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Single-crystal, mesoscopic films of lead zinc niobate-lead titanate:
Formation and micro-Raman analysis
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A process to form thin films of lead zinc niobate–lead titanate~PZN–PT! from a bulk crystal for
microelectronic and microelectromechanical device applications is presented. The structural phase
transitions and ferroelectric ordering in unpoled crystalline bulk and thin-film relaxor PZN–PT are
studied from2190 °C to 600 °C using polarized micro-Raman scattering. The structural phase
transitions in this material are observed by distinct changes in the polarization selectivity. The
results for the thin film and bulk crystal are in good agreement for a wide range of the temperatures
studied, indicating that the thin-film PZN–PT retains much, if not all, of the structural and
ferroelectric properties of the original bulk substrate. ©2001 American Institute of Physics.
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Single crystal (12x)Pb~Zn1/3Nb2/3!O3-xPbTiO3 ~PZN–
PT! is a relaxor ferroelectric material of considerab
interest.1 Its high electromechanical coupling and piezoele
tric response are superior to the PbZrO3–PbTiO3 solid solu-
tion system used over the last 40 years for transdu
applications.2,3 Its materials characteristics are also mo
temperature insensitive than those in normal ferroelectr
These properties collectively make PZN–PT an attrac
material for use in ultrasonic transducers and piezoelec
actuator devices. However, the molten flux method used
fabricate single-crystal PZN–PT yields macroscopica
thick crystals. For this reason, the development of fabrica
techniques to produce single-crystal PZN–PT films is
considerable technological interest for integrated system

The fabrication of mesoscopic~;1 – 10mm thick!
PZN–PT films possessing characteristics comparable to
bulk material is important for on-chip applications, such
microactuators and valves for microfluidic channels, and
croelectromechanical devices. We use a crystal ion slic
technique to detach thin layers from PZN–PT. A cruc
question in the application of ion slicing is the persistence
the same type of ferroelectric structure in the material.
larized Raman scattering has been shown to be an effe
means of studying ferroelectric phase transitions in both n
mal and relaxor ferroelectric crystals such as PZN–PT.4 The
appearance and intensity of normally silent~inactive! Raman
modes and the extent to which polarization selectivity
Raman scattering is observed are indications of local va
tions in the ferroelectric nanodomains, or long-range fer
electric ordering. A comparison of the Raman scatter
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spectral response of PZN–PT bulk and film materials is t
of interest because it can shed light on the effect of proce
ing and dimensional factors on the dynamics responsible
the strong piezoelectric character of this material system

The unique properties of relaxor ferroelectrics are s
not very well understood and considerable effort is be
devoted to the study of the cluster and nanoregion dynam
responsible for the strong polar–strain coupling in the
materials.5,6 Since the crystalline quality and differences
structural and ferroelectric phases can affect the Raman p
position, linewidth and polarization selectivity, temperatu
dependent polarized micro-Raman scattering was perfor
to compare these parameters in the film and bulk. T
present work shows that the Raman results in the film an
bulk are similar, demonstrating that the energetic ion impl
tation used to process the films has no deleterious effec
the ferroelectric phases of the material.

Single-crystal PZN–4.5% PT samples were grown
the flux method described elsewhere3 and will be referred to
as ‘‘bulk.’’ The crystalline phase purity was confirmed b
x-ray diffraction, and the samples were determined to
~001! oriented. Mesoscopic films of PZN–PT (;7 mm)
were prepared from bulk crystalline~001!-PZN–PT wafers
by slicing a thin layer off the top of the sample flat. Th
technique, known as crystal ion slicing, has been applied
other metal oxides and is described in detail elsewhere.7 The
technique relies on the formation of a sacrificial layer bel
the surface. Singly charged 3.8 MeV helium ions are i
planted 5° off normal to the surface of the PZN–PT bu
sample without masking, to a total implant dose of
31016 ions/cm2. Helium is chosen as the implantation sp
cies because of its small atomic mass, thus yielding a de
0 © 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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buried damage layer. The samples are mounted on a spec
designed, two-inch diameter water-cooled target holder
the temperature of the substrate is maintained below 400
As an added precaution, the beam current during the imp
is kept low (,0.25 mA/cm2) and the uniformity of the im-
plantation is checked by four Faraday cups outside the ta
holder.

After implantation, the sample is annealed at 600 °C
40 s and immersed in a 37% dilution of hydrochloric acid
5 h to detach the thin films. This procedure yields
sacrificial-layer etch rate of;100mm/h/facet. Free-standing
1 mm2 films are obtained and transferred to a glass slide w
the help of a micromanipulator for testing. The bonding
film to glass is by van der Waals forces. Postimplantat
annealing is absolutely necessary to activate the large
selectivity (*500:1) between the sacrificial layer and t
rest of the sample. The role of this postimplantation ann
on the sacrificial layer microstructure is presently under
vestigation and will be reported on in the future.

After separation from the bulk, the sample was exa
ined with both optical and electron microscopy. Figure
shows a scanning electron micrograph of a partially detac
film after 2 h in theetchant. In line with other oxide mater
als etched with ion slicing techniques, the sample surf
was smooth and free of defects. Further, the sample e
were clearly defined with no sign of stress induced dama
Separate experiments from those described here have
firmed that the samples are piezoelectric.8

In order to examine the ferroelectric character of the
sliced sample more exactly, we undertook Raman meas
ments of the vibrational properties. Polarized Raman sca
ing was collected over the range from 150 to 1000 cm21

using the 488.0 nm line of an Ar-ion laser focused to a s
of approximately 2mm in diameter. The Raman spectra we
calibrated with the use of plasma lines from the Ar-ion las
and the accuracy and resolution of the Raman spectra w
better than 1 cm21. For the bulk sample, the spectra we
taken in the backscattering configurationsz(x,x) z̄, z(x,y) z̄,
z(x8,x8) z̄, andz(x8,y8) z̄, wherex, y, x8 andy8 refer to the
^100&, ^010&, ^110&, and^11̄0& directions, respectively. Fo
the thin film, the spectra were taken in the backscatter
configurationz(x9,x9) z̄ andz(x9,y9) z̄, wherex9 andy9 are
perpendicular but otherwise undefined in the plane of
sample.z(x,x) z̄, z(x8,x8) z̄, andz(x9,x9) z̄ are referred to as

FIG. 1. Scanning electron micrograph of partially detached PZN–PT
and substrate using crystal ion slicing is shown.
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parallel configurations andz(x,y) z̄, z(x8,y8) z̄, and
z(x9,y9) z̄ as perpendicular. Care was taken to ensure that
laser was not heating the sample by confirming that the p
linewidths and positions did not depend on the incident la
power intensity for the range used. All reported peak inte
sities, positions, and linewidths are the result of Lorentz
fitting. Measurements were performed on the bulk crys
and thin film at selected temperatures from 23 °C to 600
in both temperature upstroke and downstroke after ea
temperature cycling to 600 °C to ensure that the samp
were not poled. Measurements were also performed on
unpoled bulk crystal and unpoled thin film at selected te
peratures in the range from2190 °C to 23 °C in temperature
downstroke. The sample temperature was controlled
within 60.1 °C by a Linkam THMS 600 heating/coolin
stage. Care was taken to ensure that each spectrum
stable following a controlled change in temperature.

In the room temperature~RT! polarized Raman spectr
from both the unpoled PZN–PT film and the unpoled bu
distinct broad peaks are observed near 270, 590,
780 cm21 with additional weak peaks, one near 420 cm21

and another near 490 cm21. The Raman signal for each con
figuration is stable over time and does not vary spatially
either the bulk or the film. The unpolarized (z(x9,x91y9) z̄
andz(x8,x81y8) z̄) peak position and linewidth of the film
and the bulk are nearly identical~vfilm5777.1, Gfilm583,
vbulk5776.4, andGbulk579 cm21!. There is not much varia-
tion in the peak position with temperature and the linewid
increases slightly with temperature. This is consistent w
the results found in 9% PT material,4 and also with those of
Guptaet al.9 who examined 2%, 8.5%, and 11% PT materi

FIG. 2. ~a! Raman scattering intensities of the;780 cm21 line for the bulk
sample for thez(x,x) z̄, z(x,y) z̄, z(x8,x8) z̄, andz(x8,x8) z̄ configurations,
and the polarization ratiosp ~solid squares! andp8 ~open diamonds! plotted
as functions of temperature are shown. The intensities are offset for cla
and the polarization ratios are on a log scale.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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We define the polarization ratiosp, p8, andp9 to be the
ratios of intensities in the parallel@z(xi ,xi) z̄# to perpendicu-
lar @z(xi ,yi) z̄# polarizations for each coordinate system. F
ure 2~a! shows the intensities of the;780 cm21 line for each
of the configurations, and Fig. 2~b! the values ofp andp8 on
a log scale, both for the bulk sample in temperature upstro
The Raman intensity and polarization selectivity ratiop9
from the unpoled thin film are shown as functions of te
perature for this peak in Fig. 3~a! and 3~b!, respectively. As
seen in Fig. 2~b!, the polarization ratiosp and p8 undergo
changes above 130 °C. Distinct changes inp and p8 with
temperature correspond to the cubic–tetragonal (;168 °C)
and tetragonal–rhombohedral (;136 °C) transitions, which
are consistent with measurements in 4.5% PT materia
other means.10 ~The strong feature near 110 °C inp8 is due
to the tetragonal–rhombohedral transition in the host P
lattice.! Since the same polarization ratio changes are s
for p and p8, such measurements could be made with a
choice of normal axes, such as those forp9. While the varia-
tions in the intensity and polarization selectivity in the fil
~Fig. 3! are different from the bulk, there is a strong featu
near 170 °C and a weak feature near 140 °C that indicate
presence of phase transitions. Both these features are r
ducible after thermal cycling and from film to film, and muc
bigger than the noise of the measurements. Specifically,
intensity in both configurations decreases slightly n
140 °C and the parallel and perpendicular intensities incre
and decrease, respectively, near 170 °C. The fitted peak
sition and linewidth are similar in the film and bulk at tem
peratures from2190 °C to 23 °C~not shown!.

The Raman lines and phonon symmetries in PZN–
have been tentatively assigned in Refs. 4 and 11 and are

FIG. 3. ~a! Raman scattering intensity of the;780 cm21 line for the film for
thez(x9,x9) z̄ andz(x9,y9) z̄ configurations, and~b! the polarization ratiop9
plotted as functions of temperature are shown.
Downloaded 07 Sep 2001 to 128.59.86.96. Redistribution subject to AI
-

e.

-

y

N
en
y

he
ro-

he
r
se
o-

T
ot

discussed here. The appearance of Raman lines above
tetragonal to cubic phase transition in PZN–9% PT ha
been attributed to the presence of nanodomains having s
metry Fm3m in a crystal of Pm3m symmetry.4 The observed
changes in the polarization selectivityp andp8 near 400 °C
and above are explained by a randomly oriented local po
ization that is expected to develop at this temperature.12 All
these features are observed in both film and bulk sam
studied, indicating the same ferroelectric structure in bot

Differences in the variation of the peak intensity a
polarization selectivity of the bulk and the film~Figs. 2 and
3, respectively! and slight differences (,2 cm21) in their
peak energy and width below RT may be due to the prese
of residual defects resulting in domain pinning caused by
implantation. This could be studied by post-detachment
nealing to repair this possible damage. Still, the polarizat
selectivity indicates that the structural phase transitions
the film and the bulk occur at approximately the same te
peratures. In addition, the RT peak position and width of
;780 cm21 peak in the film and bulk are nearly identica
This indicates that the process of forming mesosco
PZN–PT films from bulk does not appear to affect t
mechanism driving the ferroelectric phase transition in
material. Moreover, the piezoelectric performance of the m
soscopic film material is comparable to bulk PZN–PT,
will be reported elsewhere.8

A method for preparing mesoscopic films of PZN–P
has been presented, along with an investigation of the st
ture of these films and bulk PZN–PT by Raman scatteri
The process may allow high-quality epitaxially thin films
PZN–PT and related materials to be easily integrated
microelectromechanical systems and other microelectro
devices. Temperature-dependent, polarized micro-Ra
scattering has been shown to be an effective probe of b
the structural and ferroelectric phases, and demonstrates
the film retains the same composition and much of the str
tural quality of the bulk crystal from which it was processe
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