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Effect of compositional variations on electrical
properties in phase switching (Pb,La)(Zr,Ti,Sn)O;
thin and thick films
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The composition-dependent electrical properties in (Pb,La)(Zr,Ti,Sn)O3
antiferroelectric-ferroelectric phase switching thin and thick films have been systematically
studied and compared with bulk ceramics. The films were deposited on Pt-buffered silicon
substrates by a sol-gel method. The results show that the dependence of low-field dielectric
properties on compositions in the films is similar to that in bulk ceramics but the variation
of high field properties (polarization or hysteresis loops) is quite different, which may be
attributed to the special mechanical boundary condition of the films. While all the films
with compositions in the antiferroelectric tetragonal region in the phase diagram
demonstrate the existence of remanent polarization in the hysteresis loops, the films with
zero remanent polarization can be obtained in the antiferroelectric orthorhombic region.
This is because the films are under high tensile stress due to the thermal mismatch
between the film and substrate, which tends to stabilize the ferroelectric phase and causes
the retention of ferroelectric phase for the films in the antiferroelectric tetragonal region
because of their relatively small free energy difference between the antiferroelectric phase
and ferroelectric phase. © 2000 Kluwer Academic Publishers

1. Introduction are characterized by “square” and “slanted” hysteresis
Antiferroelectric-to-ferroelectric phase switching ce-loops, which allow for digital or analog mechanical
ramics in lead zirconate titanate stannate family havenotion [3]. However, for energy storage applications,
been extensively studied since 1960s for energy storagmaterials with square hysteresis loops are preferred [1].
capacitor and high strain actuator/transducer applica- In 1964 Berlincourt reported the phase diagrams
tions[1-6]. Inthese ceramics, the free energy differencef the lead niobium zirconate titanate stannate sys-
between the antiferroelectric (AFE) phase and ferrotem and the lead lanthanum zirconate titanate stannate
electric (FE) phase can be modified to such an exten(Pb,La)(Zr,Ti,Sn)@) system [3]. Shown in Fig. 1 is
that a phase switching between the AFE and FE phasdbke phase diagram of the 2Lag 02(Zr, Ti,Sn)G; sys-

can be realized by applying an electrical field. Thistem. It mainly consists of an AFE orthorhombic re-
field-induced phase switching is accompanied with agion (AFEp), AFE tetragonal region (AFB, low tem-
volume expansion due to the larger primitive cell of theperature FE rhombohedral region @&#k,), as well

FE phase, hence large strains can be expected to be cas high temperature ferroelectric rhombohedral region
current with the phase switching [3]. In fact, the phase(FErT)) and ferroelectric tetragonal region (FEFor
switching strain can be 3 to 4 times larger than the straibulk ceramics most of the compositions are chosen
level in conventional piezoelectric ceramics [5, 6]. Onin the AFE region close to the AFEFERT) phase
the other hand, a large amount of charge can be stordabundary. This is because the switching fields for the
in the FE phase because the dipoles transfer from theompaositions in the AFg&region are so high that they
antiparallel state in the AFE phase to the parallel statenay be higher than the dielectric breakdown strength
in the FE phase. These stored charges will be releaseaf the bulk ceramics.

upon switching back to the AFE phase after electrical Studies on AFE thin (film thickness1 um) and
field removal; thus very high instantaneous currenthick (film thickness>1 um) films in lead zirconate
can be supplied [1]. Depending on composition anditanate stannate family have been reported by several
temperature, the AFE-to-FE phase switching can occugroups, for microactuator applications in microelec-
as a step function of electrical field, or can change gradtromechanical systems (MEMS) [7—-9] and decoupling
ually with electrical field. These two types of switching capacitors in advanced multichip modules (MCMs)
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Although a lot of work have been done on the prepa-
ration and characterization of AFE films, a systematic
study on the composition dependence of electrical prop-
erties has not been reported, especially for the compo-
sitions in the AFkp region which are seldom studied
even for bulk ceramics. Since thin films offer the ad-
vantages of high dielectric strength and low operation
voltage, AFE films with compositions in the AbEe-
gion should be practical for applications. In this work,
we attempt to pin down the composition—property rela-
tionship in the AFE-FE phase switching thin and thick
filmsin (Pb,La)(Zr,Ti,Sn)@system, with the composi-

7 tions both in the AFE region and in the AFE region.

Sn ;7 r 28 29 / N7, Both the weak field dielectric properties and the high
060 070 080 090 field properties (field-induced polarization or hysteresis

loops) are reported and compared with bulk ceramics.

Figure 1 Phy g7Lap 02(Zr,Ti,Sn)G; phase diagram and the compositions
used in this work.

2. Experimental procedure

[10, 11]. However, most of the films have some re-The various compositions used in this work are given
manent polarization in the hysteresis loops, which ign Table | and their positions in the phase diagram
believed to be due to the retention of the FE phase [9]are shown in Fig. 1. The substrate used is an n-type
The compositions for most of these films are still in the(100) oriented Si wafer with 0.xm-thick thermally
AFEr region as that described for bulk ceramics [8], butgrown SiQ layer, 0.02um-thick sputtered Ti adhe-
some compositions are in the AgEegion with low Zr  sion layer, and 0.1 m-thick Pt bottom electrode. The
contents and close to the AFRAFE phase boundary thin films are prepared from 2-methoxyethanol based
[7, 9]. sol-gel method, with the film thickness around ..

To fully diminish the remanent polarization or the By using a multi-step annealing process and multiple
retention of ferroelectric phase is important for AFE PbO overcoat layers, thick films, with the thickness
films because the retention of ferroelectric phase willof about 5um are prepared from acetic acid based
decrease the strain level induced by the phase switctsol-gel method. The flow chart to make the thin films
ing and the energy storage density (the energy storage given in Fig. 2. Lead acetylacetonate, titanium iso-
density is equal to the area between the polarizatiopropoxide, zirconiunm-propoxide, tin acetate, and lan-
axis and the back arm of the hysteresis loop [1]). Ouithanum ethoxide were added to 2-methoxyethanol and
recent work demonstrates that the AFE thin and thickhe mixture was refluxed at 116 for 12 hours. The
films with zero remanent polarization and square hyssolution was then cooled to room temperature and 4%
teresis loops can be obtained when the compositionformamide was added to promote proper drying and to
are chosen in the AREregion with high Zr contents adjust the concentration to be 0.4 M. The flow chart
[10-12]. Moreover, these AFE films can have a veryto make thick films is shown in Fig. 3. Lead acetate
fast charge release speed in the nanosecond range atnithydrate, tin acetate and lanthanum ethoxide were
develop strain levels more than 0.4%, which are venynitially dissolved in acetic acid and the mixture was
attractive for high speed decoupling capacitor and midistilled at 150C to remove the associated water. Af-
croactuator applications [13, 14]. ter cooling down, zirconium-propoxide and titanium

TABLE | The studied films and their compositions

Designation Composition Phase Film type
Thin-1 Phy 97La0,02(Zro.66 Ti0.09SM.25)03 (PLZTS 2/66/9/25) AFE tetragonal Thin film
Thin-2 Phy 97La0,02(Zr0.66 Ti0.08SMn.26)O3 (PLZTS 2/66/8/26) AFE tetragonal Thin film
Thin-3 Phy 97La0,02(Zro.66Ti0.07SMy.27)O3 (PLZTS 2/66/7/27) AFE tetragonal Thin film
Thin-4 Phy 97La9,02(Zro.55Tio.07SMy.38)O3 (PLZTS 2/55/7/38) AFE tetragonal Thin film
Thin-5 Phy.97Lag,02(Zro.85Tio.07SMno.08)O3 (PLZTS 2/85/7/8) AFE tetragonal Thin ]Z|m
Thin-6 Phy 97La0,02(Zro.65Ti0.04SM.31)03 (PLZTS 2/65/4/31) AFE orthorhombic Thin film
Thin-7 Pl})_g7Lao_02(ZI’o_goTi0_05Sl'b_05)03 (PLZTS 2/90/5/5) AFE orthorhombic Thin film
Thin-8 Phy.g7La0,02(Zro.5Tip,02SM.13)03 (PLZTS 2/85/2/13) AFE orthorhombic Thin film
Thin-9 Pl})_g7Lao_02(Zl’o_goTio_ozsrb_os)03 (PLZTS 2/90/2/8) AFE orthorhombic Thin film
Thick-3 PQ_97L30'02(ZI'0_66Ti0_07Sr'b_27)03 (PLZTS 2/66/7/27) AFE tetragonal Thick film
Thick-6 Phy 97L80,02(Zr0.65Ti0.04SM.31)O03 (PLZTS 2/65/4/31) AFE orthorhombic Thick film
Thick-9 PQ_97L80'02(Z|'0_90Tio_ogSﬂ)_og)Og (PLZTS 2/90/2/8) AFE orthorhombic Thick film

*The formula in the brackets is the abbreviation of the composition.
AThe dotted line is used to separate the thin film samples in AFE tetragonal region, the thin film samples in AFE orthorhombic region, and the thick
film samples.
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[Zt(0CH,),] [PoCH,COCHCOCH,), | [Nb(OCHSY); | [Ti(OCH(CHy),),|

Sn(CH,CO0), CH;0CH,CH,0H

mixing in flask over hot plate

reflux at 115°C, 12 h
0.4M solution

[Adding 4% HCONH,, stiring for 2 h|

Spin-coating: 3000 rpm, 30 s |
X4 )
Pyrolysis: 400°C, 5 minl

| Annealing: 700°C, 18 minl

Figure 2 Flow chart to prepare AFE thin films using 2-methoxyethanol
based sol-gel method.
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Figure 3 Flow chart to prepare AFE thick films using acetic acid based
sol-gel method.

isopropoxide were added and then the solution was re

fluxed at 1058C for 1 hour. Ethylene glycol and deion-

ized water were added during reflux to control the vis-
cosity and to adjust the concentration to be 0.70 M (the §

final solutions are simply called as PLZTS solutions).

The 0.8 M PbO overcoat solution was prepared using g

the similar procedure.
The thin films were deposited through a simple multi-

step spin-on procedure. The films were pyrolyzed at

400°C for 5 minutes on a hot plate after the deposition
of each layer and annealed at 7GGor 18 minutes after

necessary to obtain pure perovskite phase and dense
surface microstructure. Details on the effects of multi-
step annealing and PbO overcoat layers are beyond the
scope of this paper and can be found in Ref. 12.
Crystallization of the films after annealing was ex-
amined by a Scintag X-ray diffractometer ()O(DS 2000,
Scintag) using Cu K radiation ¢ =1.5418 A). The
XRD patterns were recorded at a rate 6f@in with
the @ range from 20 to 60°. Microstructure of the
films was studied using a scanning electron microscope
(DS 130, Kevex Instruments, CA). The film thickness
was measured by a surface profilometer (Alpha-step
500, Tencor Instruments, NH), with the films partially
etched by using the HF-HNgolution. In order to mea-
sure the electrical properties, platinum top electrodes
with a diameter of 1.6 mm were deposited by a sput-
tering method. The low field dielectric properties were
measured using an HP 4274A LCR meter with an os-
cillating field of about 10 m\jim. The P-E hysteresis
loops (field-induced polarization) were measured using
a modified Sawyer-Tower circuit with a 50 Hz, trian-
gular waveform driving signal. All the measurements
were conducted at room temperature.

3. Results

All the films are shown to be a single-phase perovskite
structure by the X-ray diffraction (XRD) analyses. The

XRD patterns of some films are given in Fig. 4. The

the 4th layer deposition. The procedure to deposit thick.5
films is more complicated, which we termed as multi-
step annealing with multiple PbO overcoat layers. The
films were first pyrolyzed at 60C for 6 minutes af-
ter the deposition of each layer, then they were cov-
ered with PbO overcoat solution and annealed at€00
for 1 hour after the deposition of every 6 PLZTS lay-
ers. This cycle was repeated until 42 layers of PLZTS
solution were coated. This is because in thick films,
much longer time will be spent for the perovskite phase
(which nucleates at the film/electrode interface) to grow
through the films and reach film surface, thus allow-
ing more time for lead evaporation and requiring more
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TABLE |l Electrical properties of the films

Thickness er at tans EAFE—FE Ere_AFE Pmax
Designation fem) 1 kHz (%) (kV/cm) (kV/cm) (.Clcn?)
Thin-1 0.40 815 35 80 39 475
Thin-2 0.42 630 25 108 54 43.0
Thin-3 0.42 540 2.8 134 65 40.5
Thin-4 0.40 675 2.7 138 73 41.0
Thin-5 0.38 385 2.6 145 48 42.5
Thin-6 0.43 437 2.8 195 176 35.0
Thin-7 0.44 269 2.7 225 132 40.5
Thin-8 0.42 240 2.2 232 178 38.0
Thin-9 0.40 232 2.0 235 170 40.0
Thick-3 4.95 585 29 138 71 445
Thick-6 5.07 446 2.0 198 182 40.5
Thick-9 5.10 235 2.1 256 184 45.0

50

FThin-1 1 [Thin-2

50

- Thin-3

Figure 5 SEM microstructure of sample Thin-8.

tion (UC/cm?)

a

lattice indices of the peaks are given according to the N
pseudocubic structure (the parent perovskite structure &
no matter the compositions are located in tetragonal o1’ o L L L
orthorhombic region. The peaks with highest intensities™ 400 0 400 -400 0 400
are (111) and (200) for all the thin and thick films. It has 50 s
been found that in the as-sintered bulk ceramics (ran- L Thin-5
dom orientation), the strongest peak is (110), followed -

by (200) and (211), and the (111) peak is rather weak
[15]. Hence these films can be considered as having
(111) preferred orientation. Fig. 5 is the SEM picture 0 i
of the Sample Thin-8 (PLZTS 2/85/2/13 — the abbre- I
viation of the composition, same for the followings),
which shows the presence of single phase and dens

surface structure with the typical grain size of around _50- P .
0.5um. -400 0 400
Samples from Thin-1 (PLZTS 2/66/9/25) to Thin-5 Electrical field (kV/cm)

(PLZTS 2/85/7/8) have the compositions located in the

AFEr region, and their weak field dielectric proper- Figgre 6 Hysteresis loops of the thin film samples in AFE tetragonal
ties are given in Table I1. For the fixed Zr content (from "*9"°™

Thin-1, PLZTS 2/66/9/25t0 Thin-3, PLZTS 2/66/7/27),

the dielectric constant decreases with the decrease of Ti

content and the increase of Sn content. This is consigegion (Thin-3, PLZTS 2/66/7/27 and Thin-5, PLZTS
tent to the results in bulk ceramics and can be attribute@/85/7/8). This is also similar to the results in bulk ce-
to the fact that the contribution of 4i ions to the di- ramics reported by Jaffe [16]. The field-induced hys-
electric constant is significantly larger than that of theteresis loops of these thin films are given in Fig. 6. The
Srft ions [6]. On the other hand, for the same Ti con-existence of double hysteresis loops confirms the an-
tent, the dielectric constant of the films located in thetiferroelectric nature of these films. However, there is
higher Sn region (Thin-4, PLZTS 2/55/7/38) is much always some remanent polarization when the electrical
larger than that of the films located in the lower Snfieldis removed, indicating the retention of the FE phase

6030



in the films [9]. The switching fields of these films (and 50
the following films in this study) are decided by the
method proposed by ref. [8]. That is, the AFE-to-FE

and the FE-to-AFE phase switching fields are deter-
mined as the intersections of the two lines representing —~ ;
the steepest and the flattest sections on the forward arr™
and backward arm, respectively, of the hysteresis loops @
The phase switching fields of these thin films are also ©
givenin Table Il. From Table Il and Fig. 6 it can be seen =

tThick-3 1 [Thick-6

that with further away from the AFEFERqT) phase = %0 0 400400 0 400
boundary and deeper into the AfFEegion (from Thin- -§ 50 s _
1, PLZTS 2/66/9/25 to Thin-3, PLZTS 2/66/7/27), the & Thick-9

phase switching fields increase and the values of rema
nent polarization decrease.

Samples from Thin-6 (PLZTS 2/65/4/31) to Thin-9 r
(PLZTS 2/90/2/8) are located in the AgEegion of the 0
phase diagram, and their weak field dielectric properties i
are given in Table Il. For the same (or almost the same]

Zr contents, the dielectric constant of the samples in the

AFEr region is larger than that of the samples in the [P M L
AFEg region (comparing Thin-3, PLZTS 2/66/7/27 to -400 0 400
Thin-6, PLZTS 2/65/4/31 and Thin-5, PLZTS 2/85/7/8 Electrical field (kV/cm)
to Thin-8, PLZTS 2/85/2/13). This variation is still con-

sistent to bulk ceramics and also attributed to the facEigure 8 Hysteresis loops of the thick film samples.
that the contribution of Tt ions to dielectric constant
is significantly larger than that of the nions [6, 16].
Due to the limited dielectric strength, the room tem-

Polar

E

4

a typical slanted hysteresis loop, which is suitable for

perature hysteresis loops of the bulk ceramics locateg"/09 electro-mechanical response applications. On
in the AFE; region are seldom reported. However, thelN€ other hand, the thin films in the ABEegion with

hysteresis loops of these thin films can be obtained anfigher Zr contents (Thin-7, PLZTS 2/90/5/5 to Thin-9,
are given in Fig. 7 because the dielectric strength of LZTS 2/90/2/8) show typical square hysteresis loops

thin films is much higher than that of bulk ceramics. It With sharp phase switching, which are suitable for digi-
is interesting to note that all these thin films demon-t&! €lectro-mechanical response and energy-storage ca-

strate zero remanent polarization after the electricaPacitor applications. .
field is removed. The thin film in the AREregion with In order to clarify if the similar phenomena on com-

higher Sn content (Thin-6, PLZTS 2/65/4/31) displayspOSition dependence will occur for the thick films, sev-
eral compositions are chosen to make thick films, with

the thickness of about &m (Samples Thick-3, Thick-

—— 6 and Thick-9). These thick films were prepared by
- Thin-7 ' the sol-gel method using acetic acid as solvent because
i 1 we found it is difficult to prepare the thick films using
2-methoxyethanol as a solvent, as has been reported for
PZT films [17, 18]. The electrical properties of these
L 11 | thick films are given in Fig. 8 and Table II. Comparing
L { | 1 Fig. 8 to Figs 6 and 7, it can been seen that the variation
of the shape of the hysteresis loops with compositions
for the thick films is the same as that for thin films.

So——r—
- Thin-6

-50

30 4. Discussion

The experimental results show that the dependence of
weak field dielectric properties on compositions in AFE
L { t 1 thin and thick films is similar to bulk ceramics but the
0 high field properties (hysteresis loops) are quite dif-
i 1 T 1 ferent for films and bulk ceramics. Bulk ceramics can
have square hysteresis loops with zero remanent po-
larization for most compositions in the AfFEegion
L L L L [6], while all the films in the AFE region display def-
00 0 400-400 0 400 inite remanent polarization and the phase switching is
. . not very sharp. Zero remanent polarization can only be
Electrical field (kV/em) obtained for the films in the AREregion. Moreover,

Figure 7 Hysteresis loops of the thin film samples in AFE orthorhombic 0Ny the filmsin the AFlg region with hi_gh Zr contgnts
region. demonstrate typical square hysteresis loops with zero

rThin-8 {1 rThin-9

Polarization (uWC/cm 3
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remanent polarization. Because the phase switching do the FE phase under high fields, the primitive cell
high field polarization is always accompanied with thebecomes rhombohedral structure with the polarization
change of dimensions (strains) for AFE materials, thealong [111] direction. Because tlhegyy, is very close
switching should be obviously affected by the mechanto 9¢°, the ary, is slightly smaller tharare; but much
ical boundary conditions. Therefore, we propose thatarger thancre; [26, 27], in average the AFE ceramics
the phenomenon about the composition-dependent hy¢random oriented) will expand along all directions and
teresis loops for films is mostly due to their special me-have a large volume expansion when switched to the FE
chanical constraint condition, that is, the residual stresphase. Although the thin and thick films studied in this
effect caused by the thermal mismatch between the filmvork have preferred (111) orientation (this can account
and the substrate. for the high maximum polarization of the films), they
Although the stress effect in AFE films is seldom still have random orientation in the film plane because
mentioned, itis well known that stress status can greatlyhey were not epitaxially grown. This means that they
change the domain configuration in Pb(Zr, T} ®ZT)  should expand in the film plane when switched to the
FE thin films. That is, the compressive stress will causd-E phase under high electrical fields. Hence the high
the films to have preferential c-domain orientation andensile stress should stabilize the FE phase with respect
the tensile stress will cause the films to have preferto the dimension variations, which is quite different
ential a-domain orientation [19]. It is also known that from bulk ceramics which are generally under stress-
when deposited on Si substrates, the PZT films withfree condition.
composition at morphotropic phase boundary (53/47 or Because the films are prone to the FE phase under
52/48) are under high tensile stress. This is because thtdgh tensile stress, the FE phase may be retained after
thermal expansion coefficient of the high temperatureelectrical field removal if the free energy difference be-
paraelectric phase of the film.@®x 10-6/°C) is larger  tween the AFE phase and the FE phase is smaller. In
than that of Si substrate @x 10-¢/°C) although the general, for AFE materials the value of phase switching
thermal expansion coefficient of the ferroelectric phasdields can be regarded as a measure of the free energy
(2.0x 107°%/°C) is a little smaller [20]. We have cal- difference between the AFE phase and the FE phase [5].
culated the thermal expansion coefficients of PbZrO The data in Table Il show that the switching field val-
ceramics and another kind of AFE ceramics withues for the films in the AFEregion are much smaller
the composition of Pdy7Lag 02(Zro.935T10.04SM.025)03  than that for the films in the AREregion. This indi-
from the reported thermal expansion curves [3, 21]cates the free energy difference between the AFE phase
and found the values are abouk80-%/°C for both  and the FE phase for the films in the AFEegion is
the paraelectric phase and the AFE phase for these twouch smaller than that for the films in the AgEe-
kinds of ceramics [22]. For PZT system, Jaffe et al.gion. Thus, it is possible that the tensile stress on the
suggested that the thermal expansion can be regardéitins in the AFE region is large enough to retain some
qualitatively as an average of the normal expansion oFE phase after the electrical field is removed, which
PbZrG; and the strong thermal contraction of Pb3iO causes the existence of remanent polarization in the
[23], hence the materials with higher Zr/Ti ratio should hysteresis loops. With compositions further away from
have larger thermal expansion coefficient. On the othethe AFE-FEr( 1) phase boundary and deeper into the
hand, all the AFE ceramics have sharp volume contracAFEs region, the switching fields increase and the AFE
tion as transferred from the paraelectric phase to thphase becomes more stable, or the free energy differ-
AFE phase when cooled down because the primitiveence between the AFE phase and the FE phase becomes
cell of the paraelectric phase is larger than that of thdarger. Thus the retained FE phase become less and the
AFE phase [3]. However, the volume change of PZTvalue of remanent polarization smaller. This is consis-
(53/47) ceramics when transferred from the paraelectent with the experimental results for the samples from
tric phase to the FE phase is so small as to be almog&thin-1 to Thin-3, as shown in Table Il and Fig. 6. As the
undetectable [23]. Considering these results on bulk cesompositions enter the AkEregion, the free energy
ramics and the high Zr/Ti ratios (also high Zr/@¥iSn)  difference between the AFE phase and the FE phase
ratios) for the studied AFE thin and thick films, the ther- increases sharply, hence the tensile stress is not large
mal expansion coefficients of the AFE films should beenough to retain the FE phase after the electrical field
larger than, or at least close to that of PZT (53/47) thinis removed and zero remanent polarization can be ob-
films. Inaddition, considering the large volume contrac-tained. On the other hand, for the compositions in the
tion for AFE materials from the paraelectric phase to theAFEg region with high Zr contents, the tensile stress
AFE phase, the AFE films should have larger dimensioreffect becomes much less comparing to the large free
contraction comparing to PZT (53/47) thin films when energy difference between the AFE phase and the FE
cooled down. This means that the AFE films coatedphase. The hysteresis loops will mostly represent the
on Sisubstrates should be under high tensile stress wheamtrinsic AFE-FE switching characteristics of the ma-
cooled from high temperature after annealing. terials, leading to the fact that square hysteresis loops
The primitive cell for the AFE materials in the ARFE  similar to bulk ceramics can be obtained, as shown by
region andthe AFgregionis ofthe tetragonal structure the results of the samples from Thin-7 to Thin-9 and
(the complex orthorhombic cell in the AEegion is  Thick-9.
due to the antiparallel displacement ofPlons in the It should be mentioned that it is advantageous for
primitive, tetragonal cell [24]), with c/a less than 1 and energy-storage capacitor applications that square hys-
the polar direction along [110][24, 25]. When switched teresis loops with zero remanent polarization can be
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TABLE Il Energy storage density of some samples Charles Stark Draper Laboratory (Boston, MA) for the
Designation Thin? Thins Thine Thick.e financial supporton the thick film work.
Energy storage density (J/én 7.37 8.13 7.67 7.70
References
1. B. JAFFE, Proc. IRE49 (1961) 1264.

2.

realized for the films in the AREregion with high Zr
contents. This is because the energy storage density is
equal to the area between the polarization axis and the.
back arm of the hysteresis loop [1], as the shaded area.
given in the Fig. 8 for the Thick-9 film. Thus, high
switching fields and square hysteresis loops with zero
remanent polarization can make the films have very,
high energy storage density. The energy storage density
values have been calculated for the samples from Thin-s.
7 to Thin-9 and Thick-9, and are listed in Table Ill. The
energy storage density of these samples is larger thart
7 Jlen?, which will be very difficult for bulk ceramics ;4
to reach with the compositions in AFEegion.

11.

5. Summary 12.

In this paper we have systematically studied thes
composition-dependent electrical properties of (Pb,La)
(Zr, Ti,Sn)Q; antiferroelectric-faelectric phase switch-  14.
ing thin and thick films. The thin films with a thickness
of about 0.4um and the thick films with a thickness of
about 5um were deposited on Pt-buffered Si substrates g
by a sol-gel method using 2-methoxyethonal or acetic
acid as a solvent. The results show that the dependencd@
of low-field dielectric properties on compositions in the
films are similar to that in bulk ceramics but the depen-1
dence of the high field properties (hysteresis loops) argq
quite different. While all the films with compositions
in the AFEr region in the phase diagram display the
existence of remanent polarization in the hysteresis
loops, zero remanent polarization can be obtained fo
the films with compositions in the AREregion. This

is because the films are under high tensile stress after
annealing, which enhances the stability of the FE phase
and leads to the retention of the FE phase for the films
in the AFE region because of their relatively small
free energy difference between the AFE phase and the
FE phase. Only in the AREregion and with high Zr 22,
contents, can the films be obtained with typical square
hysteresis loops and sharp phase switching, which, fof3:
most part, represents the intrinsic AFE-FE switching2 4
behavior of the materials. The films in the AFE
region and with high Zr contents can have very highos.
energy storage density, thus they are very promising
for high energy-storage capacitor applications such as
decoupling capacitors in advanced multichip modules:

27.
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