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Role of oxygen pressure during pulsed laser deposition on the electrical
and dielectric properties of antiferroelectric lanthanum-doped lead
zirconate stannate titanate thin films
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Lanthanum-doped lead zirconate titanate stannate antiferroelectric thin filmsi20 nm with
compositions in the antiferroelectric tetragonal region have been prepared on Pt-buffered Si
substrates by pulsed laser deposition. Effects of oxygen pressure during deposition were studied,
with emphasis placed on the electrical and dielectric properties of the films. The dielectric constant
and the maximum polarization increased with the oxygen pressure during deposition, from 75 to 125
mTorr. So did the dielectric strength. This property enhancement with deposition oxygen pressure
was believed to be due to the reduction of pyrochlore phase in the films. However, increasing the
oxygen pressure beyond 150 mTorr during deposition had led to the increase of surface roughness,
which eventually resulted in film cracking. It was also found that increasing the oxygen pressure did
not benefit the fatigue performance in any appreciable way2004 American Institute of Physics.
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I. INTRODUCTION during deposition, the preferred orientation could change, for
example, froma axis preferred orientation toaxis preferred
Lead-based antiferroelectric ceramics have been investbrientation. Moreover, the properties of the films could be
gated for many years, due to their promising applications inmproved due to the suppression of oxygen vacancies. On
actuator$ and high-energy storage capacitdiBhis class of  the other hand, the surface roughness becomes an issue with
materials has good dielectric and ferroelectricincreasing oxygen pressure, which will deteriorate the film
characteristics.>As demanded by the miniaturization of mi- when more and more droplets are present in the film. Con-
croelectronic devices, thin-film form of such materials hassequently, an optimized processing route needs to be devel-
been prepared by means of various deposition techniquesped to reach an appropriate level of trade-offs.
such as sol-get;® pulsed laser depositidhetc. La-doped Many efforts have been attempted, from the viewpoint of
and Nb-doped lead zirconate stannate titan@®tZST or  device applications, to investigate the relationship between
PNZST) are two materials which received wide attention of oxygen vacancies and fatigléleakage currefiin the films.
late. Effects of processing parameters on properties of thedeor the PLZST/PNZST antiferroelectric materials, there are
materials have been undertaken, such as sinterinfpwer reports about the oxygen pressure effects, via the PLD
temperaturé, postdeposition annealing temperattirdyick-  process, on properties or microstructures of the films. In this
ness effect§;® etc. Pulsed laser depositiéRLD) method is  paper, the effects of oxygen pressure during deposition on
well known for its accurate composition control; it has beenthe microstructure, electrical/dielectric/ferroelectric proper-
used for thin-film growth of oxide superconductdrs, ties of antiferroelectric PLZST thin films have been studied.
ferroelectric/antiferroelectric ceramfé&® among other
types of metallic and inorganic materials. The ambient ga:
during deposition in the PLD process has been found to af?-l' EXPERIMENT
fect the films in many aspects, such as stoichiometry,  Lanthanum-doped lead zirconate stannate titanate tetrag-
texture®®~** microstructur as well as electrical/dielectric onal antiferroelectric ceramic target, with the nominal com-
performance of the film&!° Usually, oxygen is introduced position of PR oA ayof ZrosSM 28Tio07) O3, Was prepared
during deposition in order to suppress lead-loss as well as toy the conventional solid-state reaction method. 5 mol % ex-
reduce oxygen vacancies in the films, which are a very comeess of Pb was adopted to compensate for the lead loss dur-
mon issue for the fabrication of lead-base@nti)  ing processing. The calcination temperature was 800 °C and
ferroelectric? thin films. With increasing oxygen pressure calcination duration was 4 h, while the sintering temperature
and duration were 1200 °C and 2 h, respectively. The x-ray
dAuthor to whom correspondence should be addressed; electronic maif.jif'fr":ICtion (XRD) patterns of the target showed a pure per-
aphchen@cityu.edu.hk ovskite phase.
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A two-step approach was adopted: PLD of thin films
followed by a postdeposition annealing. The 248 nm KrFpeak ranges from 0.22°, 0.18°, 0.16° to 0.16° for the samples
excimer laser, operated at the repetition rate of 10 Hz, wagnder deposition oxygen pressure of 75, 100, 125, and 150
used to ablate the target. The laser density irradiated on th@Torr, respectively. The corresponding grain sizes calculated
rotating PLZST target was about 6 J/cretails of the PLD  using the Scherer equation were 27, 33—37 nm with increas-
equipment configuration and parameters were previouslihg oxygen pressure. There was no observable dependence of
published:* The substrate temperature during deposition wagreferred orientation on the deposition oxygen pressure, con-
kept at 200 °C. The oxygen pressure during deposition Wagary to the previous studiés. ' The reason was attributed
varied from 75, 100, 125 mTorr to 150 mTorr and the depo+o the two-step procegs low substrate temperature deposi-
sition duration was accordingly varied from 14.7, 12.5, 11.1tjon followed by a high temperature postdeposition anneal-
min to 10 min in order to keep the thickness of all samplesing) instead of in situ growth in the previous reports. Thus,
approximately the same. Postdeposition annealing procesge effects of deposition rate, strains, etc., which are closely
was performed at 650 °C for 30 min in a horizontal tuberelated with the deposition oxygen pressure known to affect
furnace with oxygen flow. A SIMENS D-500 x-ray powder the lattice parameters and orientation of the film
diffractometer equipped with a Gl radiation source was pronouncedly? could be minimized. Nevertheless, the oxy-
used to identify the crystallographic structures of the samplegen pressure during deposition did have significant effect on
while the surface morphology was observed by field-the electrical properties, which will be discussed in the fol-
emission scanning-electron microscof8EM) (JOEL JSM-  |owing sections.
6335F. The film thickness was obtained from the SEM There exists a small bump at about 29.6° in the XRD
cross-section images. results for all samples shown in Fig. 1, which is 222

After postdeposition annealing, gold pads with the areagragg reflection peak from a pyrochlore phase. This obser-
of 0.0314 mm were deposited onto the films by DC sputter- vation implies that all the films are not of pure perovskite
ing to serve as the top electrodes for electrical measurementshase but with a small fraction of pyrochlore phase. This is
Dielectric properties were obtained first from room temperaprobably due to the lead loss during the annealing process
ture up to about 400 °C using a HP 4284A LCR meter. Thisand hence the lead-deficient or oxygen-deficient pyrochlore
was repeated a few times to ensure reproducible resultphase formed. The relative volume percentage of the pyro-
Other ferroelectric properties, such @&-E and C-V  chlore to the perovskite phases may be qualitatively esti-
curves, were measured as well at various temperatures usifigated by comparing the intensity of the major x-ray diffrac-
a RT66 ferroelectric tester from Radiant Technology. Thetion peaks of the pyrochlore and perovskite phases, which
excursion of samples to high temperatufes00°Q also  are (222 and(110), respectively. Therefore, the volume per-
served the purpose of improving the interface between thgentage of the perovskite phase was estimated by(Hg.
Au electrode and PLZST films, thus giving reliable results on

electrical and leakage current properties. %P it | pero 110) 100 @
o Perovskite= .
Iy 222 + | perof 110)

Ill. RESULTS AND DISCUSSIONS

_ _ It has been showfl previously that this simplified estimation
A. Crystallographic phase and microstructure P y P

provides a good agreement with more rigorous quantitative

Figure 1 shows the x-ray diffraction patterns taken atx-ray analysis methods. This is a commonly adopted method
room temperature from the PLZST films prepared under difto outline a relative change of volume fraction in a two-
ferent deposition oxygen pressure; all were subjected to posphase system. The estimated perovskite contents in the films
deposition annealing at 650°C for 30 min. All samplesdeposited under different oxygen pressures are shown in Fig.
showed a powder diffraction pattern with the strongest peal, which indicates an increase from 83% to 90% as the depo-
at 20 angel of about 30.7°, denoted @4.0) Bragg reflection  sition oxygen pressure increases from 75 to 125 mTorr, then
peak. The full width at half maximurtFWHM) of the (110 drops at 150 mTorr.
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FIG. 4. SEM cross-section view of the film deposited under the oxygen
(c) 2um (d) 2um pressure of 75 mTorr.

FIG. 3. SEM plane view of the films deposited under the oxygen pressure of ) ) ) ) )
(@ 75 mTorr,(b) 100 mTorr,(c) 125 mTorr, andd) 150 mTorr. openings in the films, which could easily absorb gas atoms

from the ambient during deposition at a low temperature.
These trapped gases were released during postdeposition an-
The surface morphology of the samples is shown by theealing, thus leading to the formation of large cracks.

SEM micrographs in Fig. 3. The surface roughness increased The cross-section view of a sample prepared at 75 mTorr
with oxygen pressure, so did the amount of particulates of illustrated in Fig. 4. The thickness of the sample is around
the surface. This was a common phenomenon for the PLI220 nm. Another point that needs to be noted from the cross-
proces$. The origin of the particulates comes from multiple section SEM view is the interdiffusion between Pt and Ti.
sources. During deposition at high oxygen pressure, smaffhe interface between these two layers is not clearly defined,
clusters ablated from the target have a high probability ofyhich indicates that the Ti atoms could have diffused into the
condensation in oxygen gas because of the formation of thpt layer through the Pt grain boundaries and reacted with
shock front typical of the PLD process, resulting in large oxygen to form Ti oxide when the film was annealed at high
clusters. During and/or after the condensation of the clustersemperatur® in oxygen ambient. The oxygen supply for the
they probably lose their energy, or heat, leading to “cool” reaction may be from the film, thus leading to the oxygen

clusters on the substrate. Theses clusters then deposit rajacancy formation in the film, or from the ambient gas.
domly on the substrate and surface migration/diffusion

hardly occurs due to insufficient energy. These clusters ar
normally spherical with the dimension in nanometer ratrge.
On the other hand, high oxygen pressure will increase the The polarizations versus electrical fiel®E) hyster-
confinement of the plasma ejected by the laser pulse incidemsis loops are delineated in Fig. 5. These measurements were
onto the target surfac®. Thus the energy density is in- carried out at the frequency of 10 kHz. All the films showed
creased. Consequently, the particulates originated frorfslanted” hysteresis loops and some remanent polarization,
splashing of molten droplets most likely occur when thewhich were believed to be due to the retention of ferroelec-
transfer of laser energy into heat occurs at a faster rate thanigc phase after the field was removEdField-induced
needed to evaporate a mass volume of depth equal to half th~E-FE switching was demonstrated by the appearance of a
skin depth. The size of such particulates is in the micron anderroelectric loop at higher field strengths. The saturated po-
sub-micron range and these particulates are irregular itarization was from 7.5, 12.2C/cn? to 17.5uClcn?, as the
shape®® deposition oxygen pressure increased from 75, 100 mTorr up
These two kinds of particulates formed from the vaporto 125 mTorr. However, when the deposition oxygen pres-
state or liquid ejecta seemed to show the same trend with theure was further raised to 150 mTorr, the saturated polariza-
gas ambient during deposition, which accounted for the intion drastically decreased to about 2.&/cnt and the po-
crease of surface roughness as well as the amount of particlarization hysteresis loop was suppressed. The electrical field
lates in the films when the deposition oxygen pressure wasorresponding to the phase transition between the antiferro-
increased. Moreover, as the deposition oxygen pressure irlectric (AFE) and the ferroelectridFE) phase was about
creased to 150 mTorr, the film included many cracks ad14 and 200 kV/cm for FE to AFEbackward switchingand
shown in Fig. 8d), which were not observed in the films AFE to FE(forward switching, respectively, for all the films
deposited at lower oxygen pressures. These wormlike craclexcept those prepared at 150 mTorr. This was because the
could be ascribed to the release of gas bubbles, which wemxcessively high oxygen pressure during deposition deterio-
trapped into the film deposited at low temperature, duringated the crystal structures and hence the ferroelectric and
postdeposition annealifg.Since at high oxygen pressure in dielectric properties were degradéd.
a PLD process, more particulates were introduced into the Nevertheless, a moderately high oxygen pressure of 125
film as described above, there would be more pores anthTorr was necessary to grow high quality PLZST films as

E_ Electrical and dielectric properties
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shown above. This could be explained in terms of effectdor the 125 and 150 mTorr sample, respectively, under the
related to the incorporation of oxygen into the films as afrequency ranging from 100 Hz to 1 MHz, as shown in Fig.

result of collisions between the ejected plasma and ambier@t. Since higher deposition oxygen pressure produced films
oxygen gas® Sufficient oxygen supply under sufficiently with higher surface roughness, there were more defects,
high oxygen pressure could preserve the lead fraction byhich could accommodate space charges between the film
forming PbO, whose vapor pressure is lower than that of Pband the substrate. The space charge accumulation in the in-
on the growing surfac® On the other hand, for films depos- terface region could lead to the formation of a low resistance
ited at low temperature followed by a high temperature postiayer connected in series with the near-insulating dielectric

deposition annealing, growth kinetics of perovskite phase
was limited by the nucleation rate of the crystallites and the

nucleation of crystalltes took place at the bottom £ 500 \\\

substraté”?° These nucleated “seed” perovskite grains on & . ——

the film/substrate interface grew through the film to the free @ .

surface and the fluorite or pyrochlore phase, which is an § 100 — e 75mTonr

intermediate phase formed at low temperature, could first 2 50 —+—100mTorr

form before transforming into the perovskite phase. 8 \ —a— 125mTor
However, due to Pb deficiency in case of lower oxygen § . —v— 150mTorr

pressure during deposition, this intermediate fluorite or py- @ 104 \M.,_,_,__,_q_v

rochlore phase might not fully transform to the perovskite -r°5’ 5

phase because Pb deficiency would stabilize the fluorite or 102 10° 10° 10° 10°

pyrochlore phasé’ Incomplete transformation to the perov- (a) Frequency(Hz)

skite phase results in the degradation of the ferroelectric

properties as well as dielectric properties. It is obviously nec- o

essary to prevent lead loss during processing in order to iq 05 —n—75mTorr

eliminate the second phas®° Therefore, for films depos- ® —»—100mTorr

ited under lower oxygen pressure, e.g., 75 mTorr, the in- S —4—125mTorr

completion of phase transformation due to the lead loss prob- £ 0.1 ,\_'_ 150mTorr

ably accounted for the inferior dielectric and ferroelectric 8005 \

performance. 2 - N~
Figures 6 and 7 illustrate the frequency and temperature % \"*ﬂ\._,_._,

dependence of dielectric constant and dielectric loss. Films 8 0.01 -

deposited under higher oxygen pressure, 125 and 150 mTorr, 102 10° 10° 10° 10°
showed low frequency dielectric relaxation: the dielectric Frequency(Hz)

constant and dielectric loss decreased with frequency, frofaig, 6. Frequency dependence of dielectric constanand dielectric loss
658 to 252, 243 to 213 and from 0.56 to 0.03, 0.82 to 0.02(b) in a log-log plot at room temperature.
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® 0.084 ) response time was not more than 1 ms, the leakage currents
e were taken after the samples experienced different voltages
£ for 10 s. Under low field, the Ohmic conduction mechanism
[} . . .

@ 0.044 dominated the leakage current, the magnitude of which de-
8 ,/v': creased with oxygen pressure during deposition from 75 to
E 0.00 Smmlacey g 125 mTorr then increased again at 150 mTorr. The break-
2 0 50 100 150 200 down voltages followed a similar trend, going from 2.5 to

3.2 V then to 5 V with 75, 100, and 125 mTorr oxygen
pressure, then returning to about 2.8 V at 150 mTEki
FIG. 7. Dielectric constanta) and dielectric losgb) against temperature at  samples had similar thickness 6f400 nm) A fairly sharp
100 kHz. The inset ifa) is the K-T curve of a 150 mTorr sample on an jump from Ohmic conduction to seemingly the space charge
enlarged scale. -
leakage current effetttook place before the final break-
down. The onset field for the hypothesized space-charge-
limited conduction(SCLO) was different for different film
film. Such a system could be well described by the Maxwell-conditions(38, 52, and 67 kV/cm for the 75/150, 100, and
Wagner two-layer modét which reveals the dielectric re- 125 mTorr sample, respectivelyt must be noted that due to
laxation and high loss under low frequencies. For the filmsreakdown, the SCLC effect at high field could not be easily
deposited under relatively low oxygen pressure, 75 and 108ubstantiated. The fact that the jump from Ohmic conduction
mTorr, the dielectric constant remained almost constanto the hypothesized SCLC effect was quite sh@idpout two
around 150 and 220 with frequency, respectively, and therders of magnitudecould imply that a “soft” breakdown
dielectric loss was lower than 0.06 throughout the frequencynight have occurred before the final breakdown.
range from 100 Hz to 1 MHz. Another property, which needs to be considered seri-
The dielectric constant increased with oxygen pressureusly from the viewpoint of practical applications, is the fa-
during deposition except for the 150 mTorr sample. The Cutigue performance of the films under a switching electrical
rie temperature, which corresponds to the phase transitiofield. It has been suggested that the fatigue in antiferroelec-
between the antiferroelectric and the paraelectric phase, wasc ceramics is much less severe than that of ferroelettric.
about 100 °C as indicated by the dielectric maximum in thet is possibly due to the fact that in the switching of the
temperature dependence of dielectric constant curves in Figintiferroelectric phase, the polarization direction changed by
7. However, the film deposited under 75 mTorr oxygen pres4180° with the consequent smaller internal stresses than the
sure showed a little deviation of the Curie temperature fron®0° domain switching of in ferroelectriés* The antiferro-
100 °C to 110 °C, which could be attributed to the incomple-electric films had very small values of switchable polariza-
tion of perovskite phase formation under lower oxygen prestion as compared with those of the ferroelectric films due to
sure or due to the stress effeétstc. The inset in Fig. (&  the antiparallel configuration of the dipoles in the antiferro-
shows the temperature dependence of dielectric constant fetectrics. Therefore, the saturated polarizaiig and rem-
the film deposited at 150 mTorr oxygen pressures. Thouglnent polarizatioriPr) were adopted to represent the fatigue
the dielectric constant was very small compared to those gbroperty of the antiferroelectric films.
the others, it nevertheless showed an obvious dielectric peak Figure 9 shows the normalized Ps and (Rormalized
at about 100 °C. The dielectric loss showed a weak decreasgith respective to the Ps before fatigusf the PLZST thin
with the measurement temperature up to 100 °C and thefilms deposited under various oxygen pressures. The normal-
increased dramatically, which could be resulted from thezed Ps decreased but Pr increased with increasing number of
thermally activated ionic conduction mechanism. cycles. The relative decrease of Ps aftet B switching
The leakage currents of the samples were measured ascgcles was 38%, 28%, and 23% for the films deposited under
function of dc voltage as shown in Fig. 8. Since the dipolar75, 100, and 125 mTorr oxygen pressure. It shows that the
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of 100-125 mTorr. With increasing oxygen pressure, the
roughness of the films increased and so did the dielectric
constant and the saturated polarization. Leakage current and
fatigue were also found to decrease with the oxygen pressure
during deposition. However, excessively high oxygen pres-
sure during deposition would destroy the film and degrade
the performance of the film greatly. Low-frequency dielectric
dispersion was observed for the samples deposited under
higher oxygen pressure, which was caused by the space
charge in the interface between the film and the substrate.
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