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Electrostatic forces in atomic force microscopy
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In this paper we quantitatively compare various electrostatic models, which describe the interaction of a
polarized atomic force microscopy tip with a molecularly smooth and grounded substrate, with a large experi-
mental data set collected at many different tip potentials. The model by Hed#dt [Eur. Phys. J. B, 5
(1998] provides an excellent description of the experimental data for tip paranibesghtH, cone half-angle
0y, and tip radiusR,) close to their typical values, provided contributions from the cantilever body are
included.
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[. INTRODUCTION passed by the dependences exhibited in Elgs«(3), provide
limited insight as to how the interaction force crosses over
The application of an electrostatic charge to the tip of arbetween the various force regimes. This difficult theoretical
atomic force microscop€éAFM) have found many uses. It problem was recently approximately solved by Huateal®
has been used t6) image small droplets situated upon a using an analytic scheme. They demonstrated that their the-
substrate on nanometer length scalés) study the charge oretical formula[Eq. (5) below] provides reasonable agree-
mobility on ionic surface$, (i) map the compositional pat- ment with experiment. However, the data set that they con-
tern of buried organic interfacésand (iv) quantify the char- sidered was rather sparse and consisted of just a few data
acteristics of charged surface sifegdnfortunately, as is well points. Recent experimental work of Guggisbeegal®
known, a quantitative interpretation of the AFM signal is found a rather unexpected behavior for the electrostatic in-
difficult because this signal invariably depends in a compli-teraction between an oscillating charged tip and a substrate,
cated fashion upon the tip shape and tip geometry. In fact, ivhich differed considerably from the predictions of the
the presence of electrostatic forces the cantiléwdrich is  Hudlet model. They attributed these differences to the pres-
many microns from the surface under stuapntributes a ence of frozen charges on the tip, which were static over the
large background capacitance which gives rise to a backescillation cycle.
ground force on top of which charging effects at the tip must The purpose of this publication is to definitively check the
act. The major theoretical elements which describe the simvalidity of Egs.(1)—(5) against a large data set collected at
plest and most well-studied geometry, of a conductive tip atmany different tip voltages. We find that a quantitative de-
constant potential approaching a grounded molecularly flascription of the experimental data can only be obtained using
conductive surface, are now rather well understood. At smaltealistic tip parameters provided an additional cantilever con-
separation distancesbetween the tip and the substrate, thetribution [Eq. (9)] is taken into account.
force of interaction is mainly influenced by the apex of the
tip, which can be modeled by a sphere of radirys® For z Il. THEORY
<Ry, the attractive interaction force reads '
The AFM tip and(triangulay AFM cantilever, which are
F~—-Rg/z (1) both at a potentiaV/, form a capacitor of complex geometry
when in the vicinity of a grounded substrate. The force on

which crosses over to :
the tip possesses the form

F~—(Ro/2)? 2 ,

. . F=Fy .+ meo(V—Vo)2f(2), 4
at somewhat larger distances. However at very large dis- bg+ 780l 0)f(2) @
tancesRy<z<H, but much less than the effective tip height whereF 4 represents any non-voltage-dependent background

H, the force of interaction is primarily influenced by the o griginating from, for example, the van der Waals force,
macroscopic tip geometriFig. 1) which can be modeled as  is a small residual surface potentiaiscussed below

a cone of heightd and half-anglef, at a constant potential 44 eo is the vacuum permittivity, whilef(z)~dC/dz is

V. Such an interaction can be represented by a line of charggsnerated by the variation in the capacitatowith separa-
of heightH interacting with its image, thus givifig tion distancez. The termf (z) depends in a complicated fash-
F~In(z/H). 3) ion upon the geometric paramet&g, 6,, andH of the tip.
By modeling the tip as a spherical apex and cone, Hudlet
A rather complete discussion of the various theoretical modet al® determined an approximate expression for the capaci-
els, together with a comparison with experiment, was protance, and thus found the dimensionless electrostatic force
vided in Ref. 7. Unfortunately these early models, as encomf(z). In their modet®

0163-1829/2002/68)/0354026)/$20.00 66 035402-1 ©2002 The American Physical Society



B. M. LAW AND F. RIEUTORD PHYSICAL REVIEW B 66, 035402 (2002

A -3 T T T T T T

<
_ 41 W
H F (aN) 0
bg s

L -10 : -
2R0 J | Decreasing V
. A 25
A T o 0 40 o0 w10 120
zZ -6 1 L 1 1 ¥ ] L
4 005 0 005 01 015 02 025 03
z (um)

FIG. 2. The backgrounB, between the AFM tip at 0 V and the
grounded silane coated silicon wafer as a function of the distance
from the surface ar=0. At large z, a repulsive force is present,
indicating that some residual charges of aene sigrexist on both
the tip and the silicon wafer. At sma#l (within 0.05 um of the
5 ) surface, the force of interaction is attractive, most probably due to
Ro(1—sinfby) the attractive van der Waals interaction. In the inset we have plotted

FIG. 1. Schematic diagram illustrating the AFM tip parameters.

Ro cog 6,/sin 6,

In Z+Rp(1—sin 00)) -l Z+Rp(1—sin6y)

f(z)=—K?

 Z[z+Ry(1—sin6p)] ® the forceF as a function ofv? at fixed z=0.26um for both in-
) creasing and decreasing tip voltages. Residual charges are accumu-
with lating on the tip for decreasing voltage, Bds no longer linearly
proportional toV?2.
K=1/In[tan 6,/2)]. (6)

This equation conforms with the limiting behaviors con- The predictions contained within Eq$l)—(9) will be
tained within Egs(1)—(3) and, additionally, provides an ex- tested on many different levels in Sec. IV, from the global
plicit prediction for the manner in which the interaction force voltage dependence &f to the more microscopic details of
crosses over between the various force regimes. f(z), where the tip parameters play an essential role.

An alternative expression fd(z) can be derived if the tip
is modeled as a hyperbolotd® With the same parameters,

the dimensionless force now reads IIl. EXPERIMENTAL DETAILS
R A Park Scientific AFM was used to collect force versus
7— _0) H distance data at various dc tip voltages ranging from 0 to 10
f(2)=—K? In| 1+ —| - tart 6, 7) Vin 1V steps. The AFM tip(Park Scientific Ultralever,
Z(H+2) ' ULCT) consisted of a silicon cantilever with silicon conical

. L tip whereH~6 um, 6,~12°, a typicalR, of a few tens of
This expression is exact when the grounded plane and ﬂWanometers, and a typical force constantkef0.26 N/m.

c_onductive hyperboloid belong to the same set of equipoteny,, g pstrates were used. One was a bare silicon chip taken
tials, namely, when from the same material as the AFM cantilever itself. The
R second substrate consisted of a poliskig@D) silicon wafer,
o . .
7= ) (8) purchased from Semiconductor Processing Company, of
tar to thickness 3 mm and-type phosphorous doping with a resis-
tivity of 1-10 Q) cm. This wafer has a-2-nm-thick oxide
layer upon which we deposited arhexadecyltrichlorosilane
self-asse(r;zbled monolayer using a standard wet chemistry
; . . . . . procedure:” After application of this silane coating, the outer
the tip heightH), we show below that including this contri- surface consisted of an inert and homogeneous layer possess-

bution is essential for _obtalnlng correct values for the .tlpmg methyl end groups (-CHl with low contact angle hys-
parameters. If the cantilever can be represented by a tllte%resis(wlo_zo for n-octane droplefsand a surface rough-

electrode, with tilt anglex and a rectangular shagwidth ness of~0.5 nm over a 18 10-um? area as measured by a

Ly, lengthL,), then the force acting on the cantilever is contact mode AFM. This surface roughness conforms with
the underlying surface roughness for a bare silicon whfer.
(9)  The results obtained from both substrates were similar.
The background forc& g, as the tip approaches the sur-
face atz=0 when the applied potential is 0 V, is shown in

In both Egs.(5) and (7), the contribution from the canti-
lever body is ignored. Although the cantilever body is lo-
cated further away from the surfata a distance larger than

1 LXLy 1
flevel2) = Z (z+ H)Z

Lx
1+ ——tana
z
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. FIG. 3. The excess forc&
k= —Fpg plotted as a function of dis-
tance from the surface, a=0,
8 | for various tip voltages from 1 to
E)‘ -10 10 V in 1 steps.(These data are
[eH from the “increasing” voltage
' data of Fig. 2(inse) where no ad-
ditional charge accumulates on the
i tip.)
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Fig. 2. There are a number of important features that shouldcts between the tip and the surface. For sufficiently large
be noted. The silicon wafer is grounded; therefore, undevalues ofV, the force scales with/? as expected, but devia-
these conditions, one would normally only expectadinac-  tions appear at low voltages. To account for the low voltage
tive van der Waals force between the tip and the substrate. Idata, we have introduced a small surface potential
fact, a largeepulsiveforce is present at large distances and itV,(=0.52 V) which is independent & The data can now

is only when one is within 0.0%m of the surface that an be normalized to/2—2VV, where the noise in the data for
attractive force is evident. At a sufficiently small distancef(z) decreases as the voltayeincreases. Hence, the func-
zy=~5.4 nm, the tip jumps into contact with the surface whention f(z) is better defined by the “high voltage” data, say
the attractive force overcomes the elastic restoring force o6—10 V (Fig. 4, symboly and it will only be these data
the cantilever; for the situation shown, the “jump-in” force which will be used in the analysis of the shapef ). The
F,~1.8 nN. The presence of the repulsive force implies thauniversal curvef(z) contains information about the func-
residual surface charges of teame sigrreside on both the tional dependencies which are operative. In the following,
tip and the substrate. It is not surprising that these chargese first demonstrate that the principal contributions at small
are present. It is well known that friction, when the tip andand largez are described by Eq$l) and (3), respectively;
substrate make contact, can generate contact electrifitationwe then consider the more complex and necessarily less il-
and, in fact, this effect has been observed before using alminating “cross-over” forms described by Eq$) and(7).

AFM.* These residual charges not only influeirGg but also At large z> R, the dimensionless force reads
contribute a small surface potentisll, which will be ac-
counted for below. The terif,, can be treated as an additive f(z)=f,+f,In(2), (10

background and subtracted frdfmat eachdistancez. In the
inset to Fig. 2 we show as a function ofv?, at a fixed
distance ofz=0.26 um, for both increasing and decreasing
voltages.F scales withV? for increasing voltage and the
force should be described by Eq%)—(4). However, for de-
creasing voltage, the force no longer scales wWith and
charge is accumulating on the tip. Hence, in the remainder
this paper, we will only consider tHeversusz data collected Re=[f(2)— f(2)]/or (11)
during the “increasing voltage” stage. fit

according to Eqs(3) and(5)—(7), wheref, andf, are fitting
parameters. This equation describes the data rathef’igll

4 (solid line) and Table I, column ]I except at very smalt.

A method for examining how well an equation fits the data,
especially for equations which fit the data very well, is to
o?IOt the residuals

as a function of z where the standard deviatiowr
IV. ANALYSIS =X I(N=v), x*=2{L1[fi(2)— 1, (2)]% N(=2012) is
the number of data points, whileis the number of adjust-
The normalized forc& — F,4 as a function of the distance able parameters. For a perfect fit, 67% of the points will fall
from the surface at=0 (for different “increasing” voltages between+ o, 95% of the points will fall betweern: 20, and
V) is depicted in Fig. 3. According to E¢4) the dimension-  all points will be randomly distributed about 0. The residuals
less forcef(z)z(F—Fbg)lwsov2 should fall on auniversal in Fig. 4 indicate that the logarithmic fit in E¢L0) is good
curve independent o¥/, provided that no residual potential at largez but it progressively worsens at smallThe height
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FIG. 4. Dimensionless force
f(z) calculated from the 6-10 V
data in Fig. 3 using Eq4). All of
the data fall on the same universal
scaling curve where the shape of
f(z) is better defined the higher
the voltageV. The solid line rep-
resents a fit to thé(z) data using
Eq. (10), where the fitting param-
eters are listed in Table I, column
1. The residuals Re indicates that
the fit is good at large but pro-
gressively worsens at very small
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H and cone half-angl@, can be calculated frorfi; andf, should provide a better description of the data whiye
(Table I, column 1 by Taylor expanding Eq(5) or (7) to- —Ry. This equation(Fig. 5, solid line describes the data
gether with Eq.(6), from which

f1

(symbolg very well where the residuals are more uniformly
distributed about O compared with Fig. 4. The additional tip

—K3(InH-1), (12 parameteiR, can be calculated frorfy. However, the Tay-

lor expansions of Eq45) and (7), for z<R,, are different

f,=K2, (13)  for the two models:
The data values for botH (=73 um) and y,(=29.2°) ob- , Ro
tained from these equations are considerably above the typi- f3=—-K o4 for Eqg. (5), (15
cal specifications of gum and~12°. tan?
The deviations observed in Fig. 4, at smallcan be ap-
proximately accounted for by includingz * term. Thus R
fa=—K2—— for Eq. (7). (16)
f(2)~f +f,In(2)+f4/z (14) ° tarf g 9 (
TABLE |. Fitting parameters.
Column 1 2 3 4 5 6
Eq. (10 (14 ) (0 (5)+(9) (7)+(9)
fi —1.822+0.004 —1.891+0.002
fy 0.554+0.003 0.34%*0.003
f3 (nm) —34.6-0.4
6o 29.2° 20.5° 21.50.1° 20.5-0.1° 13.3:0.2° 14.9-0.3°
H (um) 73 692 50320 68734 597#0.02 6.29:0.03
Rg (nm) 18.4[Eq. (5)] 42.5+0.4 14.1-0.1 47.9-0.3 11.7+0.1
14.3[Eq. (7)]
X2 28.3 6.05 5.94 6.05 5.99 5.80
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FIG. 5. Comparison of the
6-10 V f(z) data with Eq.(14)
where the fitting parameters are
listed in Table I, column 2. The
residuals Re are reasonably ran-
domly distributed about zero.
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The values obtained fard and 6, (Table I, column 2 are, However, there remains a difference between the Hudlet
however, again considerably above the tip specifications. and hyperboloid models which needs to be discussed. For the
We now use the full equatior(®) and(7), with the same former model the radius of curvature of the tip Ry
number(3) of parameters, namelR,, 6,, andH to model =48 nm, while for the latter it iRRy=12 nm. The reason for
the data. As is evident from Tablddolumns 3 and ¥ the fit  this difference can be readily understood when the two pro-
quality remains very goodx@~6) using these full-fledged files are superimposed upon each other for the same param-
equations; however the values fofy(=21°) and H eter valuegFig. 6(a)]. The hyperboloid goes gradually from
(=600um) still remain considerably above specificationsa radiusR= R at the tip end tdrR=c far from the tip; hence
(~12° and 6um). The residual§which are not plotteddo  the amount of material present in the neighborhood of the
not exhibit a significant improvement over and above theopposing surface is much higher for the hyperbol@ight
residual plot displayed in Fig. 5. The anomalously high val-line) than for the sphere/cone of Hudl&tark ling, which
ues foré, andH indicate that something is still missing from appears to be much sharper. Thus, for the electrostatic force,
our model of the electrostatic interaction. this difference in shape is compensated by choosing a larger
Let us finally consider the cantilever contribution, namely, radius of curvature for the Hudlet modé&lq. (5)], compared
Eq.(9) added to Eq(7) or (5). It can be seen from the Taylor with the hyperboloid modelEq. (7)]. This is illustrated in
expansion of this additional term, that, whercH<L,  Fig. 6(b), where the two profiles with the best fit parameters
=180um, the lever contribution to the force is essentially aare displayed—the overall shape of the two curves is remark-
constant(with respect to the tip-surface distangedepen-  ably similar. Contact mode AFM images of the tip, against a
dent upon the fitting parametét, but independent of the scanning probe microscope grating sample possessing very
cantilever length. The other parameters, entering this contrisharp edges, exhibit profiles very close to what is shown in
bution, are known and are kept fixed at=15° andL, this figure, thus giving a final validation to our electrostatic
=25 um. Columns 5 and 6 in Table | demonstrate that wherprocedure.
this contribution is added, the fit quality remains very good

(x?~6), where in addition the parametefg (~14°) andH V. SUMMARY
(~6 um) now fall within the expected specifications. Thus a '
combination of either the Hudlet modgtq. (5)] or the hy- In this publication, we have found that provided a back-

perboloid modelEq. (7)] together with the cantilever con- ground ternfF 4 at 0 Vis subtracted and the surface potential
tribution [Eq. (9)] provides an excellent quantitative descrip- term V, is accounted for, the dimensionless electrostatic
tion of the experimental data with realistic values for theseforce f(z)=(F—Fbg)/mao(V—Vo)2 can be described by a
tip parameters. universal curvegFig. 4, symbols The dominant features of
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FIG. 6. Comparison of the hyperboloid filight line) and the cone/sphere tigark line for, respectively(a) identical tip parameters and
(b) the best-fit parameters.

this universal curve are described by alandz ! depen- its heigh} without the use of any microscopic imaging tech-
dence at, respectively, large(Fig. 4 and smallz (Fig. 5)  hique(e.g., AFM, TEM, eto.

where the crossover between these two asymptotic behaviors

is correctly described by Ed5) or (7) (Table I, columns 3
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