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Resolution enhancement and improved data interpretation in electrostatic force microscopy
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The electrostatic interaction between a model probe and a sample in a scanning probe microscope is
analyzed. A simple model for a real experimental setup is proposed and solved by means of an appropriate
approximation. In addition, a quantitative definition for resolution is presented. We find that generally the total
force between tip and sample is dominated by contributions which are not confined to a nanometer-sized region
under the tip apex. From our analysis we conclude that such a confinement is only obtained either with
specially designed probes or by using the force gradient as signal source. We show that reliable experimental
data acquired by local Kelvin probe microscopy can only be obtained if these considerations are taken into
account. Finally, we propose an experimental setup which optimizes resolution and gives the correct local
surface potential in the case of Kelvin probe microscopy.
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[. INTRODUCTION teraction falls off faster than van der Waals interaction. At a

distance of 2 nm the electrostatic interaction is stronger for
The interaction of electric charges is without doubt thevoltages greater than about 0.5(¥ typical Hamaker con-
fundamental force that is best understood, and the one thafantA=10"*° J is assumed However, parallel plates are

has been verified experimentally with highest precision10t @ very physical model for an ESFM setup. Considering

Electrical f t phvsical hemical the more physical example of a cone we find that
ectrical forces govern most physical and chemical pro-_y ™ i e 1 iy Fivhere h s the height of the

cesses and, correspondingly, most technological applications ~";5 .
are based on them. The modern computer industry patterf&"e:~ We note that to calculate the electrostatic force for an
Infinite object some cutoff length of the system is needed

the electrical properties of materials on(gubymicrometer . (hereh); otherwise, the electrostatic interaction diverges due
niaturizafi | technol lectrostatic. i "o the slow decay with distance. As will be discussed in this
miniaturization—namely, Nanotecnnology—electrostalic -,y poth jts great strength and its large range lead to dif-

fculties in understanding the details of this interaction as

field has been remarkable. Part of this progress has begf| as in interpretating data when electric forces are impor-
driven by the development of scanning probe microscopy,tant in an SEM setup.

which allows not qnly imgging.and characterization of sur- The purpose of the present paper is to present a realistic
faces, but also their manipulation on a nanometer and evefodel to describe electrostatic interaction in a typical SFM
atomic scale. Among these techniques the scanning forogetup. A definition of resolution in an ESFM is presented and
microscopé (SFM) is probably the most versatile, since it applied to different experimental setups. As a result, appro-
allows different kinds of forces to be measured and in parpriate operating conditions can be obtained which optimize
ticular forces due to electric charges. If electrostatic forcesesolution and greatly simplify data interpretation. In addi-
are the main contribution to the total interaction in an SFMtion, we will show that when operating the ESFM in the
setup, one generally speaks of electrostatic force microscopgo-called Kelvin probe mode, the classical measurement
(ESFM). ESFM has been used to image chargesppant Scheme may result in misinterpretation of experimental data.
properties of semiconductotdpcal surface potentiafs’and  Finally we will propose an experimental setup based on the
even the adsorption of molecularly thin films of water on measurement of frequency shifts induced by electrostatic in-
solid substrate&.In ultrahigh vacuum extremely high reso- teraction which enhances resolution and yields correct values
lution of the local charge distribution and surface potentiaif©r the local surface potential. Although a similar idea has
has been obtainétWe believe that this is not incidental, but PE€N agplled_ already for the measurement of charges on
related to the fact that in ultrahigh vacuum SFM experiment§un‘a‘?e and |s_als_o used in ultrahigh vacudime belleve.
generally the frequency is used as an interaction sijrfal. that right now its importance has not yet been recognized
As will be discussed in this work, this has important conse-9€nerally in ESFM. Moreover, to the best of our knowledge
quences for ESFM. the scher_ne proposed here has not been a_lpplled to the local
As on a larger scale, electrostatic interaction on a nanomcharacterization of surface potentials. Without doubt the
oblems related to the classical detection scheme based on

eter scale is the one with the highest strength, as well as t h | d . ber of |
longest range compared to other relevant forces such as vaji ¢€ measurements has slowed progress in a number of im-

der Waals or so-called “chemical” forces. A thorough discus- portant nanoscale applications where ESFM is a fundamental
sion of the relative strengths and of the range of the diﬁ‘eren’iOOI'
interactions relevant in SFM is given in Ref. 12. For the
simplest cases of two infinite and parallel plates we find for
the relation of van der Waals to electrostatic forces: One of the problems for modeling the electrostatic inter-
Foaw/Fei=Al(67s,U?d). In this case the electrostatic in- action in ESFM is its complexity. Therefore some simplified

Il. MODELING THE PROBE-SAMPLE SYSTEM
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Once the electric field distributioE(x) is known, the
electrostatic interaction energy(d) between tip and sample
can be calculated &5

€0
W(d)= fV(d)dV? E(x)?, (1)

lever.

whereV(d) is the volume with nonvanishing electric field.
FIG. 1. Sketch of the model probe proposed for an ESFM setuppg just discussed, when the tip-sample distance is varied,
This probe is composed of three basic units: a cantilever of ldngth charges can flow and accordingly the field distributi(x)
vyith tilting ang_le D1ever With respect to the sample, a mesoscopicchanges_ Therefore, to solve the integidl, first the field
tip cone of heighth, and (full) opening angled,i,, as well as a  gigpinytion has to be determined. For an SFM setup where
parabolic tip apex of radius the tip and sample are metallic the electrostatic field is
) ) uniquely defined by the boundary condition that tip and
model system is used to describe the complex ESFM setugample be at well-defined potentials. In fact, if no additional
In general the sample is assumed flat and some geometigharges are present between the conductors then for each
entity is agsumed as a “tip.” A simple chargéa spheré; tip-sample distance the electric potential can be calculated
or a coné® are the most used shapes. In some cases MOfgom the boundary condition on the tip and sample and the
sophisticated "tips” are proposed such as a spherical cagjfferential equationAU(x;d)=0 everywhere outside the
connected to a tip cofié"’ or a sphere connected to a mac- conductors. The electric field is directly calculated as
roscopic cantilevet® Most studies assume a metallic tip and E(x;d)=V,U(x;d) for each tip-sample distancel. If
sample. The important case of dielectric samples is almostharges are present in the setup, then the calculation of the
never treated due to its even greater complexity. Interesting|ectrostatic force is less straightforward. In particular, the
approaches in this context are numerical calculations fopolarization of the charges between the metal surfaces has to
thick dielectric sampléS and a perturbative treatméft pe taken into account. A detailed analysis is found in Ref. 25.
which can be applied for thin dielectric films on metallic | the present work we use a different approach to find the
samples. ) . force between a metallic tip and a metallic sample by means
In every setup, adequate modeling of the probe is fundapf an approximatio”?° If the tip and sample are metallic,
mental. In our opinion the most appropriate assumption fOghe field lines are aligned perpendicular to the conducting
such a probe in a real ESFM setup is a macroscopic cantilésyrfaces. To calculate the forces between tip and sample we
ver, a mesoscopic tip cone, and a nanometer-sized tip ap&gii| assume that the field lines can be approximated by seg-
(see Fig. 1 The latter is the relevant object for nanoscalements of circles and that the electric potential decays linearly
experiments. However, all three components of the tip-levegiong these circular segments. In the present context, the
system interact with the sample. Due to the slow decay of th%ampleSis flat and at the originS=(x,y,0). The magnitude
interaction, the force induced by the mesoscopic tip cone angs the electric field on the sample is assumed to be simply
the cantilever will be in most cases greater than the forcga ol X,y,d)=U/a(x,y,d), where U is the voltage be-
induced by the small tip apex, even though the latter is muclgNepgn tip and sample and(x,y,d) the arc length of the
closer to the sample. If_the force induced by the tip apex igjrcular segment coming from the tip and ending on a point
small compared to that induced by the lever and the tip conqy v) of the surface. This assumption is valid if the distance
then ESFM is no longer a nanoscale measuring instrument ¢fetween the two conducting objects is not larger than their

manipulation tool. _ o __ physical dimensioR’ Since ESFM is intrinsically a near-
Another difficulty in modeling electrostatic interaction is fg|qg technique, we will assume that this assumption is cor-

that the distance dependence of the force cannot be Cachéct(see however, the discussion in the Appeihdihe elec-
lated by adding the pairwise interaction of static charges afostatic force between tip and sample is then
known positions. Such an approach makes the calculation of

van der Waals forces comparatively easy. once the van der 5
Waals “charge density” is specified through the Hamaker F(d)—f dS@ E(x 2 goU f - 1

: . = y,d) = ds .
constantA(x), the total interaction can be calculated by add- s 2 2 Js a(xy,d)?
ing the pairwise interaction between different parts of the 2
tip-sample systensee, for example, Refs. 21 and)2m the
case of electrostatic SFM, at least the tip is conducting; The first equation is exact and can be deduced by noting that
therefore, as the tip-sample distance is varied, the charges ¢he termeoE?/2 is the Maxwell stress—and thus a tension
the tip can rearrange to minimize the total electrostatic enfunit:N/m?)—acting on each point of the surface. Therefore
ergy of the system. The difference between the calculation athe surface integral over this tension gives the total force
electrostatic forces and van der Waals forces is thus esseaeting on the surface due to the electrostatic interaction be-
tially related to the fact that electric charges can flow as théween tip and sample. The second term in relat{@h is
tip-sample distance is varied, while “van der Waals charges’obtained from the approximation discussed above, which we
are determined by the material of tip and sample and arbelieve to be sufficiently good for typical experimental ap-
fixed with respect to them. plications.
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FIG. 2. Electrostatic force be-
tween a typical SFM probe and a
flat metallic surface as a function
of tip-sample distance. The thick
line shows the total force; the thin
solid line, short dotted line, and
long dotted line correspond to the
contributions from the tip apex,
tip cone and cantilever respec-
tively. The forces have been cal-

culated for U=1 V and |
=100 um, w=20 um, Vieper
=a/8, h=10 um, O,=/8,
andr=20 nm.

10 E 1000

To model electrostatic forces within a typical SFM setup=C'(d)U?%2, whereC(d) is the capacitance of the two con-
we will assume that the tip-lever system has three elementalucting bodies. Therefore from Ed8)—(5) the capacitances
building blocks: a lever, a tip cone and a tip apex. The levebf the different components of the probe with respect to the

is characterized by its length its width w, and an angle

sample can be obtained directly. The total capacitance of the

Jieper With respect to the sample surface. The tip is a trun£SFM setup is the sum of these individual capacitances,

cated cone of height and opening anglé};, which ends
smoothly in a paraboloidal tip apex of radiugsee Fig. L
For this geometry, the shape and lengtlx,y) of the circu-

which means that the total capacitance of the system can be
interpreted as individual capacitors in paraffef®
Figure 2 shows the total electrostatic force between a

lar segments connecting the probe and the sample can Rgyica| metallized model probe and a metallic flat sample. In

calculated and relatiof2) can be solved to obtain the fol-
lowing forces as a function of the distandebetween the
surface and the tip apdsee the Appendjx

Fleuer(d)
. U2IW 1
~Nev®0X S (1 d/h) {1+ [d+ 21 tan 910y/2) 1/}’
©)
| (d=s/2+h
Fcone(d):fconegoU In d=+ o2
o =8 o y
—SOw Ay hdr e @
Fape)&d)
'n'gOUz r+d/2)2( r—2d
T 1t f(9gp)(drr)? | T—2d | A1+ 2 tarf( 9, /2)diT]
+2 1 4d S
"M2d+r+(r—2d)cog y,) )’ ®

where fio,=2 tarf(9eped2)/ 9%, and feone=4m/(m
—19tip)2 are geometrical factord,(dy;,) =In[1/sin(,/2)]/
{[1—sin(9;p/2)][3+sin(¥;p/2)]}, and 5=r/tanz(ﬂtip/2) is

the height of the truncated part of the coisee the Appen-

addition, the individual contributions from the lever, cone,
and tip apex are also shown. As can be seen from the graph,
the contribution from the tip apex dominates only for dis-
tances smaller than about 3 nm. For larger distances the total
interaction is dominated b¥ e, e OF Feone, and will there-

fore not yield any nanometer-scale resolution, since the
sample is then probed by the mesoscopic tip cone and/or the
macroscopic lever. In fact, in most experimental conditions
the latter dominates and the resolution is of the order of the
width of the cantilever—that is, several micrometers.

Ill. DEFINITION OF RESOLUTION

The reasoning just discussed gives a qualitative estimate
of resolution. For a quantitative analysis of resolution first an
appropriate definition is needed. In this context we recall that
the integranc:oE?(x,y,d) of Eq. (2) is the Maxwell tension
which acts on each surface element of the sample. Therefore,

de E(x,y,d) sof ds E(x,y,d)
A _ A

5force(A,d) —
J ds E(x,y,d) 2F(d)

dix). We recall that the force between two conducting bodieds the relative contribution of an arbitrary ar@ao the total

is related to the derivative of the capacitande(d)

interaction. We now define resolution as the radgiusf the

245403-3



J. COLCHERO, A. GIL, AND A.M. BARO PHYSICAL REVIEW B 64 245403
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FIG. 3. As explained in the main text, the curve describing the lateral variation of the tension can be used to define an aperture function
as well as a resolution. Gragh) shows thesénormalized aperture functions for different tip-sample distances. Each curve has been offset
with respect to the main origin of the graph by its corresponding tip-sample distance. The horizontal axis represents the distance to the
symmetry axis of the system while the vertical axis is either the strength of the teirsianbitrary unit$ or the tip-sample distandeffset
for each tension curye (b) The resolution rd8°®(d) has been calculated for the following tip-sample distances:
=2, 5, 20, 40, 60, ...,180, and 200 nm. The same parameters for the probe have been assumed as those applied for the calculation showr
in Fig. 22U=1 V, andl=100 um, w=20 um, Qg e,=/8, h=10 um, d;,= /8 andr=20 nm.

circle under the tip that contributes 1/2 to the totalfor tip-sample distances smaller than about 2 nm. However,

interaction: we believe that from an experimental point of view the mea-
surement of electrostatic interaction at such small distances
reg°e(d)=radiusp such thats'"°¢(wp?,d)=1/2. is an extremely difficult task. The required precise control of

(6) tip-sample distance without touching the surface is difficult

in itself. In addition, for such small distances the electrostatic
interaction induced by applying small voltages may induce

snap-to contact and in air also condensation of water be-
&veen tip and sample. Therefore, some other means of im-
%rroving resolution has to be implemented.

Figure 3 shows thénormalized tensions as well as the reso-
lution red°"°¢(d) which have been calculated for different
experimentally relevant tip-sample distances. We note th
high resolution implies a low value for f8&°¢(d). The same
parameters for the probe have been used as those applied
the calculation of the forces shown in Fig. 2. Each curve
representing the tension has been normalized with respect to IV. ENHANCEMENT OF RESOLUTION
the total force at that distance. In addition to the tensions, the
lateral resolution has been calculated as defined by relation
(6). As expected from the discussion based on the relative Relations(3)—(5) as well as the arguments just discussed
contribution of the forces induced by the different parts ofguide the way to improving resolution: reduction of the
the cantilever, the lateral resolution is of the order of mi-“long-range” interaction area. This means that good electro-
crometers for most tip-sample distances which are relevarsgtatic probes should have a small cantilever width, a small
[2-200 nm=(0.1-10)]. Only for distances smaller than cone opening anglé};,, and a tip height of roughly the
about 2 nm is the central peak of the tension induced by theame value as the cantilever width=h. In addition, even
interaction of the tip apex large enough to compensate for ththough it may seem counterintuitive, a large tip radius will
rest of the tension induced by the long-range interaction ofilso increase resolution at intermediate distances, since it
the tip cone and the cantilever. In fact, a more detailed analywill increase the relative strength Bf, ., With respect to the
sis demonstrates that in the case shown the dominant inteother two force€® Of course the price for this increased
action comes from the tension produced by the macroscopiesolution at an intermediate distance is a decreased one at
cantilever rather than the tip coreee also Fig. 2 This  very small distances. A second possibility to improve resolu-
explains the low resolution and the fact that it is of the ordertion is to use normal dielectric cantilevers patterned with a
of the width of the cantilever. conductive layer on the tip side in an appropriate way:
In conclusion, for typical cantilevers we find that the reso-namely, a narrow conducting path covering the tip apex. Fig-
lution is rather in the micrometer than in the nanometerure 4 shows the forces obtained for such a cantilever. For the
range. Theoretically, nanometer resolution can be obtainegarameters used the contribution of the lever to the total

A. Cantilever design
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FA

[nN] FIG. 4. Electrostatic force as a

function of tip-sample distance for
a cantilever which has been opti-
mized for ESFM. As in Fig. 2, the
thick line shows the total force.
The thin solid line, short dotted
line and long dotted line corre-
spond to the contributions from
the tip apex, tip cone, and cantile-
ver, respectively. The parameters
corresponding to the effective me-
tallic probe interacting with the
surface are U=1 V, and |
=100 um, w=1 um, Vieper
=a/8, h=25 um, 9,=/8,
andr=20 nm.

0.4

0.2

force has been reduced by a factor of 5 and that of the tifd=0). The reason for the strong reduction of the interaction
cone by a factor of 2 with respect to the cantilever modelednduced by the lever and the tip is the low distance depen-
in Fig. 2. dence ofF ¢,/ (d) andF,,dd) on the range that is experi-
mentally important. These large but constant force contribu-
B. Measurement of the force gradient tions are thus “differentiated away” when the force gradient

) i ) is measured; therefore, only the tefg,.(d) with the pole
Another, even more drastic way of increasing the resolu- ;4 «gyrvives.”

tion of ESFM and to greatly simplify data interpretation is to Again, in addition to the qualitative discussion just pre-

change the signal source of the interaction. In fact, if thesented, we have tried to find a quantitative definition of reso-

force gradient is measured instead of the force, the relativgiiqon In analogy to the reasoning leading to relatiép the
contribution of the tip apex to the total interaction is in- integrand of

creased dramatically. This is shown in Fig. 5, where the total

force gradient as well as the individual contributions of the

cantilgver, tip cone, and tip apex are computed fqr the same F,(h):@f dsi E2(x,y,h) @)
experimental system as that corresponding to Fig 2. If the 2 dh

force gradient is used to measure the interaction, relations

(3)—(5) lead to the result that the contributions of the levercan be used to define an aperture function. We note that in
and tip cone are strongly reduced. The precise reduction fathis case the integrand of relati@f) is not a tension as for
tor is determined by the relative slope of the forégs,e,(d) the case of relatiof2) but rather is in units of N/fh The

and F¢,,dd) with respect toF,,¢(d) at small distances relative contribution of an areto the total force gradient is

10 1 1000 2000

coeeem=== d m)

FIG. 5. Force gradient vs dis-
tance curve for the same probe as
that used in Fig. 2 for the compu-
tation of the interaction force
=1V, and =100 um, w
=20 um, Deper= /8, h
=10 um, Gp,=m/8, and r
=20 nm). For small tip-sample
distances <50 nm) the only
relevant interaction is due to the
tip apex(thin solid ling.

0.2

x 50000

0.4

F’ [nN/nm]
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FIG. 6. (a) Aperture functions andb) resolution re¥(d) if the force gradient is used to measure the electrostatic interaction. These
curves are analogous to those shown in Fig. 3arthe horizontal axis represents the distance to the symmetry axis of the system, while
the vertical axis is either the strength of the aperture funciioarbitrary unitg or the tip-sample distandeffset for each aperture functinn
In (b) the horizontal axis represents tip-sample distance and the vertical axis the resolution. Note that the resolution is greatly enhanced as
compared to the case shown in Fig. 3.

d ) d ) dominant in the total interaction. We thus believe that we
f dSgpE“(x.y.h) Soj dSgE"(xy.h) understand the details of how and why tip-sample interaction
A — A and resolution vary with tip-sample distance.

oUAR)= - 2F'(h)
2
dehE (x,y,h)

V. RESOLUTION AND KELVIN PROBE MICROSCOPY
and the resolution for the force gradient is defined as ) . )

In the discussion presented so far it may be argued that

red9(d)=radiusp of the circle under the tip such that with regard to resolution the contributions dueRgQ,, and

for 2 F.one @re not so critical since they only give large offset

6" 9(mp®,d)=1/2. forces to the resolution carrying terf, e, Therefore it
Figure 6 shows the lateral variation of the aperture functioncOUId be argued that .only.the signal to noise ratio is lowered
and not the resolution itself. However, in the so-called

and the resolution réd) as a function of tip-sample dis- . . o .
tance. The same parameters for the probe have been usedl%%lv'n probe mmroscqp_ﬁKPM), the contrlbutlo_ns of the tip
cone and the lever will induce severe errors in the measure-

those applied for the calculation shown in Figs. 2, 3, and 5. X . .

As can be seen by comparing Figs. 6 and 3 the resolution ient, as will now be discussed. We recall that thsegé?ga of

greatly enhanced if the force gradient instead of the force i PM is to locally measure the surface poten’_frélz. '

used to measure tip-sample interaction. For typical prob PM works by a_pplymg an adjustable b_|as _voItage

systems and typical tip-sample separati¢b8—20 nm the bias(t):U“PJ_rUaCS'n(‘”et) be_tween a C_Of?duc“”g tip and

resolution is increased by about 2 orders of magnitude. the sample. Since the force is quadr_at|c In the voltage, the
An interesting feature which is observed in Figs. 3 and Gmeasured f9f°e hqs component; varying W'th the frequencies

is the sharp variation of resolution at some tip-sample dis@e @nd 2w in addition to a static force. It is assumed gen-

tances. In Fig. 3 we find that at a distance of about 2 nm th&ally that the total force can be written as

resolution varies from about 1@&m to 100 nm. In Fig. 6 we

find a transition of resolution at a tip-sample distance of

about 80 nm. This is not an artifact of our calculation, but Ftot(d)=§C’(d)[Ubias—Usamp|e]2

due to the fact that at these distances a different part of the

probe becomes dominant. Indeed, as can be seen in Figs. 2 1

and 5, at distances larger than about 2 nm the force contri- =§C'(d)[AU2+ U3d2

bution from the cantilever starts to become greater than that

of the tip apexFig. 2), while at distances larger than 100 nm +2 AU U, Sin(wgt) — Ugccog(zwet)/Z],
the variation of the force gradient due to the tip cone is more

important than that from the tip apékig. 5. This is con- 8

sistent with the sudden changes in resolution which we find

at about the same distances in Figs. 3 and 6. Finally, we notehere AU =U;, = Ugampies With Ugappie the local voltage
that for all tip-sample distances the order of magnitude of thef the sample, is théstatio voltage difference between tip
resolution is about the size of the geometric object which isand sample an@’(d) is the derivative of the capacitance of
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the tip-sample system which depends on the geometric prophe force gradient component varying with sigi, but with

erties of the tip-sample system and can be determined frofgpe termsCy,e,(d) and Cj,0(d) substituted byCf, . (d)
relations(3)—(5). In KPM a known voltagdJ,;, is appliedto  gnq Cgpeg(d)!

the tip so that the componem®=C’(d) AU U,SiNn(wg)
vanishes. This seems to imply;j,=Ugsampie @nd thus that Fe'(d)={Clt,er()[Usip— Ugioball
the local surface potential is measured. Relat®ns, how-

ever, incorrect if the total force has contributions from dif- + Chaped D[ VUtip—Usampid X,¥) [}U ¢ SiN(wet)
ferent parts of the tip-lever system and if the surface poten- A .
tial varies locally—that is, ifUsampie= UsampidX,Y). Then, ~Capex D)[Utip = Usampid X,y) U ac SiN(wel).

Eqg. (2) has to be solved exactly. In the following, we will As discussed in detail above, the contribution from the lever
assume that tip and sample are conducting and that |00%'1rough Cl,e(d) is then negligible with respect to
variations of the surface potential are due to different metal-» (d) Tﬁerefore applying the Kelvin method we now
lic materials or to a very thin layer of dielectric materi&f® apex 1

A . X obtainU,j,~U ,Y), which is what is wanted experi-
The approximation in relatiori2) can then be generalized InUyjp=Usampidxy), which is what is w xper

. mentally.
and the total force is computed as y
e U, —U X,y)+U.(1)]2 VI. RESOLUTION ENHANCEMENT: EXPERIMENTAL
F(d):—of gstin~ YsampdXY) FUacOF - o REALIZATION
2J)s a(x,y)?

. . _ The results on electrostatic interaction in a real SFM setup
The local surface potential as well as the applied alternatingiscussed so far lead to the conclusion that this interaction
VOltage therefore contribute to the total force in a nOﬂterlalshou|d genera”y be measured by re|ating it to the force gra-
way and cannot be factored out. In particular we note that gjent rather than to the force itself. The question is now how
surface potential distribution whose mean value vanishegis can be realized experimentally. We propose to use a
(JdSAU=0) does necessarily mean that the electrical forcgjouble lock-in detection scheme in which the cantilever is
also vanishes. To further illustrate the consequences of relgyscillated mechanically at its resonant frequengyand the
tion (9) in an experimentally realistic situation we will as- frequency variation of the system due to a time-varying elec-

sume tpat an average global surface potential can bgic voltage U, sin(we) is measured. As is well known in
deflne& and that the two relevant contributions to the tOtaISFM, a force gradient will induce a shift of the free resonant

force are only due to the lever and the tip apex. Then therequency according 6
generalized relationt9) can be evaluated and yields for the

component=*© [c—aF(d)/ad 1 gF(d)/od
W= —  ~Wp 1— -~ -
Mg ¢ 2 C

Fe(d) :{Cllever(d)[utip_ Uglobal]

, ) where in the present contekt(d) is the electrostatic force
+Capex(d)[utip_Usamp'e(x'y)]}uac sin(wact), between tip and sample just discusset;; an effective
(10) mass, and the force constant of the cantilever. This relation

. follows from modeling the tip-sample system as a harmonic
where Cie,er and Capex are the capacitances between leverggeijjator and is only correct if the oscillation amplitude of

and sample, and between tip apex and sample, (rﬂesp_ectivegue tip is small compared to the range over which the poten-
[see relationg3) and (5)]. This force componenE® will  iia| varies significantly® If the frequenciesw,, and w, as

vanish fof®* well as the time constant of the lock-in detector associated
, , with o, are adjusted appropriately (namely,
Uiip =[CieverUgiobar ™ Capetdsampid X.¥) 1/ o> 1> w—for example,w,,~10/r~100w,), then the
(Clopert C;pex)' (12) frequency ShiftA wy(t) _of the mechanical oscillatiqn can be
determined very precisely with a second lock-in detector
which is a weighted average of the global and the local surtocked to w.. This second lock-in detector monitors the
face potential, and not the true local potential. Even morevariation of the mechanical resonance frequency induced by
discouraging, sinc€|’eve,(d)>0;pe)(d) for d>r, Uy, will the time-varying electrostatic field between tip and sample.
be much closer tdJgopa than to UgampidX,y) for most  The Kelvin method is implemented almost as in the usual
tip-sample distances. As discussed previouSly,., is al- ~ way: an adjustable voltagel;;, as well as the additional
most constant for very small tip-sample distances whileharmonic voltage) . sin(wet) is applied to the tip. However,
Capex has a pole atl=0, and thus varies very considerably. not the force, but the time-varying signal corresponding to
Correspondingly, when tip-sample distance is very small théhe frequency shifd w,(t) is monitored and analyzed with
voltage needed to hae” =0 is strongly distance dependent the help of the second lock-in detector. A feedback signal
and thus meaningless. adjusts the tip voltage),;, in such a way that the output
A better measurement of local surface potential can beelated to thew, component of the frequency variation
achieved again either by using a specially designed cantileA w(t) vanishes’ Then the tip voltagéJy;, is equal to the
ver or by using the force gradient as interaction signal. In thdérue local surface potential. We note that, in addition to the
latter case, a relation analogous to EQ) is obtained for surface potential, also the local capacitance of the tip-sample
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FIG. 7. Auxiliary sketches ofa) the lever-samplelb) the cone-sample, an@) the tip apex-sample system showing the parameters that
are relevant for the calculation of the corresponding forces.

system can be measured with very high resolution. For thisnodel probe system—namely, the macroscopic lever, the
the 2w, component of the frequency variatidnw(t) hasto  (truncated tip cone, and the parabolic tip apésee Figs. 1

be determined with the second lock-in amplifier, in analogyand 7. As discussed in the main text, the idea of the approxi-
to the classical KPM setup. This component is then propormation used in the present work is to connect each point
tional to C;pe)pgc and thus to the true local capacitance of Petween the model probe with circular segments which enter
the tip-apex system. The spatial resolution of the surfac@erpendicular into tip and samp(eoth are assumed metal-
potential as well as for the local capacitance when measuredf)- 11€ main difficulty with this approach is to find a rela-
as proposed along these lines is determined by the resul}?.n for the arc lengtra(x,y) which can be integrated ana-
shown in Fig. 6. _ytlga}lly. Each part of the model system will be treated
individually.

VII. CONCLUSION 1. Lever

In summary, we have presented a simple model for an The lever is assumed rectangular of widirand length
SPM probe interacting with a}fIaF sample surface. This modegnd tilted 90,, With respect to the samplasee Fig. 7a)].
takes into account the contributions of the macroscopic cangjpes passing through the lever and the sample join at a point
tilever, the mesoscopic tip cone as well as of the nanometrig/hich is assumed to be the origin of the coordinate system.
tip apex. Using an appropriate approximation, the force beye note that the system is symmetric with respect to a line
tween this probe and the sample is calculated analytically 88assing through the origin with an angle,, /2. Due to this
a function of tip-sample distance. We have found that onlysymmetry, in the present context it is more natural to mea-

nated by contributions fro_m the tip apex. To improve resolu-the system (termed d). From Fig. 7a) one finds d
tion we propose to use either specially shaped cantilevers or

the force gradient as signal source for the interaction. | _ 0 COS(iese/2) for the closest distance between lever and
" 9 'S Sl9 " sample. The radius of the arc connecting this closest end of
addition, our analysis has shown that the common way o

acquiring data in KPM leads to severe errors when the locdin® 1ever with the sample is given by=d/[2SiN(B}ee/2)]
surface potential is measured. Finally, we have proposed an di COt(Jiesed/2)/2 and the corresponding arc lengthaig
SFM setup to implement quantitative local ESFM and in="oiever- FOr an arbitrary point of the sample we find an
particular true local KPM, which is based on the measure@rc length

ment of the force gradient rather than of the force. We be'a(X,y):Xﬁmver with ro<x=ro+| and —w/2<y=w/2.
lieve that the results discussed in the present work will lead ] .

to both a significant increase in electrostatic resolution ad he total force is thus given by

well as a quantitative determination of electrical properties 1 W2 1o+l 1
on a nanometer scale. Flever(d)) = ESOUZI f dxdy———
—wi2 Jrg lever
ACKNOWLEDGMENTS 2 tar?( Severl?) ,
The authors thank J.J. Saenz, Sn@a-Mdrivas, R. Rei- - 92 eoU
tenberger, L.S. Froufe-Rez, P.J. de Pablo, and J. @ez for lever
interesting discussions and valuable suggestions. We ac- | w 1

knowledge support from Ministerio de Educatig Cultura
through a CYCIT Project No. PB95-0169 and a contract to J.
Colchero. A. G. acknowledges support from the FGUAM
through the project “Nanodigital.”

" T+ 2@ Breyer2)/d)

1 U2WI 1
T 2% @2 1+ Deper

APPENDIX . L . -
The approximation is valid for small tilting angles. We note

In what follows we will explain how Eqs(3)—(5) have thatin the limit¥,.,e,— 0 the relation for the parallel capaci-
been obtained for the different individual components of thetor is obtained correctly.
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2. Cone force FeO"=4meoU%IN(W8)/(m— V)% This behavior is
The tip is assumed a circular cone of heigjhénd (full) ~ reasonable since the truncated cone is touching the surface
opening angledy;, [see Figs. 1 and(#)]. The origin is on  only forde=—4.
the symmetry axis of the system. The radius of the arc leav- _
ing the tip end isry=d./cos(;,/2) and the corresponding 3. Parabolic apex

center of the arc isX,0), with Xo=—d, tan(d;y/2). The The tip apex is assumed to be a parabolic cap which joins
position on the surface where this arc ends=Xo+ro  smoothly with the truncated corsee Fig. 7c)]. Thus the

=dc[1-sin(¥p/2) ]/ cos@p/2). Similarly, the position on  sjope of the line defining the cone and the slope of the para-
the surface where the arc from the top of the cone ends igolic cap have to be equal. From this, the equation describ-

p1=dc[1—sin(dyp/2) +h/d.]/cos@yp/2). Since the radius ing the parabolic cap(x) follows as
of the arc increases linearly with distance on the sample sur-

. . . 1 r
face, we find for this radius,,. and for the arc lengtia ()= ——x2+d with [x|< .
5 2r tan 9ip/2)
T
Farc(p)=To+(p—po) and a(p)= (—— ﬂ)r( ) At each pointx, of the tip apex its tangent has a slopg'r

and the equation describing this tangent is
For the force acting on the cone we obtain

1 o 1 by, (X) = )(X Xo) +C(Xo)-
Feorqd,) = —80U227Tf pdp o ) ) _ )
Po a(p)? The corresponding intersection point with the sample is
found to bex;n(Xg) =Xo/2—d r/Xq. With this point the ra-
_ { —Tro)(p1—po) dius of the ara ,,¢(X,) as well as the ara(x,) itself is
r +rp)
(= ’9“9) olpipot o F21e(X0) = (Xg=Xinx(X0)) 2+ (%) 2
+in| 1+ 2 po” and
2
Xo
( d.+ h az(x0>=(7 Fare(Xo).
= In —sin(hjp/2) ——
O
(m— 15‘t.p)2 P h+d, This relation expresses the arc length as a functiox dfat
is, the projection of the parabola onto thexis, and not as a
enU2 Ini sin(9,./2) |, function of the positionp where the arc leaving the apex hits
(7-, ﬁtlp 2 o d. tip the sample. This position is found to k& Xg) =Xini(Xo)

) +rarc(Xg). Unfortunately we have not been able to find a
where the expressions fag, po, and p, discussed above gimple relation for the arc length,,. as a function ofp to
have been used. The approximation is valid der<h. Fi-  golve the correct integrd®) analytically. Therefore we have

nally, if the tip is not a sharp cone but a truncated one whergpproximated the correct integral by assuming a linear rela-
a heights of the tip end has been removed, then the lowekjon petweerp andx. We then have

limit of the integral is notpg, but pi,ync=0dJ1— sm(ﬁ“p/2)

+ 6/d.]/cos@y,/2), and the corresponding force is - 1 Pmax 1
Fare{d)= 580U227Tf pdp 5
Feong(q) o " alp)
1 1 1 5 [¥(Pmad p(xX) dp
=_g,U22 J d =meg f dp——— —dx
27T P ap)? 0 a(p(x))? dx
X(Pmax) X
=4—7T80u2( pdeth :wsou2(1+d/2r)2f dx ——
('77'_19tip)2 dc+d 0 a(x)
h— d r+di2\2 r—2d
—sin(;p/2)——— —— =7 gqU? =
i’ S)G Th do+ o r—2d/ \d 1+2dtarf(dy,/2)/r
AT 0 e sin 9y ) — T2 —4§d 9 )
(m—p)? | det O W' 50d, ) r+(r —2d)cog )
Again, the approximation is valid fod.<h. We note that :WSOUZEr, (A1)

tip-sample distance is nod;+ § and not simplyd,. as for a
sharp cone. In particular, the force does not divergedfor where the relatiop(x) =x(1+d/2r) has been used and the
=0, but ford,=— é. Instead, ford.—0 we find a constant approximation is valid again for very short distances, in this
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case ford<r. The asymptotic limit ofF2P€Xd) is thus the The height of the truncated part of the cone ds
same as the limit which is obtained from the exact solution=/tar’(,/2). However, in the case of the conical tip the
of a conducting sphere over a conducting infinite surfice. distanced. was calculated from the end of a sharp conical
We note that ford—r/2 relation(A1) does not diverge, in- tip, which is not the distanced. From elementary geometry
stead  we find FaP(r/2)=meoU¥(5/4)%cod(dy,/2)  [S€€ Fig- 0] we find
X[3—cos@;p) )2 and thatF2P®X() = 7 £,U? In[1/sin(d,/ 1
2)]/4. The latter limit is in contradiction to the limit which is de+ 6=d+ —
obtained from the exact relation. This behavior is related to 2r
the fact that, as discussed in Sec. Il, E?).is only valid in

the near-field regime. In case of the tip apex this impties Finally the distance between the surface and the lever is sim-
=d. However, in an ESFM setup ranges larger than this ar@ly d,=d.+h=d+h, with h tip height. The forces on the
also of experimental relevance. Therefore we propose theone and the lever in our model system are therefore
following empirical relation for the electrostatic force on the

S

r 2
tan atip/z)) =d+3.

tp apex: 2tart( % 6p0,/2)
Flever(d): 5 80U2
’7T80U2 r+d/2 2 lever
FaPe{d)=
1+f(yp)(d/r)2\ r—2d lw 1
. r—2d " ()2 1721 @ 90,0/ (d )
d[1+2 tarf(dyp/2)d/r]
2tarf(digper2)
+21 4d A2 R el
n2d+r+(r—2d)cos{1‘}np) . (A2) tever
w 1
with f(Dip) = IN[L/sin(@;p/2) 11{[ 1 — Sin(Dp/2)][3 XF hiolt >
+5sin(dy,/2)]}. The additional factor 14+ f(dy,) (d/r)?] AN Dieyer/2)
in F2P¢Y(d) as compared t62P*{d) does not vary the short-
range behavior and gives the correct limit i r. d—6/2+h
R = 220V N 355
. . (7= Biip
4. Composite system: Lever-cone-parabolic cap
The forces between the individual components of the —Sin(9;p/2) h—o d-ol
model probe have been determined as a function of distance. d—éd/2+h d+6/2
However, when assembling these individual components into 4 oh
the model probe as shown in Fig. 1 it is important to redefine T 1T i ; ,
| goU? In +sin(94ip/2) |

the distances correctly for each component. For the model (’n'-ﬁtip)z 6

probe we define tip-sample distandes the separation be-

tween the paraboloidal apex and the sample; thdis, Again, the approximations are valid for very small tip-
=dapex. Whered,pexis the separation discussed in the pre-sample distancesi(<r and d<h). The force on the apex is
vious section. given by relation(A2).
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