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Modeling and measurement of surface displacements in BaTiO 3 bulk
material in piezoresponse force microscopy
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Piezoresponse force microscof®FM) is applied to image ferroelastic formedlomains in a single

crystal ferroelectric barium titanate bulk material. A simple model and an analytical approach are
presented, which provides a basis to understand the complex tip-surface interactions responsible for
the image contrast in PFM. In particular, the measured amplitude of the piezoresponse out-of-plane
surface displacements of & domain is compared with theoretical results based upon a
three-dimensional Green'’s function solution. The electric field distribution in the tip-surface contact
is determined using image-charge calculations for a spherical tip separated by a thin water layer
from a mechanically isotropic and electrically anisotropic dielectric half plane2084 American
Institute of Physics.[DOI: 10.1063/1.1758316

I. INTRODUCTION Analytical approaches to describe special aspects of im-

age contrast in PFM with the interaction between a small tip

The atomic force microSCOpYAFM) piezoresponse ..y 4 ferroelectric surface have been already presénted.

mode, also called piezoresponse force mmrosq(Rin), For instance, Kalinin and Bonn@lised an analytical method
has been demonstrated to be a powerful tool to image ferro-

electric domains in copolymer films, barium titanate, andto quantify the relative magnitudes of the electrostatic and

lead zirconate titanate ceramics and thin filnApplying electromechan_ical _contributions to PFM int_eraction of
an alternating voltage to a conductive AFM tip in contact@nd C~ domains in tetragonal ferroelectrics. As for the
with a piezoelectric specimen induces mechanical vibrationfreésent paper, the analytical description of the electrostatic
in the specimen, which can be demodulated with Convenﬁeld distribution interior to the material underneath the tlp'
tional lock-in techniques. These vibrations arise due to th&ample contact area is carried out using the image charge
converse piezoelectric effect and hence depend on the oriemethod for a dielectric material in consideration of the tip
tation of the polarization vector. The tip therefore representsadius and the tip-surface separation.
a nanometer-sized movable top electrode probing the polar- However, to describe the contrast formation in PFM the
ization distribution. piezoelectric surface displacement generated by the electro-
A qualitative explanation for the main contrast mecha-mechanical interaction is needed. For instance, Karapetian
nism is shown in Fig. 1. It is based on the piezoelectricity ofet a1 1! present a piezoelectric Green’s function solution for a
BaTiO; at room temperature having tetragonal distorted unifyoint electric charge on top of a transversely isotropic half
cells, i.e., the symmetry class 4mm. Consideringddmain  pjane to calculate the corresponding surface displacements.
under unconstraint conditions having a polarization vectol, ihe present paper, instead of using a point charge a sphere
allel to the polarization vectoE;>0, causes an expansiona(lilith given .ele.ctrical potential is used to quel the.Al.:M t?p.
of the crystal inx; direction (s3=3d33i53) and a contraction The mate”al Is assumed as a transverse. |sgtrop|9 |r?fm|t.e
domain and the corresponding electrostatic field distribution

in a direction ;=¢e,=d3E3), Fig. 1(b) (bottom. The .~ . . .
same electric field leads to shear strains when applied to apterior to the material generated by the sphere is computed

unconstraint domain, i.e.£5=2e4,=dyE;, Fig. 1a) (bot- using a given analytical solution. Afterwards, the generated

tom). Transferred to the inhomogeneous electric field distri-displacement field due to the converse piezoelectric effect is

bution of the small tip-sample contact area, the main compofomputed for different tip radii and tip-sample separations
nent of the field leads to surface displacements indicated iHSINg & three-dimensional Green’s function solution for an
Fig. 1 (top). Using an alternating voltage the electric field isotropic linear elastic dielectric containing piezoelectric
changes its direction periodically and the corresponding sureigenstrains. Due to the small piezoelectric coefficients of
face vibration is transferred to the tip. Thus, the out-of-planéBaTiOs, this approximation is assumed to be close to the
and in-plane component can be quantified by analyzing theoupled piezoelectric result. Finally, the surface displace-
deflection and torsion signal, respectively. ments responsible for PFM contrast are calculated and com-
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FIG. 1. Qualitative explanation of the contrast formation in PFM. The elec-

tric field induced from a conductive probe tip causes surface displacementsIG. 2. Scheme of the probe tip situation. Hergis the radius of curvature
due to the converse piezoelectric effect. Thus, an applied alternating voltagef the tip, d the tip-surface separation distance, i.e., the thickness of the
leads to surface vibrations which can be detected using conventional lock-iwater layer, and; the introduced coordinate system used for the Green's
techniques. function calculations.

pared with measured piezoresponse dataCof domains

from a BaTiG; bulk single crystal. lll. METHODS FOR MODELING

The Green’s function is used to compute the surface dis-
placement of & domain, which is oriented perpendicular to
the surface. The domain is treated as a linear elastic isotropic

For the PFM measurement a commercial AFDigital  and electrically anisotropic infinite half space, Fig. 2. The
Instruments, Dimension 3000, Nanoscope [H used. We probe tip is approximated as a conductive sphere of an elec-
investigate an array o and c domains of a BaTi@ bulk trical potentialVy and a diameter of ) at a distancel from
single crystal of approximately 85X 5 mnT in size. The the surface. This distance takes the water layer into account,
crystal has been produced using the modified exaggerateghich is often present on a surface in an ambient
grain growth method? The characterized single crystal is environment* Therefore the permittivity of the environment
oriented in thegl001] direction plane, which has been deter- is set to 8@.
mined in the scanning electron microscopy by electron back- The electric field produced by the tip is computed using
scattering diffraction and was subjected to compressivéhe image charge methddThe computation of the electric
stresses parallel to the investigated surface. This procedureld distribution takes into account the high anisotropy of
which has been reported elsewhé&tgjves rise to the forma- the BaTiQ ¢ domain. The calculations illustrated in Fig. 3
tion and growth of needle shapeddomains and 90&c  are performed wittMATHEMATICA © for a layer thickness of
domain walls. During the PFM measurements no mechanical=1nm and the permittivity matrix &41,£33)
stresses are applied. To generate the piezoelectric respons€4600,200}, given by Merz!’
signal, an alternating voltage of 20 kHz with an amplitude of
up toVy=10V is applied to a conductive tilNanosensors,
Pointprobe EFML Using a lock-in amplifier, which is syn- Quasistatic conditions are assumed for the Green'’s func-
chronized with the excitation signal, the amplitude of thetion because the resonance frequency of the cantilevéd
first harmonic oscillation of the cantilever is separated fromkHz) is much higher than the applied ac voltage of 20 kHz.
the deflection signal to obtain the out-of-plane piezoresponst this approach the piezoelectric displacement is imple-
dc signalP,;. The corresponding surface displacemagt mented into the nonpiezoelectric Green’s function calcula-

Il. EXPERIMENTAL PROCEDURE

Green'’s function

can be calculated by tion using eigenstraing,,, Ex,'® whered,, are the piezo-
P electric coefficients andg,=E(x') is the electric field
~ Samp ' %3 strength distribution computed with the image charge
Us=35, .\, > = SprmPyy .Y

method, as mentioned above. The out-of-plane displacement

whereS, mo=1 MV/V, Sypy=11.7 pm/V, andSpry are the 13 '° then given by

sensitivities of the lock-in amplifier, the AFM detector, and ~ . .

the PFM sensitivity, respectively. The AFM detector is cali- u3(x)=f J' J' CiimnOmniEx(X)

brated by means of the force-distance curve of the used x3=0Jxp= 2 Jxj=—o

probe. The displacement is proportional to the half piezo- P

response signal by convention since the lock-in amplifier X—Gg(x,x")dx’, )
probes the peak-to-peak value of the input signal. IX|
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FIG. 3. Top: Potential distribution calculated for a tip-sample separation of
d=1nm. The distance of the equipotential lines is 1 V, starting Wigh
=10V at the central sphere. The tip radiug §s=25 nm. Bottom: Electric
field strength inside the domain computed for different coordinates|.

wherec;,, are the components of the elastic stiffness tensor(b)
for an isotropic material given as

FIG. 4. AFM and PFM measurements of a BaJi€ingle crystal. The
Y 2v topography is shown in a 3D plda) with the correspondent deflection
57011 0mnT SimSjnt Sjndim|, (3 image(b). The piezoresponse out-of-plane imdgkillustrates the observed
array ofac domains. The crystal orientation is given by the stereographic
representation shown in the insertion(a).
wherev andY are the Poisson ratio and the Young’s modu-

lus, respectively. Note that the Einstein summation conven-

tion is used. Equatiori2) gives the displacements in x3

direction at the positiorx inside the infinite half spacg;  Ggj(x,x’). Since we are only interested in the displacements
>0 due to the stress state based on the eigenstrains descrikedhe surfacex;=0, a corresponding Green’s function for a
in the coordinate systex{. The link between the stress and semi-infinite isotropic dielectric medium is utilized as given
displacement field is realized by the Green's functionby Mural® Eq. (4),

Cimn=21=0) | 1-2»
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FIG. 5. Section scans of the height and PFM imége Fig. 4 The surface
displacement$i; are calculated from the PFM signd®;. The PFM scan
corresponds well with the topography which allows identifying the sketched
ac-domain array.

measured displacement at (x,, x,)=0, i, [pm]

, 1+v 5” (Xi*Xi’)(Xj*X]{)
CixX)=7 IR R?
Jr1—21/ _(Xi—xi’)(xj—x]-')
R+xz\ R(R+X3) '
_ 7 2 0 Il '} '} '}
R=(x—x")". 4 0 2 4 6 8 10
A Poisson ratiov=0.35 is used, which is measured for a (b) applied voltage amplitude, V, [V]

BaTiO; polycrystal. The integral in Eq2) is independent FIG. 6. Sect  the outof-ol tace disnl s aioth
) ; . - . 6. Section scans of the out-of-plane surface displacements e
of Young's modulus. ~ The plezoelectnc coefficients domain array as a function of the applied tip voltage The depth of the

for a BaTiQ; single crystal are ds3,ds;,d15) well increases with increasing tip voltaga). Averaging the values inside
=(0.0856,0.0345,0.3920) nm/A?. Unless otherwise stated, the well from x,=1.5 to 2.5 um gives the PFM sensitivity of th€~

the tip radius ig =25 nm and the amplitude of the tip volt- domain(b). The response is linear up ¥%,=8 V.

age isVy=10V. . . .
The section scan of the piezoresponse sighalshows

a well profile characteristic of &€ domain, Fig. 5. The

IV. RESULTS AND DISCUSSION maximum and minimum value of the height signal correlate
with the borders of the well in the piezoresponse image.
Therefore, we have the situation offa domain surrounded

The surface of the investigated bulk BaTi€ingle crys- by a domains. The PFM signal is close to zero within the
tal is almost exactly 4001} crystallographic. This is shown domain. The orientation of theandc domains can be evalu-
in the stereographic representation in the upper right corneated from the phase shift of the lock-in ampliffeEigure
of Fig. 4(a). Figure 4 also shows the imaged area over6(a) gives the results of the out-of-plane displacemdnys
5x5 um? in AFM, where the topography is represented bycalculated from the piezoresponse signal using (Eg.The
the three-dimensional and the deflection image, Figa) 4 depth of the well inside the domain increases with increas-
and 4b). The corresponding piezoresponse image with theéng applied voltageV,. Averaging the well depth fronx,
out-of-plane signaP,; is shown in Fig. 4c). =1.5to 2.5um leads to the curve shown in Figi®, which

Due to the compressive stress applied to the BaTiOshows the out-of-plane piezoresponse displacerogras a
single crystal during sample preparation, needle shaped function of the applied voltage amplitude. The error bars
domains are created. These corresporfd 16} domain walls  represent the standard deviation of the same interval. The
of the pseudocubic BaTiQlattice according to the known response revealed a linear behavior up to a voltage of ap-
crystal orientation from the stereographic analysis. A sectioprox. Vo=8V with a sensitivity of Spry=0d03/0V
scan of the investigated surface area shows a sawtooth curve3 pm/V. For higher voltages the signal shows a progres-
of the height profile, Fig. 5. The tilt angléis determined to  sive trend.
be 0.59%0.01°, which corresponds very well with the the-
oretical value of 0.60° for a 904e-domain wall calculated
from the tetragonal distortion of BaTiOat room tempera- For the described situation of a charged sphere in contact
ture, i.e.,c/a=1.01%° with an infinite c domain(Fig. 2), the surface displacement

A. Measurement of the piezoelectric displacement

B. Modeling piezoresponse of ¢ domains
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voltageV,. The PFM sensitivity strongly depends on the rafjdd.
FIG. 7. Surface displacements vs the radial distance from the contact

positionr = =+ x>+ x2 computed with the Green's function solution for the
si_tuation described in Fig. 2_. The tip vpltage\'!@=10 V. The r_naximum The measured sensitivity afi3/9Vy~3 pm/V would be
displacementi; decreases with increasing tip-sample separation obtained for a ratio OfO/d< 1, which corresponds to a water
layer of ~20—50 nm for reasonable tip radii. This is in
agreement with experimental results by Frewnal!* who
investigated layer thicknesses on gold, titanium, and graph-
in X3 direction,us, is calculated using the Green'’s function, ite. For instance, scanning tunneling microscopy measure-
Eqg. (2). For the sake of convenience, the solution is con-ments on Ti show that within the interval 20%—-50% humid-
verted to cylindrical coordinates and the integration radius isty the related layer thickness increases linearly from 50 to
limited to r =500 nm. By means of numerical convergence100 nm. The authors argue that this strong water adsorption
analysis, the final accuracy of this approximation is deteris based on an oxide layer on the Ti surface. Thus, it seems
mined to beAu;<2 pm. quite probable that on the BaTiGurface such water layer
Figure 7 illustrates the result of the surface displacementhicknesses are possible as well. The very high electric field
profiles for different tip-sample separation distande§he  inside the material in the vicinity of the tip as shown in Fig.
calculations are performed withh=25nm andV,=10V. 3 gives rise to another explanation. Since the coercive field
For negative excitation voltages or opposite polarization obf BaTiO; is small, the high fields might lead to reorientation
the ¢ domain C*) the shape of the profile remains un- of domains in the contact region. If fully 180° domain
changed but the displacements are negative. The radius of
curvature directly underneath the peak is calculated using a

sphere function fitted through three adjacent points around gg 4 10*
the center. Note that due to the aspect ratio used in Fig. 7 the 5 surface curvature
curvature appears to be highly exaggerated. The resulting%‘ 50 -©- PFM sensitivity
surface curvature is always larger than that of the gipven 8 r,=25nm d10° =
when the tip sample separation is close to Zateo see Fig.  s° 40 E
9). Hence, the PFM signal is composed of both the negative% o
and positive half waves of the excitation voltage, as asserted<, | Py £
in Eq. (1). g 30 -
To compare the computation with the PFM measure- £ o
ments, the maximum surface displacement at the contact po-s 20 , é
sition, i.e., &;,x,)=0, O3, must be evaluated. Figure 8 il- ; 10 2
lustrates the results for a variety of ratiqg/d as a function a 10
of the tip voltageV,. The ratior,/d controls the sensitivity.
As expected from the used linear constitutive law, the dis- 0 1'0 2'0 3010°

placements are directly proportional to the electric potential.
The dependence of the sensitivity with respect to the tip-
sample separation is illustrated in Fig. 9 for a tip radius ofFIG. 9. PFM sensitivities and the radius of curvature of the surface at
ro=25nm. The maximum value is obtained for direct con-(X1,X2) =0 calculated for a tip radius,=25 nm. The PFM sensitivity in-

~ _ : : _ creases with decreasing tip-sample separation until a maximum value
tact, namelydli3/9Vo=56.6 pm/V. This value remains un Jus/dVy,=56.6 pm/V is reached for direct contact. The radius of curvature

(fh_anged even l_mder dry conditions represented by a permid te surface at the maximum is always larger than the tip radius. Thus, the
tivity of the environment of. inverted peak fully contributes to the PFM signal during ac excitation.

tip-sample separation distance, d [nm]
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