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A LiNbO5/ZnO multilayer with a preferred c-axis orientation normal to the plane of
the substrate was grown on glass and Si0O,/Si substrates by laser ablation. The
piezoelectric activity in as-deposited films was demonstrated using a novel approach to
the atomic force microscope. In the presence of an in-plane, low-frequency (0.1-5 Hz)
alternating current electric field, we monitored and imaged the induced piezoelectric
response normal to the film plane between two electrodes.

Lithium niobate (LiNbOj;) is a fascinating material
with a valuable combination of piezoelectric and nonlin-
ear optical properties. Many integrated devices can be
envisaged if thin films of LiNbO; can be grown at a
lower processing temperature. In-line fiber optic modu-
lators, domain-engineered interfaces for controlled
electro-optic deflections, integrated optical waveguide
structures,’ temperature stable surface acoustic wave
(SAW)? and acousto-optic devices are some of the po-
tential applications.

Epitaxial quality LiNbO; thin films have been depos-
ited on sapphire and LiTaO; single-crystal substrates.
Optical waveguiding® and SAW propagation® have been
demonstrated. Since LiNbO; exhibits enhanced proper-
ties along specific crystallographic directions, there is a
growing interest in finding matched substrate materials,
buffer layers, and electrode layers that promote the de-
sired crystallization of LiNbO;. LiNbO; films with pre-
ferred c-axis orientation have been reported on silicon
(Si) using buffer layers of SiO,, Si;N,, Pt, and/or Al,O,
by sputtering,®® while a conducting buffer layer of
ZnO on a glass substrates has been used to deposit ori-
ented LiNbO, films using pulsed-laser ablation.'®
The multilayered structure of LiNbO,;/Zn0O/Si0O,/Si
offers several attractive possibilities because the under-
lying ZnO buffer layer can be deposited with tailored
properties that can provide transparent conducting,
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insulating, piezoelectric, and electro-optic functions.
However, the influence of buffer layer thickness, and
actual piezoelectric activity in c-axis-oriented LiNbO;
films deposited on Si or glass has not yet been reported.

In recent years, atomic force microscopy (AFM)-based
techniques have gained considerable interest in imaging
domain structures and in the measurement of small pi-
ezoelectric displacements.''™"® Gruverman et al.'* per-
formed measurements of lead zirconate titanate (PZT)
thin films by applying a voltage between a bottom elec-
trode of the sample and a conducting tip of AFM, which
acted as a movable electrode. The polarization distribu-
tion in PZT thin film was imaged using this configu-
ration. However, the electric field generated by AFM tip
was highly inhomogeneous. Alternatively, Christman
et al.'® made measurements by applying a voltage be-
tween the deposited top and bottom electrode of the
sample, and demonstrated a submicrometer variation of
piezoelectric properties in PZT capacitors. With this con-
figuration, a homogeneous electric field is generated
throughout the piezoelectric layer, and the electrostatic
tip—sample interaction was suppressed by the use of a
conducting AFM tip. However, in a piezoelectric—metal—
piezoelectric structure in thin film form, a dense and a
sufficiently thick piezoelectric film becomes necessary to
prevent electrical shorting between the top and bottom
electrodes.

In this article, we report on the growth of ¢ axis-
oriented LiNbO; films using a ZnO buffer layer on glass
substrates. The influence of ZnO buffer layers on the
crystallization of LiNbO5 is shown to be significant in
obtaining an oriented growth of the film. In addition, the
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piezoelectric activity in a ¢ axis-oriented LiNbO5/ZnO
multilayer has been imaged, in the presence of an applied
low-frequency, in-plane potential, by means of the AFM
technique.

A LiNbO5/ZnO bilayer was deposited in situ on glass
(Corning, 7059, Corning, NY) and SiO,-passivated sili-
con substrates by a laser-ablation technique. Sintered ce-
ramic targets of [LiNbO; + 5% excess Li] and ZnO were
ablated using a Continuum (model NY81-C) Nd:YAG
laser operating in the tripled frequency mode (355 nm)
with a pulse-repetition rate of 10 Hz and an energy den-
sity of 1.0-1.5 J/cm?. The substrate temperature (T,) was
varied between 300 °C and 700 °C, while the oxygen
pressure during film deposition was maintained at
0.1 mbar. After deposition, the films were slowly cooled
in oxygen ambient at the same pressure. The film surface
morphology was investigated using a Burleigh AFM.
Planar electrodes 2 mm apart were used to study the
piezoelectric activity on the surface of the ZnO and
LiNbOj; thin films.

Figure 1 shows a typical x-ray diffraction pattern
obtained from thin and thick ZnO films deposited at
T, = 450 °C. A peak corresponding to the (002) reflec-
tion of ZnO at 20 = 34.4° confirms the c-axis orien-
tation of the film. The inset (a) in Fig. 1 is a plot of the
variation in the full width at half maximum (FWHM) of
the (002) ZnO peak in a 26-0 scan for both a thick film
(1 wm) and an ultrathin film (~20 nm) as a function of the
substrate temperatures during deposition. As seen in Fig. 1
(inset), the FWHM is found to decrease with increasing
substrate temperatures, and the figure revealed that the
optimum substrate temperature for the growth of ¢ axis-
oriented ZnO thin films is 400 °C. AFM morphology
scans show that the ultrathin ZnO film is continuous with
a uniform grain [Fig. 2(a)] and that the grain size is found
to increase with the thickness of the film [Fig. 2(b)]. Also,
the mean roughness of the ZnO film is found to increase
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FIG. 1. A typical x-ray diffraction pattern obtained for a ZnO film

deposited by laser ablation. (Inset) Variation in FWHM of the (002)
peak with T, for ultrathin and thick ZnO films.

62.48 A

X: 2.00 pm
(b) .
FIG. 2. Surface topography of (a) ultrathin and (b) thick ¢ axis-
oriented ZnO films.
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through the range 1.78-11.34 nm with increasing thickness
(20-1000 nm). This increase in the roughness appears to be
related to the increase in grain size with film thickness.

LiNbO; films were basically polycrystalline in nature
when deposited on a SiO,/Si substrate at T, = 500 °C
without the ZnO buffer layer [Fig. 3(a)]. However, the
overgrowth of LiNbO; on a ¢ axis-oriented ZnO buffer
layer (=20 nm) at T, = 500 °C clearly exhibited the
(006) reflection of LiNbO5 at 20 = 39.1° [Fig. 3(b)], and
could be reproduced on fused quartz and Corning 7059
glass substrates [Fig. 3(c)]. The substrate temperature
was critical, and a highly ¢ axis-oriented LiNbO; film
on a ZnO buffer layer was obtained for a minimum
T, = 450 °C. The ultrathin ZnO film (20 nm) appears to
be adequate to act as a seeding layer for promoting the
crystallization of c-axis LiNbOj.

The experimental setup for studying the piezoelectric
activity in as-grown LiNbO; and ZnO thin films (thick-
ness 1 wm) is shown in Fig. 4. We have used the AFM
to monitor and image the piezoelectric mechanical oscil-
lations normal to the film surface between the points at
which an in-plane low frequency electric field is applied.
Images were obtained in the contact mode of the AFM
using a platinum-coated silicon tip having a cantilever
length of 200 wm and a width of 40 wm with a typical
force constant of 0.35 N/m. A square or a sine-wave
voltage signal of frequency 0.1-5.0 Hz, suitably ampli-
fied using a Kepco voltage amplifier (Kepco Inc., NY),
was applied between the two planner electrodes (2 mm
apart), and scanning was performed between the elec-
trodes. The frequency of the applied signal and the scan-
ning speed of the AFM were selected in such a way as to
allow the AFM tip to follow the change in dimensions of
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the piezoelectric material with the oscillating electric
field. The change in the surface topography (Fig. 5) of
the piezoelectric film was found to depend on the fre-
quency and the shape of the applied signal. With an
increase in the frequency to 5 Hz, the mechanical vibra-
tions on the film surface were fast and resulted in more
periodic oscillations in the scanned image. However, be-
yond 5 Hz it was difficult to resolve the increasingly large
number of mechanical vibrations due to the slow scan speed
of the AFM.

In this work, we have shown that it is possible to
image the change in dimensions, that is, the change in
length perpendicular to the surface, due to the piezoelec-
tric effect when an electric field is applied along the
plane of the LiNbO; or ZnO film. The entire surface
between the two electrodes moves up and down, and
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FIG. 3. X-ray diffraction pattern for LiNbO; thin films (at T, =
500 °C) (a) LiNbO5/SiO,/Si (b) LiNbO,;/Zn0O/Si0,/Si, and (c)
LiNbO3/ZnO/glass. It shows the effect of the ZnO buffer layer on the
crystallization of ¢ axis-oriented LiNbO; thin films grown on different
substrates.
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gives rise to wavelike surface topology in the scanned
image. The time taken between the two maxima in the
image shown in Fig. 5(a) corresponds well with the time
period of the applied voltage signal.

In AFM, the tip of the microscope is known to expe-
rience a number of forces. In the present case, in which
the response is not observed at the second harmonic, the
main forces acting on the tip seem to be due to
the applied in-plane electric field and the piezoelectricity
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FIG. 4. AFM setup for imaging the piezoelectric response normal to
the film surface. (Inset) Sample geometry for generating a piezoelec-
tric response in ZnO and LiNbO; thin films.
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FIG. 5. Surface topography of a LiNbO,/ZnO/glass bilayer in the
presence of (a) square-wave and (b) sine-wave electrical signals ap-
plied between the planner electrodes (frequency 0.5 Hz). It shows that
the surface of a piezoelectric film follows the shape and frequency
of the electrical signal.
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of the material. The effect of electrostatic interactions
between the tip and the film surface was reduced with the
use of a conducting tip.'"® A small influence of electro-
static force indeed was observed when the scanning was
performed on a bare glass substrate. The inset of Fig. 6
shows the line profile of the AFM image for a glass
substrate, and the as-grown c-axis-oriented ZnO and/or
LiNbOj; thin films in the presence of an in-plane square
voltage signal. In the case of a glass substrate [Fig. 6
inset (a)], the displacement of the tip observed due to
electrostatic interaction is found to decay even in the
presence of an in-plane voltage between the electrodes.
In contrast, for a piezoelectric film surface saturation in
the tip displacement is observed as long as the exciting
in-plane voltage is present [Fig. 6 inset (b)]. The laser-
ablated ZnO, LiNbO;, and sputtered ZnO thin films in
the present work exhibited similar changes in the topog-
raphy (Fig. 5), indicating the presence of piezoelectricity.
The piezoelectric nature of the sputtered ZnO films was
confirmed further by fabricating a SAW delay line.”® A
linear relationship between the tip displacement with the
applied voltage for sputtered ZnO, and the as-grown,
laser-ablated ZnO and LiNbO5/ZnO is observed (Fig. 6),
which is a well-known characteristic of piezoelectric ma-
terials. The tip displacement with applied voltage was
much larger for the LiNbO/ZnO structure in comparison
to ZnO films and is understood in terms of its relatively
large electromechanical coupling coefficient. Beyond
80 V, a significant decrease in tip displacement was ob-
served in the case of laser-ablated ZnO films and might
be due to some high-voltage conduction phenomenon. To
calculate the piezoelectric constant and to understand the
relatively large tip distance with the applied voltage

180 —3
g ® - ascr ablaed
o | B AN L @ Lo
i T VAR VAR . /_,-4—1-”"’11
[ 140 ol E -1s — ..
= g 100 A ] -
S0 F® Lt fes r
E ok Ty WU \_,é " -
E 00 B0 ’r" Spullered Znl
8 gy Position (i)~ A
LE. 4.'/' ,,,,,,,,,, O T.agen ahlated
80 = Zniy
] 2 .
e 40 | L - ‘m—-—m 1
= giisias s sulraie
il T8 ety e T A TR
o £ : : . s

30 40 50 60 70 80 20 100 110 120
Voltage (V)

FIG. 6. Variation in tip displacement normal to the film surface in the
presence of in-plane applied square voltage signal for () laser-
ablated LiNbO,/ZnO/glass, (O) sputtered ZnO/glass, (M) laser-ablated
ZnO/glass, and (A) glass substrate. (Inset) The difference between the
responses generated by electrostatic force and that by the piezoelectric
force. (a) Line profile of an AFM image showing the decay of tip
displacement even in the presence of an in-plane applied voltage
between the electrodes on a bare-glass substrate (nonpiezoelectric).
(b) Saturation in tip displacement as long as the exciting in-plane
voltage is present on the piezoelectric film surface.

observed in the present case requires further investiga-
tions, because tip geometry and the type of the feedback
system used in the AFM influence the tip displacement.*'-**

In summary, an optimum thickness of 20 nm of a
c-axis-oriented ZnO film is found to promote the growth
of ¢ axis-oriented LiNbO; films on glass and SiO,/Si
substrates at a minimum substrate temperature of 450 °C.
AFM has been used to demonstrate and to image the
piezoelectric activity in LiNbO; and ZnO thin films. A
large piezoelectric effect is observed in the laser-ablated
LiNbO,/ZnO multilayer in comparison to sputtered and
laser-ablated ZnO films.
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