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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 titan@EN—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 from—190°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-flm PZN—PT retains much, if not all, of the structural and
ferroelectric properties of the original bulk substrate. 26001 American Institute of Physics.
[DOI: 10.1063/1.1397741

Single crystal (I-x)Ph(Zny;sNby5)O5-XxPbTiO; (PZN—  spectral response of PZN—PT bulk and film materials is thus
PT) is a relaxor ferroelectric material of considerable of interest because it can shed light on the effect of process-
interest® Its high electromechanical coupling and piezoelec-ing and dimensional factors on the dynamics responsible for
tric response are superior to the PbZ+®bTiG; solid solu-  the strong piezoelectric character of this material system.
tion system used over the last 40 years for transducer The unique properties of relaxor ferroelectrics are still
applications? Its materials characteristics are also morenot very well understood and considerable effort is being
temperature insensitive than those in normal ferroelectricslevoted to the study of the cluster and nanoregion dynamics
These properties collectively make PZN-PT an attractivgesponsible for the strong polar—strain coupling in these
material for use in ultrasonic transducers and piezoelectrignaterials>® Since the crystalline quality and differences in
actuator devices. However, the molten flux method used tgtructural and ferroelectric phases can affect the Raman peak
fabricate single-crystal PZN-PT yields macroscopicallyposition, linewidth and polarization selectivity, temperature-
thick crystals. For this reason, the development of fabricatioriependent polarized micro-Raman scattering was performed
techniques to produce single-crystal PZN-PT films is ofto compare these parameters in the film and bulk. The
considerable technological interest for integrated systems. present work shows that the Raman results in the film and in

The fabrication of mesoscopi¢~1-10um thickl  pulk are similar, demonstrating that the energetic ion implan-

PZN-PT films possessing characteristics comparable to th@tion used to process the films has no deleterious effect in
bulk material is important for on-chip applications, such asthe ferroelectric phases of the material.

microactuators and valves for microfluidic channels, and mi-  Single-crystal PZN-4.5% PT samples were grown by
croelectromechanical devices. We use a crystal ion slicinghe flux method described elsewheand will be referred to
technique to detach thin layers from PZN-PT. A crucialas “bulk.” The crystalline phase purity was confirmed by
question in the application of ion slicing is the persistence o.ray diffraction, and the samples were determined to be
the same type of ferroelectric structure in the material. Po001) oriented. Mesoscopic films of PZN—PT~{ wm)
larized Raman scattering has been shown to be an effectiVgere prepared from bulk crystallin@01)-PZN—PT wafers
means of studying ferroelectric phase transitions in both norpy gjicing a thin layer off the top of the sample flat. This

i 4 ) . g .
mal and relaxor ferroelectric crystals such as PZN=FMie  technique, known as crystal ion slicing, has been applied to
appearance and intensity of normally siléinctiveg Raman  gther metal oxides and is described in detail elsewhdiee
modes and the extent to which polarization selectivity intechnique relies on the formation of a sacrificial layer below
Raman scattering is observed are indications of local variaghe syrface. Singly charged 3.8 MeV helium ions are im-
tions in the ferroelectric nanodomains, or long-range ferro'planted 5° off normal to the surface of the PZN—PT bulk
electric ordering. A comparison of the Raman scatteringsarm|e without masking, to a total implant dose of 5
X 10'®jons/cnt. Helium is chosen as the implantation spe-
dElectronic mail: mlevy@mtu.edu cies because of its small atomic mass, thus yielding a deeply
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FIG. 1. Scanning electron micrograph of partially detached PZN-PT film
and substrate using crystal ion slicing is shown.

buried damage layer. The samples are mounted on a specially
designed, two-inch diameter water-cooled target holder and
the temperature of the substrate is maintained below 400 °C.
As an added precaution, the beam current during the implant
is kept low (<0.25 mA/cnf) and the uniformity of the im- 0 100 200 300 400 500 800
plantation is checked by four Faraday cups outside the target
holder.

After implantation, the sample is annealed at 600 °C fofiG. 2. (a) Raman scattering intensities of the780 ci line for the bulk
40 s and immersed in a 37% dilution of hydrochloric acid forsample for thez(x,x)z, z(x,y)z, z(x’,x')z, andz(x’,x')Z configurations,
5 h to detach the thin films. This procedure yields aand the polarization ratios (solid square)sandp’ (opgr_l diamondsplotted _
sacrificial-layer etch rate of 100um/h/facet. Free-standing as functions of temperature are shown. The intensities are offset for clarity,

. . . ...and the polarization ratios are on a log scale.

1 mn¥ films are obtained and transferred to a glass slide with
the help of a micromanipulator for testing. The bonding of
film to glass is by van der Waals forces. Postimplantatiorparallel configurations andz(x,y)z, z(x',y’)z, and
annealing is absolutely necessary to activate the large etct{x”,y”)z as perpendicular. Care was taken to ensure that the
selectivity (=500:1) between the sacrificial layer and the laser was not heating the sample by confirming that the peak
rest of the sample. The role of this postimplantation annedinewidths and positions did not depend on the incident laser
on the sacrificial layer microstructure is presently under infpower intensity for the range used. All reported peak inten-
vestigation and will be reported on in the future. sities, positions, and linewidths are the result of Lorentzian

After separation from the bulk, the sample was examditting. Measurements were performed on the bulk crystal
ined with both optical and electron microscopy. Figure land thin film at selected temperatures from 23°C to 600°C
shows a scanning electron micrograph of a partially detacheith both temperature upstroke and downstroke after earlier
film after 2 h in theetchant. In line with other oxide materi- temperature cycling to 600°C to ensure that the samples
als etched with ion slicing techniques, the sample surfac&ere not poled. Measurements were also performed on the
was smooth and free of defects. Further, the sample edgempoled bulk crystal and unpoled thin film at selected tem-
were clearly defined with no sign of stress induced damageperatures in the range from190 °C to 23 °C in temperature
Separate experiments from those described here have codewnstroke. The sample temperature was controlled to
firmed that the samples are piezoelec¥ric. within =0.1°C by a Linkam THMS 600 heating/cooling

In order to examine the ferroelectric character of the ionstage. Care was taken to ensure that each spectrum was
sliced sample more exactly, we undertook Raman measuratable following a controlled change in temperature.
ments of the vibrational properties. Polarized Raman scatter- In the room temperaturéRT) polarized Raman spectra
ing was collected over the range from 150 to 1000&m from both the unpoled PZN—PT film and the unpoled bulk,
using the 488.0 nm line of an Ar-ion laser focused to a spotlistinct broad peaks are observed near 270, 590, and
of approximately 2um in diameter. The Raman spectra were 780 cmi * with additional weak peaks, one near 420¢m
calibrated with the use of plasma lines from the Ar-ion laserand another near 490 crh The Raman signal for each con-
and the accuracy and resolution of the Raman spectra wefiguration is stable over time and does not vary spatially for
better than 1 cm. For the bulk sample, the spectra were either the bulk or the film. The unpolarized(§”,x"+y")Z
taken in the backscattering configuratiar{x,x)z, z(x,y)z, andz(x',x"+y’)z) peak position and linewidth of the film
z(x',x")z, andz(x’,y")z, wherex, y, x" andy’ referto the and the bulk are nearly identic@g,,=777.1, I'f,=83,
(100, (010, (110), and(110) directions, respectively. For wpy=776.4, and p,,=79 cm ). There is not much varia-
the thin film, the spectra were taken in the backscatteringion in the peak position with temperature and the linewidth
configurationz(x”,x")z andz(x",y")z, wherex” andy” are  increases slightly with temperature. This is consistent with
perpendicular but otherwise undefined in the plane of thehe results found in 9% PT materfagnd also with those of

samplez(x,x)z, z(x',x')z, andz(x",x")Z are referred to as Guptaet al® who examined 2%, 8.5%, and 11% PT material.
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o ' ‘ ' ] discussed here. The appearance of Raman lines above the
r —a—zZ(x"X")z @ 3 tetragonal to cubic phase transition in PZN-9% PT have
-~ T —a—z(x"y")z ] been attributed to the presence of nanodomains having sym-
3 i “\ ] metry Fm3m in a crystal of Pm3m symmefr§he observed
E L \\A pod®a ] changes in the polarization selectiviyandp’ near 400°C
g . \ J . B, e . and above are explained by a randomly oriented local polar-
Eé C \‘\H/ A/““ \MXK \ ] ization that is expected to develop at this temperattizl
= I \ / ‘ —\A ] these features are observed in both film and bulk samples
f v s ] studied, indicating the same ferroelectric structure in both.
0 50 100 150 200 280 Differences in the variation of the peak intensity and
polarization selectivity of the bulk and the fil{figs. 2 and
1.6 - - ' * ' 3, respectively and slight differences<2 cm?) in their
14 —a—p" ®) ] peak energy and width below RT may be due to the presence
of residual defects resulting in domain pinning caused by the
o ter 4 1 implantation. This could be studied by post-detachment an-
LN i nealing to repair this possible damage. Still, the polarization
- /\\A ot . selectivity indicates that the structural phase transitions in
08 s A el ] the film and the bulk occur at approximately the same tem-
06k i peratures. In addition, the RT peak position and width of the
~780cm ! peak in the film and bulk are nearly identical.
045 50 00 150 200 250 This indicates that the process of forming mesoscopic

PZN-PT films from bulk does not appear to affect the
mechanism driving the ferroelectric phase transition in the
FIG. 3. (a) Raman scattering intensity of the780 cnTline for the film for ~ Material. Moreover, the piezoelectric performance of the me-
thez(x”,x")z andz(x",y")z configurations, an¢b) the polarization ratip” soscopic film material is comparable to bulk PZN-PT, as
plotted as functions of temperature are shown. will be reported elsewhef®.

A method for preparing mesoscopic films of PZN-PT
has been presented, along with an investigation of the struc-
ture of these films and bulk PZN-PT by Raman scattering.
The process may allow high-quality epitaxially thin films of
PZN-PT and related materials to be easily integrated into

of the configurations, and Fig(l® the values op andp’ on microelectromechanical systems and other microelectronic
a log scale, both for the bulk sample in temperature upstrokél€Vices. Temperature-dependent, polarized micro-Raman

The Raman intensity and polarization selectivity ragit scattering has been shown to be an effective probe of both
from the unpoled thin film are shown as functions of tem_the structural and ferroelectric phases, and demonstrates that

perature for this peak in Fig.(8 and 3b), respectively. As the film rgtains the same composition gnd.much of the struc-
seen in Fig. B), the polarization ratiop andp’ undergo tural quality of the bulk crystal from which it was processed.

changes above 130°C. Distinct changespimnd p’ with The authors thank Professor H. Bakhru of SUNY at Al-
temperature correspond to the cubic—tetragonal§8°C)  pany for the ion implantation. This work was supported by
and tetragonal-rhombohedrat (36 °C) transitions, which NsE Grant No. ECS-99808281.L. and R.M.O), Joint Ser-
are consistent with measurements in 4.5% PT material by;oq Electronics ProgradSER Contract No. DAA-G05S-

0 o~ g
other means? (The strong feature near 110°C i is due  97.0166 and the shared experimental facilities of the NSF
to the tetragonal-rhombohedral transition in the host PZNyrsec under Award No. DMR-9809687.
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We define the polarization ratigs p’, andp” to be the
ratios of intensities in the parallgz(x; ,x;)z] to perpendicu-
lar [ z(x; ,y;)z] polarizations for each coordinate system. Fig-
ure Aa) shows the intensities of the 780 cm ! line for each
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