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Abstract—In Atomic Force Microscopy the force between the cation of the integrated design method of [9] is demongtrate
tip and the sample is controlled in a feedback loop in order on a commercially available AFM system, and the influence

to prevent damage to the tip and the sample during scanning, of the gynamical uncertainty of the system on the topography
and also to convert the force measurement into an estimate difie . . . .
estimation accuracy experimentally validated.

sample topography. In this paper it is experimentally showrthat, . - ) ;
due to the dynamical uncertainty of the systems, in the congl Section Il discusses the topography estimation problerd, an
design a direct trade-off has to be made between the bandwidt how the accuracy of the topography estimation depends on
of the feedback loop on the one hand and the accuracy of the the design of the feedback controller. This is discussed and
topography estimation on the other hand. analyzed for a commercially available AFM in Section III.
Experimental validation is shown in Section 1V, and conclu-
I. INTRODUCTION - . .
sions are drawn in Section V.

In Atomic Force Microscopy (AFM) [1], the sample to-
pography is measured by probing the sample with a very
sharp tip, while scanning the sample or tip in a raster scan- [I. TOPOGRAPHYESTIMATION IN AFM
pattern. The measurement tip is mounted on the free end of a
micro-cantilever which allows to measure the interactiorcé Figure 1 shows a block diagram of the feedback loop in
between the tip and the sample during imaging. The nonlinesFM, with G the actuator dynamicg? the sensor dynamics,
tip sample interaction force is controlled in a feedbaclplémr and K the feedback controller. While scanning, the sample to-
two reasons: (i) to prevent damage of the tip and the samplegraphy enters the feedback loop as an unknown disturbance
during imaging, and (ii) to provide an estimate of the samptgnal denoted:(¢) in Figure 1. The feedback controller is
topography. In order to provide the scanning motion and teacking this topography variation via the actuator. In laap
allow the control of the tip sample force, a positioning stagdomain this is given as:
is used which can position the tip relative to the samplelin al
three spatial directions.
A major challenge in AFM development is to improve its
relatively low-imaging speed, taking in the order of seVera

minutes per frame for most commercially available systemyth r.(s) = P(s)- K(s) - G(s) the loop gain of the control
nowadays [2]. This has motivated a vast amount of resealig@p. H(s), X (s) and E(s) are the Laplace transforms of the
on improving both the achievable scanning speed, as well{ggography signah(t), the actuator displacementt), and
improving the bandwidth of the feedback loop that controie control error(t) respectively.

the tip sample interaction force [3], [4], [5], [6]. Meanvili |n most commercially available AFM-systems a calibrated
the consequences of the increased control bandwidth on §@jing of the control signak(t) is taken as a measure of
accuracy of the instruments has not been investigated immyge sample topography. However, for higher bandwidth and
detail. Improved topography estimation has been inveiija more accurate sample topography estimation the cantilever

by taking into account a model of the dynamical behavigfeflection signald(¢), and the system dynamics should be
of the system [7], [8]. However, the dynamical behavior agken into account [7], [8]:

the system may show some variations when changing the tip,
sample or imaging conditions, which poses strong limitatio ;
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- H(s) = E(s) — H(s); 1)
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on the achievable control bandwidth and the accuracy of H(s) _w w’ @
the topography estimation. Recently, a new method has been E(s) X(s)

proposed for integrated design of the feedback controiter a

topography estimator, while taking into account the dyrei with P(s) a model of the sensor dynamié¥s), andG(s) a
uncertainties of the system [9]. In this contribution, thle  model of the actuator dynamicg(s). Combining (1) and (2),



Topography Estimator ; (> 300 kHz) in contact mode, the sensor dynamics can be con-
2 ) sidered static below 100 kHz, which is the frequency range of

‘ —>h(t) interest. Therefore, the sensor dynamitare neglected in the

‘ A~ h . . . .

| r ’ - () following analysis, and for convenience the gain from atiua

: ; input «(t) to cantilever deflection signal(t) is normalized.

| P ) () The results of two different frequency response measuremen
] : are shown in Figure 2a (solid, red and dashed blue, lines),
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showing the first longitudinal resonance of the piezoeiectr
a0 o) tube scanner at 8 kHz. The various measurements clearly
P reveal the variations in the dynamical behavior associaitd

the different load conditions.
Figure 1. Block diagram of the vertical feedback loop in ARMth actuator FOT the model-based controller design a 7th order dynamical
dynamicsG, sensor dynamic®, and feedback controlle. The topography model G, (s) is fitted based on the data of 12 different
estimator provides an es_timate of the topography sigiig) based on sensor frequency response measurements, to capture the nominal
signald(t) and control signat:(t). . . "

dynamical behavior of the system, as is shown by the dashed-
dotted lines of Figure 2. Based on this nominal model the
maximum multiplicative modeling error can determined at
each frequency point

the topography estimation error can be calculated as:

e(s) = H(s) = H(s) = [E(s) = E(s)] = [£(s) = X(s)] ®;(wy) — Gn(wy)

. ) ¥(wy) = ma ; (4)
= [ (s)*l.D(s)—E(s)] - [G(s)vU(s)—X(s)] 3) D= = Gh(wy)

[P(S)pﬂ(s) _ 1] ~ P(s)K(s) [G(s) —G(s)] with @;(wy) the j* measured frequency response of the
= . H(s), actuator dynamics, and with = 1...% the number of fre-

1+ L(s) guency response measurements. The maximum multiplicative
This transfer function reveals that the topography estonat modeling error is shown by the solid line of Figure 2b, and
error is partly stemming from the modeling error of the sensshows that the dynamical uncertainty tents to become larger
dynamics[P(s) - P~'(s) — 1], and partly stemming from the at higher frequency. To capture the dynamical uncertaintty i
modeling error of the actuator dynami§(s) — G(s)]. Im- the model set a 5th order overbounding fil@(s) > ¥ (wy)
portant is also to note the influence of the feedback cometrolis fitted as shown by the dashed line of Figure 2b. As
K(s) in Equation (3), determining the propagation of theiscussed in [9] the accuracy of the topography estimatdean
modeling errors towards the topography estimation error. explicitly addressed in the design of the feedback corerdly
A difficulty in the modeling of the system dynamics ispenalizing the excitation of the dynamical uncertaintiethe
that some dynamic variations may occur when changing tRgstem, governed the by weighting filter Q(s). In the sequel
sample, measurement tip, or the imaging conditions. Asch the paper two design cases are compared, both designed
consequence, the system contains some dynamical un¢grta@iccording to the design procedure of [9]: one design case
which limits the achievable accuracy of the topography-estlienoted LB’ in which higher emphasis is put on the accuracy
mate. Recently, an integrated design methodology is pexbo®f the topography estimate, and one design case dendid '
to design the feedback controll&f(s) and topography estima- in which the control bandwidth is considered more important
tor modelG(s), explicitly taking into account the influence ofFigures 3a shows the Bode magnitude plots of the nominal
the dynamical uncertainty of the system [9]. In the follogin sensitivity function for both design cases, with a distundm=
this integrated design strategy is applied on a commeyciatejection bandwidth of about 400 Hz for design cdse
available AFM system, and experimentally validated via twgsolid, black), and 1 kHz for design castB (dashed, red).
design cases with different control bandwidths. Meanwhile, Figure 3b shows the worst-case magnitude of
the transfer towards the topography estimation e wff)
analyzed at each frequency point for both design caseseThes

The experimental setup used in this research is basedgsaphs are obtained by substituting the designed feedluack ¢

a commercially available AFM-system (Multimode V, Bruketroller K, the model of the nominal actuator dynamigsand
Nano Inc., Santa Barbara, USA), which utilizes a piezoeilect frequency response measuremedtywy) into Equation 3,
tube scanner ('J-scanner’) to position the sample in atehrand assuming the sensor dynamics to be static and normalized
spatial directions. In order to identify the dynamical bdba P = P = 1:

IIl. DESIGN EXAMPLE AND ANALYSIS

of the system and its variations, the system is preparedaleve e(wy) K(w)[®;(wy) — G(w )]
times using different sample discs with masses ranging fromnax Hw )’ = nax 1':_ Kj(w f)q)_( y LA
0.5 to 1 gram, and by varying the alignment of the sample f Jell---kl A

disc on the actuator. The actuator responses are measuredrigyres 3 shows that for design cak8 the accuracy of
using a network analyzer (4395A, Agilent, Santa Clara, USAthe topography estimate is better as compared design case
By only using cantilevers with high free resonance freqigsic HB, particulary at higher frequency. This is explained by the



fact that with the lower control bandwidth in design caswhich confirms the frequency domain analysis of the dynamic
LB, also the excitation of the uncertain dynamics is lowegncertainty shown in Figure 3b.

which improves the accuracy of the topography estimation.
Hence, Figures 3 clearly reveals the design trade-off batwe
the control bandwidth of the System, and the accuracy of theln this contribution it is experimentally demonstratedttha

V. CONCLUSIONS

topography estimate. the uncertain dynamics in AFM require a design trade-off
between the disturbance rejection bandwidth of the instntm
IV. EXPERIMENTAL RESULTS and the guaranteed bounds on the topography estimation erro

In order to demonstrate the trade-off between the bandwidit. the accuracy of the instrument). Therefore, in design
and the accuracy of the system experimentally, the fedfie feedback controller in AFM the intended imaging appli-
back controllers are implemented on the physical system Bgtions of the instrument has to be considered. When imaging
means of aField-Programmable-Gate-Array (FPGA, Virtex- for instance fragile biological samples, minimizing thede
Il Pro XtremeDSP Development Kit, Nallatech, Camarillg/ariations between the tip and the sample may be most impor-
CA, USA). In order to facilitate the implementation, thdant in order not to damage the sample, aiming for an as high
15th order controllers obtained from the controller systfe @s possible control bandwidth and therefore the requirésnen
are reduced to 10th and 8th order for the lower and highef the accuracy of the topography estimation may be relaxed.
bandwidth designs respectively. The controllers are dised However, in other application such as quality assuranchen t
to a sampling rate of 260 kHz, and implemented onfR&A  semiconductor industry, higher emphasis might be givemen t
in a biquad structure. The implementation of the (modefiuality of the topography estimation. Samples from maleria
based) topography estimator is done offline, by recordirg tECience or potentially semiconductors are not as fragile as
signals via the data channels of the Nanoscope V controllgiological systems, and higher importance may be giveneo th
and filtering the data with the designed estimator model fetrological aspects of the instrument. The integratedydes
Si mul i nk of mat | ab. method demonstrated in this contribution can be used toleand
In order to isolate the topography estimation errors stemgmithis design trade-off and optimize the feedback contreiteat
from the dynamical uncertainty of the system from othdPpography estimator of the system to the particular imggin
error sources such as the scanner drift in the lateral pkame,application. These results also indicate that the comsiste
arbitrary topography signal is added to the sensor sigriagusOf the dynamical behavior of the system may be an important
an analog summing amplifier, while the scanning motion éfesign criterion for future AFM development in order to allo
the system is disabled. As the applied topography signalligth fast and accurate AFM imaging. Future work includes the
fully known, this allows to accurately judge the topograph§€velopment of a method to explicitly address the hystewsi
estimation errors with the different feedback controllarsl the piezo-actuator in the estimation of the sample topdgrap
topography estimators. to further improve the accuracy of the instrument.

Figure 4 shows the measured results when applying a 200 Hz
block wave signal with an amplitude of 250 nm as a to- o _ _
pograp_hy signal to the system controlled with either the ol Séfl'_”ert‘t'?'vgl-. gg’a;%‘ %f"dps-gcégi%%ré"‘%%rg!c force micrope,” Phys.
bandwidth or the high bandwidth feedback controller. Fegdir 2] p. Hansma, G. Schitter, G. Fantner, and C. Prater, “Higbed atomic
shows the output of the feedback controli€t) (Fig. 4a), the force microscopy,"Science, vol. 314, pp. 601-602, 2006.
measured tracking error signal from the photodiddg (Fig. [l TA'?]ndo’ N. Kodera, E. Takal, D. Maruyama, K. Saito, and Pada,

. A . igh-speed atomic force microscope for studying biobagimacro-
4c), the estimated sample tOPOQr?-m) (Fig. 4b), and the molecules,”Proc. Nat. Acad. Sci., vol. 98, no. 22, pp. 12468-12472,
topography estimation erre(t) = h(t) — h(t) (Fig. 4d), for 2001. ) o
the systems corresponding to both design cases. The gr ]ng Hicr]rgtr;e; “'éés/?;rt]“;“r:a Eq'od%ﬁ'r\]";“gf”g rﬁéhT_;‘)‘g;Z“affﬁ_snggré’éd
of Figure 4a and 4c clearly reveal that the system controlled Trans Control Syst. Technal., vol. 15, pp. 906-915, 2007.
by the high bandwidth controller (design cadB) provides a [5] S. Devasia, E. Eleftheriou, and S. Moheimani, “A survégontrol issues

: : : in nanopositioning,”IEEE Trans. Control Syst. Technol., vol. 15, pp. p.
better tracking of the topography signal. These experimare 802-823, 2007.

repeated several times (data not shown), while varyingahé | [6] J. Butterworth, L. Pao, and D. Abramovitch, “A comparisof control

conditions on the scanner, showing that for this topography architectures for atomic force microscopeédian J. Control, vol. 11,

; : ; os NO. 2, pp. 175-181, 2009.

signal the RM_S value of the tracking error 1S about 30 ] G. Schitter, P. Menold, H. Knapp, F. Allgdwer, and A. St@er, “High

lower with design casédB. In contrast, Figure 4d reveals performance feedback for fast scanning atomic force monss,”Rev.

that with design cas&B the topography estimation errors . Instrum,, vol. 72, p. 3320, 2001. _

are significantly smaller (40% RMS) as compared to desidfl S: Salapaka, T. De, and A. Sebastian, "A robust contreklizsolution to

. . the sample-profile estimation problem in fast atomic forderascopy,

caseHB. Hence, the results of Figure 4 clearly confirm the nt. J. Robust Nonlin. Control, vol. 15, no. 16, pp. 821-838, 2005.

trade-off between the tracking bandwidth, and the accuraéy S. Kgiper,f P-Q/Sm gen Hofynand Gd- Schitter, “hTowar_dS imﬂ?&mdeslign of
H H H H a robust feedback controller an topograp y estimator B’ Torce

of the topography gstlmate. Analyzing the perl_o_dlcny_ oé th microscopy,” inlFAC World Congress, vol. 18, no. 1, 2011, pp. 12709—

topography estimation error reveals that a significanttivac 12 714.

of the topography estimation error is stemming from the

dynamical uncertainty around the lateral resonance at 1, kHz
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Figure 2. (a) Frequency response of the tube scanner mdasutwo different identification experiments (solid, redpd (dashed blue), and the frequency

response of the 7th order model (dashed-dotted, black)h@)rtaximum multiplicative model error (solid, black), ar terror over-bounding filte€(s)
(dashed, black).
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Figure 3. Frequency response plot of the nominal sengitfuitiction (a), and the worst-case topography estimatioor efetermined at each frequency point
for the closed-system (b), for design cdg€® (solid, black), and design ca$tB (dashed, red).
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Figure 4. System outputs when applying a 200 Hz, 250 nm bloakewsignal as an artificial topography signal, for the systgth a low-bandwidth
controller (design caskB, (solid, black lines)), and for system with a high bandwidtmtroller (design casklB, (dashed, red lines)). Figure (a) shows the
applied artificial reference signal(¢) (dashed, black) together with the output of the feedbackrather «(¢), while figure (c) shows the measured control
error d(t). Figure (b) shows the outputs of the topography estimataand Figure (d) show the topography estimation ee@) = h(t) — h(t).



