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Detection of electrostatic forces with an atomic force microscope: Analytical and experimental
dynamic force curves in the nonlinear regime
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Dynamic force curves of an atomic force microscope in the presence of attractive van der Waals and
electrostatic forces are analytically treated using a variational method taking into account nonlinear tip-sample
coupling. This approach allows describing and understanding the motion of a voltage-biased tip observed in
experimental approach-retract curves in dynamic mode. The solutions predict a hysteretic behavior in the force
curves for both amplitude and phase of oscillation. This hysteresis diminishes and disappears with increasing
tip-sample voltage. The tip-surface system is modeled as a plane capacitor with an effective area of interaction.
The analytical solution clearly accounts for the apparent height measured in topographical scanning due to the
presence of charges on the sample. It also furnishes an estimation of the quantity of excess charges on the
sample surface measured in the experiment. There, an estimated 360 electrons were injected ipto a SiO
surface. Additionally, at the onset of electrostatic coupling, an abrupt transition from intermittent contact to
noncontact regime is experimentally evidenced by a jump of the phase from one branch of solution to the other.
This phase contrast represents an easy way to distinguish and to choose between intermittent contact and
noncontact regime.
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I. INTRODUCTION maintains a harmonic motion. Additionally, we have chosen
a plane-plane capacitor geometry for the tip-surface system

Injection and detection of localized charges in nanostructo calculate the electrostatic force between the tip and the
tures, on or below the surface, are the key issues in fieldsample. This plane-capacitor approximation is in excellent
such as mesoscopy or nanoelectronics. The atomic force mpgreement with the experimental data, and allows a direct
croscopgAFM)? is in this respect an instrument of choice to estimation of the number of injected charges on the
probe the surfaces at the nanometer scale in a nondestructisérface’’ The transition between states of oscillatiénter-
way. Its versatility allows investigating local topographical Mittent contact to noncontact regimeaduced by electro-
and mechanical properties in contact rediras well as in static interaction is also experimentally shown. It is the

dynamic regime of operation. In dynamic AFM, the cantile- source for a strong phase contrast and possibly imaging

ver is excited near its resonant frequency, and information 0H13tab|I|t|es, and underlines the importance of dynamic

the tip-sample interaction is retrieved through the amplitudeforce curves to choose a stable regime of operation.
and the phase of the cantilever motion. Inelasfic,

magnetic; and electric&t’ properties of both conductors and Il. ANALYTICAL DYNAMIC FORCE CURVES

die'e_C”iC,§’9_ have been studied in this regime. Using a con- |, qynamic AFM, the tip is mechanically set into oscilla-
dgctlve tip, it is possible to electrically bias the oscillating tip o by a bimorph. In this work, we consider the excitation at
with respect to the sample and to probe the long-range elegy near the fundamental resonant frequency. The system can
trostatic interactions [electrostatic force microscopy in this case be modeled as a forced, damped, harmonic os-
(EFM)].™ Moreover, the AFM has been shown to be ca-cillator, nonlinearly perturbed by the presence of the surface,
pable of charge injectidA™® and detection of only a few but nevertheless maintaining an harmonic respoise.
excess charge$: Nonlinear tip-sample interactions influence both the ampli-

However, a quantitative charge determination is delicateude of oscillation and the phase difference between the
due to the intermixing of Coulomb and surface potentialsstimulation and the detected signal, providing information on
Topography may play a significant role in the EFM sightal. material properties such as local stifffésand energy
To overcome this challenge, we have concentrated our studtissipation® In particular, a conductive tip is sensitive to
ies on a nonscanning method. These are dynamic forcleng-range, attractive or repulsive electrostatic forces, which
curves, in which the oscillating AFM probe is successivelycan be controlled by an external dc voltage difference ap-
approached and retracted from the surface, thus probinglied between the tip and the samgla the following re-
long-range electrostatic forces. ferred to asVegy).

A partially nonlinear description of the tip motion is nec-  In the general case, two regimes of interaction appear,
essary to explain experimental dynamic force curves. It supwhich can be discriminated by the phase of oscillation vs
poses that the tip probes a strongly anharmonic potential, buip-sample separatiofdynamic force curvas™
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(2) In the intermittent contadiC) regime, the tip shortly 10 r T
comes into contact during the oscillation period. This regime
is characterized by a monotonous increase of the phase with

decreasing distance in dynamic force curves. 0.1+

—— Tip-plane capacitor
Plane-plane capacitor 7
Cantilever alone

oscillation period. This regime can be recognized in the mo-
notonous decrease of the phase with decreasing distance in 1074

(2) In the noncontactNC) regime, the tip never touches g ¢.01
the surface, i.e., it never probes repulsive forces during an - 103
E X

O

dynamic force curves. -5

One can choose the desired regime by adjusting the pa- 10y
rameters such as the amplitude of free oscillation or the fre- 1078 . .
quency shift below the free resonance. Both regimes are ca- 1 10, (nm) 100

pable of imaging surface topography. Nevertheless, NC . o .
regime has shown to be more suitable to probe electrostatic FIG. 1. (Color onling Second derivative of the capacitance
interactions because it reduces the influence of the tip of"(2) vs plate distance for two tip-sample models. The plate area of
charge distribution on the surface. Moreover, in IC regime,the plane-capacitor model has been set to coincide with the value of
the dominant interaction is repulsive, leaving the system les§'® truncated cone-plane model at a separation of 100 nm. Worth
sensitive to electrostatic forces. In the following, only theNting is the negligible contribution 16"(2) of the cantilever alone
noncontact situation is analytically treated. (light gray line, modeled at a distance of Jdm from the surface.

The analytical description follows Nony and _ _ _
co-workers?* The tip probes an attractive Van der Waals @ Sphere at its apex 35 nm in radimsanufacturer’s data, see
force to which we add an electrostatic force. We suppose gelow). It reflects the fact that at this lift height, not only the
flat surface ¢-rms roughness less than 2 pand homoge- sphere is interacting with the surface but also the upper part
neous properties of the sample surface. Based on analytic@f the cone. . _
expressions, we study the influence of the tip-sample inter- Figure 1 demonstrates that the influence of the capaci-
action on amplitude and phase of the tip oscillation with thetance of the cantileveimodeled as plane-plane capacitor at a
distance. distance of 14um from the sample surfagés negligible. If

The tip motion is sensitive to the gradient of the force inthe total capacitance of the cantilever is large, its variation
the vertical directiongF/dz, itself proportional to the sec- With the tip-sample distancéypically a few hundreds of

ond derivative of the capacitan€(z) = 92C/9z?: nanometers on the other hand, is very limited, and so is the
second derivative. This result has also been emphasized in
IF, Vicu Ref. 26.
77 =C"(2) 5 (2) Van der Waals interaction occurs at very small spacing,

typically a few nanometers, where the tip can reasonably be
Notably, Veey includes the surface potential of the _moo_leled as a sphere. The plane-sphere interaction potential
sample, which is a constant only depending on the material 9iven by the expressiof8) from Ref. 27
Therefore, it will be omitted in the following. We propose a
plane-plane capacitor model to describe this additional elec- HR
trostatic interaction between the tip and the surface. The ex- Uwaais= g (©)
pression ofC”(z) in this case is

whereH is the Hamaker constarR is the tip radius, and
"o — ELS is tip-surface distance. The additional, electrostatic term pro-
C'(z2)=2 5 2 vides

where ¢, is the dielectric constant of vacuum agds the
plate area. Considering the real tip-sample geometry, this ap-
proximation may seem too rough. However, our mode of
operation(interleave mode, during which the tip-sample dis-
tance is kept constanallows us to determine an effective whereVggy, is the tip voltage g, is the dielectric constant,
area of the plates of the plane capacitor. Indeed, Hudleand S is the effective tip area. Then, the total tip-surface
et al® calculate the capacitive force vs tip-sample separainteraction is given by

tion, for realistic tip geometry of a truncated cone with a

sphere at its apex. An adjustment of the plate area of the HR €S

plane capacitor is made, so that values of both models coin- Uini=Uwaaist Uelec= (—+—V§FM> —. (5

cide at the chosen lift height, here 100 nm. The plot of the 6 2 D
calculatedC"(z) curves is shown in Fig. 1. The two models

coincide for a plate area corresponding to a disc 100 nm in From a variational method, based on the principle of least
diameter. This value is reasonable, given the geometry of thaction?* we obtain the following expressions that connect
tip: truncated cone 14m in height and 10° half angle, with the amplitude and the phase of oscillation with the distance:

1 2 Eos 2
UeIeCZECVEFM:EVEFM' (4)
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1.0 ‘\h ""}Eu“f_+£+**++ . ’ 1, o
P 0 /A B o FIG. 2. (Color onling (a) and
i if g 1 (b) are, respectively, plots of the
<064 | ,: fi — ov 18 Y theoretical expressior(§) and(7)
3 jiif - 2v g -2V for different voltageV/gry . Am-
© Q44| £ F if v |8 4v . . .
P idf . ev & . 6V 4 plitude and tip-sample distance
o2l §iF4 ' B 3 are normalized by the free ampli-
i . 12v . 15l tude of oscillation at the reso-
0.0fs% : . : : . nance Ag. The parameters used
oa) 2 6 d=g/A) 10 12 14 16 10 12 14 16 are u=0.9988, A,=14 nm, k,

=3.7Nm!, R=20nm, H=2
4.8 - - - - - 1 50 - - - - - X101 J, K=250, kyaa=6.57
X105, and  Keec=3.42
X102 V2. (c) depicts the aver-
age tip-surface distance for differ-
ent voltages at an amplitude set-
point of a=0.8. (d) shows the
phase shift between the excitation
116 and the detected signal for differ-
ent voltages at a constant distance
. . . ; -120 . ; ; . : d=s.
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K Y 2/3 noncontact, or short-range repulsive forc_es in iqtermittent
dpe = a2+ | 2 Waals ™ MelecTEFM , ©6) contact. For both dynamic force curves in amplitude and
1 1 phase, the resolution provides two branches of solutions, so
(1-u)F—\/——u? that bistable situations can occur. Experimentally, a hyster-
a? etic behavior is observable, depending on whether the tip is
approaching or retracting from the surface. Attention must be
u drawn on the termy, i.e., the ratio between frequencies of
K K2 , (7) excitation and resonance. Uf=1, as illustrated in Eq6)
K(u2—1)+2K Waals ™ "elecTEFM and (7), the system does not exhibit two branches of solu-
(di.—a?)%? tions, and hysteresis does not occur. Equati@sand (7)
) ) o ) ) are plotted in Fig. 2 as a function of the tip-sample distance
whereA is the _amplltude of oscillationd\, is the ampli- ¢, jitferent tip-sample voltages.
Ei?Ac;fisfrtii r%?jﬂ!aegogm?)ﬁithh de d;fszog?zto :éi?\:er;ﬂgﬁcae g The hysteretic behavior of the tip motion, clearly apparent
distancea is the phase between excitation and motion ofg}sl,[:;gni'ezg ﬁ;‘: 33&;;2??:%?&;2p;':édzi:;spgg?; eW\i/ts;]
the oscillator,» is the frequency of the excitation signal, increasing voltage, whereas the interaction spans over larger

N V/.llljo Is tl?e. re(rj]uced fr;aquencz,fis the qua[t{'fsféﬁrg Fhe distances. This behavior is illustrated in Figgc)2and Zd),
oscillator,k; is the cantilever stiffnesyaqis= Ro S \hich are, respectively, plots of the apparent height and

a dimensionless parameter related with van der Waals forceBhase of oscillation as a function of the tip-sample voltage.

2 _ 34,2 ; ; ; B
?:rcrju;z?%ﬁt% E E/vi?hggl(écﬁ?())\s{g{:\é ;;éiegmensmnless P&~ The effective height is obtained by considering that for to-
Equations(6) and (7) describe the e\./olution of the ti pography, the AFM maintains a constant amplitéaso re-

q P ferred to as amplitude setpojnThe horizontal, dashed line

motion (amplitude and phase of oscillatiows tip-sample Ain Fig. 2(a) schematically represents this setpoint, which is

separation during a force curve for a biased AFM probe. Lo ;
force curve reflects the contribution of the different forces@'Pitrarily set at 80% of the free amplitude. On the other

depending on the tip-surface distance. In practice, to record hand, phase is recorded at a constant tip-sample distance.
force curve, the scan is stopped, the tip is fixed above dN€ phase vs voltage graph is therefore plotted along the
chosen area, and the feedback loop is turned off. While th¥ertical, dashed line in Fig.(B), at a distance ofi=8 times
cantilever is excited near its fundamental resonance frethe free amplitude, that isy 100 nm. The parabolic behavior
quency, it is approached towards the surface by a define@f the plot confirms the validity of the plane capacitance
distance, and then retracted, both at a constant speed. model. However, this behavior is lost at smaller valuesl.of
With such force curves, one can unambiguously deterdt is worth noting that both curves attain their extremum for
mine the working regimélC or NC), and hence adjust the Vggy=0.
external parameters to choose the desired regime. This way, To continue the discussion, we assume that expreggjon
one can specifically probe long-range attractive forces ins still valid for a silicon sample with a thin silicon-dioxide

dp+=atan
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5.0 nM

2.5 nm

FIG. 3. (Color onling Recorded heighta) and phaséb) data on a thin film of SiQ (7 nm) on Si. Scan size is (£2) um?. Charge
injection parameters were 10 V and 10 s contact time. The phase is recorded at a lift height of 100 n¢h), Ithe tip voltage during lift
mode isVggy=+2 V on the upper half of the image, th&fx-y,=—2 V on the lower half. The phase shift jumps froan3° to +2°.

film, instead of a metallic surface. If an amoupf charges As mentioned in the preceding section, only the phase
is deposited on the surface, a potentig) can be associated allows determining the regime of operatigintermittent or
as noncontagt Moreover, the relatively high quality factor of
the cantilever in aithere 100—300ensures a steep variation
V=Vern—Vo, of the phase vs frequency near the resonance. Thus, the
phase signal provides high sensitivity to small variations in
Q Qd; the tip-sample interaction. Recording the phase while imag-
where Vo=¢ = €0€s10.S’ 8 ing requires a double-pass methitterleave imaging mode
2

so as to get rid of topographical artifacts and short-range

and whereeg;o, is the dielectric constant of silicon dioxide forces when probing the electrostatic interaction. First, topo-
andd, is the silicon dioxide thickness. This corresponds tograph|cal data are recorded in a trace-retrace scan line, while

an additional capacitance whose plates are the oxide surfala feedback loop maintains the amplitude of oscillation con-

and the silicon substrate. Consequently, the extrema in heigffant by adjusting the tip-surface distance. In a second step,
and phase are not anymore attained ¥y, =0 but for phase variations are measured by lifting the tip above the

Veem= Vg, still maintaining the above mentioned amplitude surface, switching off the amplitude feedback and perform-
feedback and scanning across the voltage applied on the tiff!d & second trace and retrace record. Lift scan height used in
The measurement o/, gives access to the number of all the presented experiments is set to 100 nm.

charges injected locally on the surface. In the case of the

plane capacitor model, the relation with the total cha@gs

straightforward"” In addition, an inhomogeneous charge dis- IV. RESULTS AND DISCUSSION

tribution will show effects on both topography and phase

images becausé,, value depends on the sample position. Analytical dynamic force curves provide a qualitative un-

derstanding of scan images of charged areas in noncontact
mode. In such an experiment, charges are first deposited by
stopping the scan and bringing the tip into contact with a

Experiments were performed on a commercial AFMdielectric surface for a few seconds while applying a voltage
Nanoscope Il Dimension 3100 from Veeco Instruments,0f —10 V. As shown in Fig. &) the sample displays an
Santa Barbara, CA, to which a glove box has been added tapparent height on a large area around the position of charg-
control the atmosphere. A permanent flux of nitrogen ensurefg, although it was “flat” prior to contact with the tip, with
a humidity rate of 15% at ambient temperature in order taa roughness amounting to less than 1 nm. Charges deposited
avoid the contamination of the sample surface and lithograen the sample surface are equivalent to a voltage applied on
phy processé& during the charge injection procedure via the the tip, as seen in Fig. 2. When probing the electrostatic
AFM tip. A dc voltage, ranging from-12V to + 12V, can forces during the topography scan, the tip has to retract to
be applied on the tip. keep the assigned amplitude setpoint marked in Fig. 2

The cantilevers used are manufactured by MikroMasch, Furthermore, at a lift height of 100 nm, the phase is in-
Tallinn (Estonig, are of rectangular shape, 36n in width,  fluenced both by the presence of the charges and by the tip
and 90-13Qum in length. Nominal spring constants range voltageVeggy [Fig. 3b)]. An inversion of the phase shift is
from 0.6 to 3 Nm?! and resonant frequencies from 75 to clearly observed as the tip voltage is switched frer2 V to
155 kHz (manufacturer’s valugs Tips are silicon coated —2 V halfway through the scan. FoVggy=+2 V and
with W, C to ensure a metallic behavior. The nominal radiuselectrons deposited on the sample surface, the difference
is 35 nm. (Verm— Vo) is positive and larger than the voltage over the

The samples used are silicon dioxide layers thermally deuncharged regioWggy, . The phase shift being proportional
posited on a silicon substrate. The experiments presentad —V? [see Fig. 2d)], the phase lag increases compared to
were carried out on 7-nm-thick SjQayer. The results are the uncharged regiofdarker area in Fig. ®)]. For Vggu
similar on a layer of 25-nm of Si©(data not shown =—2V, the situation is inversed: hereV{gy—Vg) is

IIl. EXPERIMENTAL SETUP
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14] 401 ]
] — 20 =
12 g 0. | FIG. 4. (Color onling Experi-
E 104 §’ - mental dynamic force curves over
§ & = Y v ] a thin SiG, (7 nm) on Si substrate.
£ @ -40- g 1 Since the absolute position of the
§ 61 % -60- 8v - surface is not known, only relative
4. Doy - 8ot ] ]gg i piezo displacementsA(z) are re-
3 0 _100' corded. (@) and (b) are, respec-
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 tively, plots of the amplitude and
a) AZ piezo (nm) b) AZ Piezo (nm) phase of oscillation vaz for dif-
. . . . i . . . . . ferent voltages applied on the tip.
409 . s charged region 1 0+ . The insets are magnified plots of
£ 30{c. = nonshamed el . e | | the hysteretic region at 0 and 2 V,
r;' 20] ° fa 593 :A the arrows show the piezo dis-
2 1 ) g™ |8 29 & placement direction(c) and (d)
€ oa o £ -30 R . correspond, respectively, to the
4 o A 4 a . .
g © " aa é 0 i apparent height and phase shift as
£-10] L o 15 a function of the tip-sample volt-
20/ AN s ] -s04° 4 chargedregion = age, each for a charged and a non-
a o non-charged region i
-30 : . r . . -60 . . . . i charged region.
12 -8 -4 0 4 8 12 12 -8 -4 0 4 8 12
C) Tip-sample voltage (V) d) Tip-sample voltage (V)

negative and smaller tharigy, in absolute value. Therefore, dicts that at such a distance, amplitude and phase have re-
the phase lag decreases compared to the uncharged regimmned to their free oscillation values. This can be related to
[brighter area in Fig. @)]. This inversion of contrast due to a limitation of the plane capacitor model, since the effective
charges of either same or opposite sign in the tip and thelate area is only valid on a small vertical range. At larger
sample is also considered in Ref. 17. tip-sample distances, the effective area should be larger.
Experimental dynamic force curves obtained on un- In addition, apparent height and phase shifts are plotted
charged silicon dioxide in noncontact mode with differentagainst tip-sample voltage in Figs(ch and 4d), respec-
tip-sample voltages allow significant insights. Results ardively, over a charged and a noncharged region. In the case of
shown in Fig. 4. Approach-retract curves for amplitude andhe charged surface, charges are first deposited by stopping
phase of oscillation have been recorded for different tipthe scan and bringing the tip into contact during 10 s while
sample voltages ranging from 0 to 12 V in Figgadand applying a voltage of-10 V. Then, scanning is resumed
4(b), respectively. These curves are in good agreement witlvith, however, the slow scan axis disabled, so as to remain
the analytical solutions presented in Fig. 2. In particular,over the charges. The same linear behavior for the apparent
these curves display the loss of the hysteresis with increasingeight and the parabolic behavior for the phase shift are ob-
voltage. The hysteresis is shown on the magnified plots o$erved as in the analytical solutions. If the parabolic behavior
the insets for 0 and 2 V tip voltages. The long-range regioris well explained in the case of the plane capacifahe
exhibits a deviation from the analytical plots, with an inter-linear increase of the height remains unclear.
action still detectable as far as 200 nm, whereas theory pre- In Figs. 4c) and 4d), the minima of the curves are

‘”“f;f'% p—— T
i . & O i
% 1 M ‘ | ! fgm
s ve@u%m 5 'g = 1
= v | 2 i —— 0V
g Py, 2 AV
o
6.5V
6.5V — |
8V A e
30 40 50 30 40 50
AZ (nm) AZ (nm)

FIG. 5. (Color online (a) Amplitude and(b) phase of oscillation vs vertical piezo displacement for increasing tip-sample voltage. At 0

V, and until 5V, the tip is in intermittent contact, as can be seen from the characteristic behavior of the phase. For larger voltages, the state
of oscillation suddenly changes to the noncontact regime, and is then governed by electrostatic forces. This process is reversible: when the

voltage is set back to zero, the oscillation returns to intermittent contact regime.
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shifted byV=1.3 V for the charged area. From this value, V. CONCLUSION
and using the plane-plane capacitance model with circular This paper shows the significance of dynamic force

plates of 100 nm in diameter, we estimate the amount ofryes in atomic force microscopy, in the presence of elec-
detected charges to ig=360 electrons. trostatic forces. Using a variational method in noncontact
To get an idea of the electrostatically induced artifacts inregime, and introducing an additional electrostatic term, the
standard imaging applications, it is important to estimate thescillating tip’s motion is analytically resolved as a function
influence of the attractive, electrostatic interaction on the inof tip-sample separation. Amplitude and phase exhibit a non-
termittent contact regime. Figure 5 shows experimental dylinear behavior expressed as a hysteresis between the ap-
namic force curves over an uncharged area of silicon dioxid@roach and retract curves. However, this hysteresis is lost as
sample. The initial state, &tggy =0V, is intermittent con- the long-range interaction is introduced via a tip-sample volt-
tact, characterized by the increase of the phase lag with d&ge. All analytical results are in good agreement with the
creasing distance. As the voltage is progressively increasegkperiments, and allow determining the amount of injected
to 5 V, a transition to noncontact regime is observed. Thigharges on a surface, using a plane capacitor model. More-
behavior is reversed when the voltage is reduced to zerBVer, these results explain very well the apparent height ob-
again. Applying a voltage, a longer-range electrostatic interS€rved on charged surfaces, and point to phase contrast arti-
action is introduced, damping the amplitude of oscillation offacts due to changes in the working mode of the AFM in the
the tip to its setpoint further away from the surface thanPrésence of surface charges. All this emphasizes the impor-
before[Fig. 2(a)]. In consequence, the tip stops touching th ta_mc? of using dynamic force.curves when.|mag|ng In “tap-
surface and a sharp transition from intermittent to noncontad?"Y mode to control the regime of operation.
can be observed in the phase. This experiment highlights the
fact that local surface charges can have drastic consequences ACKNOWLEDGMENTS

on the working regime of an AFM, and thus on the phase The authors are grateful to M. Stark for fruitful discus-
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