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We have studied the phase transition behavior gf;Bg, ,,TiO5 thin films using Raman scattering

and dielectric measurement techniques. We also have studied the leakage current conduction
mechanism as a function of temperature for these thin films on platinized silicon substrates. A
Phy 7Ca 24TiO5 thin film was prepared using a soft chemical process, called the polymeric
precursor method. The results showed that the dependence of the dielectric constant upon the
frequency does not reveal any relaxor behavior. However, a diffuse character-type phase transition
was observed upon transformation from a cubic paraelectric phase to a tetragonal ferroelectric
phase. The temperature dependency of Raman scattering spectra was investigated through the
ferroelectric phase transition. The soft mode showed a marked dependence on temperature and its
disappearance at about 598 K. On the other hand, Raman modes persist above the tetragonal to
cubic phase transition temperature, although all optical modes should be Raman inactive above the
phase transition temperature. The origin of these modes must be interpreted in terms of a local
breakdown of cubic symmetry by some kind of disorder. The lack of a well-defined transition
temperature suggested a diffuse-type phase transition. This result corroborate the dielectric constant
versus temperature data, which showed a broad ferroelectric phase transition in the thin film. The
leakage current density of the PCT24 thin film was studied at elevated temperatures, and the data
were well fitted by the Schottky emission model. The Schottky barrier height of the PCT24 thin film
was estimated to be 1.49 eV. @003 American Institute of Physic§DOI: 10.1063/1.1611269

I. INTRODUCTION of the dielectric constant, and a strong frequency dispersion
of the dielectric constant at temperatures around the phase
Recently, many ferroelectric thin films such as transition temperaturé.Lead magnesium niobatéPMN),
Ph(Zr,Ti)O5, PbTiO;, and PKCa,T)O; have been actively |ead zinc niobatéPZN), and their solid solutions with lead
investigated for application in memory integrated circtits.  titanate (PT) are the most widely studied relaxor
Lead titanate (PbTi¢) based materials are used in a broadmaterials'®~*? In addition, the relaxor characteristics of PT
range of electronic devices, e.g., transducers, infrared detegjith higher La concentration are reported in the
tors, pulse generating devices, ferroelectric memories:%®tc. jiterature!3-1° Among the doped PbTi{ systems,
PbTiO; has a low dielectric constant, high spontaneous popp,_,CaTiO; (PCT) systems have recently received re-
larization, and hlgh pyroelectric coefficient. In addition, solid newed attention due to the high-piezoe]ectric effect and ex-
solutions of PbTiQ thin films with other perovskite com- cellent dielectric propertie¥8In addition, unlike bulk ma-
pounds enhance various interesting properties and deviggrials, thin films of PbTiQ and Ph_,CaTiO; show
feasibilities. PbTIQ shows a first-order phase transition tem- submicron size grains resumng in a lower value of the di-
perature at about 763 KWith the addition of SITiQ or  glectric constant. These films do not show any anomaly in
CaTiO,; to POTIQ;, the phase transition temperature de-the curves of the dielectric constant as a function of tempera-
creases with increasing Ca or Sr concentration, and the ferrggre pyt they present a monotonic decrease in the dielectric
electric phase transition in BEC& sTiO3 and PR sSty 7TiOs  constant. These observations suggest that the phase transition
systems occurs near room temperattfftét is also interest- temperature in PbTiQand Ph_,Ca TiO5 thin films may not
ing to note that many ferroelectric materials exhibit relaxorpyg a¢ sharply defined as in bulk single crystals, and bulk
behavior characteristics as a function of the dopant concensgramicd Naik et al® reported a study on BESK ¢TiO5
tration by a broad maximum in the temperature dependencgin fiims where the dielectric permittivity versus tempera-
ture data showed a broad peak at room temperature indicat-
dElectronic mail: derl@power.usfcar.br ing a rather diffuse phase transition. On the other hand,
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Tenneet al?® studied vibrational properties of B&Sr, sTi0O; [ 298K
thin films prepared by pulsed laser deposition and they ob- a0 BT (a)
served that the temperature dependence of the Raman spectra
indicates a broad ferroelectric phase transition in the thin
films. Dobalet al?! studied, by Raman scattering and dielec-
tric constant as a function of the temperature, the antiferro-
electric phase transition in PbZg@hin films. These PbZr©
thin films exhibited a clear temperature-dependent phase
transition from the antiferroelectric to paraelectric state, 12108 6 -4 20 2 4 6 8 1012
through a ferroelectric phase. Gakdt al?® reported the Applied Voltage (Volts)
phase transition of Rb,CaTiO; thin films. Thex=0.15
thin film was found to undergo a tetragonal-to-cubic phase s00. Y ®)
transition at about 370 °C. —— 573K

Although many authors have investigated PCT thin films ‘
and ceramic solid solutions, no systematic study of the tem-
perature dependence of the PCT conduction current behavior
was discussed in the literature. Once PCT has the highest
potential for application in dynamic random access memo-
ries, because of its high dielectric constant, low leakage cur-
rent, and high breakdown field, the conduction current
mechanism should be studied. For comparison, a large num-
ber of research has focused on the leakage current behaviBiG. 1. Dielectric constant-voltage characteristics of the /B8y 4TiO3
of szro.4Ti0.603 (PZT), (SBN), SrBiTagog (SBT), and thin film at different temperatures at 100 kHz.
Ba, _,SrTiO; (BST) thin films23-2¢

In this article, we have studied the temperature depen-
dence of the dielectric constant and Raman spectra in th.‘a_6
study of the phase transition of polycrystalline
Pb, ,CaTiO; thin films. No study of the temperature de-
pendence of the leakage -current was reported o

200+
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4004

Dielectric constant

200+

42108 6 -4 20 2 4 6 8 1012
Applied Voltage (Valts)

The Raman measurements were performed using a
400 Jobin—Yvon triple-monochromator coupled to a
charge-coupled-device detector. An optical microscope with
re&ai50>< objective was used to focus the 514.5 nm line of a
. S . . oherent Innova 90 argon laser into the sample. An oven
Py —,C&TiOs thin films. We have also investigated the Cur_(]'MS 93 from Linkam Scientific Instruments, Ltd., was used

rent conduction mechanism based on the interface limite .
o . . .~ under the microscope for measurements at the 298—-873 K
Schottky emission theory and estimated the possible physical
emperature range.

parameters involved.

lll. RESULTS

Il. EXPERIMENT . .
Figure 1 shows the capacitance—voltag=-{/) curves

The Pl ;{Ca 4T105 (PCT24 thin film studied in the of the PCT24 thin film deposited on a Pt/Ti/Si(Si sub-
present work was derived from a soft chemical processingstrate.C—V curves were obtained at different temperatures at
Details of the preparation method can be found in thea frequency of 100 kHz with an oscillation amplitude of 50
literature!® The polymeric precursor solution was spin mV. The capacitance of the film showed a strong dependence
coated on  substrates [Pt(140 nm/Ti(10nm)/SiO,  on the applied voltage. At 298 K, thé—V curve showed
(1000 nm/Si] by a commercial spinner operating at 6000 two broad peaks, the curve was symmetric about the zero-
rev/min for 20 s(spin-coater KW-4B, Chemat Technolggy bias axis, and hysteresis behavior was observed. Increasing
via a syringe filter to avoid particulate contamination. Afterthe temperature, the butterfly-type shape of the curves de-
spinning, the films were kept in ambient air at 150 °C on acreased: the separation between@heV curves of the posi-
hot plate for 20 min to remove residual solvents. A two-stagdive and negative biases decreased, and at about 573 K, the
heat treatment was carried out: initial heating at 400 °C for -V curves showed absence of splittitigutterfly type for
h at a heating rate of 5 °C/min to pyrolyze the organic matedecreasing and increasing voltages for both polarities. This
rials, and finally, followed by heating at 700 °Crf@ h for  fact indicates that the 573 K temperature corresponds to the
crystallization. The film thickness was controlled by adjust-ferroelectric—paraelectric transition phase. Venkateswarlu
ing the number of coatings, and the coating/drying operatioret al?’ observed a similar behavior for lead lanthanum titan-
was repeated until the desired thickness was achieved.  ate thin films prepared by the laser ablation technique.

The dielectric constant of the thin film was measured  The temperature and frequency variations of the dielec-
using a Keithley 3330L{CR) meter in the temperature range tric constant for the PCT24 thin film are shown in Fig. 2. We
of 298-653 K. The capacitance—voltage<{V) curves were may note that the peak of the dielectric constant versus tem-
measured using an HP4194A impedance/gain phase analyzgerature is broader than that corresponding peak of compo-
at the temperature range of 298-573 K. The leakage curresitions close to PCT24 in the bulk form. However, measure-
at various temperatures was measured using the computerents at different frequencies do not show any peak shift.
Keitlhey 237 unit. Such behavior indicates that the transition is relatively dif-
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FIG. 2. Temperature dependence of the dielectric constant for the

Phy 7Ca »4TiO3 thin film as a function of the frequency.

) _ _ a sharp transition is usuallsg2x 10°K, whereas for a re-
fuse, but that the ferroelectric phase is not a relaxor in thgyyqr ferroelectric like lead magnesium niobate undergoing a

PCT24 thin film prepared by the polymeric precursor yifyse transition, this value is 4 x 10° K. In our case, we
method. obtained the paramet&@=1.98x 10°K.

For a normal ferroelectric, in the vicinity of the transi- In the literature for a diffuse transition, the following
tion temperature, the dielectric stiffnedd/e), follows the  gmpirical relationship for the Curie—Weiss law was proposed
well-known Curie—Weiss la to describe the diffuseness of the phase transitidh as

1lle=(T—Ty)/C, (1)
_ ) ) ) ) lle—1len=(T—T, may /C*, (2
whereC is the Curie—Weiss constant afig is the Curie—
Weiss temperature. where y is the critical exponent, which is a measure of the

In addition, the order of the ferroelectric to paraelectricdegree of diffuseness of the transition, a0t is a Curie—
phase transition can be determined from the temperature dgveiss-like constant. For a sharp transition;1 and for a
pendence of the dielectric constant invefs&). WhenTgis  diffuse transition it lies in the range<ly<2.3?> We obtained
smaller thanTc we observe a first-order transition; on the the parametey=1.33 by fitting the experimental datthe
other hand, whenT,=Tc, a second-order transition is fitting curve is shown in the inset of Fig).3rom these data,
observed? we may note that there is some diffuse character; but mea-

Figure 3 shows the temperature behavior of the inversgurements at different frequencies showed that the peak tem-
of the dielectric constant at 10 kHz for the PCT24 thin film. perature is not seriously affected by the change in frequency.
The dielectric stiffness in the paraelectric phase follows thesimilar behavior was observed by Subrahmanyam and Goo
Curie—Weiss behavior. The paramet@andT, were fitted  for the (PQSr,_,)TiOz systenf Pokharel and Pandey re-
at a narrow temperature range néar. From these data, the ported values ofy in the range of 1.25-1.50 for the diffuse
ferroelectric to paraelectric phase transition temperafige,  behavior of the (Pph.,Ba)ZrO; systent? In addition,
and the Curie—Weiss temperatui®&,, can be obtained di- Ganesh and Goo reported valuesyoih the range of 1.20—
rectly. The fitting parameters ar@=1.98<10°K and T,  1.34 for the diffuse behavior of the paraelectric—ferroelectric
=530K. The fact that the Curie—Weiss temperatuig ( transition region for the (Bh,Ca/)TiO5 system’
=530K) is lower than the transition temperaturd c( In order to study the current transport mechanism in our
=573K) is expected from the first-order phase transitionsystem, the current—voltage characteristics were obtained at
between the paraelectric and ferroelectric phases. Moreovatifferent diode temperatures and the results are plotted in
the value of the Curie-Weiss consta(@) for a regular Fig. 4. The metal/PCT24/metal system usually constitutes a
ferroelectric-like barium titanate and lead titanate undergoingack-to-back Schottky diode. The current density in such a

system is given by

0.007 — _A¢ ) qV
10 kHz _|axT2 q(¢s B _
0,006 J [A T ex;< T ” exp(nk_l_ 1}, 3
0.005 -
0004~ gor—res whereV is the applied voltageT is the temperature is the
fo'oos_g%;.:' ' ideality factor, ¢g is the Schottky barrier height, ana*
0002175 ' (=120m/my, mq is the free-hole magss the Richardson
I b constant. The term in the first bracket in E8) is usually
' R e R PAL referred to as the saturation currentdgr When using only
0.000 T T e T T . . . .
0 100 200 300 400 500 600 700 the thermionic emission theory to account for the electron
Temperature (K) transport over the barrier, the lowering term ¢g) in EqQ.

FIG. 3. Inverse of the dielectric constafi/e), as a function of temperature (3) should be neglecte:ff. The Dbarrier Iowerlng due to the

for the Pl 7¢Cé 24TiOs thin film. Inset shows In(¥— 1/e,.,,) as a function ~ @Pplied voltageV depends on the depletion region widih
of IN(T—T, maw- and on the relative dielectric constagntas given below:
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thin film at different voltages. These curves were used to determine the . _1
activation energies of the current transport and the obtained values are plot- Raman Shift (cm’)
ted in the inset. FIG. 6. Raman spectra of the £2laCa »4TiO3 thin film above and below the
transition temperature.

A= / qv _ (4) ous reported value¥. In Ref. 34, this small value has ex-
® dmeed plained in terms of a very thin interfacial layer, as proposed

According to Eq.(3), it seems clear that both tempera- by Mott in 1938%” Our results confirm that Mott's model is

ture and voltage dependencieslahould be experimentally &S0 valid for the metal/PCT24/metal system.
explored in order to explain the current mechanisms in our N order to study the phase transition by Raman spectros-
samples. copy for PCT24 thin films, the evolution of Raman spectra

As expected from the Schottky current emission theoryVere obtained at different temperatures and the results are
the current increases for increasing temperatures because tfffR2Wed in Fig. 6. The room temperature Raman spectrum is
thermally activated conduction is enhanced by the applied? 2greement with the literature, showing all Raman active
field. However, in the low voltage and low temperatureOpt'C modes?® According to the selection rules, all optic

ranges, the observed current cannot be explained using tfyaodes become Raman inactive above the transition tempera-

Schottky mechanism. This suggests that a different condud"e-

tion mechanism should be considered in that range. We have AS the temperature is increased, the Raman modes be-
investigated the use of the Poole—Frenkel and space-chargg®Me broad and gradually lose intensigee Fig. 6. How-
limited current models, but the fit of the experimental curvesEVer, Some modes disappear completely at a certain tempera-
using these models was quite unreasonable. A similar beha{'€: Which corresponds to the ferroelectric to paraelectric
ior was found in Ref. 34 indicating that a more comprehenphase transition temperature. The lowest-frequency Raman

sive treatment is needed. This will be the object of futureline, located at 83 cn, is the soft mode belonging to
work. E(1TO) symmetry. We can see clearly in Fig. 7 that increas-

In Fig. 5 we plot the Info/T?) vs 1000 curves at dif- ing_ temperatures cause frequency downshifts, .and finally,
ferent voltageghigh field at the temperature range from 110 their disappearance at about 325°C. We attribute these
to 250 °C. From these curves we can determine the activatioficWnshifts and the lack oE(1TO) mode in PCT24 thin
energy for the emission of carriers over the Au/PCT24 barfilms to the ferroelectric—paraelectric phase transition tem-
rier. The obtained values are plotted in the inset in Fig. 5 aPerature. The temperature dependence of the square of the
a function of the square root of the applied voltages and theyOft mode frequency is shown in Fig. 8. Concerning the
reveal a decreasing behavior as the voltage increases. Thistié1TO) mode, it can be noted that its frequenc% foecreases
expected from the Schottky theory and it is caused by th&@Pidly up to the transition temperature. Dolealal.™ " ob-
lowering of the field induced barrierA$g). In fact, the Served similar behavior for PbTiOand (Pb,LaTiO; thin
activation energy aV=0V reflects the Schottky barrier fIMS prepared by the sol—gel method. In addition, the ex-
height of 1.49 eV at the Au/PCT24 interface, considering the
thermionic emission only. In addition, Scet al > reported
values of the Schottky barrier &t=0 V for SBT, BST, and
PZT to be about 1.6, 1.62, and 1.5 eV, respectively. Das
et alZ studied the leakage characteristics of $TBOg thin
films at elevated temperatures and the data were fitted by the
Schottky emission model. The Schottky barrier heights of the
films on Pt and LaNi@ substrates were estimated to be 1.27
and 1.12 eV, respectively. Other authors have reported the
Schottky barrier height of SrBNb,Og and (Ba,SITiO5 thin
films in the range of 1.37-1.5 @6”.36 20 40 60 80 100 120 140 160 180

The fitting of the activation energy versus voltage curves Raman shift (cm"™)

prOVide§ an eStimate_ of thﬁd prquCt present in. E({.4). _ FIG. 7. Expanded view of the Raman spectra of Fig. 6 for the soft mode
Our estimated value is,d=6 nm, in agreement with previ- peak.

ISQﬂ Mode _ E1(1TO)

Intensity (a.u.)
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