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Imaging mechanism of piezoresponse force microscopy of ferroelectric surfaces
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In order to determine the origin of image contrast in piezoresponse force microgegpM), analytical
descriptions of the complex interactions between a small tip and ferroelectric surface are derived for several
sets of limiting conditions. Image charge calculations are used to determine potential and field distributions at
the tip-surface junction between a spherical tip and an anisotropic dielectric half plane. Methods of Hertzian
mechanics are used to calculate the response amplitude in the electrostatic regime. In the electromechanical
regime, the limits of strongdclassical and weak(field-induced indentation are established and the relative
contributions of electroelastic constants are determined. These results are used to construct “piezoresponse
contrast mechanism maps” that correlate the imaging conditions with the PFM contrast mechanisms. Condi-
tions for quantitative PFM imaging are set forth. Variable-temperature PFM imaging of domain structures in
BaTiO; and the temperature dependence of the piezoresponse are compared with Ginzburg-Devonshire theory.
An approach to the simultaneous acquisition of piezoresponse and surface potential images is proposed.
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[. INTRODUCTION diverge in the vicinity of the Curie temperature. The pres-
ence of the electrostatic forces hypothesis is also supported
In recent years, scanning probe microsc¢pM) based by observations of nonpiezoelectric surfatesn contrast,
technigques have been successfully employed in the charathe existence of a lateral PFM sigiia®and the absence of
terization of ferroelectric surfaces on the micron and nanomtelaxation behavior in PFM contrast as opposed to SSPM
eter levels: The primary SPM techniques used are variantscontrast;>® as well as numerous observations using both
of noncontact electrostatic SPM such as electrostatic forcEFM-SSPM and PFM]*clearly point to a significant elec-
microscopy (EFM), scanning surface potential microscopy tromechanical contribution to PFM contrast. In order to re-
(SSPM,%® and contact techniques such as piezorespons@'ve the controversy regarding the origins of PFM contrast,
force microscopyPFM).*~” Both SSPM and PFM are based We ar)alyze the contrast _formation mechanism and relativg
on voltage modulation: i.e., during imaging, the actuatormagnitudes of electrostatic versus electromechanical contri-
driving the cantilever is disengaged and an ac bias is applieButions to PFM interactions for the model casecof, ¢~
directly to a conductive tip. In PFM the tip is in contact with domains in tetragonal perovskite ferroelectrics. It is shown
the surface and the electromechanical response of the Surfaﬁ'@t both electrostatic and electromechanical interactions can
is detected as the first-harmonic Component of the biascontribute to the PFM image. The relative contributions of
induced tip deflection. In SSPM the tip is held at a fixedthese interactions depend on the experimental conditions.
distance above the surfacgypically 10-100 nm and the ~ Contrast mechanism maps were constructed to delineate the
first harmonic of the electrostatic force between the tip andegions with dominant electrostatic and electromechanical
surface is nullified by adjusting the constant bias on the tipinteractions. Under some conditions, i.e., those correspond-
An open loop version of SSPM, in which the feedback ising to a relatively large indentation force and tip radius, the
disengaged and the oscillation amplitude in the noncontad€al piezoelectric coefficient can be determined. This analy-
regime is collected as the image, has also been repbrted. SiS reconciles existing discrepancies in the interpretation of
In many cases, the morphological information on domainPFM imaging contrast.

structure and orientation obtained from SPM images is suf-

ficient, and numerous pbserv'atlolns of local QOmaln dynamics Il PRINCIPLES OF PEM
as related to polarization switching proces$és ferroelec-
tric fatigue®>~°phase transition®*°mechanical stressé$, Piezoresponse force microscopy is based on the detection

etc., have been made. However, analysis of local ferroelem®f bias-induced surface deformation. The tip is brought into
tric properties including hysteresis measureméhssress ef-  contact with the surface, and the piezoelectric response of the
fects in thin films?®> size dependence of ferroelectric surface is detected as the first-harmonic component of bias-
properties>?*etc., requires quantitative interpretation of the induced tip deflectiond=d,+ A cos@t+¢). The phasey

SPM interaction. A detailed analysis of EFM and SSPM im-yields information on the polarization direction below the
aging on ferroelectric surfaces is given by Kalinin andtip. Forc™ domains(polarization vector pointing downward
Bonnell?® Contrast formation mechanism in PFM is less the application of a positive tip bias results in the expansion
understood®3°Luo et al'” have found that the temperature of the sample and surface oscillations are in phase with the
dependence of piezoresponse contrast is similar to that dfp voltage,p=0. Forc™ domains,e=180°. The amplitude
spontaneous polarization. This behavior was attributed to thA defines the local electromechanical response and depends
dominance of electrostatic interactions due to the presence oh the geometry of the tip-surface system and material prop-
a polarization bound chargé,since the electromechanical erties. An additional contribution to PFM contrast originates
response based on the piezoelectric coefficiatwould  from long-range electrostatic tip-surface interactih$his
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electrostatic interaction is comprised of a local contribution TABLE I. Image charges for conductive, dielectric, and aniso-
due to the tip apex and a nonlocal contribution due to theropic dielectric planes.
cantilever*® Distinguishing electrostatic forces in a PFM ex-

periment is problematic; however, it can be achieved in Conductive  Isotropic dielectric  Anisotropic dielectric
SSPM. In SSPM, application of an ac bias to the tip located ~, ) 1
at 10—100 nm from the surface results in a strong capacitive e _VKakx—1
interaction. The cantilever deflection is then proportional to k+1 Vi1
the first harmonic of the force. The amplitude and relative d’ —d —d —d
phase of cantilever oscillations in the noncontact mode cang” 0 2k 2oy
be well approximated by simple harmonic-oscillator paE] —rx
models* Vkzkyt1

One of the difficulties in a comparison of the relative d” d Ay, Ky

magnitudes of electromechanical and electrostatic responses
is the difference in the contrast transfer mechanism. In the
electromechanical case the surface displacement is detegalculate the tip-surface force using the image charge method
mined as a function of applied voltage. In the electrostatidor spherical tip geometry. This approach is applicable when
case the force containing both local and nonlocal compothe tip-surface separation is smatsR, whereR is radius of
nents is defined. Analysis of contrast formation in PFMcurvature of the tip.
clearly requires reliable estimates of surface displacement The potential in air produced by char@eat a distancel
under tip bias for both cases. Given this, frequency-above a conductive or dielectric plane located-aD can be
dependent surface-tip contrast transfer could be constructerepresented as a superposition of potentials produced by the

Analysis of the image formation mechanism requires theoriginal charge and the corresponding image ch&gdo-
solution of several independent problems. The electrostaticated at positiorz=d’ below the plane. The potential in a
tip-surface interaction and the magnitude of electrostatialielectric material is equal to that produced by a different
contrast are analyzed in Sec. Ill. The mechanism of electroimage chargeQ” located atz=d".*>** values ofQ’, Q”,
mechanical contrast and weak- and strong-indentation limitg’, andd” for metal and isotropic or anisotropic dielectric
are formulated in Sec. IV. PFM contrast mechanism mapsnaterials are summarized in Table |. Note that the potential
and the temperature dependence of PFM contrast on ia air above an anisotropic dielectric material is similar to the
BaTiO; surface are analyzed in Sec. V. isotropic case with an effective dielectric constamf;
=+ kK, Wherek, and «, are the principal values of the
dielectric constant tensor. Potential and field distributions in-
side the dielectric material are more comffeand are out of

In the electrostatic regime of piezoresponse imaging théhe scope of the present paper.
capacitive and Coulombic tip-surface interactions resultin an  To address tip-surface interactions and taking the effect of
attractive force between the tip and surface which cause aifie dielectric medium into account, the image charge distri-
indentation. In some cases, these interactions have been dpition in the tip can be represented by char@edocated at
proximated by a plane-plane capacitor. Obviously, this is indistances; from the center of the sphere such that
applicable in contact because a capacitive force in planar —1 R

Ill. ELECTROSTATIC REGIME

geometry does not cause a tip deflection. A correct descrip- Qii1= Qi (1a
tion of the electrostatic tip-surface interaction must take into k+12(R+d)—r
account the tip shape. R2
|
A. Potential distribution in the tip-surface junction where R is tip radius, d is tip-surface separationQ,

The potential distribution in the tip-surface junction in =4meoRV, ro=0, andV is the tip bias. The tip-surface
noncontact imaging is often analyzed in the metallizationcapacitance is
limit for the surface®? In this limit, the tip-surface capaci- 1.7
tanceCqy(z,«), wherezis the tip-surface separation ards Cy(d, k)= _E Qi )
the dielectric constant for the sample, is approximated as =0
Cy(z,x)~C¢(2), whereC(2) is the tip-surface capacitance from which the force can be found. The rotationally invariant
for a conductive tip and conductive surface. This approximapotential distribution in air can be found from Edq4a) and
tion breaks down for small tip-surface separations when theib). Specifically, the potential on the surface directly below
effect of field penetration in the dielectric sample is non-the tip is
negligible. For ferroelectric surfaces the effective dielectric
constant is highx~100-1000, favoring the metallization
limit. However, in contact tip-surface separatip®0 leads
to a divergence in the capacitan€g(z) and the correspond-
ing force. To avoid this difficulty and, more importantly, take  In the conductive surface limitt=c and Eq.(2) is sim-
into account the anisotropy of the ferroelectric medium, weplified to*

Qi
Admeg k+ 170 R+d—r;°

M s

V(0,00= (3)
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€4 = 10 averaged over the distance comparable to the cantilever
g = length,C,. is the local part of tip-surface capacitance gradi-
S 4 gm, ent, andC;, is the nonlocal part due to the cantilever. Typi-
:‘cj g cally, the cantilever length is significantly larger than the
£ 2 (% characteristic size of ferroelectric domains; therefore, the
§ 10% N nonlocal part results in a constant background on the image
© ‘1’0_5 10° o' 10 10 100 1000 that does not preclude qualitative domain imaging. The non-
@ Distance, /R (b) Diefectric constant local capacitance gradient can be estimated using plane-

plane geometry a€/,=&,S(z+L) 2, whereSis the effec-
tive cantilever area ant is the tip length. For a typical tip
with L~10 um andS~2x10* um?, the nonlocal contribu-

FIG. 1. (a) Tip-dielectric surface capacitance fer= 10 (dotted
line), k=100 (dashed ling and x=1000 (dot-dashed ling com-

pared to the metallic limitsolid ling). Vertical lines delineate the . "~ "7 10 L .
region of characteristic tip-surface separati¢ds—1 nm in con- t|on_ is Cp~1.8x10 I_:/m and is mdepend_ent of the tip
tact mode for tip radiu®=50 nm. (b) Surface potential below the radius. The force for a tip-surface potential difference of 1 V

tip for tip-surface separations=0.1R (dot-dashed ling z=0.01R 1S Fy~=0.9x10"*° N. (The nonlocal contribution rigorously
(dashed ling andz=0.001R (solid line) as a function of the di- Should also contain a term describing an effect of the conical
electric constant of the surface. part of the tip?® The local capacitive contribution due to
the tip apex is F,c=1.4x10 8N for z=0.1nm, R
=50 nm, i.e., two orders of magnitude larger. Howey,
Cc=4meoR Sinhﬁ’oZ (sinhnBg) ™4, (4)  scales linearly with tip radius and, therefore, for the sharp
=t tips capable of high-resolution nonlocal contributions to the
where By=arccosh(R+d)/R]. For the conductive tip- signal increase. Similar behavior is found for noncontact
dielectric surface, SPMs?* The Coulombic tip-surface interaction due to the
. pholarilzatiqnfgrllgrgﬁ can be esFirIr;ated usin% tfhe ex;i)res_sion for
B . K— . _1 the electric field above a partially screened ferroelectric sur-
Cd_4W8°Rsmh'8°n§1 (m) (sinhnBo) . (5 tace, E'=(1—a)Pey }(1+ Vryk,) "L, wherea is the de-
o o ) ) ) gree of screening and is spontaneous polarizatio(P
Wh|lg in the limit of small tip-surface separatlm“dl_verge_s _ =0.26 C/n? for BaTiO,). For unscreened surfaces=0, so
logarithmically, C4 converges to the universal “dielectric” inis Coulombic contribution in the iMitF cou<Fcap i

Foin 47
limit F cou= Cioel Viip— Vio E* and for the same tip parameters as

aboveF ¢, =2.2x 10 ° N. However, polarization charge is
(6) almost completely screened in air, typically-h <103,

and under these conditions the Coulombic contribution can
. . .. be excluded from the electrostatic tip-surface interaction.
The distance dependence of the tip-surface capacitance L . . .

Capacitive force results in an indentation of the surface.

and surface potential directly below the tip are shown inI he Hertzi S h lationship b h
Figs. X& and Xb). For relatively large tip-surface separa- In the Hertzian approximation the relationship etw_e%\ the
i ' indentation depti, tip radius of curvatur®, and loadP is

tions, C4(z,x)~C.(2), which is the usual assumption in
2/3
3P ) R*l/3

k—1
k+1

k+1
2

Cy(K),—g=4megR In

noncontact SPM imaging. The most prominent feature of this

solution is that, while for lows dielectric materials the tip- h=
surface capacitance achieves the dielectric limit in contact 4E*
and hence surface potential is equal to the tip potential, this . ) ) i
is not the case for higi-materials. The tip-surface capaci- whereE is the effective Young's modulus of the tip-surface
tance, capacitive force, and electric field can be significanthpyStem defined as

smaller than in the dielectric limit. The surface potential be-

low the tip is smaller than the tip potential and is inversely 1 1- V% 1- V%

proportional to dielectric constaffig. 1(b)]. This is equiva- E* E, + E, ©)
lent to the presence of an apparent dielectric gap between the

tip and surface that attenuates the potential, which is oftelk,, E, andv,, v, are Young’s moduli and Poisson ratios of

®

the explanation for experimental observations. tip and surface materiald=ig. 2). For ferroelectric perovs-
kites Young’s modulus is of the order &* ~100 GPa. The
B. Tip-surface interaction in the electrostatic regime contact radiusa is related to the indentation depth as

=hR. Hertzian contact does not account for adhesion, and
capillary forces in a tip-surface junction and a number of
fhore complex models for nanoindentation processes are
known>®
— o 2 T\ _\J )2 Under typical PFM operating conditions the total force

2F cap= Cloc Vip = Vioe) "+ Cu(Vip = V5)", @) acting on the tip i =Fy+ F,, whereF,=k d, is the elas-
whereVy, is the tip potentialV . is the domain-related local tic force exerted by the cantilever of the spring constaat
potential directly below the tipy, is the surface potential set point deflectionly andF, is the electrostatic force. Since

From Egs.(2), (4), and(5), the magnitudes of capacitive
and Coulombic forces between the cantilever-tip assembl
and the surface can be estimated. The capacitive force is
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(10) is nullified for zero tip-surface potential difference,
Vge—Viec=0. Therefore, the imaging mechanism bears a
close similarity to that of noncontact open-loop SSPM and
feedback can be employed to obtain a nulling potential map
on any surface. On piezoelectric surfaces the electromechani-
h cal contribution is nonzero and the nulling condition does not
v correspond to the equilibrium surface potential. For a small
indentation force the cantilever dynamics is expected to be
significantly more complex; the tip can lose contact with the
surface in the upper part of the trajectory, the cantilever vi-
FIG. 2. Geometry of the tip indenting the piezoelectric surface.pration can be significant, etc.

The crossover from the linear response, Ed), to the
the electrostatic force is modulated, =V gc+ V4 COS(l), nonlinear behavior for driving voltages &f,.=2V is ex-
the first harmonic of tip deflection is pected for spring constants=1 N/m, defining the generic
difference between “soft” and “stiff” cantilevers.

X
h wz—f Fot Clo(Vget VacCOS wt)
o™ 2w [Fot Cioc Vit Vac IV. ELECTROMECHANICAL REGIME

~ Vi)’ 1?3 cog wt)dt, (10) The electrostatic regime considered above can be applied
where y = (3/4E*)2°RY3, In the limit when the indentation © &Y (|j||ele9tr|c slurf?ge; hclwgvler, for fzr(;g;glectlrlg anq,(;nor%
force is much larger than electrostatic fordée,<F,, the g?rnetrq Y Ip|ezoe FC t”C ma ﬁ”a.s’ l"’m adadi |onafth|as—|nf uceA
effective spring constant of the tip-surface junctionkis eliect1s a inear electromechanical response of the surtace.

=¢gP/sh and the first harmonic of the cantilever response jg'gorous mathematical description of the problem is ex-

o S : . tremely complex; fortunately, the geometry of the tip-surface
N1o=F14/ker- For a Hertzian indentation the response is junction in PFM is remarkably similar to the piezoelectric

213 indentation problem®=>’In the classical limit, the coupled
R (11)  electromechanical problem is solved for mixed-value bound-
ary conditions: V=V, in the contact area and the normal

This equation can be also obtained directly from an excomponent of the electric field,=0 elsewhere. However,
pansion of the integrand in EL0). For typical PFM imag- 1" the typ|cal PFM experiment the contact area is small and
ing conditions the set point deflection 8100 nm and the deformation occurs even W_hen the tip is not in contact dye to
spring constant of the cantilevér varies from ~0.01 to the Iocal_electnc field. In this case, the_ze_ro-fleld approxima-
~100 N/m. Consequently, imaging can be done under tion outside of the contact area is invalid; instead, the contact

range of loads spanning at least 4 orders of magnitude frorfi"€2 itsglf can be negl_ected and the surface deforme}tion_can
1 N to 10uN. For Fy=100 nN, E* =10 Pa, and the po- be a§0flbed solely to field effects. Thtlerefore,.we distinguish
tential difference between the domaiAd/=150mV, the WO limits for the PFM electromechanical regime.

PFM contrast between the domains of opposite polarities is (1) Strong(classical indentation: V=Vy, in the contact
Ah,,=6.02¢10" 2 m/V. It should be noted that the poten- 2'€&E,=0 elsewhere. _ _ _

tial difference between ferroelectric domains in the ambient (i) Weak (field-induced indentation: contact area is

is determined by the properties of the adsorbate layer thdtedligible,E;#0. , , _
screens spontaneous polarizatidrunder UHV conditions In practice, both mechanisms might operate and the domi-
where the intrinsic screening by charge carfiedominates ~ Nant contribution depends on the imaging parameters.

the potential difference would be larger and can achieve the

limiting value of AV=3V comparable to the band gap. In A. Strong indentation

this case, the electrostatic PFM contrast between the domains p complete description of the strong-indentation limit is

of 07P1%05ite polarities can be as large ah;,=1.2  given by Giannakopoulos and SuréShwho extended Hert-
X107 m/V. Zian contact mechanics to piezoelectric materials. The rela-

It is useful to consider the effect of cantilever stiffness ontjonship between the loa®, indentor potentiaV/, and inden-
the electrostatic contrast. For soft cantilevers the indentatiogation depthsh is

depth can be extremely small. The electrostatic tip-surface

2
hlw:§

3
4E*

and even cantilever-surface interaction can dominate over a? 2B

the elastic load, especially for the large potential difference h= ﬁ* @V’ (123
between the tip and surface typical during hysteresis mea-

surements or polarization switching. In this case, the linear as

approximation of Eq(11) is no longer valid. In the small P:“E_ pav, (12b

signal approximationV,— 0, the response amplitude can

still be obtained from Eq(10) where the effective load is wherea and 3 are material-dependent constants arid the
now Fo=Kkdy+ C/,.(Vae— Viod) %, predicting a decrease of re- contact radius. Solving Eq$12a and (12b) for indentation
sponse with bias. Interestingly enough, the integral in Eqdepth as a function of indentor bias relevant for PFM yields
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0.45

4
- (®)
£s 2 0.40 2a
;.E; 2 ‘;70.35 SI: _
g go%0 no gap " Vs=Vip
'ﬁé o §o2s . CSI: V=¥ Vi
3 I ﬁ 0201 .. : gap >
24 2 :
-2 0 2 4 018 10 5 0 ‘ 5 10 >
(@) Tip bias (V) ® "~ Tip blas (V)
FIG. 3. Indentation depth as a function of tip bias for different © @ V, << Vg
compositions and loads in the strong-indentation litajtand pi-
ezoresponse coefficient of Baj@s a function of tip bias for dif-
ferent loadgb).
a surface deformation as illustrated in Figa)3 For small >
modulation amplitudes, the PFM contrast i$,, FIG. 4. Tip-surface junctiorfa) and surface potentigb) in the

~h'(F,V4dVac, Where the functional form ofi(F,V4) iS  strong-indentation limit with and without the apparent gap effect
given by Eqgs.(12@ and (12b. The bias dependence of the and tip-surface junctioric) and surface potentigh) in the weak-
piezoresponse coefficient is given by the local sloge, indentation limit.
=h'(F,V4o, shown in Fig. 80). For V=0 the asymptotic ) - ) .
analysis of Eqs(12a and(12b) for thec* orientation yields ~While for doped silicon tipsw will be comparable to the
ko= 2/ a, while for Vy— + andVy— — = the respective depletion width of the tip matenal. Even for ;hm dielectric
limits arek,..=38/a andk_.=2p/a [Fig. 3b)] and are layers(0.1-1 nm the effective surface potential can be at-
independent of the tip radius and contact force. The respondgnuated by as much as a factor of 100 due to a large differ-
amplitude in the strong-indentation limit is high and compa-€nce _between the d|elgctr|c constants of dlelectrlp and ferro-
rable to the correspondindgs value (Table II). e!ectrlc materlalg. For |mperfeqt contact the_mggmtude of the
The applicability of the strong-indentation regime to PFM Piézoresponse in the strong—lndentqtlon limit can become
contrast is limited. A high dielectric constant leads to a sig-cOmparable to that of the electrostatic mechanism. The de-
nificant potential drop between the tip and surfate, viation of the tip shape from sphe_rlc@.g., flattening due to
<Vy,; therefore, for an infinitely stiff tip and surface, the wear, eto). (educes the glectrostatlc response due to a higher
basic assumption of the strong-indentation litMg=V, in contact stiffness and increases thg electrqmeqhgn_|cql re-
the contact area, is not fulfilled. Even for finite contact theSPONSe. The resolution in the strong-indentation limit is lim-
potential on the surface below the tip is lower than the tip/t€d Py the indentation radius
potential and differs from that assumed in the strong inden-
tation limit. It is useful to consider the effect of contact ra- B. Weak indentation

dius on this assertion. AS|mpIe approximation for the surface Weak indentation presents the other ||m|t|ng case in the
potential below the tip isVs=yVy, in the contact area, PFM experiment when the indentation load and contact area
wherey is the attenuation factdiFigs. 4a) and 4b)]. Such  are small. In this limit, the contribution of the contact area to
behavior is referred to as contact-limited strong indentatiorthe total electromechanical response of the surface can be
(CSI). Using a spherical approximation for the contact re-neglectedFigs. 4c) and 4d)). The potential distribution in
gion, the attenuation factor is estimated ag=(1 the tip-surface junction is calculated in the rigid electrostatic
+Wkegi/akg) ", wherew is the thickness of the “apparent” |imit as shown in Sec. Il A, provided that the dielectric con-
dielectric gap w=0.1nm), «q is the dielectric constant stant of the material is sufficiently high. The electromechani-
in the gap «y=1-100),a is the contact radius, ank iS  cal response of the surface is calculated using the Green’s
the effective dielectric constant of the ferroelectric material function for point force and charge obtained by Karapetian
For planar geometrgi.e., R>a>w), xq is close tok, fora et al.®’
ferroelectric material. For the spherical casey is close

to Vkyk, Imposing an upper and lower limit oRgs. FOr

a metallic tip the gap effect is expected to be minimal,

A L si‘!ei'i XX1©z
h(r=1=+q S L oz, (13

TABLE Il. Piezoresponse constants for different materials.

Strong Weak Weak
Bulk ds3 indentation  indentation  indentation
Composition (m/V) a(N'md B (N/mV) ko (M/V) L (m?/C) degs (MIV)
BaTiO; 1.9x10° %  1.7ex10M 44.9 3.4x10° %0 154x10°%  1.10x10° %
PZT4 2.91x10° %0 1.18x10% 43.9 496100 241x10°%  1.71x10°1°
PZT5a 3.7%10° %0 9.98x10Y 45.2 6.0410°1° 266x10°% 2.05x10 %
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whereh is the vertical displacement,is the radial coordi- 2] . 151 .
nate,f is the point forceq is the point chargeA andL are ] 1.0
material-dependent constants, anid the distance from the > ] , s g p05,
indentation point. For a distributed charge, the surface deforg 0] w® ey T g 00|t
mation is & 1] : T & 051 : :
-1.0 -
(o) s
= O-—O S, S,8,8,5 d; d;sdr e s;—' T dd.d.c e |
h(r) - L f |r _ ro| dS| (14) (a) Parameter (b) S“ SGS SM sga?:mé;erﬁa 15 "1 *33
where FIG. 5. Sensitivity in the strongt@) and weak~(b) indentation
limits in the (s;; ,dj; ,&;;) representation for BaTi{X(M), PZT4(A),
a(ro)=eoE,(ro). and PZT54Y).
The materials properties affect the PFM contrast through the C. Effect of materials properties on the response
coeff|C|ent_L, \{vhlle the geometric properties are described by o complete analysis of the electromechanical response of
the (material-independentntegral. the surface in terms of materials properties is difficult. Even

For spherical tip geometry, the electromechanical surfacg, the ideal case of known geometry, both strong- and weak-
response in the weak-indentation limit can be evaluated uspgentation limits lead to complex expressions that include
ing the image charge method developed in Sec. Il A. Thep electroelastic constants for a transversally isotropic me-
surface charge density induced by point chaggat distance  gium. In order to clarify the relative contributions of differ-

| from a conductive or high dielectric surface is ent electroelastic constants to PFM, responses both in the
strong- and weak-indentation limits are calculated for a va-
Q 2d riety of ferroelectric material®> 1A sensitivity function of

907 a4m (12741232 the piezorespons@®R) is defined as
From Eq.(14), the charge-induced piezoelectric deformation  S(f;;) =[ PR(f;; =l.1f?j)—PR(fij =0.9fﬂ)]/[0.2PF{fij
of the surface ish=QL/l. Using the same image charge 0
series developed in Sec. Il A, total tip-induced surface de- =l (16)
formation is where f;; is a selected electroelastic constant djdis a
" o reference value for that constant. A positive valuesef;;)
_ i implies that a higher constant favors the piezoresponse,
h_LiZO R+d—r; =LGR.d). (15 while a negative value o8(f;;) suggests that the response
decreases with this constas(f;;)~0 indicates that the re-
Note that this expression is remarkably similar to that of thesponse is independent of that property. The sensitivity of the
tip-induced surface potentidEq. (3)]. Thus the piezore- piezoresponse for several ferroelectric materials is shown in
sponse in the weak-indentation limit can be related to therig. 5. The piezoresponse in the strong-indentation limit is
tip-induced surface potentidVs as h=2meol(k+1)Vs.  clearly dominated by thels; of the material, while other
Specifically, the surface deformation is linear in the surfaceslectroelastic constants provide minor contributidisg.
potential,h=d4Vs, where the effective piezoresponse con-5(a)]. In the weak-indentation limit botti;; ande ;; strongly
stant dey in the weak-indentation limit is des  influence the response, significant contributions being pro-
=2meoL(Vryk,+1). vided by ds; and e33 as well[Fig. 5(b)]. The response in-
For R=50 nm, d=0.1 nm, and a typical value ot creases withd,;; and decreases with,; as expected. The
~2.5x10"3 m?/C the characteristic piezoresponse ampli-response in both limits does not depend on the elastic stiff-
tude in the weak-indentation limit if~6.54x 10" 12 m/V. nesscy, [Figs. 5a) and 5b)]. Similar diagrams can be con-
The distance and tip radius dependence of the response structed for sensitivity as a function of elastic compliances
h~(R/d)%5 in agreement with a previously used point s and piezoelectric constargg ; however, in this represen-
charge approximatiorf The effective piezoelectric constant tation the contributions of all constants are comparable.
deis for the weak-indentation limit is remarkably similarke The goal is to determine under what conditions a correla-
for the strong-indentation limit as shown in Table Il. The tion exists between the measured piezoresponsedandf
difference between the limits arises from the disparate waythe material. Most early treatments of piezoresponse image
the dielectric gap is taken into accoufffig. 4). The weak- contrast explicitly assumed that the response is proportional
indentation limit accounts for the effect of the gap directly inor equal tods;. To test this assertion, the calculated piezo-
the functional form of coefficient, which incorporates the response coefficient is compared to the piezoelectric constant
dielectric properties of the surfa¢Big. 4(c)]. In the strong- for a series of ferroelectric materials. An almost linear cor-
indentation limit, the effective dielectric gap must be intro- relation exists between the response in the strong-indentation
duced through the attenuation factarThe resolution in the limit and d33, PR~1.5d35 [Fig. 6@]. In contrast, no such
weak-indentation limit is determined by the tip radius of cur-correlation is observed betwedn and ds; for the weak-
vature and effective tip-surface separation and is proporindentation limit[Fig. 6(b)]. The physical origin of this be-
tional to \Rh. havior is thatL defines the response of the surface to charge
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FIG. 6. Correlation between piezoresponse ahg in the o g o .
strong-(a) and weak-(b) indentation limits for some polycrystal 0" 1° 100 18 166 10" 1® 100 10° 10°
and single-crystal materials. The correlation between effective pi- © Tip radius (nm) @ Tip radius (nm)

ezoelectric constantd.; and ds; in the weak-indentation limitc)
and correlation betweede and the piezoresponse in the strong-  FIG. 7. Contrast mechanism maps of piezoresponse force mi-
indentation limit(d). PZT denotes different types of commercial croscopy. Sl is the strong-indentation regime, CSI the contact-
lead zirconate-titanate ceramics, LN and LT are LiNb@nd |imited strong indentation regime, WI the weak-indentation regime,
LiTiO3, BTC is 95% BaTiQ/5% CaTiQ (ceramicB), and BTP | E the linear electrostatic regime, NE the nonlinear electrostatic
and BTL are BaTiQ@ polycrystals. regime, NL the nonlocal interactions, and PD the plastic deforma-
tion. The dotted line delineates the region where stress-induced
and therefore depends on ratios of the tggee;; . Accord-  switching is possible(a) w=0.1nm, AV=V-V=0V, (b) w
ing to the Ginzburg-Devonshire theory, these ratios are pro=0.1 nm,AV=1V, (c) w=1nm, AV=1V, and(d) w=0.1 nm,
portional to the corresponding second-order electrostrictiodV=5V.
coefficients, d;j /ej;~Q;;P. Therefore, the effects of the
electromechanical coupling coefficient and dielectric con-
stants counteract each other. On the other hand, the effectivegions are established by a comparison of tip apex-surface
piezoelectric constant in the weak-indentation lidit, ex- ~ capacitance and cantilever-surface capacitéhgeuface de-
hibits a good correlation witltlz3, des~0.5d53 [Fig. 6(c)]. ~ formation in the electromechanical regime was calculated in-
The effective piezoelectric response constants in the wealeluding the “apparent dielectric gap” effect &8 =deq/(1
and strong-indentation limits exhibit an almost perfect linear+Wkeg/axy), where the contact radiusis given by the Hert-
dependenced4=0.3%, [Fig. 6(d)]. Despite this similarity, zian model andx./x4=30. The boundary between the
the strong-indentation limit describes the surface deflectiostrong- and weak-indentation regimes is given by an attenu-
induced by a knowmotentialin the contact area, while the ation factor of 0.3. The boundary between the electrome-
weak-indentation limit yields the surface deflection due to achanical and electrostatic regions is given by the condition
known tip-inducedcharge distributionon the surface. héM=h? . For small indentation forces a nonlinear dynamic
behavior of the cantilever is expected and the corresponding
condition isF¢=F,. For very large indentation forces, the
V. EFFECT OF THE IMAGING CONDITIONS load in the contact area can k_)e sufficient to ind_uce plas_tic
deformation of the surface or tip. The onset of this behavior
In the PFM measurement the contrast mechanism will deis expected whetfr,/7a®=E*. High pressures in the con-
pend on details of the experimental conditions. Dependingact area can significantly affect the ferroelectric properties
on the tip radius and indentation force, both linear and nonef the material and induce local polarization switching,
linear electrostatic interactions and strong- and weaketc.®3-%%at a strainP/d;3~3x 10° N/m? for a typical ferro-
indentation regimes can occur. In order to relate PFM imagelectric material. The effect of the tip-surface potential dif-
ing mechanisms to experimental conditions, contrasterence and driving amplitude on imaging can be analyzed
mechanism maps were constructed as shown in Fig. 7. Tasing formalism presented in Secs. Ill and IV.
delineate the regions with dominant interactions, surface de- The contrast mechanism map in Fidb¥corresponds to
formation in the electrostatic case was estimated using thignaging under good tip-surface contast<£0.1 nm) and
distance dependence of the tip-surface capacitande;@s zero tip-surface potential difference. The crossover from
=2.7X 10*8(R/50)(O.1d)(Vnp—vs)vacl\l, where both R contact-limited strong indentation to the strong-indentation
andd are in nanometers. The surface deformati§hy was  limit depends on the choice of the attenuation factor. Pure
calculated from Eq(11). The boundaries of the nonlocal weak-indentation behavior is observable only for large tip
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FIG. 8. Contrast mechanism maps of piezoresponse force mi-
croscopy as a function of contact radius and indentation force. SI
corresponds to the strong-indentation regime, CSI the contact-
limited strong indentation regime, WI the weak-indentation regime, 0 — 0 -
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regime, and PD the plastic deformation. The dotted line delineate<® @ ermperature (1C)
the region where stress-induced switching is possible. The maps are FIG. 9. Temperature dependence of elastic constantpiezo-

constru_ctfd for good tip-surface contaat< 0.1 nm) and bad con- electric constantéo), and dielectric constants) for BaTiO; calcu-
tact w=1 nm). lated from Ginzburg-Devonshire theory and temperature depen-
dence of the piezoresponse coefficient in the WI and CSlI litdjts

radii and small indentation forces. Typically, the ferroelectricNOt€ thatL depends on the ten electroelastic constants of the ma-
tgrial. Unlike ds3, the response in the weak-indentation and

domains are associated with surface potential variations ang - . ) . .
the tip potential is not equal to the surface potential. Thecon?act-llmlted strong-lndentatlon_ regimes does not diverge at Fhe
contrast mechanism map in Fighy corresponds to imaging Curie temperature, t.hus suggesting th‘”’.lt PFM contrast on BaTio

. surfaces is strongly influenced by the dielectric gap effect.
under good tip-surface contactvE& 0.1 nm) and moderate
tip-surface potential differenceV(,—Vi,c=1V). Less per-
fect contact that results from oxidized tips or poorly conduc-polarization switching: i.e., operation regimes to the right
tive coating, as well as the presence of contaminants, wilbf the dotted line in Fig. 7. The use of a top metallic elec-
expand the weak-indentation and linear electrostatic regionstode as proposed by Christmanal ¢ is the limiting case of
primarily at the expense of the strong-indentation regiorthis consideration.
[compare Figs. (b) and 7c)]. Increasing the tip-surface po- The contrast mechanism maps in Fig. 7 are quantitative
tential difference increases the electrostatic contribtfog.  for a spherical tip; however, gradual tip wear during the im-
7(d)]. Consequently, the nonlinear electrostatic region exaging is inevitable and can be easily detected using appro-
pands and can even eliminate the linear electrostatic regioipriate calibration standards. The influence of tip flattening on
However, above a certain tip-surface potential difference oPFM contrast mechanisms is shown in Fig&)&nd 8b).
driving voltage the linear approximation, E¢l1), is no  The response was calculated as a function of contact radius
longer valid and Eq(10) must be used. The effect of high for fixed electrostatic force correspondingRe=100 nm. In
driving voltages and tip-surface potential difference is an incontrast to the spherical case, the contact stiffness for a flat
crease of the indentation forée=F,+ Cl’oc(vﬁp—v,oc)z, ex- indentor does not depend on the indentation force; hence, the
panding the electromechanical region. If “true” PFM is the crossover from the electrostatic to electromechanical regime
ability to quantify the piezoelectric coefficient directly from occurs at some critical contact radius. Since the sphere-plane
the measurements, it can be achieved only in the strongnodel is less accurate for this case, the degree of approxi-
indentation region. As shown in Fig. By correlates linearly ~mation associated with it results in the more qualitative na-
with ds; in the strong-indentation regime. In the weak- ture of the contrast map. It should be noted, however, that the
indentation regime and contact-limited strong-indentation reelectrostatic force can be measured diréétgnd used for
gime, the properties of the surface can still be obtained indithe construction of the map for an individual tip.
rectly as discussed in Sec. IV B. Finally, in the electrostatic The application of these analytical solutions to the tem-
regime the PFM image is dominated by long-range electroperature dependence of the piezoresponse of Baisi@lus-
static interactions and piezoelectric properties of the materidrated in Fig. 9. In the strong-indentation regime, the re-
are inaccessible. In certain cases the surface charge distribsponse is proportional th;; and is expected to diverge with
tion is directly correlated with ferroelectric domain structure;temperature neaf.. The experimental observations do not
therefore, qualitative information on domain topology cansupport this conjecture. The temperature dependence of PFM
still be obtained. These results allow multiple controversieontrast is calculated according to Karapetral >’ for the
in the interpretation of PFM contrast to be reconciled byweak-indentation limit. The temperature dependence of the
elucidating experimental conditions under which electro-electroelastic constants for BaTjOwas calculated by
static versus electromechanical mechanisms dominate. A&Ginzburg-Devonshire thed?%°and the temperature depen-
quisition of quantitative information requires blunt tips and dence forL(T) is compared to experimental measurements
intermediate indentation forces to avoid pressure-induceth Fig. 9. The temperature dependence of the piezoresponse

Response (a.u.)
Y

1 Kyz SI

Dielectric constant (10°%)
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in the contact-limited strong indentation limit is also
shown®® In contrast to the strong-indentation limit no diver-
gence occurs in the temperature dependence of the weal
indentation and contact-limited strong-indentation limits,
consistent with experimental behavior. The physical origin of
this behavior is that not only the piezoelectric constant, but
also the dielectric constant increases with temperature. Simi
lar behavior has been observed by other autffbf$hus the
temperature dependence of experimental PFM contrast suc
gests that under experimental conditioriBy~200 nN, ‘
nominal tip radiusR~30 nm, tip is not bluntedthe imaging
mechanism of PFM is governed by the dielectric gap effect.
Furthermore, from Fig. 7 the width of the “apparent gap” in
these measurements can be estimated-Asym. This con- ;
clusion is verified by small experimental piezoresponse co-
efficients(~4 pm/V) (Refs. 70—72as compared to the cal-
culated value for BaTi@(~50-100 pm/V.
Electrostatic tip-surface interactions can be significantly
affected by local surface chargifg:’” Clearly, elucidating
the charge effects in the PFM requires a reliable way to
probe the local piezoresponse and long-range electrostati
forces simultaneously. This is especially important for inves-

tigations of dynamic phenomena in which large time inter- g 10. surface topographeft), piezoresponsécentra), and
vals between sequential PFM-SSPM images are unaccefipen loop SSPMright) images froma—c domains on the BaTiQ
able. Under equilibrium conditions, simultaneous acquisition100) surface(top), for a pristine PZT surfacéniddle), and for PZT
of piezoresponse and potential images can facilitate the cogfter switching by 10 V at 2.5m and—10 V at 1 um. Potential
relation between topographic, potential, and piezoresponsgnd piezoresponse images are obtained simultaneously.
features and analysis of surface properties. We have shown

that simultaneous PFM and SSPM imaging can be imple-

mented using the usual interleave mode so that the topogrgiams of the material to the response amplitude was

phy and piezoresponse are acquired in contact and the poten- . . X -
tial is collected on the interleave lif8 Figure 10 illustrates nvestigated and an almost linear correlation between the pi

. ; ezoresponse andg; was illustrated for a series of PZT ma-
several examples of simultaneous piezoresponse and potefi-._ = . : ; :
S . ) X erials in the strong-indentation regime. These solutions are
tial imaging on BaTiQ and PZT. An open loop version of

. i represented by contrast mechanism maps that elucidate the
SSPM s used. For BaTiboth .SSPM and PFM features are effect of experimental conditions on PFM. An approach for
related to the surface domain structure and therefore ar

. ) . Simultaneous acquisition of the piezoresponse and surface
cIoseg correlated. For PZT the mformanon_ prqwded .by '.[hepotential image was developed. These data were shown to be
two is complementary. However, after polarization switching

complementary for the general case. Finally, based on these

the regions with deposited charge and reversed pOIarizatioQolutions the temperature dependence of the piezoresponse

are distinguished. This illustrates the approach to mdepenén a BaTiQ surface was interpreted in terms of a weak-

?rﬁmgcﬁgtnailcna;r};(i(rarpaacttli%z;ht&cl)t sgognzrc]?ﬁ:g't've Versus eIec'indentation and diglectric-gap mod_el. Th.ese solutions can be
' extended to domains of random orientation and to the analy-
sis of stress effects in thin films by using renormalized effec-
tive electromechanical constants. Expressions for the poten-
VI. SUMMARY tial and field in the tip-surface junction and in the
ferroelectric provide the framework for analyzing polariza-

Analytical models for electrostatic and eleCtromeChanicahon Switching phenomena and the quantiﬁcation of local
contrast in PFM have been developed. Image charge calcyysteresis loops.

lations are used to determine potential and field distributions

in the tip-surface junction between a spherical tip and an

anisotropic dielectric half plane. For high-dielectric-constant

materials the surface potential directly below the tip is sig- ACKNOWLEDGMENTS
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