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Combining Spiral Scanning and Internal Model
Control for Sequential AFM Imaging at Video Rate
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Abstract—We report on the application of internal model covers new areas of the sample and has well defined spacings
control for accurate tracking of a spiral trajectory for atomic  petween successive scan lines. The control approaches that
force microscopy (AFM). With a closed-loop bandwidth of only  paye already been applied for spiral scanning include Positive

300 Hz, we achieved tracking errors as low a$).31% of the . . ;
scan diameter and an ultra-video frame rate for a high pitch Position Feedback [11], [12], Multi-Input-Multi-Output Model

(30 nm) spiral trajectory generated by amplitude modulation of ~Predictive Control [13], Linear Quadratic Gaussian [14], and
3 kHz sinusoids. Design and synthesis procedures are proposedPhase-Locked Loop [15]. As the frequency of the sinusoids
for a smooth modulating waveform to minimize the steady- increases for high speed AFM imaging, the tracking error
state tracking error during sequential imaging. To obtain AFM  jocomes larger due to the limited closed-loop bandwidth of

images under the constant-force condition, a high bandwidth .
analogue Pl controller is applied to the damped z-axis of a these methods. On the other hand, an internal model controller

flexure nanopositioner. Efficacy of the proposed method was (IMC) designed for tracking of a constant amplitude sinusoid
demonstrated by artifact-free images at a rate of37.5 frames at a specific frequency can provide excellent asymptotic track-

per second (FPS). ing and robust performance without imposing a high control
Index Terms—Internal Model Control, Spiral Scan, Nanoposi- bandwidth [6], [9]. Hence, it is desirable to synthesize IMC
tioning, Video-Rate, AFM imaging. for spiral trajectories, where the sinusoidal reference amplitude

varies with time. By internal model control, we mean including
the dynamic modes of the reference and disturbance signals
i i ) in the feedback controller whilst preserving the stability.
The demand for video-rate Atomic Force MICroSCOPBagad on the internal model principle for linear time invariant

(AFM) is increasing rapidly, particularly in fields that involvegy sroms ‘such a controller asymptotically regulates the tracking
study of biological cells [1], high-throughput nano-machmlngrror to zero [16]

[2] and nano-fabrication [3]. Traditionally, raster-based tra- In this paper, we propose a novel application of IMC for

jectory has been the common type of scanning pattern usaghing of spiral trajectories and demonstrate that this leads
in the AF,M [4]._The raster trajectory is constructed from i significant control performance improvement. In contrast
synchronized .t_rlangular Wavefqrm tracked by the fast X5 the existing methods for spiral trajectory tracking, the
of a nanoposmc_)ner; and a stawpgse or ramp signal traClEr%posed IMC controller can achieve zero steady-state tracking
by the slow axis. The nanopositioner is a highly resonaff,, \hen the amplitude of the reference sinusoid changes
structure with a finite. mechanical bandwidth. Tracking Q]‘ﬂuearlywith time. The IMC controller also includes harmonics

]Ehe fast tnangul:i\lr waveforrrgj, cggsr:stmg of its fugdamenta the reference frequency to reduce the experimental track-
requency and all associated o armonics, tends 1o exgle ooy arising from nonlinearities such as piezo actuator

the resonance frequencies of the nanopositioner [5], [6]. Oﬂﬁsteresis and cross-coupling. Furthermore, we propose a

_typ|cal method to avoid the excitation of these_resonant mModes e amplitude modulating waveform for spiral trajectory to
is to scan at 1/100th to 1/10th of the dominant resonanggygigerably reduce the maximum magnitude of the tracking
frequency of the nanopositioner [7], which clearly limits the qring sequential imaging. The controller is implemented
scan speed of the AFM_‘ . on the lateral axes of a state-of-the-art nanopositioner, em-
, Another approach to increasing the scan spged of the Aﬁ%dded in a commercial scanning probe microscope for high-
IS _to employ a non-raste_r scan method. Cycloid _[8] and I"§'peed 3D imaging. A high bandwidth analogue controller
sajous [6], [9], [10] scanning methods have been implementedy g, jmplemented on the-axis of the nanopositioner to
successfully. Another viable non-raster scanning method J§q ¢t AFM imaging in constant-force contact-mode. Results

based on tracking a spiral trajectory [11]. In this metho%,r video-rate AFM imaging are presented and compared in
sinusoidal reference signals with identical frequenciesgbut ., constant-height and constant-force modes.

phase difference, and time-varying amplitudes are employed-l-he nanopositioner used in this paper is described in Sec.

for the two orthogonal axes of the scanner. In contrast to oti"arln Sec. Ill, we present the control design procedure for
non-raster scan methods, the spiral approach progressivgly nronosed IMC. In Sec. IV, we discuss the tracking error

A. Bazaei and Y.K. Yong are with School of Electrical Engineering an@rOblem' when spiral traJeCtpry_'S p¢r|od|cally _apphec_i to the
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|. INTRODUCTION
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Fig. 2. Schematic of the control system for theaxis. A similar control
system is also used for theaxis.
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*%] = - Final Controller assume that the final internal model controll&r(s) is a linear
Closed-Loop System ) ) . . ..
- Loop Gain ‘ ‘ combination of internal model controllers, each maintaining
o 9 equency (H2) w an accep.table closed-loop performange \{vhen _ us_eq as the
controller in the feedback loop depicted in Fig. 2, individually.
Fig. 1.  Frequency responses of theaxis after damping (plant). Also That is,
included are the final internal model controller (1), the closed-loop transfer 3
function, and the loop gain for thg-axis.
Crls) =D ernCuls) | (1)

k=0
for z-axis and AFM imaging results are detailed in Secs. \v</here the positive coefficients, corresponding to internal
and VI, respectively. .
model controller<Cy(s) can be easily tuned, at a later stage.
Each individual internal model controller contains the modes
Il THE NANOPOSITIONER of a group of exogenous signals, which appear as a reference
The z-y-z nanopositioning stage (scanner) is a flexiblend/or disturbance in the system. Controligr(s) = £+ is an
structure equipped with capacitive displacement sensors iotegrator. This controller has only one parameter that needs
x andy axes, piezoelectric strain sensors on thaxis, and tuning and is included to cancel low frequency disturbances
piezoelectric stack actuators that generate motion in three the displacement output arising from nonlinearities and
dimensions [17], [18]. The open-loop scanner has lightiyncertainties such as cross-coupling, creep, and hysteresis.
damped resonant modes along each axis, which are requiretMth an integral gain ofK; = 5000, the simulated control
be damped before the undamped modes of IMC controller cgystems for both axes have settling times aronus with
be implemented in a feedback system [6], [9]. The dampirggin and phase margins exceed¥TgdB and84°, whenCy(s)
allows us to obtain a higher closed-loop bandwidth witls inserted as the controller in Fig. 2, individually.
adequate robustness to plant uncertainties and nonlinearitieSontroller C; (s) contains two pairs of purely imaginary
[19]. The lightly damped modes are effectively damped byoles at the fundamental frequency= 60007 —d i.e. the
integral resonant controllers (IRC) together with a passifequency of the sinusoids that generate the splral trajectory.
dual mounted configuration for the-axis, as described in The repeated imaginary polesdh (s) allow accurate tracking
[20] and [18]. For the lateral axes, the plant considered fgf sinusoidal references whose magnitudes vary linearly with
control design is a model of the dampgdaxis of the scanner, time. In other words, the modes of such reference signals,
whose frequency response along with the experimental d@ffich are presented by the repeated poles in the Laplace
are shown in Fig. 1. The model was obtained by manualjomairt, are to be included in the controllef;(s). The
assigning complex poles and zeros around the local peaksdhtroller was designed based @&h, mixed-sensitivity syn-
the experimental data, in addition to real poles and zerostfesis method, which works with strictly stable weights. We

include effects of delay and piezoelectric creep. The plant hg§lected a constant control weight,(s) = 5 and a stable
a DC gain of 0.53 and the following poles and zeros:

-2
sensitivity weighty (s) = (1 + 25y 3—22) with a very
small damping factor of = 10~*. To enforce repeated poles

Poles = 2.92,1.81,0.033+1.274,0.015+ 1.03¢, in the controller close to the desired location, we also put
—10° (g%%) an unstable filterF'(s) = (1 — QTCS + 5—"; B in series with
0.11 £ 0.76¢, 0.31,0.00022 the plant before inserting it in the optimization algorithm.
Zeros —  2.86,1.2,0.03+ 1.231,0.013 + 1.02, Selecting these additional plant poles in the rig_ht—half—plan_e
—10° (g%%) prevents any pole-zero cancellation of the desired poles in

the resulting controller. The controller was then put in series
with a filter similar to F'(s) but stable. After reducing the

order of the controller by applying model reduction to its
balanced realization, the resulting internal model controller

0.00025

IIl. IMC FORLATERAL AXES

The schematic of the control system for a lateral axis
is shown in Fig. 2. To facilitate the design procedure, welL[tcos(wt)] = % , Lltsin(wt)] = 355
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may be written as: IV. SPIRAL TRAJECTORY FORSEQUENTIAL IMAGING
—0.2015 (1 - 525) (1 +2¢s 4 5/22) Conventionally, a spiral trajectory assumes a pair of sinu-
Cy(s) = 2720 > © v . (2) soidal reference signals with an identical frequeacgnd90°
(1+ %) phase difference for andy axes of the scanner as:
where ¢’ = 0.0255 and w’ = 6005.47. When individually ro(t) = A(t)sin(wt) ; 7, (t) = A(t) cos(wt), (5)

inserted in the loop, the controller provides a settling time of
8 ms with stability margins aroun20 dB and—63° for both where the modulating waveform(t) varies with time, lin-
axes. The internal model controlle$ (s) and Cs(s) in (1) early. To generate a video of the sample, we need to capture
are designed to cancel the second and the third harmonicsA&M images, sequentially. The most straightforward way
the reference frequency in the tracking error, respectively. of capturing successive images by spiral trajectories is to
Due to the inherent plant nonlinearities such as hysteresi®dulate the amplitude of sinusoids by a triangular waveform,
and creep, higher order harmonics of the reference frequendyich periodically varies betweefi and radiusR of the
always appear in the tracking error. We can reduce the effecissfin area. Individual images are successively generated during
a specific harmonic on the tracking error by incorporating aising and falling intervals of the triangular waveform. In each
additional IMC with imaginary poles located at the harmonimterval, the reference signal is a sinusoid multiplied by a
frequency [9]. To obtain low order controllers, we considdinearly time varying signal, whose dynamics are included in
only one pair of imaginary poles for them, leaving only twdhe internal model controller of Sec. Ill if the rising or falling
parameters to be determined for each, i.e. a DC gain andnterval were to last, indefinitely. In other words, the dynamics
zero. As each controller is designed individually, tuning of thef the whole reference signal contains a large number of
parameters is straightforward. The resulting controllers are agodes, which are not completely included in the internal
model controller. Hence, non-zero steady-state tracking errors

Cy(s) = —0.45511% (3) are expected for the video-spiral references (5) even if the
+ @ar plant were an ideal LTI system.

1+ sgoreT We can evaluate performance of the designed controller

Cs(s) = —0471 52 ) for tracking of such a video-spiral reference by simulation.

(3w)? Fig. 3(a) shows the selected modulating wavefot(n) along

When individually inserted in the loop, these controllergith the resulting reference signal for theaxis. Having
respectively provide settling times of5 ms and9 ms, while the frequency of sinusoids fixed gt = 3 kHz and scan
their stability margins are arount dB and+80° for y and area diameter a8 um, the slope of modulating waveform
z axes, respectively. was selected so that spacing between the two adjacent scan
Having obtained internal model controllers with individuallypaths in the spiral trajectory (pitch) i80 nm. We define
adequate closed-loop response and stability margins, we @a@ resolution of a spiral trajectory as the maximum spacing
easily tune their coefficients in (1) within a limited range opetween two adjacent scan lines. The 30 nm resolution was
[0,2]. With the coefficients:, ..., c3 equal tol, 2, 0.5, and selected based on the noise level of the capacitive sensors
0.25, respectively, the final controller provides settling timegsed to measure the lateral displacements, whose standard
less thar2 ms and stability margins arourid4 dB and—58°  deviations vary between 10 and 12 nm. The resulting tracking
for both axes. The frequency response of the final intern&or, shown in Fig. 3(b), indicates a very desirable control
model controller along with the closed-loop transfer functioperformance for a video-spiral reference that corresponéis to
of the y-axis are also reported in Fig. 1. Considering’& frames per second. However, our objective is to further reduce
phase lag, the closed-loop system has a small bandwidthtigé error so that the peak of tracking error does not exceed
300 Hz. the 30 nm spiral pitch. Note that the maximum errors occur
Remark 1:As reported in [17], there is nonzero crossafter the switching moments when the slope of the modulating
coupling between the lateral axes of the open-loop scannghveform is changed, discontinuously.
which increases from-20 dB at low frequenCieS to about We now examine the performance of a Video-spira| refer-
—5 dB at the10 kHz resonance. Because of the adequaggce whose modulating waveform is a trapezoidal signal that
stability margins of the SISO loops, the MIMO control systemaries between-R and+R, as shown in Fig. 4 (a). To have
is still stable when both feedback loops are implementeghe same30 nm pitch as before, the slopes of falling and
simultaneously. Under these conditions, the IMC controllefsing intervals in the trapezoidal waveform are identical to
provide zero cross-coupling from the references inputs #ose of the previous triangular waveform. In each interval,
the displacement outputs, at 0, 3, 6, and 9 kHz. Otherwigfe modulating waveform crosses into the opposite direction,
the IMC controllers would generate unbounded actuatigfxtending the duration of smooth variation of the reference
signals in response to a stationary reference signal at theggnal twice without affecting the frame period (each interval
frequencies, which would contradict the stability conditionsontains two frames). To further reduce the level of slope
Alternatively, as shown in Fig. 1, the loop gain magnitudgiscontinuity, the modulating waveform also includes time-
tends to infinity at those frequencies. Hence, the sensitivityariant intervals between the falling and rising intervals.
functions become zero and provide zero cross-coupling fah inspection of the simulated tracking error in Fig. 4 (b)
the closed-loop system at those frequencies. reveals that the selected modulating waveform eliminates the
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Fig. 5. Characteristics of the proposed smooth modulatingefeam for the

Fig. 3. () Selected modulating waveform and the resultifiereace signal. first quarter of the waveform period. The remaining three quarters are built
(b) Simulated tracking error. by mirroring this curve around horizontal and vertical axes.
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Fig. 4. (a) Selected modulating waveform and the resultifireace signal. P A

b) Simulated tracki : . . . .
(b) Simulated tracking error Since the time intervals are positive values, the period of the

modulating waveform must be selected in the following range.

error arising from frame transitions at the zero-crossings of 4R e 8RR 9
the trapezoidal signal. In addition, the resulting peak tracking o <4i< o ©)

error due to slope discontinuity of the modulating waveformq, ziternative way to select the period is to first assign a

is almost half that of the previous case. However, it is stiosjtive value to the ratio of the parabolic time interval to
close to the pitch value, and hence unacceptable. Moreover, {i€ |inear interval. defined af — f;_p Then, the period is
1 L‘ 1

data obtained during the invariant intervals of the trapezoid@termined from (8) as:
waveform may not be used for image generation. 1+ F SR

= _—— X
24+ F e’

A. A smooth video spiral reference ) ) ) ) o
. . : . Having determined the period, the linear and parabolic time
In this section, we propose a smooth spiral trajectom

: : ervals are determined from (8). Having obtaingd co-
to further reduce the peak tracking error during sequentg&iciem a is determined from (6) as — o/ (25,) and

imaging. The modulating waveform is similar to the foregoing1 parabolic time profile of the modulating waveform is

trapezoidal waveform but the invariant intervals are replace, . .
détermined as:

by parabolas to provide a smooth waveform. Fig. 5 illustrates )
the first quarter of one period of the waveform, which consists (-1)*|R—a(t—Z - E0)7| |
0 = 7
(6%

(10)

of two time intervalsd; and §,, where linear and parabolic (—D)ka (t — L)

profiles are assumed, respectively. Again, we assume that the PR 52 KT L5 LT

frequency of sinusoids, the dimension of the scan area, and ; €% +ﬁ’ —764—’“—%) + 51} , (11)
! te [ 2 L T l}

maximum spacing between the scan curves are selected in
advance. Hence, the amplitude and slopea of the linear wherek =0,1,2,3,....

part are known and we need to determine coefficieraf To examine the implications of the proposed smooth mod-
the parabolic curve as well as time intervalsandé,. For a ulation waveform on the tracking error, we assume the maxi-
smooth transition between the linear and parabolic intervataum slope ofv = 90 £ and scan area radius & = 1.5 um,
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Fig. 6. (a) Selected modulating waveform and the resultifigreace signal. @—2
(b) Simulated tracking error. @ 4
©
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as before. Selecting' = 3 and following the above procedure, -io

. N . 27‘50 28‘00 28‘50 29‘00 29;50 3000 3650 SiOO 31‘50 32‘00 3250
the smooth modulating waveform is determined and cal Frequency (Hz)

generate 37.5 frames per second. The modulating waveform,

(a) Fast Fourier transforms of the reference signaigutated by
reference 5|gnal and the reSUItlng Steady -state traCklng erie trape20|dal and the smooth waveforms (b) Close-up view of the side

are shown in Fig. 6. Also included in the figure are thgequencies in Fig. 7 (a). (c) Magnitude of the closed- loop sensitivity function
results associated with a trapezoidal modulating waveforffiom the reference to the error signa)) around the carrier frequency of the

with the same amplitude and period as the smooth modulatiffj2 reference.
waveform. Note that the maximum magnitude of the steady-

state tracking error can be reduced more than 4 times by +R
applying the smooth modulating waveform instead of the T
trapezoidal one. This improvement is justified by the spectrarookup able LN _Lookup table input signal

of these reference signals in Fig. 7. Clearly, the amplitudes of %points ~i [ 7 T

the side frequency components in the smoothly modulated ref- ke N r

erence are significantly smaller than those in the trapezoidally’ b N 4 ‘2
modulated reference. As shown in Fig. 7 (c), the closed-loop . ’
sensitivity function has a narrow rejection bandwidth around N, e
3 kHz. Hence, the effects of the side frequency components NP
of the smoothly modulated reference on the tracking error are -
attenuated more, leading to a better tracking performance. R

Remark 2:The parabolic time profile is the minimum-order

Fig. 8. The data points used in the Lookup Table (solid linenalwith
polynomlal to generate a smooth mOdU|atmg waveform. tﬁe triangular signal (dash-dot line) driving the lookup table to generate the

also makes the synthesis procedure simpler. In addition,siiooth modulating waveform.

guarantees that the magnitude of the tracking error remains

constant during the parabolic interval, when the closed-loop

system is driven by the reference. To show this, assume that th&emark 3:To generate the smooth modulating waveform

plant is LTI and the parabolic time interval lasts indefinitelyvhose profile in the first period is shown in Fig. 5, we used

When the sinusoidal signal is modulated (multiplied) by th@ Lookup Table with the data points shown in Fig. 8. The

parabolic time profile, the resulting reference signal general§okup table outputs the smooth waveform when it is driven

contains triple imaginary pole pairs afiw. Since the closed- by the triangular signal shown in Fig. 8. This signal can be

loop system in Fig. 2 is stable, all signals in the loop shouRptained by integrating a zero-mean square wave signal with
have pole pairs at-iw, repeated no more than three timeginity amplitude, 50% duty cycle, and a phase lead equal to
Considering that the controller already has two pairs of pol€§€ quarter of the period.

at tiw, the controller input signal (tracking error) cannot have

more than one pair of poles 4tiw (otherwise, the controller B. Experimental Tracking Performance

output would have more than 3 pairs of polestat, which e digitally implemented the controller (1) on theandy
contradicts the stability condition). Having only one pair ofixes of the scanner in real-time with a sampling frequency of
poles at+iw in the tracking error, reveals that it convergegg kHz. To generate the spiral trajectory, we applied orthogo-
to a sinusoidal signal with constant amplitude. This is als@al sinusoidal references with time-varying amplitudes and a
confirmed by the simulation shown in Fig. 6, during thgrequency of3 kHz to the control systems of the two axes,
parabolic intervals. simultaneously. The selected smooth modulating waveform is
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Fig. 9. Performance of the proposed control system in trgckina spiral
waveform for thexz-axis. An output offset off5 V was applied to the piezo

Fig. 10. Tracking error and reference signals of #haxis during one frame

of two video spiral scans with the trapezoidal (a) and smooth (b) modulating
waveforms.
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drive amplifiers so that the nanopositioner swings around an operating point _
h ! - ; ,=20 nN,
in the middle of the travel range. A similar performance was also obtained? ~"_,

Sample

v

Micro-cantilever

for the y-axis. Z-axis damped system 3
TA |
u V. V.
Cri(s) Cire(s) 5 b ]
PI controller IRC Voltage 1 A |
the same as the waveform designed in subsection IV-A but ol ey S
the amplitude is scaled down to;im. In the Appendix, we
have provided more details on experimental implementation - At
. . . - AcCtuator
of the controllers. Fig. 9 illustrates the tracking performance g‘ Sample S - Sensor
of the xz-axis during an intermediate frame, which lasts only &Y ot

26.7 ms and corresponds to a high frame rat8ab FPS. The
Fig. 11. Schematic of the-axis feedback control strategies in constant-

tracking error has a root-mean-square (rms) valué.ofnm, ) : ,
hich is 0.31% of the 2 um scan diameter. Despite the lo force contact mode. The-axis scanner uses a dual-mounted configuration
whic : 0 ’ H N p _V\Qo passively suppress its first mechanical resonant peak. An IRC controller
closed-loop bandwidth af00 Hz, the tracking performance isis used to suppress subsequent resonant modes [18]. The deflection of the

remarkable for & kHz spiral reference whose maximum pitctfantilever is regulated using a PI controller.

is 30 nm (indicating a high rate of amplitude variation for the
sinusoidal references, when the modulating signal magnitude
is less thar.4 um).

We now demonstrate benefits of the smooth modulatingTo obtain AFM images under a constant-force condition,
waveform compared to the trapezoidal modulation. The ethe deflection of the AFM cantilever should be maintained
perimental tracking errors obtained by the two different modt a constant level during the scan period. Hence, a feedback
ulating waveforms are reported in Fig. 10. In Fig. 10 (agontrol system is required to regulate the deflection by driving
the video spiral reference covers auf diameter scan areathe vertical piezoelectric actuators of the scanner. FHaeis
and has a 30 nm pitch generated by a trapezoidal modulatagjuator includes a dual mounted structure which considerably
waveform. The scan area diameter and maximum pitch for thienuates the first resonance peak of the scanner at 20 kHz,
smooth video spiral reference in Fig. 10 (b) are 3urb and leaving highly resonance peaks at 60 kHz and 83 kHz [18].
37.5 nm, respectivelyo(= 112.5 £ and F' = 0.3). In these To suppress the vibration of these resonance modes, an IRC
trapezoidal and smooth results, the rms values of the trackiegmpensator drives the dual-mounted actuators by piezoelec-
errors are 16.1 nm and 10.7 nm, i.e. 0.54% and 0.29% tit sensor feedback and an auxiliary input voltaggl8], as
their scan diameters, respectively. The maximum magnitudiigstrated in Fig. 11.
of the tracking errors are 70.2 nm and 40.2 nm, i.e. 2.34%Having damped the vibration modes of theaxis, we
and 1.07% of the scan diameter for the trapezoidal and smoo#n implement a high bandwidth proportional-integral (PI)
cases, respectively. In addition to the foregoing improvementgntroller to effectively regulate the deflection signal. Fig. 12
the scan area and the maximum pitch in the smooth caseslimws the circuit diagram used to implement the PI controller
0.25% larger than the trapezoidal case. along with a schematic of the PI feedback control system.

V. CONTROL OFCANTILEVER DEFLECTION
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d e k. zaxis | g VI. HIGH SPEEDAFM IMAGING
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Reference Pg system The AFM imaging performance of the closed-loop nanopo-
sitioning system discussed in Section Il is evaluated here.

The zyz-nanopositioner which was mounted under a Nanosurf
) Lo _ EasyScan 2 AFM is illustrated in Fig. 14. A 190-kHz can-
Fig. 12. (a) Circuit diagram of the implemented PI controli@here two

potentiometers were used to tune the controller gains to maximize the clos -lﬁver with a Stiffness qf 48 .N/m was US?d to perform the
loop bandwidth. (b) Schematic diagram of the PI control system for regulati@cans. A calibration grating with feature height of 100 nm and

of the cantilever deflection. pitch of 750 nm was used to evaluate the scans. The sample
was mounted on the nanopositioner and spiral-scanned at 3-

10 : kHz sinusoidal inputs. The cantilever was slowly moved across
0 . the sample to spiral-scan different surface areas. Videos were

g 40 / captured in both constant-height and constant-force contact

S B l‘,‘,,‘.,un‘-”"' R modes. The AFM'’s optical system was used to measure
5_30_ , ,\,‘«“,‘;'"."'"-" the deflection of the cantilever. Note that in constant-height

,40,‘\‘,' "\“:' Y contact mode, the tracking feedback control loop intFexis

was turned off, however, theaxis was damped using the IRC
controller [18] as previously discussed to minimize vibration.
The schematic of the system in this mode is similar to Fig. 11,
however, the auxiliary input; is set to zero and the sample
height profile is obtained from the deflection sigdél), while
the cantilever base is held stationary.
In constant-force contact mode, the vertical feedback control
~1.000 v 5 ; strategies as discussed in Section V were used to replace the
Frequency (Hz) AFM's vertical feedback loop. The contact force was regulated
) . _ _ at 20 nN during the scans. The schematic of the AFM
Fig. 13. Experimental frequency responses of the cantileedlection and . . . . . .
the error signal to the reference with the PI feedback loop closed on f¥Stem in this mode is shown in Fig. 11, where topographical
z-axis. information is extracted from the manipulated auxiliary input
u.

-50 i ; ;
T T T

T P T N et

-200

-400F

Phase (degree)

-600r Tdd (Complementary Sensitivity Functign
"o

-800r Te J (Sensitivity Function)
720

Fig. 15(a) shows a series of closed-loop spiral images

Assuming ideal op-amps and considering the low Outpg@ptured at \_/ideo-rate 37.5_FPS in_constant-height contact
resistance of the circuit (90) compared to the input resistancénode. The diameter of the images isu@. The proposed
of the dampect-axis circuitry (2.2 [18]), the proportional control method eliminates image artifacts associated with

scanning. However, some of the features start to disappear

as the cantilever moves across the surface area of the sample.

kp = ;72 =0.93 (12) The gradually reduced profile height can be observed from
11 1 the side view of an image as illustrated in Fig. 16(a). This
ki = 5l = 2.056 x 10° (—) . (13) is due to the slight tilt of the sample relative to thg-
T3 sec

plane of the cantilever. When the cantilever moves across the
sample, the increasing distance between cantilever and sample
The experimental frequency responses of the complementkgds to insufficient contact force between the two. Without
sensitivity and sensitivity functions for the Pl feedback contreertical feedback control to regulate the cantilever deflection,
system are shown in Fig. 13, indicating a bandwidth of 46 kHmnd hence the contact force, topographical information of some
with gain and phase margins 6.3 dB afi3°. features were lost during the high-speed scans.
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Closed-loop spiral images captured at 37.5 FPS in constant-
force contact mode are illustrated in Fig. 15(b). Note that the
image size was reduced to Ium-diameter due to the limited
bandwidth of the vertical axis. The proposed spiral trajectory
and control strategies eliminate image artifacts associated with
poor tracking and vibration. Furthermore, the frame quality
is substantially improved by regulating the contact force,
thus avoiding the loss of topographical information during
video-speed scans. Consistent feature height can be seen i
Fig. 16(b). Artifact-free property of the resulting images is
further revealed by comparison with the image of the same
sample obtained by 400 Hz sinusoidal scan in constant-
force mode [18], where the maximum lateral velocity9s
times smaller.

Fig. 17 shows a time interval of the regulated deflection
error signale, in nm along with the corresponding sample
height from the control signal in the constant-force mode,
indicating the desirable control performance of the Pl feedback
system in maintaining small cantilever fluctuations (less than
2.5 nm) while sample features as high @80 nm hit the
cantilever tip, periodically. The raw sample height signal in
Fig. 17 includes an intrinsic periodic signal with the same
fundamental frequency as the sinusoids (3 kHz), which is
due to the non-zero tilt of the sample plane. This tilt signal,
which does not carry useful feature data of the sample, has
been approximately canceled in all topographical AFM images
presented in Figures 15 and 16.

VIlI. CONCLUSIONS

An internal model controller was designed to track a spiral
trajectory with a specific carrier frequency. We incorporated
repeated purely imaginary poles at the carrier frequency into
the controller, in addition to an integrator and imaginary poles
at the second and third harmonics of the carrier frequency
to cancel effects of dominant plant nonlinearities, such as
plezoe!ectrlc hysteresis and creep. With a limited cIosed-IogB_ 15. A series of video frames showing AFM images of a slomtying
bandwidth of 300 Hz along the lateral axes, we accuratelymple. Every sixth image in the series is shown above. Each frame was
tracked a high pitch spiral trajectory with 3 kHz carriefaptured at video-rate of 37.5 FPS. (a) Constant-height contact mode: Images

. . in a 3.um-diameter circular window were captured. (b) Constant-force contact
frequency to capture high ra.te AFM |maggs. A SmOOt.h Wa\.lﬁ'ode: Images in a 1.pm-diameter circular window were captured.
form was proposed for amplitude modulation of the sinusoids
generating the spiral pattern to considerably reduce the track-

ing error during sequential imaging. A synthesis procedufiecan generate signals with linearly growing amplitudes, if the

was developed to determine the waveform parameters bagssh is left open. In addition, during the tuning of controller

on prespecified values for the scan area diameter, imaggameters, the closed-loop system may become unstable.
resolution, and carrier frequency. By implementing a highence, it is desirable to design a switching mechanism to close
bandwidth analogue PI controller on the dampeedxis of and open the loop, appropriately. To address these problems,
the nanopositioner to regulate the cantilever deflection, Wg ysed transfer functions equipped with external reset inputs
achieved constant-force AFM images at an ultra-video frang ensure the controller output is zero when the feedback loop
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(a) Constant-height (b) Constant-force

rate of 37.5 FPS. is closed. We also protected the plant from unstable signals
by a switch that permanently grounds the plant input, if the
ACKNOWLEDGMENT controller output exceeds a certain leve],() at any instant
This work was supported by the Australian Research Cougfter closing the loop. Fig. 18 illustrates the switching system
cil and The University of Newcastle Australia. we used for they-axis control system.
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