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Crystallographic characterization of epitaxial Pb (Zr, Ti)O4 films with
different Zr /Ti ratio grown by radio-frequency-magnetron sputtering
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Crystallographic structure of as-grown epitaxial(BHTi)O; (PZT) films was investigated with
regard to the Zr/Ti ratio and crystalline orientation. PZT films wi@b1) and(111) orientation were
epitaxially grown on(100) and (111)SrTiO; substrates respectively using radio-frequertdy
sputtering. Four circle x-ray diffraction measurements revealed that the crystallographic dependence
on Zr/Ti composition in PZT films was much different from bulk PZT. In particul@gl)-oriented

PZT films showed tetragonal structure even in the Zr/Ti composition of 70/30 where the bulk PZT
ceramics are rhombohedral phase. In addition, althg0@h-oriented PZT films with Zr/Ti ratio of

53/47 and 70/30 showed tetragonal structuidl)-oriented PZT films with the same Zr/Ti ratio

were identified as the rhombohedral structure. The cell volume of the PZT films with both
orientations increased, suggesting the excess Pb atoms in the films due to the impinging energetic
sputtered particles induces the anomalous crystalline structure of the PZT films. Dielectric
properties of the PZT films exhibited stable value independent of Zr/Ti ratio and characteristic
increase of dielectric constant near Z#¥E3/47 could not be observed. These results suggest that
the internal stress due to the sputter deposition plays an important roll in the unique characteristics
of crystallographic and electrical properties of the epitaxial PZT films.2@3 American Institute

of Physics. [DOI: 10.1063/1.1558951

I. INTRODUCTION large internal stress due to the restriction from the substrates,
leading to the obvious distortion of electric properties as well
Investigation of the ferroelectric thin films has been ofas crystalline structure from the bulk ceramics. For the
importance for various applications such as nonvolatile ranMEMS devices, evaluation and control of the internal stress
dom access memoriesand micropiezoelectric sensors/ of the PZT films are important in the microfabrication and
actuators in microelectromechanical systefMEMS).>~"  prediction of resulting electric properties. Although the
For MEMS applications, REr,Ti)O; (PZT) thin films are  stress-induced deformation of the crystalline structure as
considered to be the most promising materials due to thewvell as the dielectric properties has been discussed in several
excellent ferroelectric and piezoelectric characteriticdlt  articlest*'8%here is still a lack of knowledge on the effects
is well-known that the polycrystalline PZT ceramics exhibit of the epitaxial orientation of the PZT films.
their highest dielectric and piezoelectric properties in the In this study we have prepared epitaxial PZT films with
composition near the morphotoropic phase boundary aroun@®01) and (111) orientations and evaluated the crystalline
Zr/Ti=53/47. Most of the PZT films have been fabricated instructure in detail, varying their Zr/Ti composition from
polycrystalline structure because the deposition is often ca#0/60 to 70/30. From the viewpoint of MEMS applications
ried out using nonepitaxial substrates like silicon for theiras micropiezoelectric devices, relatively thick PZT films
applications to the monolithic integrated devices. On themore than Zum were deposited on Pt-coated STO substrates
other hand, single crystal PZT films could be epitaxiallyand estimated dielectric and ferroelectric properties. In this
grown using single crystal substrates like SITiSTO) and article we discuss the combined effects of PZT film compo-
MgO, and enhancement of piezoelectric properties could bgition and orientation on the crystallographic structure and
expected by the optimization of the crystalline orientation oftheir electric properties.
the PZT filmst'~13 Preparation of epitaxial PZT films has
been performed using several techniques such as rf. EXPERIMENT

magnetron sputterint},'* metalorganic - chemical -vapor PZT thin films were prepared by the rf-magnetron sput-

it 15,16 . .
deposition(MOCVD),™™ and pulsed laser ablatidf Epi- _ tering technique which has several advantages such as excel-
taxial PZT films, however, are considered to be sufferingien; stapility of film composition and structure, smooth sur-

face morphology, and stable growth rate compared with the
dElectronic mail: kanno@mech.kyoto-u.ac.jp other epitaxial growth methods. Typical sputtering conditions
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TABLE |. Growth conditions of the PZT films. Q. [A1]
/M[0011STO

Substrate (100Pt(100SrTiO;

(111)Pt(111)SrTiOs @
Substrate temperature 550 °C
Gas Arlg 0.80- BTASY

4 SRRy

Pressure 0.3-0.5 Pa -g%04)STQ_iJ\*;< -
Target [Pb(ZKTiy ) Oglogt[PbOo 3204)1% =

x=0.40, 0.53, 0.70 X
Film thickness Pt~0.1 um

PZT: 2.5-3.0um

078/

were listed in Table |. Substrates used wei®0) and
(111)STO single crystal. In order to examine electrical prop- Q, [A]
erties of the PZT films, Pt bottom electrodes of 100 nm in #1001STO
thickness were epitaxially grown on the STO substrates by rf 0.80 '
sputtering prior to the deposition of the PZT films. The PZT 5
sputter depositions were conducted under the Anitixed

gas atmosphere of 0.3—-0.5 Pa. PZT thin films were grown on
the (100Pt(100STO and (111)Pt(111)STO substrates
which were heated around 550 °C and no thermal treatments  ¢.76
such as postannealing were performed for the resulting films.

We deposited PZT films with relatively high growth rate of
1.0—1.2um/h and resulting thickness was 2.5—3ud. After 0.74
the deposition was completed, PZT films were naturally

cooled from deposition temperature down to room tempera-

ture in vacuum chamber for about 3 h. Three types of the X
ceramic targets with different Zr/Ti ratio of 40/60, 53/47, and /[100]STO

70/30 were used in order to examine influences of orientation ) ) i
FIG. 1. Contour maps of reciprocal lattice of the PZT fil(d§/60 grown

and Zr/Tl_composmon on the crystallog_raphlc structure of (100PY(100STO: (2) (204PZT and(b) (004PZT diffractions, STO and
the PZT films. Excess PbO was added into the every target diffractions were also observed for the reference data. 90° domain struc-

for the compensation of the lead re-evaporation from theure of the PZT films could be clearly observed.
films.
The film composition was determined using electron . . : .
) pC . 9 Au top electrode with 0.5 mm in diameter. The dielectric
probe microanalysis. The wavelength dispersive x-ray . .
; constant was evaluated using impedance analyzer
(WDX) spectrometry measurements were carried out fo

r . .
. o .~ (HP4192A. P-E hysteresis loops of the PZT films were
PZT films epitaxially grown or10QMgO substrates in or measured by a conventional Sawyer—Tower circuit. We in-

der to eliminate the influence of Ti element of the STO sub- ™" ! . )
. N estigated the influence of unique crystalline structure of the
strates. For each target, we confirmed that the Zr/Ti ratio o . . . . .
ZT films on the electric properties as a function of Zr/Ti

the deposited PZT films was almost same as that of the targ%tio
within the deviation less than 3%. Therefore, we identified '
the film composition of Zr/Ti with the target Zr/Ti ratio. On
the other hand, Pb concentration of @w/ATi) ratio was
about 1.05-1.10, indicating the PZT films contained excess In order to characterize morphotoropic phase transition
Pb probably due to the impinging the sputtered Pb atomsf the PZT in the film form, analysis of reciprocal lattice was
with high kinetic energy onto the growing films. Crystalline carried out. Figure 1 shows the diffraction contour maps of
structure of as-grown PZT films was investigated by x-ray(004) and (204PZT with Zr/Ti of 40/60 grown on100Pt/
diffraction measurements. In order to identify the crystallo-(100STO. The measurement revealed that the PZT films
graphic phase of the PZT films, reciprocal space analysis wasere epitaxially grown on the substrates. In Figb)1 not
carried out by four circle diffractmetdPhillips X'Per) us-  only strong(004PZT peak bu{400PZT peaks were clearly
ing Cu Ka emission. For the PZT films grown @q@00Pt/  observed, indicating the PZT films were oriented alorgis
(100STO, lattice parameters 0100 and(001) were calcu-  with the 90° domain structure. Lattice constants of the PZT
lated from the peak positions 0f204) and (004PZT  films were calculated from the peak positions of the recipro-
reflections in the reciprocal lattice maps. For the PZT filmscal lattice maps as listed in Table Il. For the PZT films of
grown on (111)Pt(111)STO, on the other hand330 and  40/60 grown on(100)STO, the lattice constants were derived
(005PZT reflections were used for the calculation of thefrom the peak positions cd and c domains, respectively. It
lattice parameters of the PZT films. should be noted that the lattice constants show slightly dif-
The relationship between the crystalline structure of theferent values betweea and ¢ domains. Thea axis in thec
epitaxial PZT and the electric properties was examined usingomain is longer than that ia domain, and alternatively

0.40 Q [AY]
//[100]STO

0.78 }f -

lll. RESULTS
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TABLE II. Lattice constants of the PZT films grown dqi00STO. The TABLE IIl. Calculated lattice constants of the PZT films grown on
values were derived from the peak positions of the reciprocal lattice maps of111)STO. The values were derived from the peak positions of the reciprocal
(204) and (004 PZT diffractions. Lattice constants of the and ¢ axes lattice maps 01330 and (005 PZT diffractions.

represent parallel and normal spacings to the substrate individually.

PZT (Zr/Ti) a axis (A) c axis (A)
PZT (Zr/Ti) Domain a axis (A) c axis (A)
40/60 4.041 4.143
40/60 a domain 4.019 4.190 53/47 4.087 4.088
¢ domain 4.030 4.179 70/30 4.107 4.116
53/47 ¢ domain 4.066 4.145
70/30 ¢ domain 4,085 4,146

were epitaxially grown with the relationship of

(A1DPZT/(A1D)PH/A11D)STO. Although almost similar pat-
axis in thec domain is smaller than that in tieedomain, that  terns were observed for PZT films of 40/60 and 70/30, in the
is, the lattice constant parallel to the substrate is larger thasase of Zr/Ti=40/60 the peak patterns became broader and
that normal to the substrate. These results represent that tgglit of the diffraction peak was clearly observed in the

PZT films suffer slight in-plain stress from the substrates. OnNQ05PZT, indicating thec/a domain structure existed in the

the other hand, for the PZT films of 53/47 and 70/30, similarfilm. The calculated lattice constants of the PZT films grown

reciprocal lattice maps were observed, but no domain strumn (111)Pt(111)STO were listed in Table Ill. Judging from
ture could be identified. Additionally, calculated lattice con-the fact that the lattice constants afand ¢ axes for the
stants of both PZT films show the largeaxis (out-of-plane  (111)-oriented PZT films of 53/47 and 70/30 exhibit almost
spacing than thea axis (in-plane spacingeven in the Zr/Ti  same values, it could be considered that these PZT films are
ratio of 70/30 where PZT ceramics show rhombohedrakhombohedral structure. The lattice constants of the epitaxial
structure. PZT films are plotted in Fig. 3 as a function of the Zr/Ti
Similar analysis of the crystalline structure of the PZT composition. This result demonstrated that the phase diagram
films grown on (11)Pt(11)STO was carried out using of the epitaxial PZT films is substantially distorted from that

(005 and (330PZT diffraction spots. Figure 2 shows the of bulk PZT?° and furthermore, it also depends on the ori-

reciprocal lattice maps ¢D05) and(330) of the PZT films of  entation of the PZT films.

53/47. The measurements revealed that the PZT films In order to investigate the relationship between anoma-
lous crystalline structure and electric properties, dielectric
properties of the PZT films were measured. Figure 4 shows

QY/E[?I-II]]STO the relative dielectric constant of the PZT films as a function
of Zr/Ti ratio. The measurements revealed that the dielectric
constants of the111)-oriented PZT films were higher than

(001)-oriented ones. In addition, the difference on film ori-

entations decreased as the Zr/Ti ratio increased. However,

significant increase of the dielectric constant near Zr/Ti
=53/47 could not be observed.
P—E hysteresis loops of the PZT films were shown in

Fig. 5. All films exhibited asymmetric loops with larger posi-

tive coercive electric field { E;) than negative coercive

) 0.50 045 QIAT] -2 :
Q, [A] /[112]STO
/[1111STO = 415 | u . ]
= AEET S
0.60[ E s} B .
@ - o --
o  ---
§ 4.05 | 5 . ]
£ o s ® < /(100870
055~ g o i O a/(100)sT0
4.00 . B oc/ansio] ]
g a/(1nsio
R *  bulk
3.95 ‘ — i w
0.50 30 40 50 60 70 80
xin Pb(Zr.Ti, )O,
0.45E . N , FIG. 3. Lattice constants of the PZT films as a function of Zr/Ti refcand
0.70 0.75 0.80 Q, [A] O represent the- and a-lattice constants of PZT films grown q00)Pt/
/[112]STO (100STO, respectivelyl and [J also represent the- and a-lattice con-

stants of PZT films grown ofl11)Pt(111)STO, respectively. For the PZT
FIG. 2. Contour maps of reciprocal lattice of the PZT fil(d8/47) grown films of Zr=40% grown on(100Pt(100STO, two sets of lattice constants
on (111)PtA(111)STO;(a) (330PZT diffraction andb) (005PZT diffraction. are plotted according to domain structure as listed in Tabl¢ land dashed
Peak split due to the domain structure could not be observed. line indicate the bulk datésee Ref. 2
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FIG. 4. Relative dielectric constants of the PZT films as a function of Zr/Ti

ratio. ® and M represent the values dDODPZT and (11)PZT films, FIG. 6. Volume of the PZT unit cell as a function of the Zr/Ti rat@®.and
respectively. M represent the values gD0DPZT and(11D)PZT films, respectively. Bulk

data are plotted a® .

electric field (— E;). Such asymmetry of thB—E hysteresis

loops could be explained by the space charge trapped at eleg; piscussion

trode and PZT filmé! On the other hand, the hysteresis

loops of(OQl)—oriented PZT films shovxlled.clear rectangular The crystallographic analysis of the epitaxial PZT thin
shape, while thé&. and remanent polarizatiorP() decrease  fjms demonstrated that the phase diagram of the PZT thin
with increasing Zr concentration. However, the shape of hySgims was substantially distorted from that of polycrystalline
teresis I_oops did not show remarkable compqsmonal depensy ik ceramics. Furthermore, phase diagram of the PZT films
dence like bulk PZT. In the case of tii¢l1)-oriented PZT was remarkably influenced by the epitaxial orientation. The

f!lms, P-E h_y_stereS|s loops were almo_st_ independent of th‘?:rystallographic difference of the PZT between thin films
film composition and stable ferroelectricity was observed. and bulk ceramics is attributed to the internal film stress,

which might be generated by not only thermal expansion and
lattice mismatch between PZT and substrate, but also sputter-
induced defects like anomalous positioning of component
atoms. The thermal stress is caused by the difference of the
thermal expansion coefficients between PZT thin films and
STO substrates, where contribution of Pt electrode could be
neglected due to its thin thickness of Quin. After the depo-
sition is completed, PZT films suffer large temperature dif-
ference during cooling down from the deposition tempera-
ture about 550 °C to a room temperature. It was reported that
the thermal expansion coefficients of PZT and STO were
» » almost the same value{(11x 10 ¢°C),!" indicating that it
300 200 -100 O 100 '200 3(') might not be the main reason of the anomalous crystalline
Electric field [kV/cm] structure of the PZT films. Another possibility is the phase
transition during cooling process. In the case of the PZT in
the tetragonal phase, bothaxis elongation and-axis con-
traction take place below the Curie temperatufg)( so that
large tensile stress might be imposed on ¢kexis oriented
PZT films from the STO substrates. This in-plane stress may
cause the slight difference of lattice constants betwseand
¢ domain of the PZT films of 40/60 grown ofl00QPt/
(100STO as mentioned earlier. However, although the effect
of thermal stress corresponds with the elongatioa axis of
the PZT films of 40/60 and 53/47, the lattice constants of the
c axis show 4.179 A40/60 and 4.145 A(53/47), respec-
tively, which are also larger than those of bulk PZT as shown
in Fig. 4. Figure 6 shows the cell volume of the PZT films
Electric field [kV/em] and bulk ceramié® as a function of the Zr/Ti ratio. The
FIG. 5. P—E hysteresis loops of PZT films with Zr/Ti ratio of 40/60, 53/47, Volume of every PZT film increases about 2%-3.5% from
and 70/304(a) (001)-oriented PZT films, andb) (11)-oriented PZT films. ~ bulk one, but it is difficult to explain such large swelling of

Polarization [uC/cm?]

Polarization [uC/cm?]

-300 -200 -100 O 100 200 300
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the cell volume only by the interfacial forces between PZTZr/Ti ratio. The difference of the electric properties from the
films and STO substrates such as thermal stress and lattiteilk values might be attributed to the anomalous crystalline
mismatch. structure of the sputtered epitaxial PZT films. In addition, the
Another possible reason of the elongation of bathnd  internal stress due to the restriction from the substrate as well
c axes is sputter-induced effects on the PZT films. In the casas the sputter-induced excess Pb in the PZT films should
of BaTiO; thin films deposited by the laser molecular beamcause the stability of electric properties of the PZT films. As
epitaxy method, elongation ofi and ¢ axes has been for the P-E hysteresis curves, significant asymmetry was
reported?® According to the discussion of this report, the observed, however, this asymmetric curves may be attributed
ablated particles with high kinetic energy lead to the intersti+to the existence of charged defects instead of the effect of the
tial atoms in the growing films, resulting in the compressivedistorted crystallinity. Pikest al. have reported that the ori-
stress to the BaTiQfilms. In the case of the sputtering depo- gin of the asymmetri®—E hysteresis is caused by the elec-
sition, it could be considered that almost same phenomeniic trapping the electric charge trapping due to the oxygen
should take place. The increase of the cell volume is consis/acancies/,» which are generated by the cooling process of
tent with the existence of the interstitial atoms induced bythe ferroelectric films in vacuum ambiefitin our experi-
the impinging sputtered particles. In WDX measurementsments, the PZT films were also cooled down in vacuum at-
we confirmed the existence of excess Pb in the resultingnosphere after the deposition, therefore it could be consid-
films, suggesting the excess Pb atoms might be partiallgred that the asymmetry of tie-E hysteresis loops is also
settled down in the interstitial position. Alternatively, occu- caused by the oxygen vacancies at the interface of bottom
pation of Pb atoms in the B site atomic position of the per-electrode. On the other hanB, and E. of c-axis oriented
ovskite unit cell may also cause the increase of &t Ti) PZT films significantly decreased with increasing Zr/Ti ratio,
ratio and increase of the cell volume because of larger atomigorresponding to the decrease of teratio of the PZT unit
radius of Pb. In the crystallographic analysis using synchroce€ll. Thus, the electric properties are influenced by the inter-
tron radiation, we have successfully confirmed the existencgal stress due to the sputtering process, however, obvious
of the Pb atoms in the B sifé.lt can be said that anomalous degradation of dielectric and ferroelectric properties was not
Pb position like interstitials as well as occupation in B siteobserved. These results indicate the deformation of the crys-

cause the anomalous crystalline phase diagram of the epitat@lline structure does not lead to degrade the electric proper-
ial PZT films. ties, but stabilize them against the variation of Zr/Ti
The difference of the crystallographic structure from theCOmMposition.
bulk ceramics has been reported for the PZT films fabricated
by the non-plasma proce_ss such sol-gel, MOCVD and thq/_ CONCLUSION
postannealed PZT film$ 124 however, these crystallo-
graphic distortion is much smaller than that of the as-grown  In this study, we investigated the crystalline structure of
epitaxial PZT films by sputtering. These results suggest thahe as-grown PZT films deposited by rf sputtering. Four
the energetic sputtered particles play an important roll in theircle x-ray diffraction measurements revealed that the de-
distortion of the PZT crystals because of nonthermally equifendence of crystallographic structure on Zr/Ti ratio was
librium reaction such as excess solution of Pb atoms. In thisubstantially different from those of the bulk ceramics. In
study, the(001)-oriented PZT films of 70/30 exhibited the particular,(001)-oriented PZT films showed tetragonal struc-
tetragonal structure with largeraxis spacingout of plane  ture with the Zr/Ti ratio ranging from 40/60 even to 70/30.
lattice) than thea axis (in plane latticg. The tetragonal PZT Furthermore, epitaxial orientation also affected the crystallo-
films with Zr/Ti composition of 70/30 are attributed to the graphic phase of PZT films. The difference of the crystalline
internal stress induced by the interaction with energetic sputstructure of the PZT films between thin films and bulk ce-
tered particles. ramics might be attributed to the internal stress due to the
The crystalline structure is also influenced by the orien-€xcess solution of Pb atoms in the films induced by imping-
tation of the PZT films as shown in Fig. 4. In particular, theing energetic sputtered particles during the deposition. The
(111)-oriented PZT films of 53/47 and 70/30 exhibited the cell volume of every PZT film also increased, corresponding
rhombohedral structure, whil@®01)-oriented PZT films with  t0 the sputter-induced swelling. Dielectric properties of the
the same Zr/Ti composition showed tetragonal phase. For theZT films exhibit stable dependence of Zr/Ti ratio and char-
(001) orientation, the internal stress anisotropically affectsacteristic enhancement near Zr#63/47 could not be ob-
the perovskite unit cell between in-plaagb axes and axis,  served. These results suggest that the internal stress due to
leading to the increase of thia ratio. On the other hand, the the sputtering deposition plays an important roll in the
each axis of perovskite unit is affected by the stress isotroanomalous characteristics of crystallographic and electrical
pically, resulting in the difference of crystalline structure on properties of the epitaxial PZT films.
the orientation of the films. These assumptions correspond
with the fact of the smallec/a ratio of the (111)-oriented
PZT(40/60 films rather thar(001)-oriented PZT films. ACKNOWLEDGMENT
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