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Abstract Niobium (Nb)-doped lead zirconate titanate
(PZT) films have been prepared on platinized silicon sub-
strates using a sol-gel method. The Zr/Ti ratios of the films
are 53/47 and 40/60, and the Nb doping level ranges from
0 mol% to 3 mol%. Similar to the cases in bulk ceramics,
after the doping with Nb, the remanent polarization P,
effective transverse piezoelectric coefficients e3;. and
pyroelectric coefficient p of the PZT films increase; but the
longitudinal effective piezoelectric coefficient dsz.
remains roughly unchanged. At the optimum Nb doping
levels, the observed P,, —e3;. and p reach a maximum
value of 30 uC/cmz, 18 C/m? and 350 uC/m2 K, respec-
tively, for the PZT (53/47) films, and 37 pC/cm?, 7.9 ¢/m>
and 370 uC/m* K for the PZT (40/60) films. Our results
also reveal that there exist linear relations between p, €3 /¢,
and P,.

Keywords PZT thin films - Nb dopant -
Piezoelectric properties - Pyroelectric properties

1 Introduction

Lead zirconate titanate (PZT) films have been extensively
studied for a variety of applications ranging from non-
volatile memories to micro-electro-mechanical systems
(MEMS) and electro-optical modulators. It is experimen-
tally known that the piezoelectric and pyroelectric
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properties of a PZT bulk ceramic are primarily governed by
its composition. In general, PZT compositions near the
morphotropic phase boundary (i.e. Zr/Ti ~ 53/47) have
large piezoelectric coefficients and electromechanical
coupling factors while the compositions close to either the
zirconate titanate end or the lead titanate end of the phase
diagram possess better pyroelectric properties [1, 2].
Besides the compositions, it is also experimentally known
that the piezoelectric and pyroelectric properties of bulk
ceramics can be optimized by the addition of dopants [1, 3-6].
For example, by the doping of about 2 mol% niobium
(Nb), the longitudinal and transverse piezoelectric coeffi-
cients (d33 and —ds3;) of a PZT (52/48) ceramic are
increased by about 60% and 80%, respectively [1]. On the
other hand, by a doping of about 2 mol% europium, the
pyroelectric coefficient of a PZT (55/45) ceramic is
enhanced by about 160% [6]. The effects of dopants on the
dielectric and ferroelectric properties of PZT films have
been discussed in a number of recent papers [7, 8]. How-
ever, their effects on the piezoelectric and pyroelectric
properties of PZT films have not been extensively and
systematically studied, and, in particular, have not been
correlated with the experimentally-known effects on the
corresponding bulk ceramics. Haccart et al. [9, 10] and
Remiens et al. [11] have studied the piezoelectric coeffi-
cients of Nb-doped PZT films prepared by magnetron
sputtering. They reported that the optimum doping level of
Nb is about 2 at.%, as in the case for the bulk ceramics. For
the Nb-doped film, the observed ds; value is about 50%
higher as compared to the un-doped PZT film (75 pm/V vs.
50 pm/V), while the observed value of e3; remains almost
unchanged at a value of about —4 C/m>.

We have studied the effects of Nb-doping on the pie-
zoelectric and pyroelectric properties of sol-gel-derived
PZT films (with a Zr/Ti ratio of 53/47) [12]. Our previous
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results revealed that both the piezoelectric and pyroelectric
properties of the films could be improved by the doping.
However, as the films were deposited on a rigid silicon
substrate, they were tightly clamped by the substrate and
hence could not deform freely during the measurements.
As a result, the exact improvement in the longitudinal
piezoelectric properties could not be evaluated. In the
present work, we will extend our studies on the sol-gel-
derived PZT films with other composition. The resulting
effects of the Nb-doping as well as the substrate clamping
on the observed piezoelectric and pyroelectric properties of
the films will be investigated.

2 Experimental

Nb-doped PZT films with a Zr/Ti ratio of 53/47 and 40/60,
abbreviated as PNZT-5347-x and PNZT-4060-x, respec-
tively, were prepared using a sol-gel method. x is the Nb
doping level and was varied from 0 mol% to 3 mol% in
this work. A PNZT precursor solution was spin coated on a
Pt/Ti/Si0,/Si substrate to give a film of thickness about
100 nm, which was then pyrolyzed at 450 °C for 10 min.
After the deposition of three layers, the film was annealed
in an oxygen atmosphere at 600 °C for 3 min in a rapid
thermal processor. By repeating the process a few times, a
PZT film of thickness 1 pum was obtained. The film was
then annealed at 680 °C for 20 min in a furnace. A plati-
num top electrode of diameter I mm and thickness 150 nm
was deposited on the films by dc sputtering in a pure argon
atmosphere.

The crystalline structure of the PZT films was studied
using X-ray diffraction (XRD) analysis with nickel-filtered
CuK,, radiation (X'pert System, Philips Electronic Instru-
ments), and the microstructure was examined using a
scanning electron microscope (SEM, Leica Stereoscan
440). The relative permittivity ¢ and dielectric loss tan J at
1 kHz were measured using an impedance analyzer (HP
4194A). A Sawyer-Tower circuit was used to measure the
polarization hysteresis (P-E) loop, from which the rema-
nent polarization P, was determined.

Effective longitudinal and transverse piezoelectric
coefficients (ds3. and es; o) were measured using a single
beam laser interferometry method and a cantilever deflec-
tion technique, respectively. The experimental details of
the measurements have been reported in a previous publi-
cation [13]. To measure d33, a small ac field (E) at 15 kHz
was applied to the film sample in the thickness direction;
and the surface displacement (At) induced in the sam-
ple was measured using a heterodyne single beam laser
interferometer (SH-120, B.M. Industries). d33. was then
calculated as:

At/t

dszc = T (1)
where t is the thickness of the film sample. The substrate
bending, which usually induces enormous error in the
measurement using the single beam laser interferometry
method, was effectively suppressed by gluing the substrate
tightly to a large and rigid platform [13]. For the e
measurement, a rectangular sample (film/substrate) was
bent dynamically at a frequency (f) of 10 Hz; and the
current (I,) induced on the film surface was measured using
a lock-in amplifier. e3; . was then given by:

(2)

21, Xo+x117!
e31‘0 |: - :|

~ 3afAh(1 — v)Z, 2

where Z, is the deflection at the free end, A is the area of
the top electrode, h is the thickness of the substrate, v is
Poisson ratio of the substrate, [/ is the distance from the
clamping edge to the free end of the sample, x, and x; are
the positions of the electrode extremities in the length
direction. In the present work, a v value of 0.172 for the
substrate was used in the calculation [14].

The pyroelectric coefficient p was measured using a
dynamic method. Experimental details of the measurement
have been reported in a previous publication [15]. The
sample temperature was sinusoidally modulated at room
temperature at a frequency (f) of 5 mHz and an amplitude
(T,) of 1 K using a Peltier element.; and the 90° out of
phase component of the resulting pyroelectric current (I,)
with respect to the temperature modulation was measured
using a lock-in amplifier. p was then given by:
__ b
- 2nfAT,

p (3)
where A is the area of the top electrode. Prior to the
measurements of dis, €31 and p, the films were poled
under a dc field of 20 MV/m at room temperature for
5 min, and then short-circuited for 10 min to remove the
conducting charge injected during the poling process.

3 Results and discussion

The XRD patterns of the PNZT-5347-x and PNZT-4060-x
films are shown in Figs. 1 and 2, respectively. All the films
exhibit a well-crystallized phase with diffraction peaks
attributable to the PZT perovskite structure. No pyrochlore
or PBO, phases are observed. There are no significant
differences between the diffraction patterns of the films
with different Nb doping levels, and most of them exhibit
(111)-preferred orientation. As the ionic radius of Nb>*
(0.78 A) is close to and between those of Zr*" and Ti*"
(0.86 A and 0.745 A, respectively), it is suggested that

@ Springer
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Fig. 1 XRD patterns of the PNZT-5347-x films
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Fig. 2 XRD patterns of the PNZT-4060-x films

Nb>* may enter the B sites (for Zr** or Ti*" ions), forming
a homogeneous solid solution of similar structures. It has
been shown that the solubility limit of Nb" jons in the
perovskite structure could reach close to 7 mol% [16].
Figure 3 shows typical examples of SEM micrograph of
the cross section of the PNZT-5347-2 and PNZT-4060-1
films. The films are dense and have columnar grain
structure.

The observed &, P, d33 ¢, €31 ¢ and p of the PNZT-5347-0
and PNZT-4060-0 (undoped PZT) films are compared in
Table 1. Similar to the cases in bulk ceramics, the PNZT-
5347-0 film has a higher ¢, than PNZT-4060-0 [17]. How-
ever, unlike the bulk ceramics where P, exhibits a maximum

@ Springer

films

&r Pr d33,c e31,c P
(uCl/em?  (pm/V) (C/m?)  (uC/m? K)
PNZT-53/47-0 1100 22.1 97.8 9.3 197
PNZT-40/60-0 830  25.4 35.2 6.3 271

at the morphotropic phase boundary [1], the observed P, of
the PNZT-5347-0 film is lower than that of PNZT-4060-0.
This difference may arise from that the P, value obtained in
PZT ceramics depends primarily on the ease with which the
sample can be poled and not on the intrinsic single crystal
value of P, [18]. Although the PNZT-5347-0 film has a lower
P,, its d33 . and ez . are higher than those of PNZT-4060-0.
This should partly attribute to its larger ¢, value. According to
the phenomenological theory, the piezoelectric coefficient d
is related to ¢, by [19]:
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d = 2¢QP, (4)

where Q is the electrostrictive coefficient and Pg is the
spontaneous polarization. It should also be noted that the
observed di;. and e3;. of the films are not the “true”
piezoelectric coefficients. They are the “effective” piezo-
electric coefficients owing to the fact that the films are
tightly clamped by the substrates and cannot deform freely
during the measurements. The clamping effects on the
observed piezoelectric coefficients will be further dis-
cussed in the following section.

The variations of ¢ with x (Nb doping level) for the
Nb-doped PZT films are shown in Fig. 4. As Nb>* has a
higher valence than Zr*' and Ti*", the doping of Nb>™
(considered as a donor dopant) creates cation vacancies.
Because of the vacancies, the transfer of ions in the lattice
is easier than that in a perfect lattice, thus making the
movement of domains become easier and the ceramic
become “soft”. Accordingly, similar to the “softened”
bulk ceramics, the observed ¢, of the PNZT-5347-x films
increases almost linearly with increasing x. However, it is
interesting to note that there is only minimal effect on the
PNZT-4060-x films, giving that the observed e remains
almost unchanged after the doping of Nb. Unlike ¢, the
observed P, of both the PNZT-5347-x and PNZT-4060-x
films are enhanced, showing an optimum doping level of
2 mol% and 1 mol%, respectively (Fig. 5). Nevertheless,
as seen from Fig. 5, the most exact optimum doping level
of Nb for the PZT films should be around 1 to 2 mol%. The
increase in P, should be due to the “softening” effect given
by Nb°*, as in the cases for bulk ceramics. It is noted that
the increments in P, (in percentage) for both the PNZT-
5347-x and PNZT-4060-x films are almost the same, sug-
gesting that the “softening” effect on PZT of different
structures are similar.
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Fig. 4 Variations of the relativity permittivity & with Nb doping
level x
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Fig. 5 Variations of the remanent polarization P, with Nb doping
level x

The piezoelectric properties of the Nb-doped PZT films
are shown in Figs. 6 and 7. It is seen that, for both the
Nb-doped PZT films, the observed ds;. remains roughly
unchanged at x <2 and then decreases with increasing
x (Fig. 6). On the other hand, similar to P,, the observed
—e;1 . are increased by the doping of Nb and reaches
a maximum value at x = 2 mol% and 1 mol% for the
PNZT-5347-x and PNZT-4060-x films, respectively (Fig. 7).
At the corresponding optimum doping levels, the observed
—e31 18 18 C/m? and 7.9 C/m?, respectively. On the basis
of the above results, it seems that the Nb dopant does not
afford any improvement in the longitudinal piezoelectric
properties of PZT films, which is quite different from the
experimentally known effects on bulk ceramics. For a PZT
(52/48) bulk ceramic, both the longitudinal and transverse
piezoelectric coefficients are increased by a large amount
(60% and 80%, respectively) after the doping of 2 mol%
Nb [1].
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Fig. 6 Variations of the effective longitudinal piezoelectric coeffi-
cients ds3 . with Nb doping level x
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Our previous work [12] has shown that this apparent
discrepancy can arise from the clamping of the PZT films
by the substrate. Because of the clamping, the films cannot
deform freely during the measurements, and hence the
observed ds;. and es;. are the effective piezoelectric
coefficients, and depend not only on the (true) piezoelectric
coefficients (ds3 and ds;) but also on the elastic compliance
(s, s¥, and sty) of the films [20, 21]:

E
dype = dyy — 2051 5
Be=d3—Fg——f¢ (5)
S11 + 812
d3;
C31c = E E (6)
ST+ 512

It is experimentally known that the donor-type dopant
(e.g. Nb) can increase not only the piezoelectric properties,
but also the elastic compliances of PZT bulk ceramics, and
the increments in different material parameters are different.
Using the experimentally known material parameters of a
PZT (52/48) bulk ceramic [1] and Eqgs.5 and 6, a
calculation has shown that, after the doping of 2 mol%
Nb, the increment in d33 is greatly suppressed to 25% as
compared to that in ds3 (60%), while the change in es; .
remains large (67%) as compared that in d3; (80%). This is
in agreement with our experimental results that there is
only a large increase in e3; ¢, but almost no change in di;
(Figs. 5 and 6).

The variations of the pyroelectric coefficient p with x for
the Nb-doped PZT films are shown in Fig. 8. Similar to P,
and es; ., the observed p first increases and then decreases
with increasing x, and reaching a maximum value at
x = 2 mol% and 1 mol% for the PNZT-5347-x and PNZT-
4060-x films, respectively. At the corresponding optimum
doping levels, the observed p is 350 pC/m* K and 370 pC/
m? K, respectively. This clearly shows that Nb can act to
enhance the pyroelectric properties of the PZT films.
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Fig. 7 Variations of the effective transverse piezoelectric coefficients
e31,c with Nb doping level x
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Fig. 8 Variation of the pyroelectric coefficient p with Nb doping
level x

Although p is defined as the change of the net polari-
zation with increasing temperature, it is still strongly
related to the magnitude of the net polarization of a PZT
film. Kohli and Muralt have shown that p is linearly pro-
portional to the net polarization of a PZT film [22]. Our
experimental results also reveal a similar relation between
p and the net polarization, i.e. P, in this work (Fig. 9).
Clearly, according to Egs. 4-6, there does not exist a
simple relation between dj; ¢, €31 and P,. However, it is
interesting to note a simple relation is obtained between
es1 /¢ and P. (Fig. 10), but not for ds; /¢, and P,. This
should be due to the weaker dependence of e;; . on the
elastic compliance as compared to ds; ¢, referring to Eqs. 5
and 6. So, it is suggested that the transverse piezoelectric
coefficient e3; . should be used as a measure for evaluating
the piezoelectric properties of PZT films.
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Fig. 9 Variation of the pyroelectric coefficient p with P,
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Fig. 10 Variation of e;; /¢, with P,
4 Conclusion

The Nb effects on the dielectric, ferroelectric, piezoelectric
and pyroelectric properties of sol-gel derived PZT films
have been studied. Similar to the cases in bulk ceramics,
after the doping with Nb, the remanent polarization P,
effective transverse piezoelectric coefficients e3;. and
pyroelectric coefficient p of the PZT films increase; but the
longitudinal effective piezoelectric coefficient dis.
remains roughly unchanged. It is suggested that the dis-
crepancy in the observed dsz; . arises from the clamping of
the films by the substrate. The optimum Nb doping level
for improving the piezoelectric and pyroelectric properties
of the PNZT-5347-x and PNZT-4060-x films are about
2 mol% and 1 mol%, respectively. For the PNZT-5347-2
film, the observed P,, ds33., —es3; and p are 30 uC/cmZ,
95 pm/V, 18 C/m?* and 350 uC/m? K, respectively, while
they are 37 pC/cm?, 35 pm/V, 7.9 C/m? and 370 pC/m* K,
respectively, for the PNZT-4060-1 film. Moreover, linear
relation is observed not only between p and P,, but also
between e3 /¢ and Pr.
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