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We found the dependence of luminescence efficiency ofi” Eoncentration and sintering
temperature in the Er-doped B, 5TiO5 (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®thedbcentration
exceeding 3 mol % due to charge compensation mechanism. The observed green emission reaches
maximum at sintering temperature 700 °C and 3 mol % Eons concentration. We also showed the

Er dopant does not affect the dielectric property of BST thin film€&€#V measurement and the

Bay /STy sTiO5films doped with E¥" ions may have potential use for electroluminescence devices.

© 2002 American Institute of Physic§DOI: 10.1063/1.1492870

I. INTRODUCTION array antennas.!’ The high dielectric constant of BST of-
fers the potential of producing denser memories with simpler

Study on the luminescent properties of rare-eéRE)-  capacitor structures than those fabricated with conventional
doped materials is strongly motivated because of their techsilicon dioxide or silicon nitride dielectrics. Combining with
nological applications in photonic devices and next-the merits of electricity, BST:Er will be a promising candi-
generation flat-panel displays. Rare-earth ions exhibit @ate for optoelectronic devices.
characteristic intra#4 shell luminescence which is nearly BST thin films have been fabricated using various meth-
both host material and temperature independent. This featugls, including metalorganic chemical vapor deposition
can be used to tune the emission spectra for specific appliMOCVD),8 rf sputtering}9 thermal evaporatio?ﬁ MBE,?!
cations. Thus, it is important for systematic research of thexnd laser ablatio”® Among those, sputtering and laser abla-
RE ions doped in different kinds of host materials with goodtion are the most widely used. However, there are still some
mechanical, thermal, electrical and electro-optical propertiesgifficulties in using these processes to fabricate homoge-
Recently, many B -doped materials have been extensivelyneous films on large substratésore than 50 mm in diam-
studied because of the blug®Hgy,—?15,), green etep. Due to the variation in composition and thickness the
(*Sz12,Hi7— 1150 and red (*Fg;,—*l15) upconversion quality of films is often degraded. In contrast, the sol-gel
emissions and the laser actions having been realized in grocess has the advantage of large area deposition, in addi-
variety of glasses and fluoride crystaf$.In comparison tion to its low cost and convenience process corfftol.
with the previously mentioned materials, barium strontium  |n this article, we report the effect of Er concentration
titanate is a dielectric material with excellent dielectric prop-with sintering temperature on photoluminescet®Re) prop-
erties such as high dielectric constant, small dielectric losserties in sol-gel derived Er-doped 8#r, ;TiO; (BST:En
low leakage current, and large dielectric breakdown strengththin films and discuss the mechanism of emission quenching.
Therefore, it is a good candidate for a RE doped host mate-
rial.

Thin films of the high dielectric material BaSr, 3TiO4
(BST) have been intensively studied in recent years of appli-  The starting materials used for sol-gel processes were
cations in high density dynamic random access memorieBarium acetate, strontium acetate, titanium isopropoxide, and
(DRAMSs), monolithic microwave integrated circuit used for erbium acetate. Acetic acid and ethylene glycol were used as
decoupling capacitors, tunable microwave filters, and phasegblvents. Formamide was selected as an additive to adjust the
solution viscosity in order to reduce the cracks of BST thin

aAuthor to whom correspondence should be addressed; electronic maifilms. Ba(CHCOO), and Sr(C!—jCOO)Z with mOIar. rati(? of
wfhsieh@cc.nctu.edu.tw 7:3 and proper amount of erbium acetate were fits dissolved
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in heated glacial acetic acid. After these starting materials + (Ba,SN),Ti,0,CO,« ELSL,0,
were completely dissolved in heated glacial acetic acid, eth-
ylene glycol was added into the solution and a condensation
reaction occurred. Then a stoichiometric amount of Ti- (190) A 10 , (200)
isopropoxide was added into solution. Finally, formamide

was added to adjust the viscosity of BST:Er precursor solu-
tion. The BST:Er precursor solution was clear and transpar-
ent.

The BST:Er precursor solution was spin coated on the
Pt/TiO, /SiO,/Si substrates and silicon substrates at 3000
rev./min for 30 s. After each spin coating, the samples were
heated at 200 °C for 10 min to dry the gel and then pyrolyzed
at 500 °C for 30 min in furnace. A suitable heating rate was
used to avoid cracking of the BST films. Thicker films can be
obtained by repeating the spin-coating process. Finally the
samples were sintered at different temperature. All the sin- 20 (degrees)
tered samples were studied by x-ray diffraction, Raman, and
photoluminescence spectroscopy.

X-ray diffraction patterngXRD) were carried out to ex-
amine the structure of the films by using a Siemens D5005
diffractometer(Cu target with a working voltage of 40 kV
and current of 40 mAin a scanning rate of 4°/min. For
photoluminescencé&L) and Raman measurements, the 488
nm line of an A" laser was used as the excitation source.
The emission was then analyzed using a SPEX 1877C triple
grating spectrograph equipped with a cooled CCD at 140 °K.
A Pt top electrode was deposited by rf sputtering for a metal/
insulator/metal(MIM) structure to perform th&€-V mea-
surement. Capacitance—voltage analyses were performed at a
frequency of 100 kHz using an HP8142 impedance analyzer.
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IIl. RESULTS AND DISCUSSION
) ) ) - FIG. 1. XRD patterns of BST:Er thin films sintered at various temperatures
The crystalline nature of the films was identified by (a) and doped with various Er concentrations at sintering temperature

x-ray diffraction(XRD). Figure 1a) shows the XRD patterns 700 °C(b).

of 200-um-thick two-layer films on Pt/TiQ/SiO,/Si at vari-

ous sintering temperatures 600—800°C. The BST:Er thin

films sintered at 600 °C show weak perovskite phase witho 5 mol %. The origin of the worst crystallinity was attrib-
(100), (110, and(200) orientations. Meanwhile, the second- uted to the EY' substitution for BA", which will be dis-

ary phases EO; and (Ba,Sn)Ti,0;CO; were also found cussed later.

from XRD at 35°, 42°, and 27° indicated in Fig.(al, The Raman spectra of BST:Er films with various Er con-
respectivel?*?°As the sintering temperature is increased tocentration sintered at 700°C are plotted in Figa)2 We

700 °C, the peaks of the XRD patterns become sharper arfdund a broad band centered at 260 ¢ntorresponds to
more intense, indicating better crystallinity and larger grainA;(TO,) phonon mode, the 300 c¢m peak is attributed to
size. The 700 °C sintered films possess good perovskite cryshe B; and ETO+LO) modes, and the asymmetric broad
tallinity without the existence of second phase and are conband near 520 cmt corresponds to @0O) and A;(TOs)
sistent with the previous repdit?® However, when the sin- modes® A comparison of these Raman modes with various
tering temperature is above 750 °C, the diffraction lines aEr doping shows the increase of FWHM for the higher Er
27.5° and 29° due to E®i,O; consistent with the JCPDS concentration. It indicates the higher Er concentration is the
data were recognized. It is believed that&sO,phase ap- worse crystallinity, which is consistent with the XRD results.
peared at the interface between BST:Er thin films and silicoThe appearance of sharp Raman peak at 300'ds1a sig-
substrate during the process of the high temperatureature of the tetragonal phase,Bg ,TiO3 polycrystalline
sintering®® In addition, the minor line at 31° that has been as described in Ref. 30. This specific Raman mode becomes
ascribed to EfTi,O,phase was observed as we&lt® We  broadened and weakened while phase transition from the te-
show the XRD patterns of BST films doped with various Ertragonal to cubic occurs. It is known that one can control the
concentrations sintered at 700 °C in Figbll It indicates  Curie temperatur@& . of bulk Ba Sr, _,TiO3 by adjusting the
that the BST thin film doped with Er 1 mol% has the bestratio of Ba(Ba+Sr by an approximate relationT(K)
crystallinity and the largest grain siz67 nm and the grain  =360x+ 402! of which a structural change from centrosym-
size decreases to 28 nm while the Er concentration increas@setric cubic to noncentrosymmetric tetragonal phase at room
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(b) | Experimental tively, and the weak red emission centered at 600 nm is
— Fitting results ; / ascribed to théFq;,— %5)5.

Obviously, the shapes of the PL spectra seem quite dif-
ferent for the films sintered at various temperatures. There
are only few broad peaks in the main emission wavelength
for the film sintered at 600 °C. On the other hand, the peaks
become sharper and split into several fine peaks when the
films are sintered above 750 °C. The characteristic emission
peaks in these films were attributed to the Stark splitting of
the degeneratefdevels under the crystalline field, and ho-
mogeneous and inhomogeneous broadening caused by the
film’s texture structures and multidomain structures. This is
consistent with the XRD analysis in which the samples sin-

20 (degrees) . tered at 600°C indicated amorphous or weak perovskite
phase and polycrystalline phase while increasing the sinter-
FIG. 2. Raman spectra of BST thin films doped with various Er concentrajng temperature.

tions at sintering temperature 700 1@ and typical expanded XRD data - :
around 45.59b). The dotted and solid lines represent the experimental and In order to compare the relatlonShlp between the green

fitting results, respectively. emission and the crystallinity, shown in Fig. 6 are the PL
intensities of 600, 700, 800, and 900 °C. For all the Er dop-

ing, the green emission at 550 nm reaches its maximum at

Intensity ( a.u. )

——
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temperature wher~0.75. Because it has been reported that
the Curie temperature of BaTiClilm is much higher than .
the bulk®? our Ba,,Sr, 5TiO; films should belong to the te- = Frn
tragonal rather than the cubic phase that is confirmed by the 2H11,2
expanded XRD data around 45.5° shown in Figp)2 i 4G

The 3 mol% Er ions doped BST thin films sintered at '
600, 700, and 800 °C show dielectric constasof around
230, 320, and 440 as shown in Fig. 3. The dielectric constant ap
raised with increasing sintering temperature which is consis- e
tent with the previous repoft. Hence, the addition of the Er
dopant in this range did not affect the dielectric constant,
characteristics of a good capacitor for BST.

The mechanism of emission of Er-contained materials 4
has been well established in the literafir® and the energy Lin
diagram is schematically shown in Fig. 4. The PL spectra of
Bay 7Sry 3TiO5 films doped with 3 mol % of Er are shown in 4q
Fig. 5 for sintering temperatures at 600, 700, 800, and 900 °C
under the 488-nm-laser excitation at room temperature.
Since the host material has tetragonal rather than cubic struc-
ture, the transition selection rules of the Er ions are relaxed
and the Er-related emission can be observed. The green
peaks at 530 and 550 nm are attributed to th&"Enner g, 4. Relevant energy levels in the PL of BST:Er thin films: excitation
shell 4 ?Hy,;, and *Sy, to the °1,5, ground level, respec- laser photon wavelengif#88 nm and E?* 4f energy levels.

32

4
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the crystallinity will enhance the luminescence efficiency,
whereas the emission intensities decrease while the sintering
temperature is above 700 °C. The quenching of the emission
intensity may arise from the formation of other phases.
Not only the complex compounds, e.g., »6,
sintering temperature (Ba,Sr)Ti,05CO;4, ENSi,O;, and EpSi,O; suppress the lu-
minescence efficiency due to optical scattering or absorption,
but the EyO; has cubic symmetry as well. While the Er ions
occupy the centrosymmetry position of ,Bg crystal, the
4S,,— 4115, transition is forbidden and therefore would re-
800°C duce luminescence efficiency.

For studying the effect of Bf concentration on emis-
sion intensity of the BST:Er films, we found as shown in Fig.

900°C

X$ 700°C
— ] 6 the emission intensities increase with increasinty Eon-
600°C centration for 600 °C sintered BST:Er films which have the

weak crystalline phase. The doped®Erions in the weak
crystalline phase are dissolvable. A noticeable difference
contrast to the films in weak crystalline phase was observed
6. 5 Room t . Hotolum e from BST thin il while the BST:Er thin films belong to polycrystalline phase,
e e e Pt o =7 " MSintered at 700, 800, and 900°C. k can be clearly seen tha
the emission intensities of the BST:Er films increase as the
Er doping concentration increases from 1 to 3 mol %. Mean-
700 °C and is partially quenched when the samples are sirwhile, the PL intensity diminishes as Er doping concentration
tered at temperature above and below 700 °C. The diversitgxceed 3 mol %.
of emission behavior related to £r concentration of thin The quenching mechanism is thought to be a cross-
films sintered at various temperatures is apparent. Theelaxation process between two closely placedi Hons. In
quenching of the green emission which occurred in thehis experiment, the ion density of 1, 3, and 5 mol % Er
BST:Er films is directly related to microstructural changesdoping is 1.5¢10%°, 4.5x 10%°, and 7.5<10%%cn?, respec-
caused by the crystallinity, which will be discussed in detail.tjyely. 1on pairs and clusters can be formed easily in the
From the XRD data as shown in Figal, we have con- Bay Sty 4TiO; lattice 637 The EF* ion is likely to take the
cluded that only weak crystalline phases were found in the) Jcition of the BA* or SP* due to similar ionic radius. The
films sintered at 600 °C and the crystallization occurred ;Eubstitution of E¥* for the nearest Ti* ion in the oxygen

700°C but formation of ES,O; and EpTi,O; phases form o naqron s difficult because of large difference in size

above this temperature. Now, we concentrate on the InfluE)etween E¥" and Ti*". To maintain electrical neutrality, one

ence of sintering temperature upon emission intensities.

; ; +
When the films belong to the weak crystalline phase sinteregloloro.aCh 'S t(.) _replace the neares_f”Baaon by another Et
at 600°C, the luminescence efficiency is low due to high|on with, additionally, the formation of a Ba vacancy. As

defect density. The green emission reaches maximum at siﬁ—hOWn in Figs. &) and 2a), the increase of Ef concen-

tering temperature 700 °C indicates that the improvement off2ion from 1 to 5 mol % results in the worse crystallinity.
From charge compensation mechanism, the smallest Er

—Er™ distance is about 0.4—0.5 nm in B&r, sTiO; lattice

. Er1mol% and cross relaxation is greatly enhanced, resulting in de-
: E::::::; crease in luminescence intensity. Very efficient cross relax-

' ation can occur when two or more Er ions sit close to one
another to form a cluster that results in almost immediate
interaction between the iori8.The interaction strength is
very sensitive to the change i which is the distance be-
tween two Ef" ions, and is found to be proportional toyl}
(m=6, 8, and 102 In our Ba,;Sr,3TiO5 thin films doped
with 1, 3, and 5 mol % Er, the mean distance betweelt Er
ions is estimated byy=0.62x N~33° corresponding toy
=1.2,0.81, and 0.68 nm. It is very likely the mean distance
of 0.68 nm of 5 mol % BST:Er will increase the probability
of EF* ions sitting at the nearest-neighbor positions. Not
] . o only slightly structural damage was found from XRD and
sintering temperature (“C) Raman measurement, but also enhanced luminescence

FIG. 6. Dependence of the green emission intensities of BST:Er thin filmscl_uem_:m_ng was Ob_served' Consequem_ly* the emission inten-
on Er concentration and sintering temperature. sity diminishes while the Er concentration exceed 3 mol %.

520 540 560 650 660
Wavelength ( nm)

Intensity (a.u.)

600 650 700 750 800 850 900
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