitution 8f Yor Er** ions in the E5O4-like
local structure. It is believed that the more intense PL emission of the-B¢>" codoped TiQ
films can be attributed to the better dispersion and distorted local structuréofdas in the TiQ
host matrix by yttrium codoping. €001 American Institute of Physics.

[DOI: 10.1063/1.1413490

I. INTRODUCTION applications in microintegrated photonic devices. However,

few detailed studies have been made to investigate the role

Erbium-doped planar optical waveguides have receivegy ihe ER*+ content in the PL properties of Er-doped TiQ
considerable attention for use in integrated optical devicegyg 1516
(e.g., planar optical amplifiers or up-conversion lagefbe- In this article, TiQ was used as the host material and a

cause the intra-#transition (115,15 of EF™ ion oc- 3+ jon was specially selected to be codoped with'Eions
curs at~154 um which matches the lowest signal attenua-ipe TiO, matrix because ¥'/Er** ions have similar ionic
tion in silica-based optical fibefsFurthermore, this~1.54 radi (Y3"=0.0892 nm and Ef=0.0881 nm and
am transition'wavelength exhibits characteristics of host a”d{203 /Er,0; has nearly the same crystal structural as well as
temperature independence due to the outer clos8  [attice constant’ We demonstrate that the1.54 um PL
shells screening the unfilled 'n”e_fj’i shell™ ... . properties can be enhanced 10-fold for intensity and 1.5-fold
In order to achieve high gain optical amplification in tor the full width at half maximum (FWHM) in the
compact optoelectronic devices, a high doping concentratiog 3+ _y3+ codoped TiQ films in comparison with the
of Er" ions is required. Unfortunately, the emission effi- Er3*—AI** codoped SiQ system. The effects of the3Y
ciency of ~1.54 um photoluminescencéPL) will be de-  codopant on phase development and related optical proper-
graded for higher concentration Erdoped fiber amplifiers  ies of EF*-doped TiQ films are investigated. Additionally,
because of the concentration quenchlng eﬁé?:Severa! '~ the extended x-ray absorption fine Structd@EXAFS) tech-
searchers h+a\(e noted that codoping with other foreign iongjque was used to measure the local chemical environment
such as Al is effective in dispersing rare earth ions in of 3+ jons that strongly affect the PL properties. A possible

silicate glass matrices, since Al ions can act as a network echanism based on crystal chemistry is proposed to eluci-
modifier and network former, which can further induce morey,¢e the importance of the3Y codopant in promoting the

nonbridging oxygen in the network of Sj3%13 dispersion of Et* ions,
Another way to enhance 1.54 um PL performance is to

change the host material. Since }ifdm has a higher refrac-

tion index (1=2.52 for anatase phase aneg 2.76 for rutile || EXPERIMENT
phase as well as lower phonon ener@y 700 cm )4 than o _

silica glass film, E¥"-doped TiQ-based films have potential A- Thin films preparation

Acetic acid(HAc, Merck) and 2-methoxyethangMOE,

dAuthor to whom correspondence should be addressed; electronic maiMerck) with molar ratio of Ti¥#HAc/MOE=1/10/15 were first
sychen@cc.nctu.edu.tw added to titanium isoproxid€Alfa). The yttrium acetate
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(Alfa) solution (a mixture of methanol and ethylene glytol i
. . . . ; A: anatase TiO,
and erbium acetatéAlfa) were dissolved into the titanium sample C (700°C)

solution in order to process homogeneous hydrolysis and po ARt 5t A Nl

lymerization reaction. Subsequently, thé Er Y3* codoped AdOD

TiO, precursor solution was spin coated onto fused silica’;. o
. . . sample B (700 C)
substrates. The as-deposited sol—-gel films were first pyro.s, WWMMWWMWMW

lyzed under dry oxygen atmospheres at 400 °C for 30 min at z

= A (101
a heating rate of 3 °C/min and then annealed at temperature Z oy sample A (700 °C)
ranging from 600 to 1000 °C for 1 h in dry oxygen atmo- 4“5’

sphere. Multiple spin-coating processes were employed tc™

deposit~0.5 um thick films. For comparison, the composi- A (10D
tion and procedure proposed by Zhou and co-workers for A (004) A (200) Pure TiO,
ErT—AI*" codoped SiQfilms were also fabricatetf:'8 (a)
20 30 40 50 60

B. Characterization measurements (a) 260 (deg)

The phase structures of films were analyzed by an x-ray
diffractometer(MAC Science, M18X using CuK« radia- A: anatase TiO,
tion. Electron spin resonand&SR) spectra were recorded ﬁ;‘;‘r‘;;:(‘)?; P (222) sample C (1000 °C)
using a Briker ESR spectrometdEMX-10) with 100 kHz ErY, Ti0, P (400) P (440)

field modulation. The microwave frequency was about 9.4

GHz and the samples were cooled to about 4 K. Transmis-’;j\ R (110) | sample C (900 °C)
sion electron microscopyTEM) (JEOL-200CX equipped

with energy-dispersive x-ray€EDX) was used to observe sample C (800 °C)
R(110)) p@222) sample A (1000 °C)

and analyze the phase crystallization and composition of
face profilmetefSloan, DekTakST). The fluorescence spec- A sample A (900 °C)
tra were excited by a 980 nm diode laser with power of 50

Intensity (a

films. The thickness of the films was measured using a sur-

mW inclined 45° to irradiate the sample films and were re- (b) | AdoD __sample A (800 °C)

corded normally from the film using a spectrophotometer i

equipped with a liquid Brcooled Ge detectaiNCSO). 0 30 40 50 60
Erbium L -edge x-ray aborption spectra were recorded( ) 26 (deg)

at wiggler beamline S-05B at the Synchrotron Radiation Re-

search CentefSRRQ, Hsinchu, Taiwan. The electron stor- FIG. 1. XRD patterns of different &t —Y3* codoped TiQ films annealed

age ring was operated at energy of 1.3 GeV and current ot (@ 700 and(b) 800-100°C for 1 h (E¥":Y*":Ti** mole ratios for

80—200 mA. A S{f111) double-crystal monochromator with a sample A=5:0:100, sample B5:10:100, and sample=5:30:100. Anatase
. - TiO, is also shown as a reference sample.

0.5 mm entrance slit was used for energy scanning. The en-

ergy resolutionAE/E, was about 1.8 10 4. Measurements

were performed at room temperature in fluorescence mode. A

polycrystalline EjO; powder (Cerac, 99.9% purity was  (222) peak was observed.e., in sample C (800 °C) of Fig.
used as a reference standard. 1(b)], demonstrating that a pyrochlore phase with formula of
Er,Y, ,Ti,O; has developed in the Ticbased amorphous
structure (both Y3* and EF" ions in the EgY,_,Ti,O;
phase are structurally indistinguishabt® Above 900 °C, in
The x-ray diffraction(XRD) patterns in Fig. 1 show the addition to the ErY,_,Ti,O; pyrochlore phase, the residual
effect of the annealing temperature on the phase evolution dfiO,-based amorphous phase recrystallizes to form a crystal-
Er*—Y3* codoped TiQ films with molar ratios of 5:0:100 line rutile phase.
(sample A, 5:10:100(sample B, and 5:30:10Qsample G Figure 2 shows that the refractive indér) of the
for EFT:Y3":Ti*". For comparison, a sol-gel Tidiim is  Er*—Y3" codoped TiQ films is strongly dependent on the
inserted into Fig. a). As the pure TiQ film is being an-  Y®"-doped concentration. An increase ofYconcentration
nealed at 700 °C, anatase phase is observed. However, wildiads to the decrease of the refractive index of the composite
the incorporation of 5 mol % Ef and 10 mol% Y¥* ions  films. The refractive indices are 2.28, 2.25, and 2.13 at 550
into the TiO, network, the XRD peaks of the TiOphase nm for pure TiQ and EF"—Y3' codoped TiQ films
become broadened, indicating that the crystallinity of the(samples B and Cannealed at 700 °C for 1 h, respectively.
matrix host becomes poorer. Furthermore, with an increas€his can be elucidated as follows. The refractive index of a
in the doping concentration of% ions to 30—50 mol %, a heterogeneous mixture is primarily related to the refractive
weak broad continuum aroundd2 ~30.7° is observed, index and volume fraction of individual phas€s®? Since
which is characteristic of an amorphous structure. When théhe refractive index of a Y05 single crystal is about 1.89,
annealing temperature exceeded 750°C, a strong preferradhich is smaller than thain(= 2.52 for anatageof TiO,, the

Ill. RESULTS AND DISCUSSION
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26 intensity was reduced and the shape of the PL spectrum ob-
4 4 pure TiO, (700°C) viously split into many sharp peaks. The formation of re-
251 o sample B (700°C) solved manifold lines implies that the Erions were located
5 o, v sample C (700°C) on well-defined lattice sites in the Bf, ,Ti,O; structure.
E 241 The above-mentioned phenomena are also observed for
0 A samples A and B annealed at 600—900 °C.
g 231 =IA The influence of ¥* concentration on the photolumi-
é v B, . nescence spectra is shown in Fig. 4. A PL spectrum consist-
& 227 v @ g % s ing of a sharp main peak at 1.538n and some side peaks at
Voo 1.506, 1.553, 1.561, and 1.57@8m is observed in the
214 Voo Er**-doped (5 mol%) TiO, films (sample A, FWHM=13
2o v nm). However, the addition of ¥ ions into the E}* -doped
| 400 500 600 700 300 (5 mol %) TiO, films not only increases the PL intensity but
also broadens the PL spectlAWHM=36, 75, and 75 nm for
Wavelength (nm) samples B, C, and D, respectivelyNotice that the PL spec-

tra in samples C and D include some broad shoul@ef02,
1.547, 1.553, and 1.562m) on both sides of the main peak.
Such broad band emission indicates that the bonding
environment of Ef" ions obviously has a wider diversity
with increased Y' ion concentration in Ef-doped
TiO, films. For comparison, we also prepared® Er AI®*
refractive indices of Br"—Y3* codoped Ti@ films should codoped silica films with an optimal molar ratio
be reduced with an increase of thé*Yconcentration. Addi- (EPT:AIRT:S{*"=0:7:8:100)1® The PL properties of the
tionally, the refractive index of amorphous phase is lowere*—Y3* codoped TiQ system(sample G exhibit more
than the highly crystalline phage.g., the refractive index of intense emissioti~10-fold) and wider FWHM(~1.5-fold)
amorphous Ti@ is about 2.0-2)1*° Therefore, a smaller than those of the optimal Ef—AI3* codoped Si@ system.
and adjustablen value can be obtained for the E—Y*"  This result implies that the PL properties strongly depend on
codoped TiQ films [see Fig. 1a)]. the composition and structure of the host materials. How-
The effect of the annealing temperature on the photoluever, with increased Bf doped concentration more than or
minescence spectra of Er-Y** codoped TiQ films  equal to 10 mol%(sample D, decreased PL intensity is

(sample G is shown in Fig. 3. When sample C was annealedopserved and is attributed to the concentration quenching
below 700°C, the PL intensity increased with increasingeffect’/°

temperature because of the relative reduction of hydroxyl The variation of the~1.54 um PL intensity of the
quenching centers?* On the other hand, when highly crys- £+ _v3+ codoped TiQ films (at 700°C) with E#* or
talline pyrochlore phase developed in the®ErY®"  y3+ concentration is summarized in Fig. 5. By doping 1-5
codoped TiQ films (i.e., at annealing above 800 °C), the PL mol% ER* and 10—-30 mol % ¥ ions into the TiQ host
matrix, the PL intensity can be remarkably enhanced. The PL
intensity of the samplgwith molar ratio of EF*:Y3*
=5:30) is almost six times higher than that of the sample
(Er**:Y3"=5:10)]. However, the PL intensity does not in-
crease more with further increases of th&"Yconcentration
up to 50 mol %. In addition, when 10 mol % Er ions are
added (irrespective of the Y ion concentration useda
lower PL intensity is always foundcompared with the

FIG. 2. Dependence of different Er-Y3* codoped TiQ films annealed at
700°C for 1 h on therefractive index (E¥":Y3*:Ti*" mole ratios for
sample B=5:10:100 and sample £€5:30:100. Anatase TiQ is also shown
as a reference sample.

PL-intensity (a.u.)

700°C

800°C

~—

N

900°C

1.45

1.50

1.55

1.60

1.65

samples having 1 or 5 mol % ¥r dopanj. This phenom-
enon indicates that the concentration quenching effect occurs
due to EF* ion clusters in the Bf —Y3* codoped TiQ
films. Even though more % ions can be incorporated into
the EP*-doped TiQ films, there always exists a limited
solid solubility of EP* ions in the distorted amorphous host
matrix.

As reported in the literature, Al ions are usually

codoped in the Bf -doped SiQ system to reduce Ef/Er**

ion clustering because it can either promote the formation of

FIG. 3. Temperature dependence of the photoluminescence spectra observ@dnbridging oxygen or serve as a mutual solvent to make

from lE'3+—\831080d0F’ef|‘ TB'% Igfggo('f@*i\(l“iggzo T(;J(')e faéios f0f| Er*/Er" ions soluble in the Si@network°~*® However,

sample A=5:0: , sample :10: , sample €5:30: , and sample . - :

D=1%:30:100. SampIeFI)E is the Er-AIP" cgdoped silica film with gn in Ol,“lr Er3,+_Y3+ codoped TiQ system, ITIO SF‘Ch pond'”g
configuration (AlQ,, and AlG;,, coupled with SiQ),) is ob-

optimal molar ratio of (E¥*:AI**:Si*"=0.7:8:100). The inset is a magni- 2 9
fied photoluminescence spectra of sample A. served. Therefore, it is supposed that the structural model for

Wavelength (um)
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PL-intensity (a.u.)

>

145 150 155

|

PL-intensity (a.u.)

Wavelength (um)

1.65

FIG. 4. ~1.54 um PL intensity of different E¥" —Y3*
codoped TiQ films as a function of the ¥ dose. The
samples were annealed at 700 °C for 1 h.

Wavelength (um)

the EP*—AI®* codoped Si@system is not applicable to the That implies that the local chemical environment of Er

Er*—Y3* codoped TiQ system.
It is well known that the~1.54 um intra-4f transition is
electric dipole forbidden for the free £r ion. If the sym-

ions (i.e., the symmetry and clustering of Erions) in the
host matrix significantly affects the intensity and FWHM of
PL spectra. Therefore, the role of thé*Ycodopant in the PL

metry of the local crystal field around the Er is distorted inproperties of the B -doped TiQ films was investigated by

the host materials, the parity forbidden intr&-#ransition

will be allowed??® However, it was generally though that

EXAFS measurement.
Figure 6 shows the pseudoradial distribution functions

for a high EF*-doped concentration, the luminescence effi-obtained from thek3-weighted Fourier transforms of the
ciency will be reduced through energy transfer process beer** —Y3* codoped TiQ films annealed at 700—800 °C for
tween two nearby Ef ions (e.g., the concentration quench- 1 h. It is observed that the Er—O bond length of the first and
ing effect involving cooperative upconversion or energysecond nearest neighbor distances in samples A, B, and C

migration processes that result in the loss of excited)i6ts

25

| —A—Er" dose=1 mol%
204 —o— Erz dose=5 mol% *
—®—Er dose=10 mol% °
154 /
104 /
A
] . /-
/ -
5 /
[
| L |
I/

oO4+——T—"7T" 7T+ T T T T T T

0 5 100 15 20 25 30 35 40 45 50 55

Y** dose (mol%)

PL intensity (a.u.)

FIG. 5. Pseudoradial distribution functions obtained from kPeveighted

Fourier transforms of different Bf—Y®* codoped TiQ films annealed at

700-800°C for 1 (E¥:Y3":Ti** mole ratios for sample A5:0:100,

sample B=5:10:100, and sample=€5:30:100. The standard E©; sample

is also shown for comparison.

Sample C (800 °C)

Sample C (700 °C)

Sample B (700 °C)

Sample A (700 °C)

Fourier Transform (a.u.)
i}

T T T T

R(A)

FIG. 6. ESR spectra of different £r—Y3" codoped TiQ gel-powdered
samples annealed at different temperaturgsifd (EF*:Y3":Ti** mole
ratios for sample A-5:0:100 and sample €5:30:100.
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sample C (900 °C)

~

=

< -

~ o FIG. 7. ESR spectra of different
> sample C (700 C) EP'—Y3*  codoped TIQ gel-
'5 powdered samples annealed at differ-
o 4 ent temperatures for 1 h
8 / le A (700 °C (EFT: Y3 :Ti*" mole ratios for
o i \ Sampic ( ) sample A=5:0:100 and sampleC
o] 3200 3400 3600

=5:30:100).

/
— /
] / un-calcined sample C
I ——
T T T T T T T T T T J
0 1000 2000 3000 4000 5000 6000
H (Gauss)

(annealed at 700°C) is close to that of,@s. In other and ErY,_ ,Ti,O;) were detected in the amorphous
words, the first and second neighbor shells of'En the  Erff*—Y3" codoped TiQ films. Therefore, EY" ions would
Er*—Y3* codoped TiQ films are similar to the erbium be located on the distorted sites in the amorphods E3*
environment in the crystalline ED;. The same phenomenon codoped TiQ system and the ligand field experienced by
has been observed in other systems such & -Bp?~ each Et* ion is more diversified. This leads to enhanced PL
codoped Si and Ef-doped multicomponent glasses for intensities and Stark splitting of excited state/ground state
which it was reported that the local chemical environment ofmanifolds, promoting an inhomogeneous broadening effect
Er* ions had an EO,-like environmentii.e., optically ac-  (as one can see in the broad PL spectra in Fig. 4
tive centers?’ 3 However, it should be noted that the first On the other hand, when the rY3* codoped TiQ
and second neighbor distances aroundEons gradually films are annealed above 800°C, the highly crystalline
become enlarged with an increase of th&" oncentration ErY,_,Ti,O; phase forms in the host matrix and the local
from 0 to 30 mol %(see Fig. 6. Since both Ef* and ¥+ chemical environment of Bf ions has completely changed
ions have the same valences and similar ionic radii, they cafas shown in Fig. 6 In the highly crystalline EfY,_,Ti,O;
be replaced with each other. Therefore, the enlarged secomhase, the Ef ions were located on well-defined lattice
neighbor distance seems to reveal that the second shell majtes and the coordination number of 3Er ions is
be partially a result of contributions from3Y ions because eightfold®~23 The local environment around the3rions
the ionic radius of the ¥* ion is somewnhat larger than that becomes more unifornfor isolated and with higher-order
of the EF* ion. This will result in enlargement of the aver- symmetry compared to that in the amorphous host matrix.
age atomic spacing among Er ions due to the partial occu-lence a number of sharper PL lines along with the reduced
pancy of ¥* ions on the second shell of Erions(e.g., the  PL intensity due to the forbiddenf4ransition are observed
formation of EFO-Y-O-Er bonds replaces EO—Er— (see Fig. 3.
O-Er bondg which can reduce the concentration quenching  Although EXAFS is a powerful technique by which to
effect and enhance the PL intensity. study the change of the local ¥r structure, ESR spectra can
In addition, the increased PL intensity is also related toalso shown the characteristic of the Er atom configuration
the distorted local structure of EF ions that can increase the that is influenced by the local chemical environm&nt
probability of the normally forbidden intrafdtransition. As  Figure 7 shows ESR spectra of Er-Y3* codoped TiQ
shown in Fig. 5, the B (5 mol %)-doped TiQ film exhib-  gel-powdered samples annealed at 700—900°C. All of the
ited a sharper PL spectrum, which means thdf Hons are  samples at 700°C exhibit a broad low-field 3*EB+
located on well-defined lattice sites in the crystalline anatassignal®®*’ According to Barriée et al, the hyperfine lines of
TiO, matrix. However, with the incorporation of3%Y ions  the Er ESR peak were detected only for 1 mol %Hrow-
into the EF*-doped(5 mol %) TiO, films, the intrinsic net-  ever, in the present work, a high doping concentration of Er
work of the TiO, host matrix becomes distorted and the (5 mol %) was used. Therefore, the broad ESR peak is attrib-
phase evolution from a poorly crystallized anatase to amted to EP" unresolved hyperfine splitting. In the
amorphous structure is observed at 700°C annedieg Er"-doped TiQ system(sample A, a relatively small peak
Fig. 1). Furthermore, as seen from TEM examinatiot  with g value of 2 due to the contribution by i ions is
shown herg no microcrystals(such as EpY, ,Os, TiO,, observed® However, the addition of 30 mol %% ions into
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