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The wafer flexure technique was used to characterize theoefficient of a number of sol-gel and
radio frequency(rf) sputtered lead zirconate titandf®ZT) thin films with thicknesses between 0.6
and 3um. Typicalds, values for well-poled 52/48 sol—gel films were found to be betweBf and

—60 pC/N. The rf sputtered films possessed large as-deposited polarizations which prdguced
coefficients on the order 6f 70 pC/N in some unpoled films. The subsequent poling of the material,
in a direction parallel to the preferred direction increaseddtheoefficient to values of about85

pC/N. The aging behavior of the,; coefficient was also investigated. For sol—gel films the aging
rate was found to be independent of poling direction and to range from 4% per decade faum 2.5
film to 8% per decade for a 0,6m film. In contrast, the aging rate of sputtered films was strongly
dependent on poling direction, with maximum and minimum rates of 26% and 2% per decade
recorded. These aging rates are very high in light of the limited twin wall motion in PZT films, and
are believed to result from the depolarizing effects of internal electric fields in the rf sputtered films
and interfacial defects in the sol—gel films. 99 American Institute of Physics.
[S0021-897€09)04609-3

I. INTRODUCTION calibration of the technique are given elsewhefide wafer
flexure technique was used here to compare the properties of

The design and development of novel microelectromesol—gel and sputtered lead zirconate titar(®2T) films.

chanical systems which utilize piezoelectric thin films re-

quires explicit knowledge of the material’s longitudindkg)

and tranS\_/ersed(g1 or d3_2) piezoel_ectric coe_fficient_s._When Il. EXPERIMENTAL PROCEDURE

prepared in bulk ceramic form, piezoelectric coefficients are

characterized by numerous methods, the most common . Sol—gel PZT thin films

which are the resonance and dynamic load technige.es, PZT thin films were synthesized with 52/48 composi-
the Berlincourt meter Those techniques however, are inad-(jons ysing a variation of the procedure described earlier by
equate for the piezoelectric characterization of thin film mag ,4q Dey, and PayrfeLead acetate trihydrate was dis-
terials and for that reason a number of alternative technique§o|vea in 2—’methoxyethanol distilled and refluxed at 110 °C
have been_proposé&. ~and combined with titanium-IV isopropoxide and
Laser interferometers are the most well established;rcqniym-1v propoxide. Solutions were made in 0.5 molar
method for the characterization of both the longitudinal and,,ncentrations and spin coated at 3000 rpm on platinized
transverse piezoelectric coefficients of thin films. Interfero—(loo) silicon substrates. Each substrate hadn of thermal
metric methods however, require careful optical alignmentyige sputter coated with a 200 A titanium adhesion layer
and operation, and in the case ofia measurement, appro- ang 1500 A of(111) platinum. Following pyrolysis at 300—
priate sample preparatlc(nantlleve.r beam construc_tmrin 360 °C, additional layers were spin coated to build up the
contrast, the wafer flexure technique was conceived as gfggjred thickness. Lead volatilization was discouragtd-
alternative method for the characterization of the transversphg the subsequent annealing $teyth 12% excess lead in
piezoelectric coefficientds,) of thin _films.s The measure- o solution. Films were crystallized in an AG Associates,
ment_ is a direct techmqu_@.e., it utilizes the direct effegt _ Heatpulse 210 rapid thermal annealer at 700°C for 60 s.
and is based on measuring the charge produced as a filfligividual crystallization steps were conducted for thicker
coated wafer is flexed periodically. Details on the design ang;; s after every fourth coating to minimize cracking of the

resulting film. Final film thicknesses ranged from 0.6 to 2.5
dElectronic mail: stmckinstry@psu.edu pm. Additional details on the processing are given
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TABLE I. Sputtering conditions for the deposition of 4 in. PZT thin films. g piezoresistive pressure transdu®mega PX 170, 0.26
psig full scale is fed into the lock-in and measured with

Target [Pb(Zrg 53, Tip 4703]0.8+[Pb0OJ0.2 (Hot pressed . .

Substrate PUTSI0,)/SI[ Pt/ Ti= 10000/500A] respect to the mtern_al reference. From the lock-in data, out-

Stage temperature 600 °C put charge and applied pressure are then calculated and used

Target to substrate 10 cm to determinej1) the stress applied to the filfusing classi-
distance cal mechanical plate thedryand (2) the film's d;; coeffi-

rf power 500 W cient

Gas flow Ar/Q=9.5/0.5 sccm ’

Pressure 1.0 Pa

Deposition rate 0.7-1.pm/h D. Effects of poling time and poling direction on the

ds,; coefficient

The wafer flexure technique was used to characterize the
elsewheré. Pt top electrodes were sputtered through a 1.5d4,; coefficient of a number of PZT thin films. As a general
mm-diam shadow mask and postannealed at 400 °C for 60 sule, each PZT sample was characterized as a function of

poling time and poling direction at room temperature. The
B. rf magnetron sputtered 50/50 PZT films magnitude of the poling field was typically two to three
times the coercive voltagéas measured from the polariza-

Several 4-in.-diam radio frequenc{RF) magnetron . . . . }
sputtered films were used in this investigation. The Zr/Tif[IOn hysteresis loopand poling was done in 5 or 15 min

ratio of the sputtered films was measured to be 50/50 usinbﬂzrggznmti?égﬁé'?;r: t%feler:(. Eﬁﬁgﬁﬁ%;ﬁig'f&g?;
energy dispersive x ray. The two films studied were approxi- ' P P

: . a show a logarithmic increase with poling time. As such,
mately 3.0 and 3.3um thick and both displayed strorig11) .data from the poling experiments were used to check the

textures. Details of the deposition procedure are given i . .
Table 1° Pt top electrodes were sputtered through a 1.5-mmrbealth of thed, meter, the quality of the PZT films, and to

diam shadow mask identify/confirm the existence of internal bias fieldke d3;
' response is strongly asymmetric with respect to poling direc-

: . tion for films with large internal bias fielgls
C. Wafer flexure method for transverse piezoelectric g d

characterization
L . E. Aging rate of the d3; coefficient of PZT thin films
The principle of operation for the wafer flexure method

and the details of the hardware used have been reported The aging of the piezoelectric response under closed cir-
elsewher€. A schematic of the basic configuration is given cuit conditions without a direct current bias was measured
in Fig. 1. In this investigation the uniform pressure rig wasand is reported as a function of film thickness and poling
configured for both 3 and 4 in. wafer characterization. Fundirection. A number of 3 in. sol-gel and 4 in. rf sputtered
damentally, the technique utilizes the direct piezoelectric efsamples were tested. For each test, samples were poled with
fect. The audio speaker was excited with the reference sign@n electric field(typically two or three times their coercive
[0.4V,, (rms=rootmean square) at 4 Hirom an EG&G field) for a time of 1-2 min. At the end of the poling period
7260 lock-in amplifier fed through a Harman/Kardon HK770 the oscillation on the measurement rig was started and the
stereo amplifier. The output of the audio speaker is fed to &St begun. The output from the test capacitor was monitored
cavity in the aluminum housing over which the film-coated continuously on the lock-in display and the voltages re-
wafer is fixed. The resulting pressure oscillation flexes thecorded every 5 min for times of 1-60 min after poling. Care
watfer, which subjects the film to a controlled planar stressWas taken to insure that the pressure applied to the plate was
and induces a charge via thig; coefficient of the film. The the same over the course of the experiment.

charge from the PZT sample is converted to a rms voltage

(via the charge integratpand together with the voltage from 1ll. RESULTS AND DISCUSSION

A. Effects of poling time on the  d3; coefficient of PZT

_ thin films
| 5¢C SYRINGE . . . .
- Four rapid thermally annealed sol—gel films with thick-
PIEZOELECTRIC nesses of 0.6—2.mm were characterized in terms of their
CHARGE CHARGE OuTPUT MERCURY ds; coefficients as a function of both poling direction and
__—~ Drop 31 h - ) )
TESAATOR | cnews . RereNTON poling time. The poling fields used for the experiments were
StaNAL INPUT | RiNG taken to be three times the coercive field of the capacitor
Lock-IN CoATED tested (where E. was calculated from the average of the
AMPLIFIER SuBsTRATE +E_.'s reported during earlier polarizing—electric figlel-B
E:g;iizgﬁ Housina measurementsThe same spot on the sample was then poled
for increasing lengths of time, up to 31 min, at this field
10" AUDIO SPEAKER PRESSURE ; P
PRESSURE TRANSDUCER level. For each set of experiments a virgin electrode was

Output used. The results from the experiments with the top electrode

FIG. 1. Wafer flexure method for the transverse piezoelectric characterizamade_ pOSitiV?_are given _in Fig. 2 an_d show th_at the pie_zo-
tion of piezoelectric thin films. electric coefficient of all films tested increases in a logarith-
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FIG. 2. Variation ofds; as a function of film thickness and poling time with FIG. 4. Polarization hysteresis loop for-a3-um-thick 50/50 rf sputtered

the top electrode positive. Films tested had 52/48 compositions and werBZT film. The plot shows the average remanent polarization of the film is 41

poled with fields equal to three times the coercive field of the film. uClent and the average coercive field is 70 kV/cm. The internal bias field is
calculated from the offset on the field axis to be 15 kV/cm.

mic fashion with poling time. The maximuuhg; coefficient
was recorded for the 2.am-thick film and had a magnitude changed by approximately 180°. To show that the degree of
on the order of—50 pC/N. Results collected with the top Poling did, in fact, increase logarithmically with time, all of
electrode made negative showed a similar response with tHge ds; data are shown with negative values in the graph;
magnitudes comparable to those given in Fig. 2. zero marks the point at which the phase of the response
The piezoelectric characterization of the 50/50 rf sput-changed.
tered films indicated that the films had large spontaneous The data presented in Fig. 3 illustrate a number of strik-
polarizations which produced as-depositgg coefficients ing results. The first is the large valte 70 pC/N of theds;
between—45 and—70 pC/N.ds; data taken from a 3.gam-  coefficient in the as-deposited filmd;,; increased with pol-
thick film are presented in Fig. 3 as a function of poling timeing to values which approached85 pC/N. Those numbers
at =60 kV/cm. (This poling field is close to the average are themselves encouraging because they represent some of
coercive field; higher fields could not be used due to delamithe largests; values reported for polycrystalline PZT films.
nation of the top electrode after prolonged high field expo-Furthermore, there is significant asymmetry in the coef-
sure) In Fig. 3, the data for the top electrode negative followficient as a function of the poling direction. When poled with
the expected logarithmic increase with poling time. How-the top electrode negative, tlig, increased by about 20%
ever, poling the film for 1 min with the top electrode positive for poling times of 60 min. In contrast, poling the sample in
was insufficient to reverse the original polarization direction.the opposite direction changed ttig coefficient by a factor
As a result, the magnitude afy; decreased from-70 to  of 2.
—20 pCIN, but the phase of the response with respect to the The large as-depositetk; and the strong asymmetry in
applied stress was unchanged. Only with extended poling dithe poling behavior are probably related to an internal elec-
the remanent polarization change sign. For these |0ngéfiC field in the film. The existence of internal bias fields have

times, the phase of theés; response with the applied stress been well documented for PZT ceranfiaand thin films®
and their presence is usually manifested as a shift in the

polarization hysteresis loop or an asymmetry in the current—

120 . —e—Top electrode positive voltage (—V) curve. In thin films, such internal fields have
i —4—Top electrode negative been reported to result in preferred polarization directions
100 ¢ ] and asymmetry in the piezoelectric response as a function of
-80 4 . = poling direction*''2 The P—E loop for the 50/50 film is
S 6ok : given in Fig. 4. TheP—E hysteresis loop is shifted 15 kV/cm
) : ] along the field axis, which is assumed to be equal to the
e 40 film’s internal field. It is expected that the bias field poles the
_05 -20 material as it cools from its deposition temperat(680 °Q
okl . which leads to a large as-deposited polarization and an ap-
t \'\.\‘ ] preciable piezoelectric effect. The subsequent application of
-20 F ] a poling field in excess of, and in a direction parallel to, the
40t - ] internal bias yields only minimal gains in tlig, coefficient.
1 10 100 The application of a field in a direction antiparallel to the

Poling Time (min.) internal field however, results in appreciable changes of the

FIG. 3. Change of thds, coefficient of a 3.3um-thick 50/50 sputtered film alls.—deposned polarlzatlon and, th,eremre’ the filts coef-
with poling time. The data show a strong sensitivity to poling direction. T|C|e_nt- T_here_ IS §|SO the possibility th_at the Prefe_rrEd p(_)lar-
As-deposited values af,; were measured at about70 pC/N. ization direction is the result of a strain gradient in the film,

Downloaded 06 Jan 2003 to 146.186.113.124. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



6714 J. Appl. Phys., Vol. 85, No. 9, 1 May 1999 Shepard et al.

20 ® 3.3 um sputtered, top electrode positive
r 0 3.3 um sputtered, top electrode negative
r A 2.5 um sol-gel, top electrode positive
1.5 + 2.5 um sol-gel, top electrode negative
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FIG. 6. Aging of theds; coefficient for four sol—gel films ranging in thick-
FIG. 5. Normalizedds, coefficients as a function of poling time. Data for ness from 0.6 to 2.5um. Samples were all poled with three times the
both a 2.5um sol—gel film and a 3.3m sputtered film are shown. Note that coercive field for 1 min with the top electrode negative.
the response of the sol—gel film is nearly symmetrical with respect to poling
direction, so that the two curves for the sol—gel films are superimposed.

) ) ) ducted with the top electrode positivare tabulated from the
though given the distance between the film and the neutrajppes of the fitted logarithmic curves and are given in
axis of the film/substrate system, a large strain gradientgpje |1.

seems unlikely. For simplicity therefore, the mechanism re-  gimjjar experiments were conducted a 4 in. rf sput-
sponsible for the shift in the hysteresis loop will be describedereq 50/50 PZT film. The film investigated was 3un

as an internal field. . thick with an as-depositedi;; coefficient of about—45
The effect of the preferred polarization direction is illus- pC/N. Test capacitors were poled with an electric field of

trated most clearly in Fig. 5., which plots the response of t_’OIWSO kV/cm, which was approximately equal to two times the
the 2.5um 52/48 sol-gel film and the 50/50 sputtered film coecive field strength. The aging rate was evaluated as a
as a function of poling time. The strong contrast between the,ction of poling time and direction with the data taken
poling behavior of the two types of films is believed to resultfqy different test capacitors on the same film.
from the relative magnitude of the film’s internal bias fields. Figure 7 is a plot of the decay of the transverse piezo-
The internal bias of the sputtered film was calculated tGg|ectric coefficient for the sputtered film poled with a field of
be about 15 kV/cm, which is an order of magnitude larger—150 ky/cm for 1 min at room temperature. The plot shows
than the~1-2 kv/cm internal bias in the sol—gel films. The 4 strong asymmetry in the film’s aging rate, with the sample
large internal field in the sputtered films poles the matenabded at—150 kV/cm (top electrode negatiyeneasured at
almost completely as the material is cooled throligh The 294 per decade while the sample poled in the opposite direc-
sputtered films therefore, display only a small increase in thggp, decayed at 26% per decade. When the samples were
magnitude ofds, when poled in a direction parallel to the pojed for 15 min, the data showed an aging rate of 4% per
internal bias and show large changes when poled antiparallglecade when poled with the top electrode negative and an

to the preferred direction. In contrast, the internal fields Ofaging rate of 20% per decade when poled with the top elec-
the sol—gel films are much lowéthan the sputtered films  ode positive.

The net polarization produced in either direction is therefore  The aging data collected from both the sol—gel and rf
comparable and the response produced is symmetric. sputtered films make an interesting contrast to data reported
for bulk ceramics. In bulk materials, the decay of the dielec-
B. Aging behavior of the transverse  (d3;) piezoelectric  tric and piezoelectric constants and the evolution of con-
coefficient strictedP—E loops are attributed to ferroelastic stress relief
The aging rates of the transverse piezoe|ectric Coeffiand domain Stabi”zatio%ﬁ Because extrinsic contributions
cients for both sol-gel and sputtered PZT films were mea-
sured using the wafer flexure technique. The coefficients
were monitored at regular intervals after poling and theirragLe i1. Aging rates(percent per decagief the ds, coefficient of 52/48
decay plotted versus the logarithm of time. sol—gel PZT thin films.
Experiments were conducted with sol—gel films poled in—
either direction at room temperature with fields equal to three Film I . - . I .
. . . . . . thickness Poling time: 1 min Poling time: 1 min Poling time: 2 min
tlmgs their coercive field strgngth. Poling Flmeg for the €X-"(um)  Top electrode+) Top electrodd~) Top electrode+)
periments conducted were either 1 or 2 min. Figure 6 gives

the aging data from the experiments conducted with the top 9-6 32;" %’ ;Zﬁ’
electrode made negatitests with the top electrode positive . 7%‘: 7%‘: 50/2
were also conducted and the response was similar to that 5 g 6% 7% 4%

shown). The rates for all experimentancluding those con-
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110 ¢ — ] the film’s surface?® There are several possible consequences

1.00% ] of this. First, the defective material could form a discrete
\ H_‘rw ] semiconducting layer at the film surface. Earlier work has

-c;6 0.90 : . | 3 suggested that a low- region at one of the film’s surfaces

3 080 F 2%ldac ] results in the reduced dielectric constant of ttémbmicron

-(_N“ 0.70 | vl \ : thicknes$ PZT films?° A S|m|_lar reg|on may be r.espon3|bl_e

£ 060 26%/dec ] for the spontaneous depolarization of the material. In particu-

S i "‘-... ] lar, it is suggested that when subjectedaime poling fields,

Z os0¢ ' ] charge is injected through this layer and domain reversal is
0.40 - I$gg oo wron oy ior t e |3 possible. After the voltage is removed however, a depolar-
030t ———— ————— ization field is created which cannot be compensated effec-

1 . 10 . 100 tively by the defective layer. In the absence of an external
Aging Time (min.) voltage, the limited conductivity of the lead deficient layer

FIG. 7. Aging rate of thels; coefficient of a 3.0um-thick 50/50 rf sput- prevents additional _Cha.rge from being transported tO. com-

tered PZT film. The film had been poled for 1 min with a field 0150 ~ pensate the depolarization field. As a result the material de-

kvicm. poles, which leads to the accelerated decay of the film’'s
piezoelectric coefficient.

A second possibility is thaVj,—Vg defect dipoles in

FO the diellect‘rlic and piezoelectric cha_racter_istics are Iimitec{he near surface regime align with respect to the ferroelectric
in these films* and the decay of the dielectric constant pro'dipoles on cooling through the transition. Since the domain

(r::sed;nﬁslghf/o? Iﬁ\g g:(r:c;enéfptehredglz i?itmhgcrﬁzﬁir:;"zgstant%tructure is initially random, there is little net internal bias. If
P y ﬁe field associated with these dipoles is not too high, then

has been attributed to the reduction of the film's remanen . .
the material could be poled. However, at room temperature it

polarization'? _ \ ,
In this work, the aging data collected show a correlations Unlikely that all of the defects would be reorientespe-

with the presence of an internal bias field. The rf sputteredi@lly for short poling times Thus, after poling they would
films (Epas=15—20kV/cm) show accelerated aging when@ct 0 dnye the f|lm back to its 9r|g|nal random .domaln
the polarization vectors are misaligned with the internal field configuration, which would result in accelerated piezoelec-
Removal of the poling field results in the rapid reorientationtric aging.
of switched domainsi.e., the film begins to switch back to There are data presented both here and elsewhere
the original orientationand a rapid decrease of the filmlg, ~ which suggest that the aging rates of the piezoelectric coef-
coefficient. In contrast to the rf sputtered films, the net intericients can be decreased with increased poling ti(able
nal fields of the sol-gel films H,,=1-2kV/cm) are |l). The beneficial effects of poling time can be explained
smaller, and as a result their response is independent of palvithin the framework of imprint phenomena which attributes
ing direction. This behavior is in agreement with that re-the voltage offset of thé€—E loop (i.e., the imprin} to the
ported by Kholkinet al,'? although the asymmetries ob- alignment of defect dipoles with the film’s polarization
served here for the sputtered films are appreciably larger. vector?* With increased poling times the defedredomi-
The symmetric aging response of the sol—gel films sugnantly oxygen vacancigsvhich are responsible for imprint
gests that depolarization does not result from a net intern{ave time to migrate through the film. The migration and
electric field. Earlier work on PZT ceramics has shown thategrientation of defect dipoles stabilize the film's domain
large mechanical stresses can result in significant amounts gfycture, which prevents depolarization and reduces the ag-
depolarizatioh®!” however, data presented elsewhéshow ing rate
that the effects of mechanical stress are less pronounced in The.asymmetric aging rates of the, coefficient of the

PZT films. In addition, the limited extrinsic contributions in (f sputtered films are comparable to behavior which has been

these PZT films suggest that depolarization results from th?eported by Maria for epitaxial lead magnesium niobate—lead

backswitching of aligned domains and not Ton—.180. reoNe i anate films? The source of the aging behavior in those
tation or domain wall pinning. Because 180° switching is not

a stress relief mechanism, mechanical depolarization cannglms was attributed to the presence .Of a large m.te.ma.“ bias
be responsible for the aging behavior of thin films. Rather, itWhICh Sh'ft.ed theP—E loops to one ,S'de of Fhe origin, 1.€.,
is expected that the origins of the accelerated aging rates apé’th coercive fields had thg same sign. Marla spegulated .that
related to interfacial or defect-related effects comparable t§nergetic bombardment, either through implantation or ion
those responsible for the polarization degradation of ferroP&€ning, was responsible for a displacement of the oxygen
electric non-volatile memory devicé. sublattice. The shift of the oxygen atoms led to a preferred
Extensive work has been conducted on degradatiofolarization direction and thus produced the large internal
mechanisms in films, with both lead and oxygen vacancie§ield (and the asymmetry in the aging rates the as-
identified a potential sources of the problant® It is ex-  deposited films. A similar mechanism could explain why the
pected that the high volatility of lead oxide at the elevatedsputtered films in this work showed asymmetric aging rates
crystallization temperaturdsypically 600—700 °Gresults in ~ while the sol-gel films(which never see bombardmént
large concentrations of charged defects in a shallow layer atid not.
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IV. CONCLUSIONS aging response in the sol—gel samples was attributed to
harged defects or a defective layer which resulted in the

The wafer flexure method was used to characterize th S :
ackswitching of domains.

dj; coefficients and monitor their aging rates for a number o
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