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Analysis of phase distributions in the Lip O—Nb, O5-TiO; system by

piezoresponse imaging

Abstract

The M-phase solid solutions Li1+x_be1_x_3yTix+4yO3) (0.1<x<0.3,0<y<0.175) in the
Li»O-NbO5-TiO; system have promising microwave dielectric properties. However, these compounds can
contain small quantities of ferroelectric impurities that affect the polarization response of the material. Due to
their low concentration and their chemical similarity to the host material, the impurities cannot be detected
by x-ray diffraction or local elemental analysis. Scanning surface potential microscopy and piezoresponse
imaging were used to analyze phase compositions in this system. Piezoresponse imaging demonstrated the
presence of thin (<200-300 nm) ferroelectric layers on the grain boundaries oriented along the c-axis of the
M-phase. Differences between the surface potential and the piezoresponse of ferroelectric multicomponent
systems are discussed.
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Analysis of phase distributions in the Lb,O—Nb,Os—TiO,
system by piezoresponse imaging
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The M-phase solid solutions Lj,_,Nb;_, 5 Ti,,4,03) (0.1 < x=<0.3,0sy = 0.175)

in the Li,O—Nb,O—TiO, system have promising microwave dielectric properties.
However, these compounds can contain small quantities of ferroelectric impurities that
affect the polarization response of the material. Due to their low concentration and
their chemical similarity to the host material, the impurities cannot be detected by
x-ray diffraction or local elemental analysis. Scanning surface potential microscopy
and piezoresponse imaging were used to analyze phase compositions in this system.
Piezoresponse imaging demonstrated the presence of thin (<200—300 nm) ferroelectric
layers on the grain boundaries oriented alongdaxis of theM-phase. Differences
between the surface potential and the piezoresponse of ferroelectric multicomponent
systems are discussed.

Phase analysis has always been a critical tool for indard solid-state techniques. Several heatings at 1100 °C
vestigations in the fields of solid-state chemistry andwere required to produce samples that were single-phase
inorganic materials. X-ray diffraction (XRD) can be usedto x-rays. The necessity of multicycle annealing for some
to resolve different phases in multiphase samplesompositions suggests that equilibrium in this system is
provided that the phases are present in relatively higldifficult to achieve. This is consistent with the complex
concentration £#5%). When the nature of small concen- character of thé-phase structures and is often observed
trations of impurity phases must be determined, methods systems that exhibit long periodicities.
of local structural and compositional analysis are used, Polarization measurements were performed with a RT-
such as electron diffraction or energy dispersive x-ray66A ferroelectric test system (Radiant Technologies,
spectroscopy (EDX). However, these techniques are ndhc., Albuquerque, NM) in virtual ground mode. Al-
applicable for distinguishing phases with very similarthough LiNbO-based solid solutions, which form a
compositions. In these cases properties other than conphase field adjacent to thel-phase region, are well-
position or structure must be probed to conduct reliabl&known ferroelectrics with high remanent polarizations,
phase analysis. In this communication we report on thenost of theM-phase samples exhibited purely paraelec-
application of piezoresponse imaging and scanning sutfic behavior. However, some compositions with a low Ti
face potential microscopy for phase analysis in th®lt  content gave a weak ferroelectric response (approxi-
Nb,O—TiO, system. mately 10'-102 wC/cn?). The value of the remanent

Phase equilibria in the LO—Nb,O;—TiO, ternary sys- polarization varied inconsistently even for different
tem were studied in detail by Villafuerte-Castretral?  samples of the same composition. The most pronounced
Among the many phases described, the so-calldd “ effect was observed in LiNb, oTiy ;05 The shape of
phase” L, Nb; 3 Ti,,4,03(0.1<x<0.3,0sy=< the corresponding hysteresis loop was irregular (Fig. 1),
0.175) solid solutions have been shown to be of particusuggesting considerable leakage in the system, and it did
lar interest because of their promising microwave dielecnot saturate for fields up to approximately 60 kV/cm.
tric properties> Transmission electron microscopy and It was concluded that aM-phase solid solutions are in
XRD investigation$ °® suggest that these phases havefact paraelectric and that the weak ferroelectric response
complex structures of variable periodicity, formed by thein some compositions is caused by a ferroelectric impu-
intergrowth of LiINbO;-like blocks with layers of a dif- rity, namely a LiNbQ solid solution that is not detected
ferent structural nature. by XRD. The magnitude of the observed remanent po-

Samples within theM-phase field were synthesized larization suggests that the quantities of this second
from dried Li,CO; (Baker, 99.0%), NBO; (Cerac, phase are very smalP( for pure LiNbQ, is 50 wC/cn?)’
99.95%), and TiQ (Cerac, 99.9%) powders using stan- and have a small effect on the bulk characteristics of the

J. Mater. Res., Vol. 16, No. 2, Feb 2001 © 2001 Materials Research Society 329



Rapid Communications

5710 15 20
17 E, kVicm

FIG. 1. Typical hysteresis loop for LiNbg gTig 1O5.

and the piezoelectric response of the surface is de-
tected as the first harmonic component of the bias-
induced tip deflection. In SSPM the tip is held at a
fixed distance above the surface (typically 10—-100 nm)
and the feedback loop is used to nullify the first harmonic
of the electrostatic force between the tip and the sur-
face by adjusting the constant bias on the tip. It is
generally assumed that SSPM provides quantitative in-
formation on local potentials related to local polarization,
adsorbates, etc. Topographic inhomogeneities also
strongly influence the potential ima§é?RI provides in-
formation on polarization through the local piezore-
sponse; however, the contrast in PRI may include
contributions from Maxwell stress€spolarization
switching below the tip, etc. It should be noted that vast
majority of PRI studies were performed on single-phase
samples? 3 while the potential of this technique for
phase analysis of multiphase systems is as yet unex-
plored. At the same time, SSPM and PRI of multiphase

samples. Verification of this conclusion was attemptedsystems can further the understanding of the role of
by local elemental analysis; however, the compositionaflifferent factors in the imaging mechanism of both

similarity of the M-phases and the LiNbOsolid solu-
tions prohibited their identification. Because the LiINpO

techniques.
The atomic force microscopy, SSP¥and piezore-

solid solution exhibits ferroelectric and piezoelectric sponse measurements were performed on a commercial
properties, while théM-phase is paraelectric, successfulinstrument (Digital Instruments Dimension 3000 NS-IlI,
phase identification was found to be possible using pieSanta Barbara, CA) additionally equipped with a
zoresponse imaging (PRI) and scanning surface potentislVavetek function generator and SRS830 lock-in ampli-

microscopy (SSPM).

fier. W,C-coated tipsI(= 125um, resonant frequency

Both SSPM and PRI are force-based SPM techniqueapproximately 350 kHz) were used. The piezoresponse
that utilize voltage modulation; i.e., during imaging image was collected as a pha$® &ignal from the
the piezoelectric actuator driving the cantilever is dis-lock-in amplifier. A polished ceramic specimen of
engaged and a bias is applied directly to a conductivéi, ;Nbg oTiy ;05 was the primary composition used for
tip. In PRI the tip is brought into contact with the surface the experiments.

FIG. 2. (a) Topographical, (b) piezoresponse, and (c) surface potential images of the surfaggNif, LTi, ;05 ceramics. (d)—(f) show

magnified images of the region in a white frame.
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FIG. 3. (a) Topographical and (b) piezoresponse images of the surface Sfldgi T, ;05 ceramics. (c) and (d) show magnified images of the
region in a white frame.

Shown in Figs. 2(a)-2(c) is a 3om scan of a region located at the grain boundaries and the ferroelectric axis
on the Li, ;Nb, oTig ;05 surface in (a) topographical, (b) is oriented along the hexagonabxis, which is charac-
piezoresponse, and (c) surface potential modes. PRéristic of LINbO;.
clearly demonstrates a small number of light and dark In conclusion, for the first time we have applied the
elongated features on an otherwise uniform backgroundyiezoresponse imaging technique to investigate a multi-
large topographic features result only in minor “ripples.” phase system. This uniqgue method allowed us to dem-
At the same time, the SSPM image contains a number afnstrate the presence of the second phase and analyze the
large scale potential variations that can be attributed tphase distribution and microstructure of the sample,
topographic artifacts, work-function offsets betweenwhich could not be analyzed by other techniques due to
grains with different orientations, surface contaminantsthe similar structural and chemical characteristics of
etc. Figures 2(d)—2(f) represent the magnified images oboth phases. These experiments suggest that piezore-
the region shown in the white frame. It can be clearlysponse imaging can be applied for the studies of com-
seen that two pronounced features on the piezoresponpesites, inhomogeneous ferroelectrics, and other
image correspond to a grain boundary on the topographimultiphase objects.
cal image.
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