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Quantitative Noncontact Electrostatic Force Imaging of Nanocrystal Polarizability
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A simple analytical model describing tisurface interactions in an electrostatic force microscopy (EFM)
experiment is proposed. Tsurface capacitance is modeled as a sum of capacitances of cone, sphere, and
plate with the substrate. Individual tips are calibrated according to this model by the choice of tip radius.
Differences in EFM signal amplitude between probes are explained by differences in the sphere radii. Three
tips with different sphere radii were used to detect EFM force gradients on an array of samples of dispersed
Au nanoparticles with diameters ranging from 6 to 18 nm. The spatial distribution of the electric field created
by an Au nanopatrticle polarized by the inhomogeneous field of the tip is calculated analytically. The particle
diameter and tip surface separation dependence of the measured force gradient due to metal sphere polarization
is compared to that predicted by the model. A statistically signifieanifset factor is introduced into the

model to correct for the curvature mismatch between the model system and the actual tip.

Introduction polarizability and charge. We explore practical issues that

Since the invention of scanning tunneling and atomic force control reproducibility and calibration. We employ a simple,
microscopied;? various adaptations of the scanning probe ©ne par_ameter, analytlca_l tisurface mteraguon model for the
technique have revolutionized the study of surfaces. Scanning€MPpty tip-surface capacitor system that gives good agreement
probe methods allow the simultaneous mapping and correlationWith experimental data over a large range of-tqurface
of surface topography and other physical properties. ElectrostaticSeParations. We propose a quantitative method for interpretation
force microscopy (EFM};® measures the long-range electro- of polarlzablll_ty images for spherical particle sgmples. We use
static interactions between a sample and a conducting probeAU hanoparticles to test the model and derive a curvature
when a voltage is applied between them. This methodology, Correction term necessary for the model to capture the relevant
with slight variations, has been applied to electric field distribu- Parameter dependences.
tions in devices%- 12 electrostatics of self-assembled monolayers
on surfaces? studies of surface potential variations in oxide EFM Theory
bicrystals!41> static and dynamic properties of ferroelectric In Figure l1a, a conductive AFM probe is electrically
materialsi®2! charge measurements in single nanostrucrés, connected to a conductive substrate, creating a capacitor. Spatial
as well as observation of charge storage and leakage in variousyariations in the surface charge and dielectric properties create
materials?5—27 a contrast in the electrostatic forces experienced by the probe.

Although some quantitative measurements of surface chargesThe forces can be separated into two parts: Coulombic forces
have been reporte!®222429 most applications of EFM have  due to static charges and multipoles and capacitive forces due
focused on the mapping of surface potential, which does not to surface potential and dielectric screening. Because of the
require a quantitative understanding of the-turface capaci-  principle of superposition, we can separate the forces due to
tance. However, surface potential does not uniquely determinethe sample from the forces between the plates of the empty
the charge and polarizability distribution in the sample. To capacitor. We can write the force due to the sample as the
determine the distribution of static charges and polarizability, product of the total electric field due to the sample and the
one must characterize the capacitive interactions between thecharge on the tip
surface and the probe. Because the EFM probe is in reality an
irregular pyramid with a small rounded tip, there is no simple Feou= EQup 1)
analytical solution. Hence, an approximate model must be used. _ o )

A number of theoretical works exploring both analytical and HereEzis thez-component oflthe electric field that is due only
numerical methods have addressed these issues, proposin%J the charges and/or multipoles on the surface. The force
different simplified geometries for the AFM probe, such as cone, Petween the plates of the empty capacitor is given by
sphere, parallel-plate, hyperboloid, as well as their various

e r _1dC.,
combinations-37 Feap= > dy (2)

Herein we develop the apparatus and modeling methodology z
to enable rigorous quantitative EFM interpretation of surface \yherev is the voltage applied between the surface and the probe
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amplitude oscillates at the frequency of the applied voltage,
and a term whose amplitude oscillates at twice that frequency,
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Figure 1. a. EFM experimental setup. The bottom portion of the o
flowchart shows that the tapping mode topographic data is acquired The apparatus detects the shift in the AFM probe resonance
on the first pass of a given line (main scan). The top of the chart frequency due to force gradierf&Because the AFM probe is

represents the second scan of a given line (interleave scan), where thffectively a harmonic oscillator in a force field, its resonant
cantilever is lifted a set distance above the surface and scanned at

constant height from the substrate while being dithered both mechani_tfrequency,v + Is given by
cally and electrically. The frequency shift of the probe is detected by

the phase-lock loop and fed into two external lock-in amplifiers, where , 10F

the signals at frequencies and 2w are isolated and fed back to the VE=V4/ 1- oz 9)
Nanoscope llla controller, where the image is created. b. A typical

image of topographyAv(w) andAv(2w), of Au nanocrystals produced

by the setup shown in a. where« is the cantilever force constant amdis the natural
resonance frequency. When the force gradients are small (in
total voltage drop between the probe and the surfad&is= this case on the order of Z®N/m), we can approximate by
@ + Vac + Vac sin(wt) and the first two terms of the Taylor expansion df/dz and write
1dC the absolute value of the frequency shift as
I:EFM = E E Vtot2 + Ethip (3)

_ , v oF
|Av| = |v — V|~ o — (20)

Qip is the sum of the charge on the capaci@ plus the 2k 0z

image charge®in induced by the static charge distribution on
the surfaceE; has two componentﬁf, due to static charges
and multipoles, aang| sin wt, due to oscillating polarization
induced in the sample by the AC field. Thug, = ES + |EY|
sin wt. |E‘Z’| = f(e,{g})Vac, wheref is determined by the
dielectric constant¢ and the geometric parametgrg} of the
system.

We can write the total force on the tip as

In an EFM experiment, a tapping mode topography of the
sample (Figure 1b) is recorded on the first pass of a given line
with no voltage applied. This is a normal AFM image. On the
second pass, the probe is lifted a set amomat(Figure 1a)
above the surface and scanned at a constant height while voltage
is applied. Using two lock-in amplifiers we recoftv(w) and
Av(2w) and relate these to the electrostatic and capacitive
interactions by writing down the derivatives of the forces in

1dc ) 5 5) a_nd (6) and substituting them into (10).
5 az (Voo t @) + Ve sin(t)” + With no sample present on the surface we can use much
c a4 ) simpler equations (7 and 8) to describe the forces and to
(B + |EI sinwt)(Qp + C(Vpc + @) + CVjc sin(wt)) = determinep by simply varyingVqc to eliminate the signal ab.
1dC 2 2 s However, when a sample is present, we need to olEgip
2dz ((VDC Tyt %VAC ) +EQum + CVoc T ¢)) + and its derivatives to computg, from eq 10. Individual tips
1 4 dC s must be characterized, a¥4dz? varies typically by factors of
B2l CVac + ((VDC +t¢) g, TEC T He{d)Qm+ 2—3 from one tip to the next (Figure 3). Thus, we first measure
. 1 1dcC 5 the z dependence of4€/dz? for the bare substrate using the
C(Vpc + 90)))VDC sin(t) — (éf('f,{ gh)C+ 20z Vac data from the2w channel and egs 8 and 10. Then, (Bg)
cos(2vt) (4) model described below is fit to these data. A characterized tip

is then used to recorflv(w) andAv(2w) images of the sample
There are three types of force terms: a static term, a term whoseon the same substrate. Finally, a model expressiofEf@nd
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""""""" IARRRRRERRRRRRRE one particle in 100 nAd Mathematical modeling was done using
Mathematica 4.0 (Wolfram Research, Champaign, IL), and
statistical analysis was performed using SAS 8.2 (SAS Institute,
Inc., Cary, NC).

1.2
1.0

0.8 . .
Results and Discussion

06 A. Instrument Design. The value of the AC voltage

i frequency,w, is important. On one hand, we want to make
much smaller than the mechanical resonamncem order to

. minimize the cross-talk between the electrical and mechanical
signals and provide for appropriate time averaging i.e.

0.4
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Figure 2. Normalized response function of the frequency shift detection
circuit. The curve is acquired by feeding a sine wave that is frequency-

modulated by a range of frequencies, to the system. The recorded ~ SO that
values are the normalized amplitudes of the output of the frequency

1

pu t:OF(Z + Asin 2mvt) dt ~ F(Zeq)

shift detection circuit of the microscope. 1
>
2y
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e 4):10'35- -54 23x10°
@, g ’ 1 On the other hand, we want to make large in order to
8 E ‘ : E minimize the noise in lock-in detection and increase the number
g 3E . 4 ? gl;efasured fml‘)three 132 of integration cycles over the AC voltage per pixel of the image
2 3 * dz ifferent probes 3 :
2 3 o P E Av To compareAv(w) andAv(2w) and to correctly evaluaig(z),
;-; 2 o E v we measured the responsivity of the frequency shift detection
e % R E circuit, R(w), such that
s : 3
@ 3 Lt E
o 1k slele 311 Av )
T | o ; Av() = messuelt?) (11)
g : R 3 R(w)
g 0;— 1 1 1 ! 'I ! .I i
a 20 40 60 80 100x10° The plot ofR(w) versussignal frequency is shown in Figure
Lift Height [nm] 2. The DI frequency shift detection circuit has a 1500 Hz low
Figure 3. d?C/dzZ? vs z curves for three different probes demonstrate Pass filter that attenuates the higher frequencies. Because the
probe-to-probe variability of signal amplitudes. capacitance data appears in the éhannel, it is necessary to

have thew smaller than half of the low pass filter cutoff
|E§’| is written down and the model parameters are determined frequency when both charge and capacitance information are

using the tip geometry defined §(2). of interest. For a line scan at 0.75 Hz/256 pixelswas set
) _ between 400 and 500 Hz.
Experimental Section B. Individual Probe Calibration. The spring constantwas

Images at room temperature under nitrogen atmosphere werdn€asured for 15 different EFM probes using the thermal noise
obtained with a Digital Instruments (Santa. Barbara, CA) spectrum calibration methétito have an average value of 1.2

Nanoscope llla Multimode AFM with Extender module -t N/m with a standard deviation of-15%. Experimentally
coated EFM tips (Nanosensors EFM-20) from Molecular ob_talned éC/dz? versuszcurves f(_)r t_h_ree d|ffergnt EF_M probes
Imaging (Phoenix, AZ) were used in all experiments. Their (Figure 3) show significant variability. Here,is defined by
resonance frequency was around 65 kHz and spring constantdn€ lift _height plus the tip oscillation amplitude when in
were measured to be around 1.2 N/m. Each line was scanned@Pography scan mode, plus the effective height of the dielec-
twice: the first pass consisted of a usual tapping mode scanffic*® (2= A+ zin + IVe, Figure 1a). We can see that there is
without applying voltage between the surface and the tip; on Significant variability in dC/dz* at small tip-surface separations
the second pass, an external bias was applied to the probe as {{1at must be related to tip geometry.

was scanned at a constant height above the surface while being The EFM probe is an irregular pyramiéi.The probe was
dithered mechanically at its resonant frequency. The frequencyModeled as a cone with a sphere at one end and attached to a
shift stream from the phase-lock loop was fed into two lock-in  cantilever plate at the other end, as illustrated in Figure 4a.
amplifiers where the» and2w components of the signal were ~Because all of the probe components are at the same voltage,
isolated and fed back into the imaging software. Typicatly, ~ Cuot IS given

was set to 400 H2/,cwas set to 3 V, the lock-in time-constant,

7, was set to 3 ms, and the scan rate was set to 0.75 Hz. During Ciot = Cspheret Ceone T Cparatier-plate (12)
imaging, theVy: was set to zero out the contact potential between

the substrate and the probe. Typical values for topographic In this equation, different terms dominate at different

feedback set-point were 0.39.4 V, and photodiode sensitivity The capacitance between a sphere and a plane is given by
was on average 18 nm/V.

Agueous citrate stabilized Au nanoparticles were spin-coated » sinh()
onto degenerately doped p- type silicon substratels av2 nm Csphere= Arreqp + Ameyo Z— (13)
thermal oxide layer so that the particle density was on average #=2sinh(c)
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Figure 4. a. Tip geometry used to model the-tipurface capacitance.
All size parameters are provided by the manufacturer. b. An illustration
of the charge distribution in the tip as described by the line and point
charge models indicating the relevant geometric parameters.

a

where

Z, 2, 2

a=In|1+ >
P [

(14)

andp is the tip radiug?? For the range of radii involved in these

experiments, the series converges in fewer than twenty terms.

A uniform line charge approximation f@goneis usedt>3°The
charge distribution on the cone is approximated by a semi-
infinite uniform line-charge, with charge densify and the

potential is given by
z+7Z+4(g+2)°+r?
z—Z+4(z+2)*+r?

wherer is the radial distance from the cone’s axis= z(1 +
tart9)¥2, and 6 is the cone angle of the probe. Some of the
geometric parameters are illustrated in Figure 4b. Heris,
given by

V(r,2) = 4;60 In

(15)

Arre V.
=— 16
i (16)
where
_ . [1+ cosH
p= In(l - cos@) a7

For z < L, wherelL is the length of the cone, and for small
cone angle® the capacitive force on the cone can be written

as
peone_ _A” |n(£z) (18)
@ Ame, \4
Similarly
dchone= 8‘7-560 (19)

Z  fz
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Figure 5. a,b. Fitting of theCsphere + Ccone + Cparalier-plate model of
tip—surface interactions t0?@/dz? data for two different probes. The
dotted lines show experimental data. Solid lines labeled,2espec-
tively, are dCspnerddz?, PCeonddz?, and dCparaiier-piaiddZ> contributions
to the model. Solid line 1 is the sum of all three components. c. Best
fit of d?CspnerddZ? to the data obtained for Tip #2, wih= 21 nm. d.
Best fit of PCconddz? with the cone angle as the fitting parameter, with
6 = 30°.

From these plots, we can see that at smalt-§prface
separations the sphere contribution to the capacitive force is
dominant, whereas at larger separations, the cone is responsible
for a greater fraction of the total signal.

When dC/dz? data is fit by the @Cspherddz? or PCeonddz?
models alone, such thatis the only fitting parameter for the
sphere model (Figure 5c) and thés the only fitting parameter
for the cone model (Figure 5d), the fits obtained are significantly
worse. From this, we conclude that in the-tgurface separation
regime of our experiments (between 25 and 50 nm) both
interactions are important and should be included in the charge
calculations.

An approximate, independent, measurement of the tip radius
can be made from tipsample convolution in topographic
imaging. The height measurement is not affected by this
convolution, whereas the diameter as measured at the base of
the particle will bed = (16racuap)/% As measured from images
of nanoparticles, tips #1 and #2, for whickOfdz? data is shown
in Figure 5, have radii of~25 and~16 nm, respectively. This
is in agreement with the radii deduced from fitting the sphere-
cone tip model to the EFM data.

C. Capacitive Interactions with Single Gold Nanopatrticles.
Though the model describes the tip-flat substrate capacitor well,
we need to test whether it quantitatively describes capacitive
interactions with curved nanometer sized samples. Citrate
passivated gold nanoparticles are used as a test system because
they have a known metallic dielectric constant and are available
in a large range of diameters. The capacitive forces are recorded
for individual particles as a function of tip radius, particle
diameterd, and tip—surface separatiom, and compared to those
predicted by the model. In this experimehtanged from 6 to
18 nm as determined by AFNM,from 22 to 50 nm, an@ from

The parallel plate capacitor defined by the probe cantilever and 15 to 26 nm.

the substrate, with parameters shown in Figure 4a as provided The oscillating polarization induced in the particle is not a
by the manufacturet, also contributes to the total signal. Figure simple dipole because the tigubstrate field is not uniform
5aand b show the relative contributions of the three componentsover the volume of the particle. Figure 6a shows a plot of the
to the force gradient for two different probes. The cone angle radial dependence of tipsubstrate electric field&x and E;
used for the cone-plane contribution is’°1@hich is the angle through the middle of a particlez(= d/2). Figure 6b shows

of the largest cone inscribed in the pyramidCgdy/dz2, with p the Z dependence oOE; along the central axis of the system
as the only parameter, is fitted to the data. For the tip in Figure (the x component of the field is zero along this axis) and the
5a, the best fit is achieved with a radius of 26 nm, whereas for hypothetical uniform field, assuming parallel plate geometry
the tip in Figure 5b, the radius of 15 nm gives the best result. with plate separation equal tothat would occur at the same
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Figure 6. a. Lateral distribution of th& andx components of the
electric field due to the EFM probe over the volume of a particle. All
the parameters are as described in d. b. Axial distribution ofzthe
component of the electric field due to the tip over the volume of the
particle. c. Normalized surface electric fields due to AC particle
polarization versu¥ac, showing a linear relationship between the two.

d. Schematic of a particle inside a tip-plane capacitor showing the
dependent and independent parameters of parts a and b. The calculation

were done usingl = 15 nm,p = 15 nm andz = 25 nm. With other
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potential due to the sphere polarized by a line charge
©  n(e — DAy
nZO B (ne + n+ )it

P.(cos¢) ds

(21)

1
(pﬂ(r) = 4«7'[_60‘[‘F21

The Au particle is polarized by the point charge in the center
of the sphere on the tifsphere the line charge in the cong,

and their respective oppositely charged images in the metal
substrateQ()eandA™, S0 thatgiolr) = @QunedS1) T PQumerd™

() + @i(—s3) + @im(—s4). Here,s’s are the distances of the
respective charges from the center of the particle and are
functions ofz, d, p, andh:

sl=z+p—g—eﬁh (22a)
S=ntp-g o (22b)
53=z+p+g—6£h (22¢)

s4=zl+g—€—: (22d)

The total force on the sphere and conatdue the dielectric
particle is then given by

Fon(d = ~(Vou(s)Q + [ Voo(di dz+

Vot 27 Veu(di d)) (23)

where the first two terms are forces of the oscillating particle
field on the sphere and the cone of the probe respectively,
whereas the last two terms are due to the image of the particle
in the metallic substrate. There are two types of interactions
not being accounted for in (23). One is the interaction of the
polarized sphere with its own image set in the tip, which is
expected to be very small, on the order of 1% of the total. The
other, is the interaction potential of the sphere with its own
image, which should cause no more than 5% errog(r).
Figure 7 shows dependence of the predicted and observed
orce signals for three probes having different radii. The dots

parameter values the magnitudes of the fields change but the overalland lines of the same color represent the experimentally obtained

shape remains the same.

and model predicted values respectively for a given range of
particle diameters. The model predictions are plotted for the
average diameter in the given range. Figure 7a,c, and e show

Vac (parameters illustrated in Figure 6d). Figure 6¢ shows that dF,,(2)/dz, for F,,(2) given by (23). This model, with no

at these fields€10° V/cm) the polarization induced in the Au
particles on the surface is linearVac as previously assumed.
To model the field felt by the tip, due to the AC polarization

adjustable parameters, predicts the absolute magnitude of the
force signal and is off by at most a factor of 2 wherx /2.
Figure 7a,d, and f incorporate a curvature correctigm

of the particle, we used the expression for the potential due to (discussed below) and show plots dFx(z — zorr)/dz.

a polarized dielectric sphefe(20) in the field of an external
point chargeq located a distance from the sphere center

12 n(e— g2y
A nZO (ne + n+ L)r"Higtt

P,(cosg)  (20)

Here the origin is defined by the center of the sphere sorthat
=z — d/2 — hle,. For a Au particle, the dielectric constanis
set to infinity. In this expressiorR,(cos¢) is thenth Legendre
polynomial andyp, the angle vector makes with thez axis, is

The model, based updZ(2) for a flat substrate, does well in
predicting the force due to polarizable Au particles. There are
several trends in the residuals between the data and prediction.
There is a large dependence on the relative sizes arid p.

The model undervalues the force from large particles more at
higherZ's and it undervalues the force from small particles more
at lowerzs, whereas the extent of the error is largely governed
by the value ofp. For instance, looking at Figure 7a, we can
see that whem is between 11 and 15 nm and thés 15 nm

the model is correct at low values af< 35 nm, whereas in
this zrange it undervalues the small particles wdth between

set to 0. Similarly, we use expression (21) to describe the 6 and 10 nm. From Figure 7e, we can see that the model is
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Figure 7. a,c,e Comparison of thedependence for the observed and predicteg,@,zd)/dz for three values op: 15, 19, and 26 nm and for a

range of particle diameters shown in the figure insets. b,d,f. Comparison ptiggendence of the curvature corrected model, @,z — z,d)/dz,

and the observedrd,,(p,z,d)/dz for the same diameter ranges and tip radii as in a, ¢, and e. The dots and solid lines of the same color show the data
and model prediction for the indicated diameter range. The model is plotted for avknagke range.

3 P,
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p= y
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Figure 8. a. Comparison of thed dependence of the predicted an observiegl,(b,z,d)/dz for three values op at a fixedz. b. Comparison of the
d dependence of the curvature-corrected modl,b,z — z,d)/dz and observed b, (p,z,d)/dz for three values op at a fixedz. The dots and
solid lines of the same color show the data and model prediction for the same tip radius.

correct ford between 14 and 18 nm far> 40 nm, and it greatly eliminated by adding an appropriate offset value to the variable

underpredicts the force for 8 to 11 nm particles at sraall z, the tip—surface separation. We obtained a five term model

From above, it is evident that it is a nonlinear relationship for the offset by putting all linear and two-term interactions of

between the three parametews,d, and p that define the the three variables that define the geometry of the system,

geometry of the system, that determines when the model isandd, into a linear stepwise regression procedure. The most

accurate and when it is not. statistically significant terms, which together explained the
Because of the lack of symmetry in the real probe geometry, mismatch with arR? of 0.68, were shown to bg p, d, zo, and

we cannot analytically describe the curvature of the tip in order d/p. The final expression for thset is

to accurately describe the interactions between the centers of

charge-mass of the analyte and the probe. Therefore, a statisticaly . = 1.020 — 1.320 + 0.70% — 0.020z + 122@ —19.43
approach was used to determine which curvature defining factors (24)

are most significant in accounting for the error. In a data set of
500 measurements at specificz, andd, discrepancies can be  wherez, p, andd are expressed in nanometers. Each of the terms
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in the model is statistically significant at?e99.99% level. The References and Notes
solid lines in Figures 7b,d,f are plots dfgl,(z — z)/dz versus

z and are in good agreement with the data, correcting all the g3
systematic discrepancies observed in the uncorrected model. For (2) Binning, G.; Rohrer, H.; Gerber, C.; Weibel, Bhys. Re. Lett.
the typical values ofp, z and d of 18, 30, and 10 nm, 198249 57,

respectively, the offset value is3 nm. The average offset value 19833%1'\/'2?'2';_\('; Williams, C. C.; Wickramasinghe, H. K. Appl. Phys.
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