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Effects of niobium doping on the piezoelectric properties
of sol—gel-derived lead—zirconate—titanate films

K. W. Kwok,» R. C. W. Tsang, H. L. W. Chan, and C. L. Choy
Department of Applied Physics and Materials Research Centre, The Hong Kong Polytechnic University,
Kowloon, Hong Kong, China

(Received 4 June 2003; accepted 30 October 003

Sol—gel-derived lead—zirconate—titan&@®ZT) films doped with various amounts of niobiufNb)

have been spin coated on silicone substrates, and their remanent polarRatiamd effective
longitudinal and transverse piezoelectric coefficiertg;{ andes; ) as well as the pyroelectric
coefficientp, have been measured. The Zr/Ti ratio of the films is 53/47. Our results reveal that the
Nb-dopant effects on the PZT films are very similar to the experimentally known effects on the
corresponding bulk ceramics, i.e., enhancing both the longitudinal and transverse piezoelectric
properties. However, because of the substrate clamping effect, the exact enhancement in the
longitudinal piezoelectric properties cannot be evaluated bydtig measurement on the film
samples. Accordingly, the observedb;. value of the Nb-doped PZT films remains almost
unchanged while the observedes;;. (as well asP, and p) increases with increasing Nb
concentration, showing an optimum Nb concentration of 2 mol %. For the PZT film doped with 2%
Nb, the observed values & , d33., —e3;., andp are about 3QClcnt, 95 pm/V, 18 C/m, and

350 uC/n? K, respectively. ©2004 American Institute of Physic§DOI: 10.1063/1.1635968

I. INTRODUCTION coefficients of Nb-doped PZT films prepared by magnetron
_ ) ) sputtering. They reported that the optimum doping level of
In recent years, ferroelectric lead-zirconate—titanateyy, js about 2 at. %, as in the case for the bulk ceramics. For
(PZT) films have been extensively studied for various appli-the Nb-doped film, the observeds; value is about 50%
cations, such as ultrasonic micromotors, micropumps, anfligher compared to the undoped PZT il pm/V vs 50
cantilever actuators in microelectromechanical systems. Usism /) while the observed value of e, (transverse piezo-
ally, PZT compositions near the morphotropic phase boundgjectric charge coefficientemains almost unchanged at a
ary (i.e., Zr/Ti~53/47) are chosen because large piezoelecy ) of about 4 C/f However, they have not compared the
tric coefficients and electromechanical coupling factors havgpserved piezoelectric coefficients with those of the corre-
been obtained in bulk ceramics of similar compositibBe- sponding bulk ceramics.
sides the composition, it is also experimentally known that = date, there are a number of methods established for
the piezoelectric properties of bulk ceramics can be optihe measurements adz; and dg; of ferroelectric films.
mized by the addition of dopants, and in particular, of donor-among them, the noncontact optical interferometry method
type dopantge.g., lanthanunfl.a) and niobium(Nb).**For s the most widely used method for thig, measuremerit®
example, by the doping of about 2 mol % Nb, the longitudi-hereas the wafer flexufe and cantilever deflection
nal and transverse piezoelectric coefficiedigand —ds))  technique¥!?are the most common methods for measuring
of a PZT (52/48 ceramic are increased by about 60% andy,, ande,,, respectively. Since ferroelectric films are usu-
80%, respectively.In general, donor-type dopants also af- iy deposited on a rigid substrate, e.g., silicon, they are
ford increments in the electrical resistance, dielectric contighily clamped by the substrate and hence cannot deform
stant as well as the elastic compliance of PZT bulk ceramicsﬁeewl As a result, the observed piezoelectric coefficiénts
The effects of donor-type dopants, particularly Nb, on thematter which method is usgdire different from those of
properties relative to ferroelectric memories have been dispy|k ceramics, and therefore usually called effective piezo-
cussed in a number of recent papefsSimilar to the effects  g|ectric coefficients. For example, the effectitlgs (dss.)
on bulk ceramics, Nb increases the electrical resistance Gfetermined by the laser interferometry method and the effec-
PZT films and produces polarization hysteresis loops with;ye es1(es1) by the cantilever deflection technique are re-

low coerpive fields and Iqrge remanent pola.rizations. H_°W1ated to the(true) piezoelectric coefficientsls; and d; as
ever, their effects on the piezoelectric properties of PZT films;g)jows:212

have not been extensively and systematically studied, and, in

particular, have not been correlated with the experimentally ZSESd.’Sl
known effects on the corresponding bulk ceramics. Haccart  ds3c=dss— =, (h]
et al®” and Remienst al® have studied the piezoelectric S11T S12

_dg
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apkwkwok@polyu.edu.hk Snitsp

0021-8979/2004/95(3)/1372/5/$22.00 1372 © 2004 American Institute of Physics

90:95:80 520z Ae 8¢


http://dx.doi.org/10.1063/1.1635968

J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Kwok et al. 1373

wherest,, s5,, andsk; are the elastic compliances of the
films. It should be noted that because of Poisson effiggt AC Driving Source
andds;, hencedss. andez; ., have opposite signs.
It can be seen that the effective piezoelectric coefficients X ) .
are also dependent on the elastic properties of the fiffigs. L /Plezoelectrlc Actuator
z

(1) and (2)]. Hence, the work in studying the donor-type
dopant effects on PZT films and, in particular, in comparing

the effects on films and bulk ceramics, become more com- Oscillation
plicated. In the present work, we will study the effects of the < Film Sample
niobium dopant on the piezoelectric and pyroelectric proper- )

on Substrate

ties of sol—gel-derived PZT films. Botls;. andeg; . of the
Nb-doped PZT films will be measured. The resulting effect
of substrate clamping on the observed piezoelectric coeffi-
cients will be discussed. Since the sol-gel method offers =
good stoichiometry control of the film composition and

chemical homogeneity, the observed effective piezoelectric Lock-in Amplifier
coefficients will be compared with the theoretical values cal-
culated using the material parameters of PZT bulk Ceramic§IG. 1. Experimental setup for the measurement of the transverse piezoelec-
of similar compositions. tric charge coefficienes; .

Il. EXPERIMENT large and rigid platfornt® For thees; . measurement, a rect-

The Nb-doped PZTabbreviated as PNZX) films with angular sampldfilm/substrat¢ was bent dynamically at a
Zr/Ti=53/47 and Nb concentratiox varying from 0 to 3  frequency(f) of 10 Hz; and the current {) induced on the
mol % were prepared using a sol—gel method. A PNZT Iore1‘|Im surface was measured using a lock-in amplifieig. 1).
cursor solution was spin coated on a PYTI/SISi substrate  €s1c Was then given by
to give a film of thickness about 100 nm, which was then €l Xo+Xq
pyrolyzed at.450 °C for 10 min. After the deposition of three e31,c_37TfAh(1_ NZo|' T T 2
layers, the film was annealed in an oxygen atmosphere at
600 °C for 3 min in a rapid thermal processor. By repeatingvhereZ, is the deflection at the free enélis the area of the
the process a few times, a PZT film of thickness Ar@ was ~ top electrodeh is the thickness of the substrateis Poisson
obtained. The film was then annealed at 680 °C for 20 min irfatio of the substrate( is the distance from the clamping
a furnace. A platinum top electrode of diameter 1 mm ancedge to the free end of the sample, agdandx; are the
thickness 150 nm was deposited on the film by dc sputteringositions of the electrode extremities in the length direction.

, 4

in a pure argon atmosphere. In the present work, & value of 0.172 for the substrate was
The crystallite structure of the PZT films was studiedused in the Calculgtio?'iL. N .
using an x-ray diffractometefXRD) with nickel-filtered The pyroelectric coefficierp was measured using a dy-

CuKa radiation (X’pert System, Philips Electronic Instru- namic method. Experimental details of the measurement
ments, and the microstructure was examined using a scarRave been reported in a previous publicatidThe sample
ning electron microscopg eica Stereoscan 440\ Sawyer—  temperature was sinusoidally modulated at room temperature
Tower circuit was used to measure the polarization hysteresigt a frequency(f) of 5 mHz and an amplitudeTg) of 1 K
(P—E) loop of the films, from which the remanent polariza- using a Peltier element.; and the 90° out-of-phase component
tion P, was determined. Effective piezoelectric coefficients
ds3. and ez of the films were measured using a single
beam laser interferometry method and a cantilever deflection
technique, respectively. The experimental details of the mea-
surements have been reported in a previous publicitido.
measuredzs., a small ac fieldE) at 15 kHz was applied to
the film sample in the thickness direction; and the surface
displacement 4t) induced in the sample was measured us-

(111)

(100)
(110)

Intensity (a.u.)

S

ing a heterodyne single beam laser interferomést-120, \ S PNZT-0
B.M. Industries. d33. was then calculated as

At/t \ PNZT-2

dssp:?, (3)
1 1 1 | L | 1

wheret is the thickness of the PZT films. The substrate bend- 20 30 40 50 60
ing, which usually induces enormous error in the measure- 20 (degree)

ment using the single beam laser interferometry method, was
effectively suppressed by gluing the substrate tightly to a FIG. 2. XRD patterns of the PNZT-0 and PNZT-2 films.
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FIG. 3. SEM micrograph of the cross section of the PNZT-2 film of thick- o o . .
ness 1.2um. FIG. 5. Variations of the remanent polarizatiBp with Nb concentratiorx.

of the resulting pyroelectric current) with respect to the =2mol % (Fig. 5. This clearly shows that, as in the case for
temperature modulation was measured using a lock-in amplbulk ceramics, the Nb dopant affords increment in the rem-

fier. p was then given by anent polarization of the PZT films. Accordingly, the result-
| ing piezoelectric and pyroelectric properties of the PNZT
p= S (5)  films should also be enhanced.
2mfATy To evaluate the piezoelectric properties, the PNZT films
whereA is the area of the top electrode. were poled under various dc fields at room temperature for 3
min. Our results reveal that for all the film samples, the ob-
Il. RESULTS AND DISCUSSION serveddggyc and —€31¢ values first increase with increasing

) poling field and then become saturated at a dc field of about
The XRD patterns of the Pl\iZT—(II_.e., PZT) and 30 Mv/m. Figure 6 shows, as an example, the dependences
PNZT-2(i.e., PZT doped with 2 mol % NHfilms are shown o g, ande,; . on the poling field for the PNZT-2 film. In

in Fig. 2. The films are well crystallized in the perovskite ¢ o]lowing discussion, only the saturated piezoelectric co-
phase with(111)-preferred orientation. No pyrochlore phase efficients, i.e., the piezoelectric coefficients of a fully polar-
formation is observed. Similar XRD patterns have also beef,oq pNZT film. will be reported.

observed for the othgr PNZT films. Figure 3 shows a typical Figure 7 shows the variations df, andes; , with x. It
example of a scanning electron MiCroscoiBEM) Micro-  is seen thatdy,, remains almost unchanged at a value of
graph of the cross section of the PNZT-2 film. The film is 5,5t 96 pm/V ax increases from 0 to 2 mol %, and then
dense and has a columnar grain structure. _ decreases by about 20% =sncreases to 3 mol %. On the
The P—E loops of the PNZT-0 and PNZT-2 films mea- sther hand,— ey, first increases almost linearly with in-
sured at room temperature are shown in Fig. 4, while theyeasings and then decreases, reaching a maximum value at
variation of P, with x (Nb concentratiohis shown in Fig. 5. y—2 mol%. This is similar to the trend of increasiriy
It is seen thaP, increases and then decreases with increasyith x as shown in Fig. 5. As compared to the undoped PZT
ing X, reaching a maximum value of about BE/cT atx  fijm (PNZT-0), the observed- ey value of the PNZT-2 film

_' T T T T T T T T L 25
i 100 -—
] . " " mly
S - | [m] a [m]
S ] g . ° o
3 . o 50 - o 410 vq
=W _- ,.c"" ql)m
] 25 |- -5
- ol— 1 0oy
0 5 10 15 20 25
E (MV/m) E (MV/m)

FIG. 4. Polarization hysteresi®¢E) loops for the PNZT-0 and PNZT-2 FIG. 6. Variations of the effective longitudinal and transverse piezoelectric
films. coefficients @33, andeg; ) of the PNZT-2 films with dc poling field.
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T ™ T m— T T TABLE I. Material parameters of PZT and Nb-doped PZT bulk cerarhics.
100 - ;— . a - 20 Pb(Zro55Ti0.49 0z Py ogd Zro.52T10.48) 0.978ND0.02403
o dss (PMIV) 223 374
75 m s NE —dgy (pm/V) 93.5 171
o = sE (1072 m?/N) 13.8 16.4
o < —55, (107 2m?/N) 4.07 5.74
&o 0F 5 — 110 = —sE (100 2m?/N) 5.80 7.22
= "
el ! 2See Ref. 1.
25 45
0 e 0 It is suggested that the apparent discrepancy in the ob-
0 1 2 3 serveddgs, (i.e., remaining almost unchanged wis is
x (mol%) most likely caused by the substrate clamping effect. As men-

tioned in Sec. I, due to the tight clamping by rigid substrates,
FIG. 7. Variations of the effective longitudinal and transverse piezoelectriconly the effective piezoelectric Co(:;ffi(;i@ﬂ'[d3(”C and e31'c)
coefficients fla;; andes, ) with Nb concentratiorx. of the films are measured, and they are dependent not only
on the(true) piezoelectric coefficients, but also on the elastic
compliances of the filmfsee Eqs(1) and(2)].
is increased by about 100%, greatly from a value of 9.3to 18 It is experimentally known that the donor-type dopant
Clcnt. In view of these results, it seems that the Nb-dopantan increase not only the piezoelectric properties, but also
effects on the sol—gel-derived PZT films are quite differentthe elastic compliances of PZT bulk ceramics. Table | shows
from the experimentally known effects on bulk ceramics. Forthe material parameters of @&y5,Tig.90O; and
PZT bulk ceramics, not only the transverse piezoelectric coPhy ggd Zro 55Tio.48 0.97d\bo 02403 bulk ceramics. It is noted
efficients (—d3y), but also the longitudinal piezoelectric co- that the material parameters are increased by different
efficients @33), are increased considerably after the dopingamounts after the doping of Nb. Using Eq$) and(2) and
of 2 mol % Nb? the material parameters listed in Tablelz, andes, . of the
To provide additional evidence of the Nb-dopant effect,ceramics in thin-film form(deposited on rigid substrajesre
the pyroelectric coefficient of the films has also been mea- calculated, giving the results listed in Table Il. It can be seen
sured as a function of (Nb concentratio)) giving the results  that, after the doping of 2 mol % Nb, the incrementig; is
shown in Fig. 8. It can be seen thatshows a very similar  greatly suppressed to 25% as compared to theg4i60%),
dependence orasP, andeg; .. As x increases from 0 to 2 while the change irg3, . is still large(67%). This is in agree-
mol %, the observeg value increases greatly from 200 to ment with our experimental results showing that there is only
350 uC/m? K. Although p is defined as the change of the neta large increase in- €31, but almost no change idzs,.
polarization with increasing temperature, it can still provide(Fig. 7). In view of these, it is suggested to use the transverse
vital evidence of the magnitude of the net polarization of apiezoelectric coefficients; . as a measure for evaluating the
PZT film. Kohli and Muralt have shown that is linearly = Nb-dopant effects on PZT films.
proportional to the net polarization of a PZT fithAccord- Since the PZT and Nb-doped PZT bulk ceramicsted
ingly, the large increase ip (~75%), which is consistent in Table |) have similar compositions and Nb concentrations
with that observed in-eg; (~100%), clearly indicates that as our PNZT films, the observely;. andes; . values of the
the net polarization of the PZT film is increased significantlyPNZT-0 and PNZT-2 films are also listed in Table Il for
after the doping of 2 mol % Nb. comparison. It is seen that the obsenagd . values of the
films are smaller than the calculated values of the corre-
sponding ceramics, while there is good agreement between
T T T T T r I the observed and calculated; . values for both undoped
400 | 4 and doped PZT. The discrepancydss is partly due to the
experimental error of the measureméapproximately 7%
and partly due to the additional clamping by the film itself
300 - s 7] [which has not been taken into account in the derivation of
- ] Eq.(1)]. In theds;, measurement, only the film region under
20 - m .

p (LC/m’K)

TABLE IlI. Effective piezoelectric coefficientdls;, and es; . of PZT and
100 |- - Nb-doped PZT bulk ceramics and PNATHImS.

dasc (PMV)  —e3 (PCIN)

0 | A i ) i L 1
1 2 3 Ph(Zrg 5,Tig 49 O3 ceramic 112 9.6

0 Phy.osd Zr0.52T10.49 0.976NP0.02405 CEramic 142 16
x (mol%) PNZT-0 film 97 9.3

PNZT-2 film 95 18

(=

FIG. 8. Variation of the pyroelectric coefficieptwith Nb concentratiorx.
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the top electrode is polarized and excited to deform upon thés also dependent on the elastic properties of the films as a
application of an ac field. The surrounding film region is result of the substrate bending effect, the exact enhancement
unpolarized and will impose resistance to the deformationin the longitudinal piezoelectric properties cannot be evalu-
thus causing a decrease in the observed displacement of taged by theds;, measurement. Accordingly, the observed
polarized film regiort® Since the whole film(including po- ds3. value of the PNZT films remains almost unchanged
larized and unpolarized regionis deformedby bendingin  while the observed value of e, . increases with increasing
the ez, . measurement, there is no similar kind of error in theNb concentration.

observedes; ; value. In addition, the relatively large uncer-

tainty in the reported value m‘fg may also be the cause for ACKNOWLEDGMENT
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