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We found the dependence of luminescence efficiency on Er31 concentration and sintering
temperature in the Er-doped Ba0.7Sr0.3TiO3 ~BST! thin films is governed by crystallinity and ion–ion
interaction. X-ray diffraction and Raman studies of the sol-gel prepared samples show that the BST
polycrystalline phase occurred when the sintering temperature reaches 700 °C, whereas, it becomes
worse for temperature above 700 °C resulting from phase separation and the Er31 concentration
exceeding 3 mol % due to charge compensation mechanism. The observed green emission reaches
maximum at sintering temperature 700 °C and 3 mol % Er31 ions concentration. We also showed the
Er dopant does not affect the dielectric property of BST thin films inC–V measurement and the
Ba0.7Sr0.3TiO3films doped with Er31 ions may have potential use for electroluminescence devices.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1492870#
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I. INTRODUCTION

Study on the luminescent properties of rare-earth~RE!-
doped materials is strongly motivated because of their te
nological applications in photonic devices and ne
generation flat-panel displays. Rare-earth ions exhibi
characteristic intra-4f shell luminescence which is near
both host material and temperature independent. This fea
can be used to tune the emission spectra for specific a
cations. Thus, it is important for systematic research of
RE ions doped in different kinds of host materials with go
mechanical, thermal, electrical and electro-optical propert
Recently, many Er31-doped materials have been extensive
studied because of the blue~2H9/2→4I15/2!, green
~4S3/2,2H11/2→4I 15/2! and red ~4F9/2→4I15/2! upconversion
emissions and the laser actions having been realized
variety of glasses and fluoride crystals.1–4 In comparison
with the previously mentioned materials, barium strontiu
titanate is a dielectric material with excellent dielectric pro
erties such as high dielectric constant, small dielectric lo
low leakage current, and large dielectric breakdown stren
Therefore, it is a good candidate for a RE doped host m
rial.

Thin films of the high dielectric material Ba0.7Sr0.3TiO3

~BST! have been intensively studied in recent years of ap
cations in high density dynamic random access memo
~DRAMs!, monolithic microwave integrated circuit used fo
decoupling capacitors, tunable microwave filters, and pha

a!Author to whom correspondence should be addressed; electronic
wfhsieh@cc.nctu.edu.tw
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array antennas.5–17 The high dielectric constant of BST of
fers the potential of producing denser memories with simp
capacitor structures than those fabricated with conventio
silicon dioxide or silicon nitride dielectrics. Combining wit
the merits of electricity, BST:Er will be a promising cand
date for optoelectronic devices.

BST thin films have been fabricated using various me
ods, including metalorganic chemical vapor depositi
~MOCVD!,18 rf sputtering,19 thermal evaporation,20 MBE,21

and laser ablation.22 Among those, sputtering and laser abl
tion are the most widely used. However, there are still so
difficulties in using these processes to fabricate homo
neous films on large substrates~more than 50 mm in diam-
eter!. Due to the variation in composition and thickness t
quality of films is often degraded. In contrast, the sol-g
process has the advantage of large area deposition, in a
tion to its low cost and convenience process control.23

In this article, we report the effect of Er concentratio
with sintering temperature on photoluminescence~PL! prop-
erties in sol-gel derived Er-doped Ba0.7Sr0.3TiO3 ~BST:Er!
thin films and discuss the mechanism of emission quench

II. EXPERIMENT

The starting materials used for sol-gel processes w
barium acetate, strontium acetate, titanium isopropoxide,
erbium acetate. Acetic acid and ethylene glycol were use
solvents. Formamide was selected as an additive to adjus
solution viscosity in order to reduce the cracks of BST th
films. Ba(CH3COO)2 and Sr(CH3COO)2 with molar ratio of
7:3 and proper amount of erbium acetate were fits dissol
il:
8 © 2002 American Institute of Physics
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in heated glacial acetic acid. After these starting mater
were completely dissolved in heated glacial acetic acid, e
ylene glycol was added into the solution and a condensa
reaction occurred. Then a stoichiometric amount of
isopropoxide was added into solution. Finally, formami
was added to adjust the viscosity of BST:Er precursor so
tion. The BST:Er precursor solution was clear and transp
ent.

The BST:Er precursor solution was spin coated on
Pt/TiO2 /SiO2/Si substrates and silicon substrates at 30
rev./min for 30 s. After each spin coating, the samples w
heated at 200 °C for 10 min to dry the gel and then pyrolyz
at 500 °C for 30 min in furnace. A suitable heating rate w
used to avoid cracking of the BST films. Thicker films can
obtained by repeating the spin-coating process. Finally
samples were sintered at different temperature. All the
tered samples were studied by x-ray diffraction, Raman,
photoluminescence spectroscopy.

X-ray diffraction patterns~XRD! were carried out to ex-
amine the structure of the films by using a Siemens D5
diffractometer~Cu target with a working voltage of 40 kV
and current of 40 mA! in a scanning rate of 4°/min. Fo
photoluminescence~PL! and Raman measurements, the 4
nm line of an Ar1 laser was used as the excitation sour
The emission was then analyzed using a SPEX 1877C tr
grating spectrograph equipped with a cooled CCD at 140
A Pt top electrode was deposited by rf sputtering for a me
insulator/metal~MIM ! structure to perform theC–V mea-
surement. Capacitance–voltage analyses were performed
frequency of 100 kHz using an HP8142 impedance analy

III. RESULTS AND DISCUSSION

The crystalline nature of the films was identified b
x-ray diffraction~XRD!. Figure 1~a! shows the XRD patterns
of 200-mm-thick two-layer films on Pt/TiO2 /SiO2/Si at vari-
ous sintering temperatures 600–800 °C. The BST:Er t
films sintered at 600 °C show weak perovskite phase w
~100!, ~110!, and~200! orientations. Meanwhile, the secon
ary phases Er2O3 and (Ba,Sr)2Ti2O5CO3 were also found
from XRD at 35°, 42°, and 27° indicated in Fig. 1~a!,
respectively.24,25As the sintering temperature is increased
700 °C, the peaks of the XRD patterns become sharper
more intense, indicating better crystallinity and larger gr
size. The 700 °C sintered films possess good perovskite c
tallinity without the existence of second phase and are c
sistent with the previous report.24,25 However, when the sin-
tering temperature is above 750 °C, the diffraction lines
27.5° and 29° due to Er2Si2O7 consistent with the JCPDS
data were recognized. It is believed that Er2Si2O7phase ap-
peared at the interface between BST:Er thin films and sili
substrate during the process of the high tempera
sintering.26 In addition, the minor line at 31° that has bee
ascribed to Er2Ti2O7phase was observed as well.27,28 We
show the XRD patterns of BST films doped with various
concentrations sintered at 700 °C in Fig. 1~b!. It indicates
that the BST thin film doped with Er 1 mol % has the be
crystallinity and the largest grain size~57 nm! and the grain
size decreases to 28 nm while the Er concentration incre
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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to 5 mol %. The origin of the worst crystallinity was attrib
uted to the Er31 substitution for Ba21, which will be dis-
cussed later.

The Raman spectra of BST:Er films with various Er co
centration sintered at 700 °C are plotted in Fig. 2~a!. We
found a broad band centered at 260 cm21 corresponds to
A1(TO2) phonon mode, the 300 cm21 peak is attributed to
the B1 and E~TO1LO! modes, and the asymmetric broa
band near 520 cm21 corresponds to E~TO! and A1(TO3)
modes.29 A comparison of these Raman modes with vario
Er doping shows the increase of FWHM for the higher
concentration. It indicates the higher Er concentration is
worse crystallinity, which is consistent with the XRD resul
The appearance of sharp Raman peak at 300 cm21 is a sig-
nature of the tetragonal phase BaxSr12xTiO3 polycrystalline
as described in Ref. 30. This specific Raman mode beco
broadened and weakened while phase transition from the
tragonal to cubic occurs. It is known that one can control
Curie temperatureTC of bulk BaxSr12xTiO3 by adjusting the
ratio of Ba/~Ba1Sr! by an approximate relation:TC(K)
5360x140,31 of which a structural change from centrosym
metric cubic to noncentrosymmetric tetragonal phase at ro

FIG. 1. XRD patterns of BST:Er thin films sintered at various temperatu
~a! and doped with various Er concentrations at sintering tempera
700 °C ~b!.
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temperature whenx;0.75. Because it has been reported t
the Curie temperature of BaTiO3 film is much higher than
the bulk,32 our Ba0.7Sr0.3TiO3 films should belong to the te
tragonal rather than the cubic phase that is confirmed by
expanded XRD data around 45.5° shown in Fig. 2~b!.

The 3 mol % Er ions doped BST thin films sintered
600, 700, and 800 °C show dielectric constants~e! of around
230, 320, and 440 as shown in Fig. 3. The dielectric cons
raised with increasing sintering temperature which is con
tent with the previous report.33 Hence, the addition of the E
dopant in this range did not affect the dielectric consta
characteristics of a good capacitor for BST.

The mechanism of emission of Er31-contained materials
has been well established in the literature34,35 and the energy
diagram is schematically shown in Fig. 4. The PL spectra
Ba0.7Sr0.3TiO3 films doped with 3 mol % of Er are shown i
Fig. 5 for sintering temperatures at 600, 700, 800, and 900
under the 488-nm-laser excitation at room temperatu
Since the host material has tetragonal rather than cubic s
ture, the transition selection rules of the Er ions are rela
and the Er-related emission can be observed. The g
peaks at 530 and 550 nm are attributed to the Er31 inner
shell 4f 2H11/2 and 4S3/2 to the 15I15/2 ground level, respec

FIG. 2. Raman spectra of BST thin films doped with various Er concen
tions at sintering temperature 700 °C~a! and typical expanded XRD data
around 45.5°~b!. The dotted and solid lines represent the experimental
fitting results, respectively.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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tively, and the weak red emission centered at 600 nm
ascribed to the4F9/2→15I15/2.

Obviously, the shapes of the PL spectra seem quite
ferent for the films sintered at various temperatures. Th
are only few broad peaks in the main emission wavelen
for the film sintered at 600 °C. On the other hand, the pe
become sharper and split into several fine peaks when
films are sintered above 750 °C. The characteristic emiss
peaks in these films were attributed to the Stark splitting
the degenerate 4f levels under the crystalline field, and ho
mogeneous and inhomogeneous broadening caused by
film’s texture structures and multidomain structures. This
consistent with the XRD analysis in which the samples s
tered at 600 °C indicated amorphous or weak perovs
phase and polycrystalline phase while increasing the sin
ing temperature.

In order to compare the relationship between the gr
emission and the crystallinity, shown in Fig. 6 are the
intensities of 600, 700, 800, and 900 °C. For all the Er do
ing, the green emission at 550 nm reaches its maximum

-

d

FIG. 3. e–E plot of the BST:Er film capacitors sintered at 600, 700, a
800 °C.

FIG. 4. Relevant energy levels in the PL of BST:Er thin films: excitati
laser photon wavelength~488 nm! and Er31 4f energy levels.
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700 °C and is partially quenched when the samples are
tered at temperature above and below 700 °C. The diver
of emission behavior related to Er31 concentration of thin
films sintered at various temperatures is apparent.
quenching of the green emission which occurred in
BST:Er films is directly related to microstructural chang
caused by the crystallinity, which will be discussed in det

From the XRD data as shown in Fig. 1~a!, we have con-
cluded that only weak crystalline phases were found in
films sintered at 600 °C and the crystallization occurred
700 °C but formation of Er2Si2O7 and Er2Ti2O7 phases form
above this temperature. Now, we concentrate on the in
ence of sintering temperature upon emission intensit
When the films belong to the weak crystalline phase sinte
at 600 °C, the luminescence efficiency is low due to h
defect density. The green emission reaches maximum at
tering temperature 700 °C indicates that the improvemen

FIG. 5. Room temperature photoluminescence spectra from BST thin fi
doped with 3 mol % of Er under various sintering temperatures.

FIG. 6. Dependence of the green emission intensities of BST:Er thin fi
on Er concentration and sintering temperature.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

140.113.38.11 On: Thu, 0
n-
ity

e
e

.

e
t

-
s.
d

h
in-
of

the crystallinity will enhance the luminescence efficienc
whereas the emission intensities decrease while the sinte
temperature is above 700 °C. The quenching of the emis
intensity may arise from the formation of other phas
Not only the complex compounds, e.g., Er2O3,
(Ba,Sr)2Ti2O5CO3, Er2Si2O7 , and Er2Si2O7 suppress the lu-
minescence efficiency due to optical scattering or absorpt
but the Er2O3 has cubic symmetry as well. While the Er ion
occupy the centrosymmetry position of Er2O3 crystal, the
4S3/2→4I15/2 transition is forbidden and therefore would r
duce luminescence efficiency.

For studying the effect of Er31 concentration on emis
sion intensity of the BST:Er films, we found as shown in F
6 the emission intensities increase with increasing Er31 con-
centration for 600 °C sintered BST:Er films which have t
weak crystalline phase. The doped Er31 ions in the weak
crystalline phase are dissolvable. A noticeable differen
contrast to the films in weak crystalline phase was obser
while the BST:Er thin films belong to polycrystalline phas
sintered at 700, 800, and 900 °C. It can be clearly seen
the emission intensities of the BST:Er films increase as
Er doping concentration increases from 1 to 3 mol %. Me
while, the PL intensity diminishes as Er doping concentrat
exceed 3 mol %.

The quenching mechanism is thought to be a cro
relaxation process between two closely placed Er31 ions. In
this experiment, the ion densityN of 1, 3, and 5 mol % Er
doping is 1.531020, 4.531020, and 7.531020/cm3, respec-
tively. Ion pairs and clusters can be formed easily in t
Ba0.7Sr0.3TiO3 lattice.36,37 The Er31 ion is likely to take the
position of the Ba21 or Sr21 due to similar ionic radius. The
substitution of Er31 for the nearest Ti41 ion in the oxygen
octahedron is difficult because of large difference in s
between Er31 and Ti41. To maintain electrical neutrality, on
approach is to replace the nearest Ba21 ion by another Er31

ion with, additionally, the formation of a Ba vacancy. A
shown in Figs. 1~b! and 2~a!, the increase of Er31 concen-
tration from 1 to 5 mol % results in the worse crystallinit
From charge compensation mechanism, the smallest E31

2Er31 distance is about 0.4–0.5 nm in Ba0.7Sr0.3TiO3 lattice
and cross relaxation is greatly enhanced, resulting in
crease in luminescence intensity. Very efficient cross rel
ation can occur when two or more Er ions sit close to o
another to form a cluster that results in almost immedi
interaction between the ions.38 The interaction strength is
very sensitive to the change ing, which is the distance be
tween two Er31 ions, and is found to be proportional to 1/gm

~m56, 8, and 10!.2 In our Ba0.7Sr0.3TiO3 thin films doped
with 1, 3, and 5 mol % Er, the mean distance between E31

ions is estimated byg50.623N21/3,39 corresponding tog
51.2, 0.81, and 0.68 nm. It is very likely the mean distan
of 0.68 nm of 5 mol % BST:Er will increase the probabilit
of Er31 ions sitting at the nearest-neighbor positions. N
only slightly structural damage was found from XRD an
Raman measurement, but also enhanced luminesc
quenching was observed. Consequently, the emission in
sity diminishes while the Er concentration exceed 3 mol %

s

s
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IV. CONCLUSION

The BST:Er films prepared by sol-gel technique und
various sintering temperatures have been studied by X
C–V, Raman, and PL measurements. We found that
BST:Er films belong to weak crystalline phase sintered
600 °C and polycrystalline phase sintered above 700 °C.
addition of Er dopant does not downgrade the electro
property of barium–strontimum titanate. The emission e
ciency of BST:Er thin films was found to be dominated
the mean distance between Er31 ions and solubility of Er31

in polycrystalline and weak crystalline phase. The emiss
intensities of the films reach maximum at 3 mol % Er io
dopant concentration and sintering temperature 700 °C.
presence of clusters for the Er concentration exceed 3 m
will diminishes the emission intensity. Moreover, the im
provement of the crystallinity of BST:Er films enhances t
green emission enhancement. Good performance on
electric and optical properties of the BST:Er thin films sho
potential applications in photonic devices.
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