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Kelvin probe force microscopy and electrostatic force microscopy
responses to the polarization in a ferroelectric thin film:
Theoretical and experimental investigations
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The ability of non-contact electric modes (Kelvin probe force microscopy (KPFM) and
electrostatic force microscopy (EFM)) to provide quantitative information about the remnant
polarization in a ferroelectric thin PIlm is theoretically and experimentally investigated. The
theoretical relationship between the microscopic signal and the polarization in the PIm is
established: it is linear in the KPFM mode and parabolic in the EFM mode. The KPFM and EFM
signals are predicted tip-shape, tip-surface distance, and poled area dimensions dependent so that
an absolute value of the polarization cannot be extracted. Nevertheless provided these parameters
are held constant, KPFM theoretically enables to investigate quantitatively the polarization
dependence on any parameter relative to the PIm preparation conditions or to the poling process. It
does not enable to investigate its dependence on poled area geometry. Based on these conclusions,
experimental KPFM investigations have been carried out on a ferroelectric strontium barium
niobate (SyBa; xNb>Ogs, SBN:100x) epitaxial thin PIm deposited on a platinum covered MgO
substrate. Poled areas are created in the PIm by moving the biased tip in contact with the surface.
KPFM images are dominated by the written polarization and not by injected or attracted extrinsic
charges. The experimental decay of the KPFM signal with increasing tip-surface distance conpbrms
the contribution of the volume of the lever/tip to the KPFM response. The spontaneous evolution
of the written polarization as well as the polarization dependence on poling voltage and poling
duration are investigated using KPFM, with the poled area dimensions as a parameter. For
comparison, the macroscopic remnant polarization in the SBN PIm has been measured versus
poling beld from hysteresis cycles drawn using a macroscopic Pt dot as top contact. The signibcant
difference observed between macroscopic and microscopic results can be accounted for by using a
simple model of the inhomogeneous electric Peld generated by a poling tip. KPFM measurements
do not alter the initial polarization of the PIm and can provide essential qualitative and quantitative
information on the polarization in a ferroelectric thin Pivh2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.48123P3

I. INTRODUCTION of the voltage-dependent space charge capacity of the semi-
conductor, then leading to erroneous conclusighginally,
Kelvin Probe Force Microscopy (KPFMY also the KPFM standard theory, where the tip-sample system is
referred to as Scanning Surface Potential Microscopymodeled as a capacitor, does not hold true in the case of
(SSPM), is a nanometer-scale adaptation of the macroscopiosulating samples. The KPFM image of an insulating sur-
Kelvin-Zisman probe methdd used to measure the contact face is not a CPD map. Its interpretation requires a model of
potential difference (CPD) between two materials. Despite @he tip-sample interaction which strongly varies with the
simple principle, the KPFM measurements have a reputatiosample conbguration and featurgs’
for being difbcult. Even in the case of perfectly conductive The use of KPFM to map qualitatively the relative
tip and sample, Colcheret al> demonstrated that the value strength and direction of the dielectric polarization in ferro-
theoretically obtained with the usual KPFM operating modeelectric materials has been continuously reported for 13
in air (force detection, amplitude modulation) is not the trueyears'®**®2 |n these reports, KPFM images often appear
tip-sample local CPD, but a complex weighted averagegoverned by the presence of extrinsic charges due to the
strongly tip shape and tip-surface distance dependenpoling and/or screening processes. For this reason, the piezo-
Moreover, contamination of the surface and screening effecteesponse force microscopy (PFKfthat is a contact mode
contribute to blur the intrinsic surface potential contrast.much less sensitive to extrinsic effects, has remained by far
Only KPFM measurements performed using force gradienthe mainstream technique for characterization of the ferro-
detection (frequency modulation (FMY) under ultra-high  electric materials at the nanometer scale. A disadvantage of
vacuum conditions should be able to provide a reliable value contact mode like PFM is that the voltage between tip and
of the local tip-sample CPD. Additionally, KPFM measure- bottom electrode is applied to the ferroelectric material
ments on semiconductors may be affected by the existendestead of being mainly applied to the air gap in a
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DC

non-contact mode. The initial ferroelectric polarization of Z

the sample is therefore modibed by the alternating voltage A

used to produce the piezoelectric movement of the surface.

This modibcation must be held relatively negligible, which

implies that the PFM technique is not suited for ferroelectric dF

materials with a low coercive beld. Moreover, a quantitative 0

interpretation of PFM images is still less straightforwre

than that of KPFM images. A%

The drive towards miniaturization and the wide applica-

tion potential of ferroelectric thin PIms has generated a great %%%%%MW Al

specibc demand for a reliable characterization technique for h

polarization in these PIms at the nanometer scale. The pres- 0

ent paper investigates the ability of non-contact electric Aﬁ

modes (KPFM and EFM$2?” acronym for Electrostatic £

Force Microscopy) to satisfy such a demand. Secligoro- FIG. 1. Schematic representation of the KPFM operation mode. An AC volt-

poses a theoretical analysis of the contrast formation mechage applied between a conductive tip and a sample induces a 3-spectral-

nism in the KPFM and EFM images of a polarized area in acomponents force on the tip (&, 2x). The harmonic component is

ferroelectric thin bIm. The KPEM and EFM responses arefsensmve tp the electric beld generated by the sample (here a poled area in a
. erroelectric PIm) and can be exactly nullibed by applying a compensating

Prst expressed in the most general case where they cannot Bg. voltage (it is not nullibed in the Pgure). A KPFM image is the map of

merely related to a contact potential difference, then they aréhis nulling Vpc value when the tip scans the surface at a held constant

calculated in the particular case of a polarized thin areaMean distance h.

Experimental KPFM investigations based on the conclusions

of this analysis have been carried out on ferroelectric stron- C
tium barium niobate (SBa; Nb,Os, SBN:100x) epitaxial separately, by the charge distribution in the sample, the DC

thin bIms, with the aim of extracting quantitative information voltage, and the AC voltage, is the phase delay of the AC

about the local polarization dependence on poling parameteiéESponseh is the angle between the vector normal to the sur-

and about its spontaneous evolution with time. The detall ace eIemgnngnd the.d_O\_/vn vertical vector, ard is the_ .
and results of these experiments are reported inI§ec. vacuum dielectric permittivity. The surface charge densities

I pc andr ac read

Il. THEORETICAL DEVELOPMENT dc
roc;y; zZP Ya—&; y; ZPVpc; 2
A. KPFM modeling pcts Y “ds y be )
In the conventional macroscopic Kelvin probe tech- - dC. . .
I acX;y; 2P Ya—&; Y; ZPVac; 3
nique®* a conductive vibrating probe is connected to a con- ACOGY ‘ds ¥: 25nc 3)

ductive or semi-conductive sample, the consequent ) ) ) )
alignment of Fermi levels generates a CPD between th&/here Cis the capacitance of the lever/tip-sample capacitor,

vibrating probe and the sample surface, thus producing afndd¢y; zPare the coordinates of any point on the lever/tip
alternating current in the probe-sample capacitor. This curSurface. The forcé; on the lever/tip is therefore made of
rent is detected, and then nullibed by adjusting the magnithrée spectral components

tude of a compensating DC voltage £¥) applied between E.8P YiEoo b Fou &P bEas &b 4
tip and bottom electrode. The Kelvin probe technique has AP ViFz0p Fzx 8P PPz dR “)

been widely used to map the relative work function of metal- 1 a0 r2.

lic samples or the surface potential of semiconductors. In the Fro% —— &sb rocBp 4 coshds  (5)
. e . 2e 2

KPFM adaptation, the above principle has been partially &

modibed: (a) an additional AC voltage ¥ cos xt) is 1

applied between tip and sample instead of mechanically Fzxdb ¥a & & sp ropchraccoshdS cosxt uh
oscillating the tip, and (b) the resulting harmonic oscillation (6)
of the tip is detected instead of a current in the tip-sample ca- &

pacitor. Figurel schematically depicts the KPFM operation yo 1 2

mode. The expression of the vertical electric fodfe acting FeocdP 4ey FaccoshdS cosxt ub  (7)
on the surface elemediSof the conductive lever/tip is

5 The Prst component,o, static and attractive, acts on the
dF, Vs r—coshdS mean tipbsample separation, the comportent produces
2& an harmonic vertical oscillation of the tip, sensitive to the
Y, 8rsp rochp raccosxt ubb N charge distribution on and in the sample, and the component
4 2a coshdS (1)  F,, produces a vertical second harmonic oscillation of the

tip, insensitive to a change in the electric properties of the
wherer is the dS surface charge densitys;rpc;rac are  sample or in the applied DC voltage (see Fit). In
the dS surface charge densities induced, respectively, anthe KPFM operation, the harmonic oscillation of the tip is
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synchronously detected through the correlated defRection ain the lever/tip. And yet s andr ¢ do not compensate each
the cantilever, its amplitude is then nulliPed using a feedbaclother at each point of the lever/tip surface, except in the
loop that adjusts the magnitude of the DC voltage to a valugarticular case of a metallic homogeneous sample. Since
Ve ¥ Vk (referred to as OKelvin voltageO in the following),r k b r s 80 in general, applying the Kelvin voltage nullipes
so that the forceF,, &P is maintained zero, otherwise the harmonic force but does not nullify the electric beld in

expressed as the space between tip and sample, and therefore does not
F%) nullify the difference between the tip and the sample surface
& sp rbr accoshdSY40: (8)  electric potentials. Relatio(12) also implies that is tip-

shape and tip-sample distance dependent, except again for a

. . metallic homogeneous sample.
In the particular case of an homogeneous metallic sample,

r sy, 20 1/43—(8:6(; Y, 2Vcpp; (9) B EFMmodeling
In the EFM mode, a conductive lever/tip is mechanically

where Vepp is the tip-sample contact potential difference, oscillated near its resonance frequerigyt a held constant

and Eq.(8) then may be written as heighth above the surface. Any variation in the force acting
" # on the tip shifts this resonance frequency and therefore modi-
@ 2 pes the amplitude A and the phaseof the tip oscillation.

dC
Nepp p VkPVac a5 coshdS % 0: (10) By synchronously detecting A andl, while raster scanning
the tip at a bxed tip-sample mean distance, EFM can thus

) o ) provide two complementary images of the electric beld
The harmonic force on the tip is then well nulliped when the p 0ve 4 surface. Figurg schematically depicts the EFM

DC voltage and the CPD compensate each other. The difRsneration mode. Referring to EqL), the vertical electro-
culty pointed out by Colcheret al.” arises as soon as the static force on the tip can be written as
Vcpp Value varies in the vicinity of the tip apex. TheSepp 55

variations induce variations in the charge distribution 1 2

r s&;y; zbon the leverftip surface, and E(P) holds only if Fa 2e r“coshds (13)
Vepp is replaced by a functioVcppd; y; zP of the coordi-

nates of the lever/tip surface element dS. The Kelvin voltage  This force shifts the initial resonance frequenfgy(no
is then a complex weighted average of the contact potentiatlectric Peld) to a lower valug, according to the following
difference in the vicinity of the tip apex, lever/tip shape, andapproximate relationshif’

tip-surface distance dependent

fo dF,
0 fo o ; 14
o'} dc 2 0 0 2k dZo ) ( )
Vepp d—S coshdS
VK7 —5 ; : (11)  where k is the lever/tip spring constai, and h are, respec-
aC  oshds tively, the position and the mean position of the tip apex
ds above the surface (see Fig). The amplitude of the leveri/tip

oscillation is then modibed bpA

The FM operation mode? that detects the force gradi-
ent instead of the force exerted on the tip, strongly enhances
the relative contribution of the tip apex to the detected and
nulliped signal, and therefore partially solves the above
difbculty.

When the sample is made of insulating parts, electro-
static charges may be present on but also below the sample
surface. The induced surface charge densipn the lever/
tip then results from a charge/potential volume distribution
in the sample and cannot be merely related to the local
potential on the surface straight below the tip apex like it is
in Eq. (9). The general expression of the Kelvin voltage is

ad
dC
r s——= coshdS . , . .
S FIG. 2. Schematic representation of the EFM operation mode. A conductive
Vi Ya (00] 2 : (12) tip is mechanically oscillated near its resonance frequép@yt a held con-
> oshds stant heighth above the surface. An electric Peld generated by the sample
das (here a poled area in a ferroelectric PIm) modibes the force acting on the tip,

shifts the resonance frequendy ( fJ), and increases the amplitude A of
. . . the tip oscillation. An EFM image is made of two maps: the tip oscillation
This relation demonstrates that a V'rtua”y calculable amplitude and phase. Apé voltage may be applied which allows up and

value always exists that exactly nullibes the harmonic forcelown polarizations to be distinguished.
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bb
L, dA dA fo d% r2coshdS The surface charge density on the lever/tip is generated by
DA /4dTODf0 dfy 4key dZo ' (19) the charge distribution in the sample and, eventually, by a
) DC voltage applied between tip and sample¥sr sp rpc.
dA fo — dr o ds (16)  Taking Eq.(2) into account, the variatioBA induced by the
dfp 2key dzo |, electric Peld above the surface can be expressed as
|
2 2 0 1 3 0 1 3
dcC dC
00 00 08 Bd — 00 d —
an fo §2°  ars 8% 4re dc B s K& Sé , C%acl’ ds & Sé
A dfy2kes rs iz hcoshdSp Vpc iz hd—ScoshdSb rs 0Z hcoshd b V5 9 dzo hcoshd :
17)

The brst term of this expression is insensitive to the sign obeld is calculated on the disc axis (see Br). The rem-

rs. If Vpc %0, the contrast in the EFM image arises only nant polarizationP is represented perpendicular to the sur-
from variations in the absolute value of the electric Peldface of the PIm in the bgures but the following calculation
above the surface. Npc 8: 0, the second term of E17)  holds for anyP orientation. The disc generates an electric
adds toDA a contribution sensitive to the sign o§ and pro-  Pbeld identical to the Peld that would be generated by its top
portional to Vpc, which enables the EFM image to reveal and bottom surfaces, respectively, charged with surface
any variation in the electric Peld above the surface.charge densitiep Pz and Pz, whereP; is the polarization
Nevertheless the brst and second terms may blur each otheomponent perpendicular to the surface. This peld induces a
and yield a confused contrast. The third term in Efj) is  surface charge density,, in the underlying electrode.
insensitive to the charge distribution in the sample. TheFinally, the Peld above the surface results from three contri-
resulting variation in amplitud®A is therefore a complex butions: the belds generated by the surface charge densities
function of the surface charge density induced on the leverp Pz, Pz andr n, schematically represented in FB(b).

tip by the sample. The variatiobu in the phase of the tip
oscillation is obtained by replacing with u in Eq. (17). In

the simple case of a metallic homogeneous sample, taking
Eq. (9) into account, Eq(17) reads

0 1
dC
fo's) d —
dA f, dc” ds &
DA d_f()%a\/CPDp VDcl:; d_S W coshdS

h
(18)

Consistently, Eq(18) predictsDA ¥4 0 when the DC voltage
and the contact potential difference compensate each other,
that is when the electric Peld above the sample and therefore
the induced charge on the lever/tip are nullibed. As already
discussed in the previous section, Et8) does not hold true

as soon as the CPD varies in the vicinity of the tip apex.

The comparison between EgEl2) and (17) provides

evidence for a relationship between image and surface

charge density on the lever/tip much more straightforward in @
2k

the KPFM mode. Moreover, a disadvantage of the EFM (b)
mode is that the derivativ%% cannot be considered as a con-
stant when variations in the electric beld, and consequently
in the lever resonance frequency, are large.

_

C. KPFM and EFM responses to the remnant
polarization in a ferroelectric thin film FIG. 3. Calculation of the electric beld generated by a uniformly poled disc
deposited on a grounded electrode at a point on its axis. (a) The poled disc
We consider a ferroelectric thin PIm deposited on agenerates an electric beld identical to the beld that would be generated by its

grounded bottom electrode and calculate the electric bellfP and bottom surfaces, respectively, charged fithand BP surface charge
_densities. (b) This Peld induces a surface charge dengity the underlying

ggnerated above the' surface b_y a uniformly polar'ized area 1Blectrode. The Peld above the surface bnally results from three contributions:
this PIm. The area is chosen in the form of a disc and thehe belds generated by the surface charge dengifies P, andr .
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A classic calculation of the electric bPekicreated by a Pz 1 d Pz b fm 4 o (20)
disc uniformly charged with a surface charge densityat a 25 L 2paz 20 29 A
distance Z on the disc axis, yields q
r 7 Mm% Pzpm ; (21)
y I .
E /42 o 1 pm y (19)

where d is the thickness of the ferroelectric thin bIm.
where a is the radius of the disc. The electric beld in the meTaking into account Egs(19) and (21), the electric peld
tallic electrode is necessarily zero which can therefore beon the Z disc axis above the surface can therefore be writ-

expressed as ten as
|
1 2 Z Zp d Zp d
EX; 0; ZzP 1/42—4F’z 1 | —— Pz@l ¢ b Ab Pzp @ 4 i A5, (22)
0 Z*p a &p dBp a2 d*p & &p dBp a2
2 !
E&: 0: Zb 1/4&4& 1 b b 5 2 b p b 5: (23)

o apbBp1  bp1 @bl T p*p1

wherea ¥ Z=a and b Yad=a are dimensionless. The func- The expressior(23) is therefore valid whatever the polariza-
tion 2 oE=P;&; bbis represented in Figurd. This bgure tion state of the PIm is around the disc provided is
brings into relief the fact that the electric Peld above a polar+eplaced by the variatiobP; ¥4 P;adisd> Pz (PIm around).
ized surface will be hardly detectabledf aand/orZz a. It is also to be noted from Figuréthat the electric beld
A polarized area in a ferroelectric thin PIm can therefore begenerated above a micrometer thick PIm by a given polariza-
easily detected only if its size is: (a) not too much larger thartion is about three orders of magnitude lower than that gener-
the PIm thickness a< 20dR (b) not too much small ated by the same polarization in a crystal a few millimeters
(a> 2). KPFM and EFM usually scan the tip at a few tensthick. The screening effect caused by extrinsic charges
of nanometers from the surface, which sets a brst limit to thattracted on the ferroelectric surface is consequently expected
resolution that can be reached with these techniques: a polasignibcantly lower in the case of a ferroelectric thin PIm.
ized area will be hardly detected if its radius is lower than a  Figure5 depicts the decrease of the electric bPeld magni-
few tens of nanometers. tude along a Z distance that corresponds to the usual height
Since E®; 0;ZP ! 51 0, a non-polarized small area of a microscope tip (121 m) in the particular case of a bIm
within a large polarized area generates a local electric bel@.61 m thick. It shows that the electric Peld generated in the
equal to that generated by the same small area polarized wittolume of the tip may be strongly inhomogeneous or quasi
the opposite polarization within a large non-polarized areauniform depending on the size of the polarized area. The sur-
face charge densitys; y; zP on the tip/lever surface that
maintains a zero Peld in the volume of the conductive tip is

d/a= dependent on the particular shape of the tip/lever, but is
1.0 f = E therefore also strongly dependent on the size and shape of the
] polarized area. This last point dooms to failure any attempt at
0.8 “ a quantifyingr sd; y; ZPand, further, the Kelvin voltage
AN 10 induced by a polarizatiorP. Nevertheless sdx; y; zPis pro-
& 0.64 portional to Pz and Eq.(12) may be written as
= 35
W 0.4 dC
N | fd—Scosh ds
> I VKp Yy Pz (06) 5 Vi K Pz; (24)
0.240.1 dC
10.05 R 4s coshds
0 O 0.01 T T T T t

s 4 3 o -1 0 1
10710710 ZI/O 10710710 where f is a function oZy=a (Z, : position of the tip apex
a on the Z axis),d=a, the tip/lever particular shape, and the
FIG. 4. Electric Peld E generated on its axis by a uniformly poled disc de-Coordinatesk; y; zbof the surface elememtS
posited on a grounded electrode, as a function of the distance Z from the sur- ~ The Kelvin voltage on the disc axis is therefore propor-

face. B is the vertical component of the polarization, a is the radius of thetional to Pz, while the relationship between the EFM signals
disc, and d is its thickness. E/R a function of the two dimensionless varia- 2

. o >
bles Z/a and d/a. The electric Peld above a polarized surface will be hardl)?nd Pz resulting from Eq.(17) is _'n th? form A P_z
detectableil  aand/orZz  a b A2VbcPz b Az V3c. The coefpcienK in Eg. (24) is
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in view of optimizing a quasi-phase-matching regime for
wavelength conversion.

The experimental KPFM investigations reported in this
paper have been carried out on a SBN:60 bPIm] ééhick,
(001) oriented, epitaxially grown on a Pt(001)/MgO(001)
substrate, and exhibiting two mirror symmetric in-plane ori-
entations6 18.4 with respect to the MgO cell axes. The
direction of the spontaneous polarization is perpendicular to
the surface. Platinum dots were deposited on the surface,
which are useful to characterize the dielectric, piezoelectric,
and electro-optic properties. FiguBeshows the experimental
current intensity-voltage (V) plots obtained using the
current-sensing AFM mode (CSAFM) with the tip in contact
with a platinum dot. The voltage applied between bottom
electrode and tip has been increased then decreased at a con-
stant speed dV/dt so that the absolute value of the current is
proportional to the capacitance C of the lever-sample system.
This capacitance clearly exhibits a typical ferroelectric non-
linear C(V) behavior. Any further detail about the prepara-

FIG. 5. Electric beld magnitude along the height of a microscope tip settlon and the characterization of SBN PIms can be found in

. HEB4
straight above the center of a poled disc. The particular case of a blnm0.6  the€ previous reports of the author.
thick has been chosen and the radius of the poled disc is a parameter. |t is to be noted that SBN is a low coercive beld ferro-

The electric Peld generated in the volume of the tip may be strongly inhog|actric material: Eis a few kV/cm in SBN crystals and
mogeneous (red,%a2.51 m) or quasi uniform (blue, & 201 m) depending . S . . .
on the size of the polarized area. about 6kV/cm in the gpltaX|§1I SBN:60 bPIm used in th|s
work. The latter value is 20 times lower than the coercive
Peld reported to be about 110D120kV/cm in RbZr O3

hardly calculable even when regarding the simplest aca itaxial PImS® The all d . | ;
demic model made of a perfect conductive cone set on thé"ZT) epitaxial Pims.” The allowed operating voltages in a

axis of a uniformly polarized disc. It is not calculable as PFM procedure are in the same proportion. Moreover, the
soon as a real lever/tip is used. However, relative measure-
ments of Pz can be performed provided this coefbci&hts

kept constant, which implies that the tip-surface distaige

the thicknessd, and radiusa of the polarized area are kept
constant. The polarization dependence on any parameter rel-
ative to the PIm preparation conditions or to the poling pro-
cess can therefore be quantitatively investigated using
KPFM. On the other hand, KPFM cannot afford quantitative
information about the polarization dependence on poled area
geometry since the factor K is dependent on this geometry.

2¢,E/P,

10

W
1

()

IIl. EXPERIMENTAL INVESTIGATIONS

Current (nA)

A. SBN ferroelectric thin films

Strontium barium niobate (Fa; Nb,Og, noted
SBN:100x) is a ferroelectric material that crystallizes in the
region 0.25< x < 0.75 with the tetragonal tungsten bronze
structure®® SBN crystals exhibit an exceptionally high linear
electro-optic coefpcient’ greatly exceeding that of the
primary electro-optic material LiNb® The drive towards
miniaturization and the development of new photonic com- -10-
ponents have oriented researchers towards the preparation of
electro-optic thin PIms. These open the path to the realiza- Voltage (W
tion of future active photonic devices like waveguide modu-
lators with a voltage-length product lowered by orders ofFIG. 6. Experimental current intensityBvoltage (V) plots obtained with the
magnitude, or electrically tunable photonic crystals. A sec-SBN/Pt sample using the CSAFM mode. The tip is in contact with a top

- ; ; ie i+ Platinum dot 500 m in diameter. The voltage has been increased then
ond motivation to prepare SBN in the form of a thin Pimis it decreased at a constant speed dV/dt so that the absolute value of the current

make's it easier to engineer ferroelectric domains USir?g af% proportional to the capacitance C of the system. This capacitance exhibits
atomic force microscope. Domain patterns may be designedtypical ferroelectric nonlinear C(V) behavior.

1
W
1
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converse piezoelectric coefbcient of SBN is about 3D4 times Topography KPFM image
lower than that of PZT. The amplitude of the PFM signal - o
generated by a SBN sample is therefore expected about

60D80 times lower than that generated by a PZT sample with

the same thickness. As might be therefore expected, the

attempts to image a polarized area in the above micrometer

thick SBN PIm by using the PFM technique yielded poorly

contrasted images at best.

B. Qualitative KPFM investigations

The scanning probe microscope used for the experi-
ments described in this paper is a commerdpatoPlus
microscope fabricated biylolecular Imaging(now merged
into Agilent Technologies)and equipped witiNanosensors
Pt/Ir coated silicon cantilevers for electrical conduction.

ature, using a dual-pass scheme. The tip acquires the surfac, § ‘A,
topography during a Prst scan line using the standard inter- * ' *
mittent contact mode feedback (amplitude modulation) at a

frequency f near the resonance frequengyof the lever (c) :‘: (d

(fo 65kHz). The cantilever is then possibly lifted up by a

qIStance H .from ItS. initial m_ean. po§|t|on (HO! 100nm), FIG. 7. KPFM images ((b) and (d)) of two areas of the SBN PIm where the
its mechanically driven oscillation is stopped, and an alter+nree capital letters LCF have been previously Owritten® by moving the bi-
nating voltage ¢ cos(df)t is applied between the cantile- ased tip in contact with the surface. The topography acquired during the brst
ver and the bottom electrode of the sample. The tip therpass is shqwn on the.left of each KPFM image ((a) and (c)). The.poling vol-

. . . tages applied to the tip werelOV (top image) andb 10V (bottom image)
scans the same line a second time at a held constant distan, that the written polarization had the direction indicated below each
from the surface while the amplitude of the harmonic oscilla-image.
tion of the tip is continuously nulliPed using the Kelvin volt-
age feedback loop. In the experiments presented here, ia about 20 times lower than that necessary to polarize mate-
drive voltage amplitude ¥c 1V was required to operate rials with a high coercive peld like PZT. The charge injected
with a satisfactory sensitivity. Poling is processed by apply-during the poling process of ferroelectric thin PIms, that was
ing a DC voltage § 010 V) between the tip in contact with reported to screen the polarization bound chdrgé}® is
the bIm surface and the platinum bottom electrode. consequently expected limited in our case. On another hand,

Figure 7 shows the KPFM images of two areas of theas expected from the above calculation (see comment of
SBN PIm where the three capital letters LCF have been preFig. 4), the screening by extrinsic charges attracted on the
viously OwrittenO by moving the biased tip in contact withsurface mainly affects thick ferroelectric sampt@$%2° The
the surface. The topography acquired during the brst pass ssible presence of injected screening charges cannot be
shown on the left of each KPFM image. The poling voltagesruled out nor prevented by operating under vacuum. The
applied to the tip were 10V (top image) ancd 10V (bot- KPFM (and EFM) measurements provide information on the
tom image) so that the written polarization had the directionresulting equivalent polarization of the pPIm.
indicated below each image. The KPFM images show the  The KPFM contrast of a uniformly poled area is shown in
variation in Kelvin voltage induced by the poling process. Figure8. The mean value of the Kelvin voltage in this image
As expected, this variation is positive when the polarizationis p 0.66V and its RMS variation is 0.08 V. The comparison
is directed upwards and negative when it is directed downwith the topography shown on the left of the bgure indicates a
wards. If the poling process had resulted in a charge injectiosystematic increase of the electric beld intensity straight above
on the surface instead of the PIm poling, the contrast in thehe grain boundaries. The same Peld increase is observed
KPFM images would be the opposite of that observedwhen the polarization has the downward direction: the grain
Nevertheless, the two mechanisms may have coexisted duboundaries then appear as black contours in the KPFM image.
ing the poling process and screening extrinsic charges mal is to be noted that a defective feedback loop would not
be present on the surface, either injected or simply attractecesult in a systematic excess of the ¥bsolute value what-
by the Peld above the surface. The electric Peld generated tgver the variation in ¥ is through the grain boundary, like
the written polarization above the PIm may be therefore low-observed here. This electric Peld increase above grain bounda-
ered by the possible presence of such extrinsic charges butries suggests the existence of space charges formed near the
is neither cancelled nor reversed. The KPFM images of thgrain surfaces during the poling process. It implies that free
SBN sample are always dominated by the written polarizaintrinsic charges have been moved by the poling beld and
tion, which is unlike what was often reported by the authorstrapped into localized states. Taking the grain boundaries con-
studying ferroelectric surfacé8®®° A brst likely reason tribution into account or not does not signibcantly modify the
for this difference is that the beld necessary to polarize SBNmean value of ¥ in the area. In the following quantitative
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Topography ‘f‘ KPFM image
A’ O

(a)

FIG. 8. Topography and KPFM image of a uniformly poled area in the SBN
bIm. The poling procedure consisted in raster scanning the biased tip
( 10V) in contact with the SBN surface at d #/s speed. The averageV
value isp 0.66 V and the RMS deviation is 0.08 V. A systematic increase of
the electric beld above the grain boundaries may be noted.

investigations, square areas of Pxed dimensions are uniformly
poled and a mean Kelvin voltage is measured in a small (b)
region around the square center. Vi (V)

60

C. Quantitative KPFM investigations 200
400

1. Tip-sample distance V ¢ dependence 1000
The tip-sample distance dependence of the Kelvin voltage
has been investigated by measuring &bove the center of H (nm)
: : : (¢
square poled areas as a function of the interleave height H. An
experiment is depicted in Figur@ Two square areas have FIG. 9. KPFM signal dependence on tip-surface distance. (a) Two squares,
been brst uniformly poled in the SBN bIim using identical 2.5I m and 3 m side, have been uniformly poled in the SBN bim. A KPFM

: i : : image has been then formed by continuously scanning a bPxed line while the
pollng conditions. A KPFM image (FI@(b)) has been then tip-surface distance was increased then decreased by steps. H is the inter-

formed by continuously scanning the Pxed line that connectfave height introduced between the Prst (topography) and the second pass.
the centers of the two squares (Fga)). While scanning this  (b) KPFM image. The top part of the image where the distance was held

line, the interleave height of the tip has been brst increased bgpnstant conbrms Fhat a KPFM measurement does not_alter the PIm polariza-
steps from zero to 112m (bottom part of the KPFM image), tion. (c) Cross section corresponding to the blue arrow in (b).
then decreased back to zero using larger steps, then held con-
stant (top part of the image). A cross section (blue arrow inpolarization (Mp) is consequently the difference between the
the KPFM image) is shown in Fi@(c). It stands out from this  values measured above the poled areg) (&d above a non-
cross section and from the top part of the KPFM image thapoled area (¥np): Vkp ¥4V Viknp-
the Kelvin voltage value at a given distance from the surface  The ratio \kp(H)/Vkp(0) measured above the centers
is stable during the experiment time (about 1 h 30min) and iof poled square areas of different sizes is plotted in
not altered by the measurement process. FigurelO(a) as a function of H. We experimentally verify
The Kelvin voltage Vnp measured above the non-poled that the Kelvin voltage induced by a given polarization in
areas of the SBN bIm is not zero but abpu@d.12 V whatever the PIm depends on both the tip-surface distance and the
the tip-surface distance is. This insensitivity to the tip-surfacepoled area size. For comparison, Fighb)shows the ratio
distance is not consistent with the hypothesis of a defaulE(H)/E(0) calculated from Eq(23), where E is the electric
polarization of the SBN PIm. Moreover, a polarized area of sdpeld generated by the polarized area at the position of the tip
large dimensions should generate a quasi-zero electric Peldpex. The mean tip-surface distance during the acoustic prst
At last, the poling process should erase this hypothetical initiapass was bxed so that the tip- surface distance during the sec-
polarization and Kelvin voltages should be opposite wherond passis £(I m)¥aH p 0.02. It stands out from this com-
polarizations are written opposite. They are not and theparison that the only decrease of E at the tip apex with
assumption of & 0.12 V offset well accounts for the observed increasing distance cannot account for the observed distance
asymmetry. A likely explanation is that this offset arises fromdependence of M. The decay of ¥p is steeper which
the alignment of the Fermi level at the SBN/Pt interface withimplies that the relative contribution of the volume of the tip
that of the tip and is the measurement of the induced contadb the KPFM response is (a) not negligible and (b) decreas-
potential difference. The Kelvin voltage induced by the SBNing with increasing tip-surface distance.
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(@ (b) Y, P(t)/P(0) has been measured above the center of square poled areas of dif-
. ) ) ferent sizes. Given a poled area sizé (2 2l m), the initial polarization
FIG. 10. (a) KPFM signal dependence on tip-surface distance measuregas varied by modifying the poling voltage (3, 4, 5V). The decay kinetics

with square poled areas of increasing sizgr\(H) is the KPFM voltage  appears poled area size dependent and independent of initial polarization.
induced by the PIm polarization above the center of the poled area when the

tip apex is at a distance pl 0.021 m from the surface. (b) Calculated elec-
tric beld E(H) at the tip apex position as a function of H with poled area sizegnd tip and the duratioBt,y, of the poling contact. Figur&2
as a parameter. The comparison of the two layers shows that the only dec%;howS the KPFM images of two areas of the SBN bIm where
of E at the tip apex cannot account for the measurggd décay. . . . .
the biased tip (W ¥ p 10 V) has been previously put in con-

tact with the surface during 300 s (left column) or 450 s (right
column). The \¢ scales are signibcantly different which

Two 5l m 51 m areas have been poled using identicalproves that 300 s is not sufbcient to obtain a point saturated
poling conditions, and KPFM images have been then continupolarization in the bPIm. Although boundary effects and spa-
ously recorded during hours. The time necessary to form ongal resolution will not be discussed in the present paper, it
image was 1h 20min. The brst and the last images were ahay be noted that the Full Width at Half Maximum
the two squares, all the other ones were of one square onlyFWHM) is similar in the two cross sections and about
The comparison between the square that had been scann@@0l m. The origin of this width is not only in the far beld
two times only and the other one revealed no differencegenerated by the PIm polarization but also in the very diver-
which conbrms that a KPFM measurement undergone duringent electric Peld used to pole the bPIm, which generates a
hours does not alter the PIm polarization. Figdreshows lateral broadened polarization proble rather than a point
the ratio \ip(t)/Vkp(0) ¥4 P(t)/P(0) as a function of the time polarization. The stable shape of the cross section allows us
elapsed from poling, where P(t) is the polarization of the PImto infer that the P induced Kelvin voltagex¥ straight above
at time t. The experiment has been carried out again threthe contact point may be considered as proportional to P.
times with 2 m 2| m areas poled using different poling The experimental variation of 3 as a function of the poling
voltages \j, so that the initial polarization P(0) was different. time Dty is shown in Figurel3. The tip poling kinetics at
The results shown in Figll indicate that (a) the decay room temperature appears particularly slow compared to a
kinetics is poled area size dependent: the polarization decayaacroscopic poling kinetics. The strongly inhomogeneous
faster when the polarized area is smaller; (b) the initial polareld generated by the tip in the PIm is responsible for this
ization intensity has no infRuence on the decay kinetics. Theseifference. The kinetics observed here is that of the vertical
conclusions do agree with those inferred from PFM measuredomain growth under the tip.
ments on SBN crystals by researchers of the Russian The polarization dependence on poling voltage has been
Academy of Science®. The decay kinetics measured here isinvestigated by successively performing the poling and
relative to isolated uniformly poled areas only. The stability imaging of square areas of identical size using identical con-
of, for example, a large chessboard made of contiguouslitions except \y so that the factor K in E¢(24) was a con-
reversed domains in SBN crystals has been sfbwa  stant. Time Dt) elapsed between poling and imaging was
exceed by orders of magnitude that of an isolated square.  held constant so that B{)/P(0) was also a constant. Well
then the P induced Kelvin voltage measured above the center
of each poled area is proportional to the initial remnant
polarization P(0) in this area. Figurdg(a)and 14(b) show

The two parameters of the poling process investigatedhe results obtained with two series of %I m? and
here are the voltage \ applied between bottom electrode 2 21 m? poled areas, respectively. The maximum mean

2. Stability of the remnant polarization P

3. Polarization dependence on poling parameters



014302-10 M. Cuniot-Ponsard J. Appl. Phys. 114, 014302 (2013)

Topography /T\VKP ) ’T‘VKP V)

S 1042~ 25um J | 169a=1um n
/ w/

aoggd P
08 / 12 J o
g 064 . /
SR e 05 ’, |
= A
£ 044 o 1 ¥
= W ] ¥ i

KPFM images é 0.2 w | 04 o

Atw =300 s Atw =450 s & ,/ o
0.0+ 0.0+

0 50 100 150 200 0 50 100 150 200
Mean poling electric field (kV/cm)

(a) (b)

12 =250 um

W

\S]
0

Cross sections

0.50 0.60

0.30 0.40

<
=

0 | 2 0 1 HmZ

Remnant Polarization P (uC/ cm?)

>
FIG. 12. InBuence of the poling contact duration. The biased tipO(V , , 2a .
applied to the tip) was put in contact with the SBN surface during 300s 0 10 20 30
(left) or 450 s (right). The two KPFM images centered on the contact points . .

indicate that the added poling duration has still signibcantly increased the Poling electric field (kV/em)
polarization in the bIm. ©)

(=)

poling beld (E, ¥4 Vw/d) applied to the SBN PIm in these FIG. 14. InBuence of the poling voltage. Square areas of identical size have

: - en uniformly poled then imaged using identical conditions except the
experiments appears to be not sufbcient to saturate t%ling voltage \{y so that the KPFM signal M was proportional to the

polarization. polarization P. (a) ¥ measured above the center offd 51 m or (b)
For comparison, the macroscopic remnant polarization irelm 21 m poled areas as a function of the mean poling Pelg/(V. (c)

the SBN PIm has been measured versus poling Peld from tH\éagf?SCOPLC fftfmnant polcl‘:lriz?jtion in the SBN tblmdve(;sgs polingT Peld m‘eas‘-t
. . _ . ed Trom nysteresis cycles arawn using a stanaar awyer-1ower circul

hysteresis cycles drawn using a standard Sawyer-Tower CircUlt 4 a pt dot 500m in diameter as top contact.

and a Pt dot 50Dm in diameter as top contact. The poling

. - . - voltage \{y was then the amplitude of the drive voltage sweep.
0.6+ = Figure 14(c) displays the value of this macroscopic remnant
054 | polarization versus the mean poling Peld in the bPIm. It stands
= out from the comparison between microscopic and macro-
S 0.4 " 1 scopic measurements that the mean beld necessary to saturate
°*“ the bPIm polarization is signibcantly lower in the macroscopic
< 0.31 i conbguration. The plots over the range of 0B170kV/cm in
v; 0.2 A | Figures14(a) and 14(b) could be btted to the plot over the
> range of 0-10kV/cm in Figur&4(c) The explanation for this
0.1+ 1 considerable difference is again to be found in the strongly in-
homogeneous Peld generated by the poling tip. If we assume
0'00 100 200 300 400 500 that this beld varies in the PIm depth approximately like that

generated by a point charge on the surface, the beld near the
bottom electrode (0.6m from the tip apex) is about f@imes

FIG. 13. Tip-induced polarization as a function of the poling contact dura—l"--)Wer 'than the mean Peld in the PIm. This |mp'I|e.s that the ver-
tion. Experiments are described in Fig. tical size of the domain generated under the tip increases with

Poling duration At (s)
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the mean poling Peld, and should reach the PIm thickness only KPFM measurements have been tested in this work not
if this mean poling beld is about 4@imes larger than the coer- to alter the initial polarization of the bIm even when carried
cive beld, that is more than 600 kV/cm(E 6kV/cm in the  out during hours, and to be able to provide essential qualita-
SBN:60 PIms). No sign of saturation should be expected with dive and quantitative information on the equivalent uniform
lower mean poling Peld. Well then we do not observe such golarization in a ferroelectric thin PIm.
sign with pelds as high as 170kV/cm (Figel(a)and 14(b)).
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