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Abstract:

Thin films of 300-nm-thick (Pbo.98, Lao.o2)(Zro.95, Tic:1.0)03 (PLZT) were

epitaxially deposited on (100), (110), and (111) SrTiO3 single crystal substrates by

pulsed laser deposition. X-ray diffraction line and reciprocal space mapping (RSM)

scans were used to determine the crystal structure. Tetragonal ((001) PLZT) and

monoclinic MA ((O 1 1 ) and (111) PLZT) structures were found, which influenced the

stored energy density. Electric field induced antiferroelectric to ferroelectric (AFE—>FE)

phase transitions were found to have a large reversible energy density of up to 30J/cm3.

With increasing temperature, an AFE to relaxor ferroelectric (AFE—>RFE) transition

was found. The RFE phase exhibited lower energy loss, and an improved energy storage

efficiency. The results are discussed from the perspective of crystal structure, dielectric

phase transitions, and energy storage characteristics.

Introduction

Many studies have focused on the electric field (E-field) induced antiferroelectric

to ferroelectric (AFE—>FE) phase transition. It generally exhibits unique double

hysteresis loops that can increase the energy storage density and efficiency for

applications in high charge energy storage devices and micro-actuators [ I]. Lead

zirconate titanate (PZT) is a well-investigated ABO3 perovskite system, whose B-site

cation ratio (Zr4±/Ti4±) can significantly alter the ferroelectric properties from AFE to

FE stability [1-3]. The ratio of Zr4±/Ti4+ = 95/5 has attracted attention as it is close to

the phase boundary between AFE and FE states [2, 4, 5]. La3+ doping onto the Pb2+ site

is an effective way to stabilize the AFE orthorhombic (0) phase of PZT to higher
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titanium contents, over a FE rhombohedral (R) phase [2, 6]. Ten millimeter thick (Pbo.88,

Lao.o8)(Zro.91, Tio.o9)03 (PLZT, 8/91/9) ceramics have been reported to have a

recoverable energy storage density of 3J/cm3, with an efficiency of 92% at an E-field

of 180kV/cm [7].

To integrate with microelectronic devices, micro- and/or nano-scale PLZT films

are required. Compared with bulk ceramics, thick (or thin) films have a much higher

dielectric breakdown strength and saturation polarization, offering the potential for

remarkable enhancements in the energy storage density [8, 9]. For example, 600-nm-

thick PLZT (4/98/2) films have been reported to have a reversible energy density of

20J/cm3 under E=1200kV/cm [8].

The induced AFE—>FE phase transition in PZT ceramics exhibits a large volume

change when the applied E-field exceeds a critical value of EFE. Externally imposed

stress/strain can thus offer an additional approach by which to modify the AFE—>FE

transition and transformational pathway [4, 10]. Accordingly, the lattice mismatch of

PZT-based films deposited on substrates may impose significant epitaxial strains on the

films, changing the AFE—>FE transition process [10]. Most prior studies of epitaxial

PZT (or PLZT) films have focused on compositions near the morphotropic phase

boundary (MPB) between ferroelectric R and T phases (Zr4±/Ti4±=1) for actuator/sensor

applications [11-13], or on the Ti-rich range (35/65 [14], 20/80 [15, 16], etc.) for FE

memories. Little is known about the structure and properties of AFE PLZT epitaxial

films. Most prior studies focused on polycrystalline AFE PZT films [4, 5, 8-10]. From

the perspective of energy storage capacitor applications, polycrystalline films normally

have large numbers of defects and/or grain boundaries that can reduce the dielectric

breakdown strength, and thus decrease the recoverable energy density [11]. Whereas

epitaxial films with lower concentrations of defects and higher mobility of domain

walls can be expected to exhibit improved energy storage capability and thermostability

[12].

It is known that La-doping of the PZT system weakens the FE interaction and

disrupts the long-range polar order, decomposing the conventional FE domain state into
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a polar nano-domain one [17, 18]. Such relaxor ferroelectrics (RFEs) have been shown

to have slim and slanted P-E hysteresis loops. Low hysteresis and high saturation

polarizations offer these relaxors as promising candidates for energy storage capacitor

materials [19] .

Here, epitaxial PLZT (2/95/5) films were deposited on different oriented SrTiO3

(STO) substrates by pulsed laser deposition (PLD). The crystal structure, phase

transition characteristics and pathways, and energy storage performance from room

temperature to 250°C were studied, enabling a mere comprehensive understanding of

PZT-based AFE films.

Experiments

Films of PLZT (2/95/5) were deposited on (100), (110), and (111) STO single-

crystal substrates by PLD. A hot-pressed PLZT (2/95/5) bulk ceramic disk was used as

a target material. Details of the hot-pressed process and the bulk product properties

were previously reported [2]. An excimer laser LPX305i (Lambda Physik) with KrF

radiation was used. The wavelength of the laser was 248nm, and the pulsed repetition

rate was fixed to 5Hz. The laser energy density was fixed at 2.25J/cm2, the oxygen

partial pressure was controlled at 150mtorr, and the deposition temperature was 600°C.

After deposition, the as-grown films were in-situ annealed in a pure 02 atmosphere of

150torr at the same temperature for 30min, and then cooled to room temperature at a

rate of 5°C/min. The PLZT film thickness was set at 300nm, which was confirmed by

cross-sectional scanning electron microscopy (SEM, LEO 1550, Zeiss). The crystal

structure was determined using a Philips X'pert high resolution X-ray diffractometer

(XRD) equipped with a two bounce hybrid monochromator, and an open three-circle

Eulerian cradle (resolution: 0.0002'). A pseudocubic index will be used when

discussing crystal structures in this text. To obtain more structural details of the

variously oriented films, reciprocal space maps (RSM) were measured along the (002),

(022), and (222) zone axes. The surface topologies were determined by a Veeco SPI

3100 atomic force microscope (AFM). A homemade Sawyer-Tower system was used

to measure the polarization-electric field (P-E) hysteresis loops with increasing

3 of 26



temperature from 25°C to 250°C. To prevent dielectric breakdown, the maximum E-

field was kept below 1000kV/cm in the low temperature range, and below 780kV/cm

in the higher one. The breakdown E-field was near E=1500kV/cm at room temperature.

To measure the P-E loops, a 30nm SrRu03 (SRO) buffer layer was deposited between

the PLZT layer and substrate by PLD, which then served as the bottom electrode.

Platinum point electrodes (40µmx40µm) were sputtered on the top surface by a Leica

EM ACE600 sputter coater.

From the P-E loops, the energy storage density (ESD or Ur) was calculated by:

Ur = fi,Prn" EdP; (1)

where Pmax and Pr are the maximum and remanent polarization, respectively [20]. The

energy loss density (Uioss) was determined by:

U1oss = fi PdE; (2)

which represents the area enclosed by the P-E loops. The total energy density is the sum

of Ur and Uloss, and the energy storage efficiency (ESE or ri) was obtained by:

,,, 1/ ss
urlo  x 100%.11 = , + (3)

Results

(1) Structural studies

Figures 1(a)-(c) show XRD line scans along the out-of-plane (OOP) direction for

PLZT films on (100), (110), and (111) STO substrates, respectively. Other XRD

patterns for each sample along all three {100}, {110}, and {111} zone axes are given

in Figure S1 of the supplemental materials. Well-distinguished PLZT and SRO peaks

can be seen, indicating good epitaxial quality without any notable second phase signals.

Figures 1(d)-(f) show 360° phi scans which were taken to determine the in-plane (IP)

epitaxial relationship between the PLZT films and STO substrates. For the (001), (011),

and (111) PLZT films, the epitaxial relation was

(001)[100]PLZT//(001)[100] SR0//(001) [100] STO , (011) [100]PLZT/4011) [100] SRO

/4011) [100] S TO, and (11 1) [1TO]PLZT/411 0[110] SRO/411 1) [110] S TO, respectively.

The insets in Figures 1(a)-(c) show AFM height images, which exhibit quite smooth

and dense surface morphologies with a roughness of —2nm.
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To obtain more detailed structural information, RSM mesh scans were taken after

careful calibrations, as shown in Figure 2. By combining them with the XRD line scans,

one can more easily determine the crystal structure and the strain condition. For (001)

PLZT, doublet peaks along both the (200) and (220) zone axes were found, indicating

a T structure with 90° twin domains, where the c-domain population was dominate over

the a-one [21]. This domain configuration formed because it had a homogeneous IP

compressive strain of -0.50% along the <100> and <010> directions, caused by a large

IP lattice mismatch of -6.27% between the PLZT film (a=c=4.15A, b=4.11A for bulk

PZT 95/5 [5]) and STO substrate (3.905A). Previously, Lu et. al. reported that PZT

(95/5) films on (100) STO had an orthorhombic structure, similar to the bulk form, with

a two-fold symmetry [5]. However, our results are notably different, as the phi scans

(see Figure 1(d)) clearly evidenced a four-fold symmetry. This difference with prior

results may be due to their films being thicker, and thus the epitaxial strain was capable

of being fully relaxed.

For (011) and (111) PLZT films, a doublet splitting along the (200) zone axis and

a triplet along the (220) zone axis were found. These are signatures of a Monoclinic

type-A (MA) crystal structure [22]. The origin of the MA structure may be due to an

inhomogeneous IP strain that tilts the c axis by a small angle: 0.37° on (110) STO, and

0.5° on (111) STO. The IP strains for the (011) PLZT were oriented along the <017>

and <100>, with values of -0.37% and -0.89%, respectively. Similar analysis was

applied to the (111) PLZT film. A difference about the (222) zone was found between

the (011) and (111) films, which indicated that the (111) one had a more uniform long-

range polar order along the <111> direction than the other [6].

(2) P-E characteristics

Figures 3(a)-(c) show room temperature bipolar P-E loops for all three samples

taken at various maximum E-fields. The asymmetry of the electrodes (bottom: SRO;

top: Pt) resulted in loop drifting, as reported in several prior PZT film studies [23, 24].

Figures 3(d)-(f) give the calculated ESD and ESE values as a function of E. Under low

E-fields (E<280kV/cm), all three samples exhibited typical AFE loops with a small
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remanent polarization, low P-E loop areas (i.e. low loss), and hence a relatively high

ESE. As the maxirnum E was increased, a critical field EFE was reached, where the

AFE—>FE phase transition was induced. For (001), (011), and (111) PLZT films, the

values of EFE were about 330kV/cm, 320kV/cm, and 285kV/cm, respectively. Please

note that measurements were carried out only along the OOP direction, which is the

[001] for (001) PLZT, [011] for (011), and [111] for (111). In bulk PZT samples, the

sub-lattice interaction of the AFE phase is along the <110> direction. The easy axis of

the spontaneous polarization is along [001] direction for T structure, and along the (110)

plane for MA (see Figure 1(g)). In bulk materials, the AFE—>FE transition results in a

0—>R phase transition, where the easy polarization axis of R is along (111)1, These

observations, along with the strain effects, may explain the differences in the EFE

values [8, 25].

The remanent polarizations of the (001), (011), and (111) PLZT films were about

16pC/cm2, 34µC/cm2, and 17gC/cm2, respectively. These values are notably larger than

that of bulk AFE PLZT samples, indicating a higher tendency to retain FE order at zero

E-field after the AFE—>FE transition has been induced [9, 26]. This may be due to the

film/electrode interface layer, and/or residual stress/strain condition [27-29]. The

saturation polarizations of all three films were exceptionally high, having values of

about 70µC/cm2, which will enable higher ESD values. From the shape of the P-E loops,

it can be seen that (111) PLZT had the steepest slope at the inflection point, relative to

either (001) or (011). Correspondingly, Figures 3(d)-(f) show that (111) PLZT had the

highest ESD (-40J/cm3) and ESE (-53%) values, compared to (001) PLZT (-27J/cm3,

—40%) and (011) PLZT (-16J/cm3, —22%). Figures S2 (a)-(c) show the frequency (f)

dependent P-E loops taken at room temperature. The curves were stable for

10kHz<f<100kHz in all three oriented films, which shows their capabilities of the

working frequency range of typical pulsed capacitor devices [7]. The changes in the P-

E loops at lower frequencies are probably caused by leakage currents with decreasing

AC frequencies [30]. Since our samples were more stable at higher frequencies, the

below measurements were all obtained at 100kHz.
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(3) Dependence of structure and FE properties on temperature

Next, the P-E loops were measured at various temperatures on heating from 25°C

to 250°C. They reveal an AFE/FE—>RFE transition in each case. A panel of chosen P-

E loops is shown in Figure 4. These data demonstrate that the waisted P-E loops with

significant hysteretic area became slim loops with increasing temperature. The slim

loops are indicative of RFE characteristics. Details of these changes in P-E loops were

different for (001) PLZT relative to the other two, but the generalities were the same.

For (001) PLZT, a waisted AFE/FE P-E loop became a slim (RFE) one on heating from

70°C to 100°C. Whereas, for (011) and (111) PLZT films, the waisted AFE/FE loops

first transited to typical FE loops on heating (50-70°C for (011) PLZT, and 100-125°C

for (111) PLZT), and then gradually evolved into slim (RFE) type ones with further

increase of temperature. Once in the slim loop (RFE phase) state, their coercivity (Ec)

was continuously reduced with increasing temperature to 250°C, as can be seen in

Figure 5. This gradual decrease in Ec is typical of a diffuse transformation from FE to

paraelectric (PE) phases [6, 31]. Figure 4 also evidences that the PLZT films remained

in the RFE phase until a temperature above 250°C, demonstrating that the Curie

temperature range was increased to higher temperatures compared to the bulk (about

230°C [2]). This can be attributed to epitaxial strain effects, which may stabilize the

polar phase to higher temperatures and thus extend the working range of the RFE phase

of the PLZT films [30, 32].

Values for the ESD, ESE, and remanent polarization were calculated from the P-E

loops. The results are summarized as functions of both temperature and E in Figure 6.

The saturation polarization, energy loss, and total energy density are given in Figure S3

of the supplemental materials. Similar phase transition trends were found for the three

samples. For E<600kV/cm, all three samples exhibited relatively stable values of ESD

over the temperature range between 25°C and 250°C. Small changes are probably due

to increased leakage currents caused by higher oxygen vacancy mobility at higher

temperatures. However, under higher E, the three samples exhibited different changes

in ESD, which can be explained by differences in their phase transformational pathways,

7 of 26



as discussed above. For (001) PLZT, as the temperature was increased, the ESD value

was slightly decreased in the AFE/FE region. It increased from 20J/cm3 to 35J/cm3

above the AFE/FE—>RFE transition, and then remained relatively high with further

increase of temperature in the RFE region. For (011) PLZT, the value of ESD decreased

with increasing temperature in the AFE/FE—>FE transformational region from 18J/cm3

to 15J/cm3, and then increased back to 18J/cm3 upon heating into the FE—>RFE

transition range. The (111) PLZT film exhibited similar relative trends with increasing

temperature as for the (011) film, although its values of ESD were higher. Initially, the

ESD decreased dramatically from 40J/cm3 to 17J/cm3 upon heating into the

AFE/FE—>FE transitional region. This value remained low on heating until 180°C

within the FE region, and then increased to 25J/cm3 on further heating to 250°C in the

RFE region.

The value of ESE (see Figures 6 (d)-(0) exhibited opposite trends to that of the

remanent polarization (see Figures 6 (g)-(i)). This indicates that the efficiency is

affected not only by ESD, but also by the energy losses during a charge/discharge cycle,

which is strongly related to the samples' remanent polarization. Accordingly, in the FE

region, the (011) and (111) PLZT films had notably lower efficiencies; whereas, in the

other phase regions, the efficiencies of these three samples remained high. The drop in

efficiency at higher temperatures and higher E-fields is probably due to increased

leakage currents. Figure 6 summarizes the proper working temperature ranges for the

differently oriented PLZT films, where each film offers its highest ESD and ESE values:

70-200°C for (001) PLZT (25-35J/cm3, 50-70%), 150-200°C for (011) PLZT

(12-18J/cm3, 30-50%), and both 25°C to 70°C and 200-250°C for (111) PLZT

(20-40J/cm3, 30-55%).

Temperature variable XRD data were then taken to determine the crystal structure

and lattice parameter changes. XRD line scans (see Figures 7 (a)-(b)) show that the left

side of the PLZT peaks did not change much with increasing temperature. Rather, the

right side of the peaks continuously shifted to smaller 2theta values with increasing

temperature, and finally merged with the left peaks near 250°C. The RSM scans

8 of 26



demonstrated that the crystal structure did not change for any of these films over the

temperature range investigated (see Figures 7 (c)-(f)). The temperature dependence of

the lattice parameters for both PLZT and STO are shown in Figures 7 (g)-(i). The lattice

parameter of STO was linearly extended with increasing temperature due to thermal

expansion. This may partially relax the lattice mismatch between itself and the films,

reducing the IP strain of the PLZT layers. No evidence of sudden changes in the c/a

ratio of the PLZT films was observed until above 200°C. On the contrary, the value of

c/a gradually approached one as the temperature was increased towards 250°C.

Temperature variable XRD results indicate that the changes in P-E characteristics with

temperature discussed above can be attributed to the reduction of the tetragonality or

monoclinicity, which are more likely strain-induced transitions rather than symmetry-

related ones [33].

(4) Unipolar drive and energy storage characteristics

The PLZT films contained a mixed AFE/FE phase stability, after bipolar drive, as

evidence by the large values of Pr for E=0. Thus, on reversal of applied E-field polarity,

the polarization rotation in the FE regions may consume more energy. This, in turn,

diminishes the ESE. In domain-engineered piezoelectric crystals, unipolar drive has

been shown as an effective way to decrease hysteretic losses and energy consumption

[34, 35]. Furthermore, under unipolar drive, since the polarity of E does not switch,

defects such as oxygen vacancies will not continuously migrate, favoring to improve

fatigue limits for high-frequency charging/discharging cycles, and accordingly

reducing the leakage current's reduction of the ESE value.

As shown in Figures 8 (a)-(c), under unipolar drive, the remanent polarization was

noticeably smaller than those under bipolar drive. At the same time, the ESD values

(see Figures 8 (d)-(f)) were considerably more stable than the bipolar ones over the

entire temperature range studied. The maximum ESD values were about 19J/cm3,

15J/cm3, and 17J/cm3 for (001) PLZT, (011) PLZT, and (111) PLZT, respectively. These

are comparable to the bipolar results, when considering the fact that the unipolar cycle

was half of the bipolar one. Due to the lower remanent polarization values in the
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unipolar cases, the ESE values in Figures 8 (g)-(i) were significantly higher than the

bipolar ones, in particular for the (011) film. The efficiency at the maximum ESD value

reached 77%, 60%, and 70% for (001), (011), and (111) PLZT, respectively. A11 three

samples exhibited a gradual AFE/FE-RFE transformation with increasing temperature.

With respect to applications, fatigue limit tests of these PLZT films revealed that

the energy storage performance characteristics could be maintained after 108

charging/discharging cycles under a maximum field of 765kV/cm and at room

temperature, as shown in Figure 9. This is different from induced AFE—>FE transitions

in bulk, where large c/a ratio changes result in rapid deterioration of the samples'

mechanical intensities with cycles. Clearly, unipolar drive may be a promising way to

enhance the energy storage capability of AFE thin film materials for pulsed capacitors.

Discussion and summary

Intermediate T phases have previously been reported in PbZr03 ceramics and

crystals [2, 36], which have been found only over narrow temperature ranges (about

5°C) sandwiched between the cubic (C) and AFE orthorhombic (AFE0) ones. It has

remained controversial whether this T phase is stable or metastable, and whether it has

FE or AFE order [2, 10, 37, 38]. Previous studies by Dai et al. revealed ferroelectric P-

E hysteresis loops in this intermediate phase field [2]. Here, our findings for (001) PLZT

(2/95/5) demonstrate that both AFET and FET phases can be stabilized by epitaxial strain.

The phase transformational sequence on heating is then AFET—>RFET—>C. Furthermore,

a new monoclinic MA phase region has been found in high Zr-content PLZT, which was

previously unknown. Our data demonstrate that (011) and (111) PLZT (2/95/5) has both

AFEMA and FEMA phases that are stabilized by epitaxial strain. The phase

transformational sequence on heating is then AFEMA—>FEMA—>RFEMA—>C. Clearly, the

phase stability on the AFE side of the PLZT (and PZT) systems can be significantly

altered by epitaxial engineering.

The fact that the crystal structure remains either T or MA during the AFE—>FE

transition results in the transformational strains being negligible compared to that for

bulk samples. Correspondingly, the energy storage efficiency does not degrade with
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repeated cycling of the field for >108 times, and the film remains mechanically robust.

Heating in all cases resulted in an AFE—>FE transition. Further increase in

temperature within the FE phase region resulted in slim hysteresis loops, typical of

relaxor ferroelectrics. Slim P-E hysteresis loops have previously been reported at

elevated temperatures in Sn-doped PZT (PZST) [25, 39], and PLZT ceramics that

undergo an AFEO—>FER—>C transformational sequence. Substitution by La was shown

a breakup of the long range translation symmetry of the polarization in the FER state of

this sequence, favoring the RFE and polar nanodomain state [17, 18, 40]. Our findings

here are consistent with this perspective. The principle difference between the various

orientations of epitaxial PLZT (2/95/5) thin layers is the temperature at which the slim

loop RFE phase appears on heating in the transformational sequence.

Comparisons of the bipolar and unipolar P-E loops at room temperature will reveal

an important consideration for all oriented PLZT films studied. The value of Pr (after

cycling through saturation) was notably higher under bipolar drive (15-30µC/cm2)

compared to unipolar (-5µC/cm2). The same value of saturation (Psz70µC/cm2) was

achieved in both cases. As a consequence, the double loop characteristics were not as

evident under bipolar drive, as for the unipolar. We believe that this is due to the close

proximity of the RFE state characterized by polar nanoregions (PNRs). In fact, in high

Zr-content PLZT ceramics, PNRs have previously been found to coexist with AFE0

domain modulations whose wave vectors were nearly the same size as the PNRs [41,

42]. Investigations of poled piezoelectric single crystals of Pb(Mgv3Nb2/3)03-

xat%PbTiO3 have previously shown that the rearrangement of PNRs within the

geometrical restrictions imposed by the elastic compatibility conditions results in

reduced hysteresis under unipolar drive, whereas reversing the direction of polarization

under bipolar drive results in large hysteresis losses [34, 43]. Here, in this investigation,

since the AFE and FE phases have the same crystal structure, the AFE modulations and

PNRs could easily arrange into geometrical patterns that achieve compatibility under

unipolar drive, reducing hysteretic losses compared to the bipolar case where

renucleation of PNRs under reversed drive would occur.
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This has important implications for explaining the differences in the ESD and ESE

of the various oriented PLZT (2/95/5) thin films under bipolar and unipolar drive. Under

bipolar drive, the films have ESD values that varied with temperature and orientation.

This reflects changes not only due to phase transitions, but also changes in Pr. However,

under unipolar drive, the films had quite stable values of ESD as a function of

temperature between 25 and 250°C at set field levels. Correspondingly, the ESEs were

higher and more stable under unipolar drive within individual AFE, FE, and RFE phase

regions.

In summary, thin films of PLZT (2/95/5) were epitaxially deposited on (100), (110),

and (111) STO substrates. An orientation effect imparted to the PLZT films, via diverse

values of the IP strains, resulted in either T phase stability for PLZT on (100) STO or

MA phase for PLZT on (110) and (111) STO. The interrelationship amongst crystal

structure, dielectric phase transitions, and energy storage performance was studied over

the temperature range from 25 to 250°C. The (001) PLZT films exhibited an

AFET/FET—>RFET transition under E, where the bipolar drive resulted in an ESD of

>35J/cm3 and an ESE of >70%. The (011) and (111) PLZT films exhibited an

AFEMA/FEMA—>FEMA—>RFEMA transition, but their ESD (ESE) values only reached

<18J/cm3 (50%) and <40J/cm3 (55%), respectively. Investigations under unipolar drive

were also performed, revealing notably higher ESE values due to low energy losses.
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Figure 1. XRD line scans patterns of 300nm PLZT films on (a), (d) (100) STO;

(b), (e) (110) STO; and (c), (f) (111) STO substrates. Parts (a)-(c) show 2theta scans,

and Parts (d)-(f) show phi scans. The insets in (a)-(c) are the corresponding AFM

height images of the PLZT films. Part (g) shows a schematic illustration of the

monoclinic and tetragonal crystal structures, along with their polarization

directions.
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