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bstract

eyond target diameters of 100 mm, multi-target reactive sputtering becomes a promising technology for ferroelectric thin film deposition. The
ain advantages of multi-target sputtering technology are: (i) thin films with precise composition control, (ii) stoichiometric variations on the

arget surface during repeated use are prevented by target preconditioning and operation in the metallic mode, and (iii) higher deposition rate due
o sputtering from metals in the metallic mode. The latter requires a much greater precision in control of the partial pressure of oxygen, e.g., by a

lasma emission monitor. In this work, Pb(Zr,Ti)O3 thin film deposition on 150 mm silicon wafers by an industrial system is demonstrated. This
echnology can be easily scaled-up for larger silicon wafers and is compatible with standard semiconductor technology. Films deposited onto ZrO2

uffer layers were polarized in-plane and they are suitable for piezoelectric MEMS application.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Modern fabrication of devices comprising ferroelectric
hin films like nonvolatile memory elements, high volumet-
ic efficiency capacitors, waveguide devices, nonlinear optical
lements, electromechanical actuators for microelectromechan-
cal systems (MEMS), pyroelectric detectors, etc., requires a
ost-effective deposition technique which is compatible with
ilicon technology. In-plane polarized ferroelectric thin films
n ZrO2 buffered silicon substrates which are required for
igh-sensitivity devices were previously deposited by chemical
olution deposition (CSD) and a subsequent high temperature
nnealing.1–3 In order to improve film quality, the ZrO2 buffer
ayer was manufactured also by pulsed laser deposition.4 How-
ver, the thickness of ferroelectric films deposited by a one-cycle
SD process is about 50–100 nm. Therefore, devices fabrication

equires a multi-layer deposition process. Moreover, to improve
nterface properties, the ZrO2 buffer layer and the ferroelectric

hin film should be deposited without any process interrup-
ion. Thus, thin film sputter deposition is a proper choice for
ndustrial-scale device production. On the other hand, ceramic
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argets beyond diameters of 100 mm are difficult to fabricate.
hey often crack during high-power sputtering due to local heat-

ng. Due to the preferential sputtering phenomenon, they also
ail to retain their original surface composition after repeated
se.5,6 Hence, film stoichiometry can be provided only by select-
ng very sophisticated combinations of deposition parameters,
specially if volatile components like lead are included.7 In con-
rast, metal targets are available with higher purity and large
iameters.8 Additionally, due to the higher heat conduction of
etals, the targets can be used at a higher power density in

omparison to a ceramic target.9 Reactions of sputtered metal
toms with the reactive gas, i.e., reactive sputtering in the transi-
ion mode before the target is completely oxidized, provides
ompound film growth more easily. Therefore, it is favored
or low-temperature, high-rate and large-area deposition.8,10,11

eactive sputtering can be performed either with single targets
omposed of Ti, Zr, and Pb, or by using multiple, indepen-
ently powered targets.10 Also, PbO is used as the lead source
f Pb(Zr,Ti)O3 films due to its higher melting point than metal-
ic lead.11,12 In the case of multi-component targets, the target
esign is generally correct for only a limited range of sputter

onditions. For instance, the applied power must be greater than
he threshold below which the target is oxidized for all of the
omponents in order to maintain constant sputtering conditions
nd hence uniform composition in the final film.10 Moreover,
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r/Ti film deposition is obtained on the PbO lead source due
o a potential difference between the lead oxide sector and the
r/Ti sectors in metallic mode.11

Multi-target reactive sputtering is a simple thin film deposi-
ion technique which meets requirements of device fabrication
n an industrial scale and which has been applied for
b(Zr,Ti)O3 deposition for more than 20 years.9,10,12,13 The
ain advantages of multi-target sputtering are:

(i) thin films with precisely controlled composition can be
obtained, the stoichiometry of the films can be easily varied
by changing the power to the target, e.g., possible loss of
lead due to the elevated temperatures can be compensated
in this way,

(ii) stoichiometric variations on the target surface during
repeated use can be prevented by target preconditioning
and operation in the transition mode,

iii) sputtering from metals in the transition region where the
target racetrack is in the metallic mode and the metal is
oxidized by the reactive gas on the way to the substrate
provides a higher deposition rate,

iv) compatibility with current silicon technology.

ote that the (iii) requires a much greater precision in control
f the partial pressure of oxygen. For this purpose, the plasma
mission monitor (PEM) technique can be employed which is
lready well established as a process control tool for large-area
eactive sputter deposition.14–16

In this work, we demonstrate for the first time the multi-target
eactive sputter deposition of a ZrO2 barrier layer and a PZT thin
lm in one process run onto a 150 mm oxidized silicon wafers.
he PZT film may be polarized in-plane and is thus suitable for
iezoelectric application.

. Experimental

Multi-target reactive sputter deposition was performed in a
S730S sputtering system. The computer controlled system is
quipped with a process chamber and a load-lock, both evacu-
ted by turbomolecular pumps. The process chamber consists
f four 8 in. metal targets, 3 pulsed dc (30 kHz, duty cycle
90%) and 1 RF magnetrons, 2 stationary radiation heaters and
wafer carousel holding four 150 mm silicon wafers (Fig. 1).
dditional oxygen gas channels, which are controlled by piezo-

lectric valves, were introduced near the target surfaces. The
as flow of one channel is controlled by a close-loop feed back
ircuit of the PEM.

The 150 mm silicon wafers were covered with a 500 nm
hermally grown SiO2 layer. Both ZrO2 (thickness 220 nm)
nd PZT films (thickness 350–2000 nm) were sputtered in
n argon/oxygen mixture at a total pressure of 5 × 10−3 to
× 10−3 mbar. The substrate temperature was kept at about
50 ◦C for ZrO2 and at about 580 ◦C for PZT. Argon flow

as kept at 75 sccm (standard cubic centimeters per minute,
sccm ∼= 10/6 Pa l/s) while oxygen flow was controlled by PEM.
ased on PZT deposition process peculiarities, the oxygen sup-
lies to both of the Pb and Zr targets were fixed at 10 sccm. The

a
r
o
f

ig. 1. Schematic diagram of the multi-target-sputter-deposition facility
S730S.

xygen supply to Ti target was controlled by a piezoelectric valve
f close-loop feedback system. This close-loop feedback system
akes use of the Ti spectral line intensity of λ = 453 nm.17 The
afer carousel was revolving at 10 rpm to ensure layer by layer
rowth.

One of the main problems of Pb(Zr,Ti)O3 thin film deposition
s the lead deficiency in film stoichiometry which is due to PbO
olatility18 and preferential resputtering of lead from the grow-
ng film surface atoms by negatively charged oxygen ions.5,20

s a result, grains with insufficient Pb content nucleate at the ini-
ial stage of film deposition even under lead excess conditions.

ost of these grains crystallize into a fluorite (pyrochlore) phase.
he fluorite grains continue to grow until the Pb/(Ti + Zr) ratio

eaches a sufficient value for perovskite grains to be formed. By
his way, a non-ferroelectric interface layer with a thickness of
p to 100 nm is formed.21 By using a thin TiO2 seed layer, we
ave significantly reduced Pb loss at the initial deposition stage.
n this way, we exploit the decreased PbO vapor pressure in the
b(Zr,Ti)O3 + TiO2 system compared to Pb(Zr,Ti)O3 + PbO by
bout one order of magnitude.18 A TiO2 seed layer with an opti-
al thickness of a few nanometers is totally consumed during

he subsequent perovskite phase formation. At higher seed layer
hicknesses, a thin non-ferroelectric interface layer remains. The
eposition of the film bulk is performed under lead excess con-
itions. In this case, a lead excess surface layer is formed which
educes the crystallization temperature required to achieve good
lectrical properties. Thus, the films grow in situ in the ferroelec-
ric perovskite phase, i.e., no thermal treatment after deposition
s needed. The PZT deposition conditions are summarized in
able 1.

The thickness of the deposited film was determined by ellip-
ometry. Crystalline phases and orientation have been analyzed
y means of a Siemens D5000 X-Ray Diffractometer (Co K�
adiation) in θ–2θ mode. Film microstructure characterization
as performed by XRD, AFM, and electron microscopy. Com-
osition analysis included XPS and glow discharge optical
mission spectroscopy (GD-OES). NiCr interdigital electrode

rrays (finger width 5 �m, finger gap 5, 10, and 20 �m, cor-
esponding number of fingers 119, 89 and 48, respectively,
verlapping length 1500 �m) were deposited on the upper sur-
ace of the Pb(Zr,Ti)O3 films and patterned using a conventional
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Table 1
Deposition conditions of PZT films

Target diameter (mm) 200
Target-substrate distance (mm) 65
RF power at Pb (W) 450
dc pulsed power at Zr (W) 800
dc pulsed power at Ti (W) 2000
Total gas pressure (mbar) 6 × 10−3
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Fig. 2. TEM image of the ZrO2/Pb(Pb0.13Zr0.35Ti0.52)O3 interface.
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rgon flow (sccm) 75
xygen flow for Pb, Zr, Ti (sccm) 0–20
ubstrate temperature (◦C) 520–580

ift off process. The dielectric properties and the ferroelectric
olarization were examined by measuring C–V characteristics
nd P–E hysteresis loops. The dielectric constant, the effective
lectrode distance, and the polarization value corresponding to
he measured charge were extracted using a Mathematica pro-
ram based on Gevorian’s model.19

. Results and discussion

As-grown in situ crystallized perovskite films deposited with-
ut any post-annealing process were investigated. The film
eposition rate was 7–10 nm/min in good agreement with pre-
ious work.9 Pb(Zr,Ti)O3 films deposited as described above
ere of single-phase perovskite comprising randomly oriented
rains characterized by a Debye–Scherrer coherence length of
0–40 nm and by fractions of 71% (1 0 0), 6% (1 1 0), and 23%
1 1 1) orientation calculated as22

h k l = (I/I∗)h k l

(I/I∗)l 0 0 + (I/I∗)0 0 l + (I/I∗)1 1 0/1 0 1 + (I/I∗)1 1 1

(1)

here I represents the integrated intensity of a peak and I* is
ts counterpart in a powder sample. Electron diffraction pat-
ern in the transmission electron microscope were assigned
o PZT (1 0 0), (1 1 0), (1 0 1) and (1 1 1). They were in good
greement with XRD data. The rms roughnesses determined
y AFM at the as-grown surface amounted to 38 nm for a
erovskite/fluorite film and to 45 nm for a single-phase per-
vskite film. The film compositions determined by GD-OES
ere Pb(Pb0.31Zr0.28Ti0.41)O3 and Pb(Pb0.13Zr0.35Ti0.52)O3,

espectively. The excess lead content in the films is in good
greement with the recently proposed phase diagram of the
bPbO3–PbTiO3–PbZrO3 solid solution23 and also with the lead
xcess required for single-phase perovskite films deposition.20

ig. 2 illustrates the ZrO2/Pb(Pb0.13Zr0.35Ti0.52)O3 interface.
he P–E hysteresis obtained for different electrode gaps and a
lm thickness of 600 nm is presented in Fig. 3. The values of

nduced charge and applied voltage were converted into polar-
zation and electric field neglecting fringing fields associated
ith finger termination. The obtained in-plane dielectric con-

tants of the films were εr = 700–800 giving evidence of a high

lm quality. Both the dielectric constant and the saturated polar-

zation Ps are linearly related to the longitudinal piezoresponse
hrough:

33 = 2Q11ε0εrPs (2)

A

c

ig. 3. P–E loop of Pb(Pb0.13Zr0.35Ti0.52)O3 with IDE electrodes of 5 �m finger
idth and finger gaps between the adjacent electrodes of 5, 10 and 20 �m.

here Q11 is electrostrictive coefficient which amounts to about
.05 m4/C2.24 Therefore, the longitudinal piezoelectric coeffi-
ient d33 should exhibit the same trends as the dielectric constant
nd polarization. Note, that if the Pb(Zr,Ti)O3 film is poled in
he plane of the film, the in-plane stress and poling direction can
e made to coincide. This results in a longitudinal response of
33 = 265 pm/V where the typical piezoelectric coefficient d33 is
wo to three times larger than the transverse value d31.1 Thus, this
ork describes a promising technology for industrial fabrication
f piezoelectric MEMS devices.

. Conclusions

Multi-target reactive sputtering of Pb(Pb0.13Zr0.35Ti0.52)O3
hin films is demonstrated. Deposition was performed onto oxi-
ized 150 mm silicon wafers covered with a ZrO2 buffer layer.
his promising technology for large-area deposition is easily
caled-up for larger silicon wafers and is compatible with stan-
ard silicon wafer technology. The films were polarized in-plane
y biasing an interdigital electrode structure and they are suitable
or piezoelectric MEMS applications.
cknowledgements

This work was supported by the German Research Coun-
il (Deutsche Forschungsgemeinschaft) as part of the Research



3 pean

G
m
D

R

1

1

1

1

1

1

1

1

1

1

2

2

2

792 G. Suchaneck et al. / Journal of the Euro

roup FOR520. GD-OES Analysis was performed by V. Hoff-
an, Leibniz Institute for Solid State and Materials Research
resden.

eferences

1. Xu, B., Ye, Y. and Cross, L. E., Dielectric hysteresis from transverse elec-
tric fields in lead zirconate titanate thin films. Appl. Phys. Lett., 1999, 74,
3549–3551.

2. Song, Z. T., Chong, N., Chan, H. L. W. and Choy, C. L., Electrical and
pyroelectric properties of in-plane polarized lead lanthanum titanate thin
film. Appl. Phys. Lett., 2001, 79, 668–670.

3. Zhou, Q., Zhang, Q., Xu, B. and Trolier-Mc-Kinstry, S., In-plane polarized
0.7Pb(Mg1/3Nb2/3)O3–0.3PbTiO3 thin films. J. Am. Ceram. Soc., 2002, 85,
1997–2000.

4. Song, Z. T., Chan, H. L. W., Choy, C. L. and Lin, C. L., Dielectric and
ferroelectric properties of in-plane lead lanthanum titanate thin films. Micro-
electron. Eng., 2003, 66, 887–890.

5. Auciello, O. and Kingon, A. I., A critical review of physical vapor depo-
sition techniques for the synthesis of ferroelectric thin films. In ISAF’92:
Proceedings of the Eighth IEEE International Symposium on Applications
of Ferroelectrics, 1992, pp. 320–331.

6. Sreenivas, K. and Sayer, M., Characterization of Pb(Zr,Ti)O3 thin films
deposited from multi-element metal targets. J. Appl. Phys., 1988, 95,
1484–1493.

7. Hirata, K., Ishibashi, K. and Hosokawa, N., Study of the sputtering of
one-, two- and three-component targets for the preparation of Yba2Cu3O7

superconducting films. Thin Solid Films, 1991, 206, 132–136.
8. Croteau, A. and Sayer, M., Growth and characterization of Pb(Zr,Ti)O3

films deposited by reactive sputtering of metallic targets. In Proceedings
of the ISAF’86: IEEE Sixth International Symposium on Applications of
Ferroelectrics, 1986, pp. 606–609.

9. Bruchhaus, R., Pitzer, D., Schreiter, M. and Wersing, W., Optimized PZT
thin films for pyroelectric IR arrays. J. Electroceram., 1999, 3, 151–
162.

0. Sayer, M., Fabrication and application of multi-component piezoelectric thin

films. In Proceedings of the ISAF’86: IEEE Sixth International Symposium
on Applications of Ferroelectrics, 1986, pp. 560–568.

1. Zhang, W.-X., Sasaki, K. and Hata, T., Analysis of sputter process on a new
ZrTi + PbO target system and its application to low temperature deposition
of ferroelectric Pb(Zr,Ti)O3 films. Jpn. J. Appl. Phys., 1996, 35, 1868–1872.

2

2

Ceramic Society 27 (2007) 3789–3792

2. Knollenberg, C. F., Sputter deposition of piezoelectric lead zirconate titanate
thin films for use in MEMS sensors and actuators. MSc thesis, University
of California, Berkeley, CA, 2001.

3. Fukami, T., Sakuma, T., Tokunaga, K. and Tsuchiya, H., Ferroelectric films
deposited by reactive sputtering and their properties. Jpn. J. Appl. Phys.,
1983, 22(2), 18–21.

4. Schiller, S., Heisig, U., Korndörfer, C., Beister, G., Reschke, J., Steinfelder,
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