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Abstract. The performance of a scanning force microscopghase signal, more or less directly to specific sample proper-
(SFM) operated in the dynamic mode at high oscillationties, such as topography, elasticity and viscoelasticity.
amplitudes is determined by the response of the system to Because highly nonlinear interaction forces are involved
a given set of interaction forces between the probing tip an@/hen the oscillating tip is in close proximity to a solid sur-
the sample surface. To clarify the details of the cantilgyer face, the analysis of the dynamic system becomes quite com-
dynamics two different aspects were investigated in experiplex. Therefore supplementary computer simulations based
ment and computer simulation. First, the interaction force®n proper mathematical models are useful to investigate the
dominating the oscillatory motion of the probe were varieddetails of the interaction process. Basically, the equation of
by applying an additional electrostatic force field. It is shownmotion describing the dynamic properties of the probing tip
that such variations in the attractive part of the interaction pohas to be solved in such a way that the influence of differ-
tential can cause a switching between two different oscillatioent parameters characterizing the probe as well as the sample
states and thereby significantly contribute to the contrast olsurface can be examined. There have been several reports
tained from phase imaging. Secondly, the interaction forcesecently on different approaches to this problem, providing
were kept constant but the system response itself was vaanalytical [4] as well as numerical [5—11] solutions. Most of
ied by modifying the effective quality factor of the oscillat- them are based on the point-mass model, but there are also ap-
ing cantilever with an active feedback circuit. This providesproaches which describe the complete flexural motion of the
a means to influence the transition from the attractive to theantilever beam supporting the probing tip, as this becomes
partly repulsive interaction regime, i.e. the onset of the intermore relevant when the system is driven well above its reson-
mittent contact or tapping mode. ance frequency [12]. Thus by simulating the dynamic system
one can gain useful information on the complex interaction
process of the oscillating tip and the sample surface.

Operating an SFM in the dynamiC mode at h|gh amplltudeq_ Experimenta| and simulation methods

(> 10nm) offers the possibility of minimizing the contact

time of the probing tip with the sample surface and therebyrhe simulation results presented here are all based on the
reduce lateral or friction forces involved in the scanning propeint-mass model with the interaction forces being derived
cess. It also allows the collection of additional data related tgrgm MYD/BHW calculations [11, 13, 14] and applying the
different sample properties by recording the phase shift beger|et algorithm [15] to solve the equation of motion numer-
tween the fOI’CE dr|V|ng the Cantllevel’ and_ItS OSCIllatIOI’_l. Inica”y_ A“ experiments were performed W|th a NanoScope
the Iast_ few years these features of operating the SFM in thg MultiMode stage (Digital Instruments) equipped with
dynamic mode [1, 2] were shown to be very useful to charan additional lock-in amplifier (EG&G Instruments, Prince-
acterize several different k_mds _of sample surfaces, eg. t_hlfam Applied Research, Model 5302) to measure the phase
organic films, polymers, biological samples or even liquidiag petween the driving force and the cantilever response
droplets [3]. Although this has led to a steady increase in thguantitatively. Rectangular cantilevers made of doped silicon

number of possible applications, there are still several detailiNanosensors) with a nominal length bf= 125um were
of the interaction process between the tip and the sample thggeq.

need further clarification. The overall goal must be to relate By ana'ogy W|th measurements Of quasistatic force_
the experimentally accessible data, such as the amplitude aggstance curves in contact mode, the amplitude and phase
- shift as a function of the-position were quantitatively in-

* Corresponding author vestigated in the dynamic mode by means of simulation and
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experiment. As reported previously [6, 8] this process, called T T Ug=0vo T T T U =17V
dynamic force spectroscopy (DFS), allows us to differenti-¢ 35 ' "~ 'Bias Voltdge [V]

ate clearly between operating the SFM in the purely attractive — i P’
and the partly repulsive regimes of the interaction forces_, N /
Comparison of the experimental data with the simulation reg 25¢ / /‘ 1r

vealed that the onset of the intermittent repulsive contact 0" 4|

tapping mode is indicated by a small step-like discontinu8

ity in the amplitude signal and by a much more pronouncedg 51 /4
jump in the phase signal as the oscillating tip approaches thg 4| 1L /
sample surface (Fig. 1a). The calculation of the forces actin

on the probing tip at the point of closest approach during an 5r

oscillation cycle showed that these discontinuities mark the
transition from the pure attractive to the intermittent repul-
sive contact regime of interaction (Fig. 5a). These findings
were recently confirmed by Kuhle et al., who came to simi-
lar conclusions [10]. By carefully adjusting the setpoint (used— 45}
by the feedback loop to keep the amplitude signal constan@ \

well above the discontinuity one can deliberately put the sys7* o4 \ —
tem into the attractive mode of operation. However, in most% T -
cases this state is unstable and due to the hysteresis show

the DFS curve the system has the tendency to stay in the tap- 1357
ping mode once the tip has propagated into the repulsive part
of the interaction forces. As a consequence of the hysteresis g5l 1L |
effect the SFM can even be operated in the attractive as well 0 20 20 80 80 0 20 40 80 @0
as in the partly repulsive mode at exactly the same setpoint
settings. The fact that the phase signal exhibits a significarft
change at the transition point between the two system stat 4
can strongly influence the contrast obtained in phase imaging 30 Y
but might also be used as a diagnostic to monitor the type dfZ’
forces dominating the cantilevéip dynamics.

z-Position [nm] b z-Position [nm]

25

2 Results 20

2.1 Modification of the interaction forces

ransition Poin

15

In order to examine the influence of attractive forces on the|:
dynamic system in more detail a bias voltage was applied be® 19
tween the SFM tip and the sample, which consisted of a chroS
mium layer on a glass substrate. By adjusting the bias voltage
we could control the additional attractive forces and thereb
analyze their effect on the cantilever dynamics. Figure 11 -
shows a typical DFS curve obtained under the influence oN oLb—1r v b 1
an applied bias voltage. Comparison with the undistorted case 0 2 4 8 8 10 12 14 1A
(Fig. 1a) reveals that the additional attractive force field leads
to a delay in the onset of the tapping mode, as marked by
the discontinuities in the amplitude and phase signals. Asig. 1. ab Experimental DFS curves as obtained by measuring the oscilla-
depicted in Fig. 1c this effect is dependent on the applied volttion amplitude and phase shift as a function of the average probe-sample
age, i.e. the strength of the force field. This shows that théiSttigc‘?r-e\é\’hci)fcitﬁ‘aeﬂgy”i‘;“riglg\g:ﬁr(“ was Sgieﬁz)at;hii;isc’vﬁig"i frv“;‘g;’ency
pha_lse signal can exhibit S_Ignlflcant changes_, while scanning § plied between the goped silicon tip and the sa;nple, consistin% of a chro-
a given setpoint due to different force gradients between thgjum layer on a glass substratePosition of the transition point between
probing tip and a specific surface site. the purely attractive and partly repulsive interaction regime, as a function of
The effect becomes apparent when scanning over a tel§e applied bias voltage
pattern structure like the one shown in Fig. 2a,b. A bias volt-
age is applied between the SFM tip and every second chro-
mium line on the glass substrate. While scanning at a relesetpoint. On the other hand, there is almost no contrast be-
tively high setpoint the phase signal allows us to identifytween the lines connected to the tip potential and the glass
the lines with an effective voltage difference to the probingsubstrate. However, when scanning at a lower setpoint the
tip (Fig. 2c). Whenever the tip is oscillating above one ofcontrast of the phase image is changed significantly (Fig. 2d):
those lines the additional force gradient prevents the onsethile the topography image shows no difference, the phase
of the repulsive tapping and the corresponding phase jumgontrast disappears almost completely, apart from edge ef-
that would mark this transition does not occur at the giverfects. Due to the decreased setpoint the transition from the
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Fig. 3. Schematic diagram of the SFM with additional feedback circuit used
for active control of the system response function. The setup allows the ef-
fective quality factor of the dynamic system to be changed by more than an
order of magnitude

attractive to the intermittent repulsive interaction regime oc-
curs on every spot of the test pattern, regardless of any voltage
difference that might be present between the tip and the sam-
ple. The dynamic system stays in the intermittent contact
mode all the time, so that the phase contrast would only be
. e Basunt dominated by effects related to local differences in energy
g dissipation, e.g. caused by viscoelastic damping [16]. This
example illustrates that changes in the local attractive forces
can significantly contribute to the contrast observed in phase
imaging by switching between two different dynamic modes,
and that this effect strongly depends on the chosen setpoint.

2.2 Modification of the system response

Another important factor determining the tip-sample dynam-

ics is the response of the system to a given set of interaction

forces. The main parameter reflecting the response function

is the shape of the resonance curve of the cantilever beam, as

characterized by the quality fact@Q = A f/ fes, with fesand

Af denoting the resonance frequency and the width of the

G d L resonance curve, respectively. In order to examine their influ-

L bt i pieas O ence on the cantilever dynamics the interaction forces were

¢ 2 range 80.0 de kept constant, and instead the system response to these forces
A was altered.

In the experiments theffectivequality factor of a given
cantilever beam can be changed by means of an extra feed-
back circuit, which is added to the standard SFM setup and
offers an active control of the damping of the dynamic sys-
tem. By applying an appropriate feedback force to the oscil-
lating cantilever its motion can be regulated in such a way
that the modified response function of the system exhibits
an increased (or decreased) quality factor. Different coup-
ling mechanisms were proposed to apply feedback forces and
thereby to regulate the cantilever response, like photother-
mal forces [17] or capacitive forces [18]. The setup used
here offers the advantage that it does not require any addi-

; i tional mechanical setup, but applies the additional force via
o 20.0 pn the standard piezo which is used to drive the cantilever base
S ol 0 (Fig. 3) [19]. The main components of the feedback circuit
are a variable phase shifigrand an amplifier with adjustable

Fig. 2. a Schematic representation of the setup used for scanning on a tegain G. The equation of motion describing the modified dy-
pattern structure consisting of chromium lines on a glass substrate, wit N t ds:
a bias voltage applied between the tip and every second line of the sampl@.amlc system reads:

b Topographic SFM image of the structure and corresponding phase images ;
at a highc and lowd setpoint value M2(t) — az(t) — kz(t) = Fo cogwt) + GE?z(t) 1)
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wherem is the effective cantilevegtip mass« the damping Q=375 Q=3000
constant andk the spring constant of the cantilever bedfg. __, 25} ' i i T =
andw denote the magnitude and frequency, respectively, og 20}
the original harmonic driving force. ‘s 15l /‘ 11

Separate investigations have shown that the cantilever mag ,/ / /

tion stays almost perfectly sinusoida(t) ~ (Asin(wt)) even =  10¢
while tapping at very low setpoint settings [16]. Furthermore,g' 5t
by assuming that the appropriate phase shifpef +7/2
is chosen and that all frequency shifts are small compared : :
with the resonance frequency, the following approximation I N

A

becomes valid: g: a5l AN
eiiﬂ/2z(t) ~ Z(t) ) (2) 8 90+ :
_ccu |
This leads us to a simplified equation of motion: o %%
180 | . . . o Adt . . . L
mMZ(t) — aefiz(t) — kz(t) = FocoSwt) with aef=a+G. 40 ] T " T —
(3) E 30 ’/ \ ] 4
Thus by adjusting the gain of the feedback circuit it is posﬁl 207 T ]
sible to change the effective damping, which is directly re-§ 10t 1E ]
lated to the quality factor of the dynamic syste@u = 9 e —_ ]
0
Mw/ et [f - P — -— ]
DFS curves obtained in experiments under active feed-  -10t . > . At . . . M-
back control with an increased quality factor (Fig. 4) exhibit °© 10 20 30 40 0 10 20 30 40
a significant delay of the discontinuities in the amplitude anda z-Position [nm] b z-Position [nm]

Phase S'gnal while _the tipis appraCh',“g the surfa_ce. In pa?ig.Sa,b. Calculated DFS curves as obtained by numerical computer sim-
ticular, the phase signal can again be interpreted in terms @fations with a quality factor o& Q =375 andb Q = 3000. Note that
the discontinuities observed in the amplitude and phase signals are directly
related to the transition from attractive to repulsive forces acting on the
probing tip at the point of closest approach of each oscillation cycle. The
Q=2496 increased quality factor leads to complete suppression of the repulsive in-
T T termittent contact

o5 T T T T T T - _]
= 20__ | monitoring the current system state: it indicates that the in-
=S creased sensitivity postpones or even prevents the onset of
3 °r / / | the tapping mode. Therefore the active damping circuit pro-
= I 1 vides a means to control and enhance the size of the attractive
E— 10__ ] interaction regime and thereby to make this operation mode
< more stable.

°r ] In order to validate these experimental findings numerical
I 1 DFS calculations were performed. The computer simulations
. : . ! : ! . ! : offer the possibility of changing the quality factor directly and
or 1 thereby studying its influence on the oscillating system. Fig-
- \ 1 ure 5 shows the resulting DFS curve for an increased value of
. a5k i Q. The calculated force curve verifies that the increased qual-
D | | ity factor leads to a delay or, in this case, even to a complete
= -— suppression of the onset of the intermittent contact as the tip
% %0 — is approaching the surface. This result reflects the fact that the
R i 1  systemis becoming more sensitive to the attractive interaction
O st 4//( -  forces, owing to the increased slope of the resonance curve,
L | i.e. the increased value @J.
180 - . 1 . 1 . 1 , 1 ]

0 10 20 30 40 3 Discussion and conclusion

z-Position [nm]
Fig. 4. Experimental DFS curves as obtained with active feedback controll0 sSummarize the results, the two effects observed under vari-
and an effective quality factor & ~ 2496 in air. Comparison with Fig. 1a ation of the interaction forces and the system response can

shows that the increased sensitivity leads to a significant delay of the onsgigth pe interpreted by the following model: first. while the

of the repulsive tapping, as marked by the discontinuities in the ampli- St . . . . :
tude and phase signal. The original, unmodified cantilever exhibited a ValugSCIIIatlng tip Is approachmg the surface, attractive interac

of Q~ 448 in air and the dynamic system was driven at the resonanctlOn forces _lead to a decrease of the effective spring constant
frequency of the free oscillating cantilevef & 297.72 kH2) of the cantilever and thus to a shift of the resonance curve
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to lower frequencies. If the cantilever is driven constantly abe utilized to stabilize and control the operation of a dynamic
the resonance frequency of the free oscillating system, thiSFM in the attractive interaction regime and thereby to im-
shift must result in a steady decrease of the amplitude signgbrove the image quality when scanning on sensitive sample
On the other hand, the whole oscillating system is continusurfaces [20].

ously approaching the sample and thereby bringing the point

of closest approach of the probing tip closer to the surfaceAcknowledgementsihe authors wish to thank L.F. Chi and S. Rakers for
These two competing processes determine the onset of the ffimulating discussions.
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