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A New Scanning Method for Fast Atomic Force Microscopy

I. A. Mahmood, S. O. R. Moheimani and B. Bhikkaji

Abstract—In recent years, the Atomic Force Microscope (AFM) present between the tip and the sample surface. In noncon-
has become an important tool in nanotechnology research. It was tact mode, the interactive forces are measured by measuring
first conceived to generate 3D images of conducting as well aschanges in oscillation amplitude or resonance frequendiyeof

nonconducting surfaces with a high degree of accuracy. Presdnt . . .
it is also being used in applications that involve manipulation of cantilever. In both modes, the interactive force measungsne

material surfaces at a nanoscale. In this paper we describe a can be used directly to generate the sample surface togograp
new scanning method for fast atomic force microscopy. In this or as a feedback signal to theaxis controller to keep the
technique, the sample is scanned in a spiral pattern instead of interactive force nearly constant.

the well established raster pattern. A Constant Angular Velocity Today, the majority of commercially available AFMs use
(CAV) spiral scan can be produced by applying single frequency ' . , . .
cosine and sine signals with slowly varying amplitudes to the raster scgns to image a sample’s surface. A plezoelecpm t
x-axis and y-axis of AFM nanopositioner respectively. The use Scanner is often used to move the sample or the probe ix the
of single frequency input signals allows the scanner to move y andz directions [4]. Although flexure-based nanopositioners
at high speeds without exciting the mechanical resonance of [5], [6] have emerged as an alternative to piezoelectriesyb
the device. Alternatively, the frequency of the sinusoidal set- the latter is still the most widely used nanopositioningtes-

points can be varied to maintain a constant linear velocity . - . .
while a spiral trajectory is being traced. Thus, producing a ogy in AFMs. A raster scan is normally attained by applying a

Constant Linear Velocity (CLV) spiral. These scan methods can triangular waveform to the fast axig-@xis) and a staircase, or
be incorporated into most modern AFMs with minimal effort  a very slow ramp signal to the slow axis#xis) of the scanner.

since they can be implemented in software using the existing In order to perform a high-speed raster scan, a high frequenc
hardware. Experimental results obtained by implementing the - yjanqgylar waveform needs to be used. A triangular waveform
method on a commercial AFM indicate that high-quality images . .
can be generated at scan frequencies well beyond the raster ssa contains _aII odd harmonics of t_he _fundamental frequency.
The amplitudes of these harmonic signals attenuate/a$, 1
with n being the harmonic number [7]. If a fast triangular
waveform is applied to the scanner, it will inevitably excit
. INTRODUCTION the mechanical resonance of the device. Consequently, this
Atomic Force Microscope (AFM) [1], [2] has emergedcauses the scanner to vibrate and trace a distorted treangul
as a standard tool in nanotechnology research. The workiwgveform along thex-axis which can significantly distort
principle of the AFM is based on the use of interactive forcahe generated AFM image. To avoid this complication, the
between a tip and a sample surface to sense the proxingtanning speed of AFMs is often limited to about 10 - 100
of the tip to the sample [3]. The AFM can be used eithaimes lower then the scanner’s first resonance frequencyrtAp
in contact or noncontact mode. In contact mode, a micrfrom these vibrations, the accuracy of the AFM images ar@ als
cantilever with a very sharp tip is brought in contact withaffected by a number of nonlinear properties that are inftere
the surface of the sample. In this mode, the repulsive forge piezoelectric material including hysteresis, creep dnfi
acting on the tip causes the micro-cantilever to deflect. TI[@], [9].
deflection of the cantilever is often measured using a beam-A widely used approach to deal with these issues is to use
deflection method [2]. In this technique, as illustrated ig. F feedback control techniques to track the triangular wavefo
1, a laser beam is reflected at the rear side of the cantile@e of the earliest attempts is reported in [10], where Lag-
and the deflection is measured by a photodetector. In contied andH., controllers were designed and implemented on
mode, the interactive forces are determined by measurigg the piezoelectric tube scanner, and the feasibility of caty
deflection of the cantilever. the adverse effects of creep and hysteresis were demauktrat
In noncontact mode the cantilever is made to oscillate. Tiigée authors also reported that th&, controller achieved
tip of the cantilever is brought close to, but without comingamping of high-frequency vibrations. In [11], loop shapin
in contact with, the surface of the sample. AFM images wittechniques were used to design a feedback controller for
atomic resolution can be achieved by operating this mode anpiezoelectric tube scanner to track a raster pattern. The
ultra-high vacuum (UHV), where the distance between the tifjosed-loop system was implemented on an AFM and their
and the sample can be made very small [3]. In this mod@sults show that accurate positioning with a high degree of
the oscillation of the cantilever is affected by attractiveces repeatability is achievable with the use of feedback cdnino
. _ ~ [12], a proportional-plus-derivativg(PD) high-gain feedback
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. a tuning fork actuator, and can be implemented on a standard
N ‘/r ) AFM with minor software modifications.

It should be noted that recently a few prototype laboratory
AFMs have been developed that are capable of imaging a
sample at, or close to, video-rates, [20]-[23]. Such a func-
tionality is particularly useful in a number of applicatigre.g.
when capturing the dynamic behavior of certain biomolecula
processes is needed. In order to achieve video rates, using a
raster scanned AFM, the scan frequency has to be quite high,
close to 5 kHz or higher. The spiral scanning method proposed
in this paper may be a good candidate for such applications.
This scheme can be easily implemented on a commercial,
Picaoclectric tube — L or prototype AFM, with minimal software modifications. It

- should be pointed out that to operate an AFM at such high scan
frequencies one has to overcome other technical challenges
such as the need to utilize very small micro-cantileverswit
extremely high resonance frequencies [20].

The remainder of this paper is organized as follows. The
modeled to determine the feedforward input to account fer tigeneration of input signals to produce the spiral patteuteis
vibration effects. Their results indicated that the inmusof scribed in detail in Section Il. Section IlI provides deptions
feedforward input reduces the tracking error more as coewpainf the AFM and other experimental setups used in this work.
to using only feedback control. Other examples of succéssModeling and identification of the system transfer funcsion
applications of feedback control techniques include [13Jare presented in Section IV. Control schemes for the AFM
[17]. An exhaustive review of the literature can be found iscanner are devised in Section V. In Section VI experimental
reference [9]. results are presented to illustrate the drastic improvériten

The use of feedback controllers in damping and linearizinmaging speed that can be achieved with the proposed new
the piezoelectric tube scanner has been shown to be sskan trajectory. Finally, Section VII concludes the paper.
cessful in the above mentioned works [10]-[17]. However,
these feedback controllers have little success in trackigh Il. SPIRAL SCAN
frequency triangular waveforms. Closed-loop trackingnegilse ~ This section deals with the generation of input signals that
waveforms typically results in the corners of the triangulaare needed to move the AFM scanner in a spiral pattern,
waveform to be rounded off. This is due to the presendiustrated in Fig. 2. The pattern is known as the Archimedea
of high frequency harmonics that are inevitably outside afiral. A property of this spiral is that its pitch, which is
the bandwidth of the closed-loop system. Consequently, AFfilstance between two consecutive intersections of thelspir
images generated at high speeds often demonstrate sighificairve with any line passing through the origin, is constant
distortions especially around the edges of the image. [24]. Depending on how this trajectory is traced, the shape i

This paper proposes a new scan technique for fast atoméferred to as either a Constant Angular Velocity (CAV) apir
force microscopy by forcing the scanner to follow a spiradr a Constant Linear Velocity (CLV) spiral. In the former eas
trajectory over the surface that is to be imaged. A constant dhe pattern is traced at a constant angular velocity, winle i
gular velocity (CAV) spiral scan can be produced by applyintpe latter at a constant linear velocity.
slowly varying-amplitude single frequency sinusoidalrsits
to the x- and y-axes of the piezoelectric tube scanner. Tee Us The CAV spiral

of the single frequency input signals allows for scanning¢o  The equation that generates a CAV spiral of pitehat

performed at very high speeds without exciting the reso@angn angular velocity ofw can be derived from a differential
of the scanner and with relatively small control efforts. Aquation given in [18] as

alternative method is to generate the spiral pattern in ataon dr  Pw
linear velocity (CLV) approach. The latter method has been — = (1)

implemented in some disk storage devices, such as Compact ) i dt 2", ) . .

Disk-Read Only Memory (CD-ROM) where the informationWherer is the mstantapeous radllus at tlmeEguatlon Q) is
is stored in a continuous spiral track over the disk’s sum‘a@owed forr by integrating both sides to obtain

[18]. The proposed method is an alternative to raster-based / dr = Pw / dt. @)

sinusoidal scan methods that are used to achieve fast gtans i 2n

e.g., scanning near-field optical microscopy (SNOM) [18]. IForr =0 att =0,

Micro-cantilever

Sample Tip

z-axis
controller

a, yaxis
controller

Figure 1. Basic AFM schematic with feedback controllers.

P

spiral scanning, both axes follow sinusoidal signals oftazl [ — — . (3)
frequencies resulting in a smooth trajectory. This avolus t 2n

transient behavior that may occur in sinusoidal scans as ttiere, P is calculated as

probe moves from one line to the next. Furthermore, the spiral radiusx 2

proposed method does not require specialized hardware, e.g ~ number of curves 1 )
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Figure 2. Spiral scan of @im radius withnumber of curve= 8.
Figure 3. Input signals to be applied to the scanner in thedkyaaxes of
the scanner to generate CAV spiral scan with= 18850 radians/sec. Solid
line is the achieved response and dashed line is the des#jedtory.

where number of curvess defined as the number of times

the spiral curve crosses through the lije= 0. This is

exemplified in Fig. 2 where the crossing points are numberddere, ax anday are determined by measuring the closed-loop

The figure illustrates a spiral scan of gm radius with frequency response of the system at the scan frequency. They

number of curves: 8. may also be determined off-line if a model of the system is
The equation that describes the total scanning tigag as- at hand.

sociated with a CAV spiral scan can be derived by integratingA key advantage of using a CAV spiral is that closed-loop

both sides of equation (1) as tracking of this pattern when implemented via the cartesian
; ¢ equations only involves tracking single frequency sindabi
end end . . . N .
dr — Pw dt 5 signals with slowly varying amplitudes. This advantageewh
/ = 2n / ) combined with the use of the shaped input signals (9) and (10)
Istart tstart enables the AFM’s scanner to track a high frequency CAV

wherergart andreng are initial and final values of the spiralspiral resulting in fast atomic force microscopy. A drawkac
radius, andtsiarr andteng are initial and final values of the of this method is that its linear velocityis not constant. Thus,
scanning time. From equation (5),rdiart = 0 attstar =0 and it may not be suitable for scanning some samples where the

trotal = tend— tstart, W€ obtain interaction between the probe and the sample needs to be done
2 end at linear velocity. The CLV spiral presented next overcomes
total = —5 = (6) this problem.

In order to implement the spiral scans using a piezoelect@c The CLV spiral
tube scanner, equation (3) needs to be translated intcszarte

coordinates. The transformed equations are In order to generate a CLV spiral, the radiuand angular
velocity w need to be varied simultaneously in a way that
Xs =T Ccosf (7) the linear velocity of the nanopositioner is kept constant a
all times. The expressions far and w are first derived by
and substitutingw = ¥ into equation (1) to obtain
Ys=1rsinf 8 gw=r q
) ) ) . dr Pv
wherexs andys are input signals to be applied to the scanner in at - omr (11)

i i —de
thex andy axes respectively anflis the angle. Fronw =g, wherev is the linear velocity of the CLV spiral. Then, equation

0 is obtained a® = wt. An example of input signalgs and : . . . .
ye that can generate the spiral in Fig. 2 is plotted in Fig. .11) is solved forr by integrating both sides of the equation

The figure illustrates constant phase errors between thé inp dr — Pv dt 12
signals and measured outputs. Such errors are due to the non- /r r= ZT/ ' (12)
ideal frequency response of the controlled nanopositidf@r Forr — 0 att — 0, we obtain
a CAV spiral, these phase errors can be easily eliminated by S
adding phase constants and ay to shape the input signals = /lt, (13)
T
as
Xs = r cos(0 + ay) (9) From equation (13), by substituting= % the expression for
g ® is obtained as
an - v
Ys=rsin(6 +ay). (20) W=1/pr (14)
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It is worth noting thaf” and are non-linear functions of time, 6
andw approaches infinity dt= 0. For practical reasons during 7D .
digital implementation of the CLV spiral = 0 is approximated g . +7 ) 9 BN 2
with t = sampling periodof the digital system. - 0 " A\ g/ R/
The equation for total scanning timg of a CLV spiral Y S N\ LA S
scan can be derived in a similar manner to the CAV spiral. J )
From equation (11)eta is derived as 0 0.02 0.04 0.06
2
f;otal = nlr;i?d- (15)

By choosingVv = @endfend Where weng is the instantaneous
angular velocity atenq, the equation fotyoa can be rewritten
as

= T end
t = —. 16
total =) @ond ( )

0.02 0.03 0.06
t (s)
It can be inferred from equation (16) thatif,q= w, the total
scanning time of a CLV spiral is half of the total scanningdgimFigure 4.  Input signals to be appliled to the iESrcanner in/thed<(>agxes of
. . . . the scanner to generate CLV spiral scan with: 1.13 mm/sec (Oftenq =
of a CAV spiral. This make_s the CLV Splrgl a mor_e attracuy%sso radians/sec). Solid line is the achieved response ariteddime is the
option. However, as we will see later, this gain in scanningsired trajectory.
time comes at the expense of introducing distortion at the
center of the AFM image.

_Similar to the CAV spiral, equation (13) can be describeg \, 11N il be described, with the understanding that
in cartesian coordinates as

B {uy[k]}Ezo can be generated by adopting the same procedure.
Xs = Fcosf a7) Assume that the transfer function relating the input and the

output along thex direction is given b
and p g g y

s = T'sing (18) bo+ b1z 1+ bz 24 .. +bpz ™
GX(Z) = _ — b
l+ayzl4+az2+.. . +anzm

which is stable but has non-minimum phase zeros, i.e. all of
0 — ﬂvt. (19) zeros are outside the unit circle. A3(z) is non-minimum
P phase, a direct inversion is not possible. Furthermorex as
Fig. 4 illustrates the input signafs andys that can be used to @andy are not periodic, a frequency domain inversion of the
generate a spiral similar to the one shown in Fig. 2. Howevdype presented in [15] will not be accurate.
as illustrated in the figure, the input signals are implereént Note that equation (20) in the discrete time corresponds to
in a reversed order, that is fromg t0 rsat. TO generate a the difference equation
CLV spiral, that starts froni = 0, one requires a closed-loop
system with extremely high bandwidth (ideally bandwidth) X[ +ax(n—1] +... +amx[n—m|
and a closed loop system with a flat phase and magnitude = boux[N] +bytx[N— 1] +... 4+ bmuxn—m].  (21)
response. This of course, is not practical. Thus, if theajsr This implies
started fromr = 0O, the initial error that is inevitably generated P
will propagate all the way through to the end. In the next 1
section, we propose an inversion algorithm that can mirémiz Ue[n—m] = bm (X[ +@zx[n— 1]+ ...+ amx[n —m|
the tracking error arising from the limited bandwidth anchno —bpug[n] — ... —bm_1ux[n— (M—1)]). (22)
ideal frequency response of the closed loop system.

(20)

where 8 for time varyingw is obtained as

As {X[k]}f:':o is given, assuming arbitrary values for
Ux[N],ux[N—1],...,ux[N— (m—1)], the input sequenagN —
(m—1)],ux[N—(m—2)],...,ux[1],ux[0] can be calculated from
In this section a technique to shape inputs such that thguation (22). As an example consider= 2 in (21). This
resulting trajectory will be a CLV spiral with minimal traiclg  implies
error is presented. As the implementation of the entirersehe
will be in discrete time, the input shaping method presented x[n] +aix(n—1] +axx[n— 2]
here is also described in discrete time. = boux[Nn] 4 byux[n — 1] + bouy[n — 2] (23)
The goal is to design input signal§uxk}y, and
{uy[k]}Ezo such that their outputs, along theandy axes are, and
X[k = X(kT)}IN_, and {y[k] = §(kT)}X_, respectively. Here, 1
'{I' [dlanotes t&g gampliig[ i]nterval El;dgﬁd y are as defined U(n—2 = b Oqn] +axn—1]
in equations (17) and (18). In the following only designing “+apx[n— 2] — bouy[n] — brux[n—1]). (24)

C. Inversion Technique for CLV spiral
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Setting ux[N] and ux[N — 1] to arbitrary values,ux[N — 2] In order to compare the total scanning time for a CLV spiral
can be back calculated from equation (24). Similarly, usirgcan and a raster scan, the linear velocity of the raster scan
the calculatedu[N — 2] and the arbitrarily choseoy[N—1], v, =2Lf is introduced into equation (30) to obtained
ux[N — 3] can be computed. Thus, traversing backwards in time o2
g
one can computey[n] up ton=0. tiotal raster = ——cnd (32)
The above mentioned procedure can be proved to be stable, Py
and can be shown to converge to an input sequence that wowlth the term% ignored. It can be deduced from equations
generate the outpw(KT). However, the proof is beyond the(32) and (15), for the same linear velocity,= v, an image
scope of this paper. If a user has to deal with a continuoofequal area and pitch can be generated two times fastey usin
time transfer functionGy(s), he or she could approximatea CLV spiral scan than a raster scan.
it by a discrete transfer functio®x(z) using the bilinear
transformation or any other approximation technique.

E. Total trajectory distance : Spiral scan vs. Raster scan

In this section, total trajectory distance in generatingges
D. Total scan time: Spiral scan vs. Raster scan of equal area and pitch length using spiral and raster saans a
mpared. The total trajectory distance of a spiral s&giu

A fair comparison of the total scanning time for spiral an§® . .
P g P p be derived from equation (15) as

raster scans can be made by evaluating the time required 8

both methods to generate images of equal areas and pitch mgnd
lengths. The area of a circular spiral scanned imAgga Sspiral = P - (33)
with a radius ofrenq can be calculated as Note that, (33) also holds for a CAV spiral scan.
Aspiral = mgnd' (25) The total trajectory of a raster scagsier can be written as
The area of a rectangular raster scanned inf&gger can be Sraster = 2L x number of lines (34)
calculated using By substituting equations (28) and (27) into equation (34),
Avaster = L2 (26) Saster CaN be obtained as
2
whereL is length of the square image. For both images to have Sraster = zn;e”d +2/Trend. (35)

an equal area, equations (25) and (26) are equated to obtain
It can be deduced from equation (35) and (33) thatier is

L =VMrena. (27)  at least two times longer tha®yira. An immediate advantage
of this is that, there will be less wear on the AFM tip when

The number of lines in a raster scanned image with pRch o spiral scan is used instead of the raster scan.

can be calculated as

number of lines= I%Jrl_ (28) F. Mapping Spiral Points to Raster Points

. . In this work, the spiral-scanned images are plotted by
The total scan time to generate a raster scanned image cam@ping the sampling points along the spiral trajectorjiéda

obtained using “spiral points”) to points or pixels (called “raster poifjtshat
number of lines make up a raster-scanned image placed on top of the spiral
ltotal raster =~ (29) points as shown in Fig. 5 (a) and (b) for CAV and CLV spirals

respectively. A major advantage of mapping the spiral oint
wheref is the scan frequency. Thus, by substituting equations the raster points is that it allows the user to utilize g
(27) and (28) into equation (29), the total scan time fdmage processing software developed specifically for raste
generating a raster scanned image with an arear§f, can scanned images, to plot the generated spiral image.

be determined as In this mapping procedure, the dimension of the raster-
VTeng 1 scanned image is set tepiral diameterx spiral diameter
trotal raster = T:n + T (30) where thespiral diameter~ spiral radiusx 2, and the pitch

of the raster-scanned image is chosen to be equal to the
The total scanning time to generate a spiral scanned imaggeeh P of the spiral. Consequently, the number of lines in
in a CAV mode can be calculated using equation (6) and liye raster-scanned image will be equal to the number of

substitutingw = 27tf into equation (6), curves in the spiral trajectory. Then, each raster poirdtied
r within the spiral radiusis mapped to the nearest spiral point.
t _ end (31) . ", . .
total = 5 - Since position of the raster and spiral points are known for

any scan frequency and dimension, the nearest spiral point
It can be deduced from equations (30) and (31), by ignorirgrresponding to each raster point can be identified anddstor
the term# in equation (30), for the same scan frequency, an an indexed matrix before performing the sample scans. By
image of equal area and pitch can be generater(~ 1.77) doing this, the image of the sample can be plotted in readtim
times faster using a CAV spiral scan than a raster scan. i.e., as the AFM is scanning the sample.
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-6 -3 0 3 6 Figure 6. SPM system and experimental setup used in this work.
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6 I e point (2,6). The magnitude of this vector can be calculated as
’+,++++++++1\\ ’
(< + > P
7% . . . N Y . i, 2 2
44'; LA S +++\\ ‘AB(ca{/) = \/ (Afay— Blaw) + (Aé’a\,_ B?:'av) (36)
=] Y M *+ a0 _ ) . i
g ‘:Kdv e, N N wherei =2 and j = 6. Similar calculation can be performed
2 32 .++" . v M W on the CLV spiral to evaluate the magnitude of the vector
2 of ¢ v ot ! by M Ha between spiral poinf, and raster poinB, as shown in
o Y *++ Teast oA Fig. 5 (b).
\ + + ++ + !
3 .\\ CEF +++;++ . ++ ,,
s +++ P I1l. SYSTEM DESCRIPTION
N T, . + < . . . .
So, s et The experimental setup consisted of a commercial NT-MDT
I Ntegra Scanning Probe Microscope (SPM) as shown in Fig. 6.
- : - : - The SPM can be used to perform almost all scanning probe
s (um) microscopy techniques in air and liquid environment. The

SPM'’s operating software limits the highest image resoiuti
Figde% 56LVSP"_61| IPOi_ﬂrt]S *+) 1f01f @) /CA\4hSPifa| Wiltms?1885 fadianzlsf to 256 x 256 pixels. At this resolution the fastest scanning
Generaling these spiral paints s 2 kHiz. Both spiral aes have & 6.fim  (TedUency is limited to 31.25 Hz. However, faster scan fre-
radius withnumber of curves- 8. The spiral points are plotted on top of thequencies are possible by reducing the resolution. For eleamp
raster points j that make up a 13 13 um raster-scanned image with of jyy halving the resolution to 128 128 pixels, the fastest scan
8 x 8 pixels resolution. frequency is doubled to 62.50 Hz.
In the experiments reported in this paper, the SPM was
configured to operate as an AFM and all sample images were
) ) ) _ scanned in air. The voltage amplifiers which drive the latera
Fig. 5 (a) illustrates that the density of the CAV spiralyes of the piezoelectric tube scanner were replaced with tw
points increases asapproaches the origin of the spiral. This,ome made DC-accurate charge amplifiers [25]. The charge
is because the time taken for the spiral trajectory to makg,jifiers have a constant gain of 68 nCivolt. The use of
one full spiral circle remains constant due to the constape charge amplifiers to drive the piezoelectric tube has bee
angular velocity, although the circumference of the smin@le  shown to result in a reduction of the hysteresis by greater
gets smaller. A disadvantage of this is that, it increases tfan, 90 9 as compared with when voltage amplifiers are used
computing f[ime needed to search for the nearest spi_ral p 'Qg]. A dSPACE-1103 rapid prototyping system was used to
corresponding to each raster point. Nevertheless, Fig.)5 {Blement the feedback controllers in real time. The antfi
shows that the density of the CLV spiral points remain camtstay§ the SPM were interfaced with the dSPACE system using a
for the entire spiral trajectory. This is because in the CL¥gna| access module (SAM) that allowed direct access to the
spiral, the time taken for the spiral trajectory to make ané f scanner electrodes. This setup enabled us to directly alontr
circle reduces as approaches the origin of the spiral. the lateral movements of the scanner. However, the scanner
Next, the error introduced by mapping the spiral pointgertical positioning was achieved using the standard NTIMD
to the raster points is analyzed. This mapping error can B®M controller.
determined by calculating the magnitude of the vector betwe There are two types of scanner that can be incorporated into
the nearest spiral point corresponding to each raster .poitite SPM, an open-loop scanner (without displacement sgnsor
Fig. 5 (a) illustrates an example of the vector between kpi@nd a closed-loop scanner (with displacement sensors). The
point Acay and raster poinBcay Which corresponds to rasterclosed-loop scanner allows accurate position trackinguttin
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v’y Figure 8. Block diagram of the experimental setup used fortesys
identification of the scanner.
Figure 7. Top view of the piezoelectric tube with the intéraad external
electrode wired in a bridge configuration.

voltage signals applied to the charge amplifiers driving
electrode pairuy and +y electrode pairuy. The outputs of
the system are the scanner displacement measurements from
r](he capacitive sensors axis, ¢y, and iny-axis, ¢,. Here,
%ccurate models of the systems were obtained through system
apparatus allow for direct measurements of the scanner d’gsqntification. System identification i.s an experimentat ap
placement irx, y andz axes. The bandwidth of these capacitivgr‘JaCh to modellng where mathematical models are obtained
om a set of input and output data [27].

sensors is tunable and has a maximum value of 10 kHz. Fia. 8 illustrates th . tal set d for th "
these experiments the bandwidth is set to the maximum .i 'g. © lustrates the expenmental SEtup used for the ayste

order to minimize the effect of the capacitive sensors dyoamnfentmcatlon experiment. A dual-channel HP35670A spec-

on the displacement measurements. The sensitivity of t“gm anaI}/zert'was l;;eFd to obtain th?follllowmg frequency
capacitive sensors was determined by making the scanc&r tri >PONse functions ( s) nonparamedtrically

feedback control. In these experiments, a closed-loopngzan
NT-MDT Z50309cl was used to perform 3D positioning i
the SPM. It has a scanning range of 180100 x 10 um.

The capacitive sensors that are incorporated into the scan

a 0.5 Hz triangular wave of 100m amplitude in closed-loop G o) — cx (iw) 37
using the standard NT-MDT SPM controller. Simultaneously, o (100) = Uy (iw) (37)
the corresponding output voltages from the capacitive@sns

.. —and .
were also measured. From these two values, the sensitivity o ] ¢ (i)
the capacitive sensors incorporated into thendy axes was Geyuy (iw) = 0, (1) (38)

calculated to be 6.33im/volt. In this test, a low frequency
triangular wave was used to ensure perfect tracking by theA band-limited random noise signal of amplitude 0.5 Vpk

standarc_i NT'MDT. SPM C_ontroIIer. ... within the frequency range of 1 Hz to 1600 Hz was gener-
The piezoelectric tube in the scanner has quartered irtergg, using the spectrum analyzer and applied to the charge

and external electro_des. .SUCh .electrode. arraljgementsall%p”ﬁers as the input. The corresponding outputs from the

the scanner to be dr_lven_ln a _brldge. conf|guraF|0n_[26] WheE:%pacitive displacement sensors were also recorded uséng t

the electrodgs are wired in pairs as illustrated in Fig. &sEh spectrum analyzer. These input-output data were proceesed

ele_ctrode paurs are referrec_j to 2%, X 1y andfy ele_ctro_de enerate the FRF (37) and (38) in a non-parametric form as

pairs. An advgntage of using thE_“ bridge configuration is thgif,qyrateq in Fig. 9. Note that the 0 dB (unity gain) at DC

It halve_s the input voltage requirement as compargd © Pepoth FRFs was achieved by introducing appropriate input

more widely-used grounded internal electrode conﬁgunatmgains in the dSPACE system

Nevertheless, in these experiments the and —y electrodes Two second order models were fitted to the FRFs data using

:ire hgrounded rin ordedr fto sirrllplify the e>.<perimentaldsetu91e frequency domain subspace-based system identification
'“.'rt ermore, the need for a arge scanning range does broach as described in [28] and [29]. The following transf
arise here since the scanner is only made to operate wit

: . ctions were found to be a good fit as illustrated in Fig. 9,
12 % of its full lateral scanning range.

During scans, measurements from the capacitive sensors and 0.12542 — 1784+ 1.309x 10

photodiode are recorded and processed in Matlab to generate Coa () = &% +28.355+1.309% 107 (39)
AFM images. and

G _ 0.10065? — 16105+ 1.318x 10 40

IV. SYSTEM IDENTIFICATION oy (8) = 24+ 57595+1.318x 107 (40)

In this section, the procedure used to model the AFM scan-
ner is described. The scanner is treated as a two singleé-inpult can be inferred from transfer functions (39) and (40)
single-output (SISO) systems in parallel. The inputs béireg that the piezoelectric tube scanner has very weakly damped
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troller to provide tracking. The PPF controllers were aiigi
designed to suppress mechanical vibrations of highly reso-
nant aerospace structures [31]. They have been succgssfull
(4 10’ 10' 10° 10’ implemented on a range of lightly damped structures [32]-
f (Hz) f (Hz) . . .. . .
[34]. Their effectiveness in improving accuracy and bartivi
Figure 9. Experimental——) and identified mode(—) frequency response of nanopositioning systems was recently investigated %j, [1
of (8) e, (S) and (0)Geyy, (3)- and their important stability properties were establisted
[35]. PPF controllers have a number of important features.
In particular, they have a simple structure which makesrthei
implementation straight forward and their transfer fuocs
roll off at a rate of 40 dB/decade at higher frequencies. The

the resonance is at 578 Hz with a damping ratio of 0.008.latter is important in terms of the overall effect of sensor

must be mentioned here that the non-minimum phase zeRS€ On the scanner’s positioning accuracy. The detaitbeof
in both transfer functions do not reflect the physical natfre procedure that was followed to design these PPF controllers

the scanner, but are rather artifacts of the system ideatiic. is documente_d in reference [15]. The obtained PPF contsolle
The subspace-based system identification approach imtesd 2N be described as
these non-minimum phase zeros in order to model delays 9.282x 10°

—150 —150

—200 —200

resonances irx andy axes. In thex-axis the resonance is
at 576 Hz with a damping ratio of 0.004 and in ti@xis

which exist in the system due to the capacitive sensor signal Kper, (5) = 1606+ 2.736x% 107 (41)
processing electronics and dSPACE sampling time. and
9.313x 10°
V. CONTROLLERDESIGN Kepry (8) = £ +6071s+2.758x% 107" (42)

This section addresses design of feedback controllers un-
dertaken in this work. Feedback controllers for th@endy  The designed control system also includes a high-gain
axes were designed independently since the scanner isdredttegral controller
as a two SISO systems in parallel. The key objectives of the () = K
controller design are to achieve good damping ratio for tis¢ fi S
resonant mode of the piezoelectric tube scanner and tovachias illustrated in Fig. 10. Inclusion of an integrator amaunt
a high closed-loop bandwidth to allow accurate trackinghef t to applying a high gain at low frequencies that reduces the
CAV and CLV spirals. Although the use of CAV spiral allowseffects of thermal drift, piezoelectric creep and hystsres
us to select the frequencies that will not excite the resomarto a minimum. Another important benefit of the proposed
of the scanner, it is still important to actively damp therswar. combined feedback structure is the significant reductiat th
External vibration and noise can result in perturbationthim can be achieved in cross-coupling between various axesof th
AFM image if scanner’s mechanical resonance is hot dampesdanner.
The need to damp the scanner becomes more important whemhe use of high gain in the integral controllers is made
it is used to track a CLV spiral input. This is because thgossible by the suppression of the sharp resonant peaksn th
CLV spiral input consists of high frequency components thandy axes due to the PPF controllers. Fig. 11 illustrates Bode
will inevitably excite the mechanical resonance of the sean diagrams showing gain margins when a unity gain integral
Additionally, the feedback controller can minimize theeeff controller is cascaded with undamped scanner’s transfer-fu
of piezoelectric creep, that can cause further perturbatio tions, 1)Ge,, (S) and 2)Ggy, (S), and with damped scanner’s

(43)

the image [30]. transfer functions 3Yc,u, (S) and 4)Tey, (s), where
Structure of thex-axis feedback controller is illustrated in G 9
Fig. 10. A similar controller was designed for tigeaxis. The Tou (S) = o ( (44)
overall control structure consists of an inner and an outer 1—Kppr, (S) Gou, (5)
loop. The inner loop contains a Positive Position Feedbagkd
(PPF) controller that works to increase the overall damjpiihg Geyuy (5)
Toyuy (S) (45)

the scanner. The outer loop contains a high-gain integma co T1- Kppr, (S) Goyu, (S)
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The gain margins for the undamped systems are 30.2 dB anc 600 600

36.1 dB inx andy axes respectively. This implies that the 10' 10° 10° 10' 10° 10°
gain of the integratoK; is limited to less than 32 and 64 in
the x andy axes respectively for stability of the closed-loop
systems. However, the gain margins for the damped systems .~ 0
are 60.8 dB and 61.0 dB ir andy axes respectively. This
implies that the gain of the integratdt, can be increased
significantly from 1 to up to 1097 and 1122 in tk@andy axes

respectively, before the closed-loop systems become hlasta 00— 5 7 10 o 710
In this work, the gain of the integrators were tuned to previd f (Hz) f (Hz)

high closed-loop system bandwidth but with reasonable gain
and phase marain. Figure 12. Open-loog——) and closed—looq—) frequency responses of
P 9 the scanner. The closed-loop system bandwidth of both axabdut 540 Hz
and the resonant behavior of the scanner is improved by oveB30ue to

VI. RESULTS control action.

A. Tracking Performance

200 200

dB)

-200 -200 -\

To: uy
Magnitude

-400 —400

—600

1

The closed-loop frequency responses of the piezoelectric
tube scanner were first measured using the spectrum analytefess than 50 dB for low frequency ranges (is.8 Hz).
Fig. 12 illustrates the closed-loop frequency responsesnwhl© illustrate the improvement achieved in the cross-cogpli
plotted together with the open-loop frequency responseiseof We performed the following experiments in open and closed
system. By examining these FRFs we can see that a dampR@p- A 5 Hz sinusoidal signal was applied to the electrode
of more than 30 dB is apparent at each resonant mode. TtReProduce a 12um displacement range in theaxis of the
use of the high-gain integral controllers has resulted ifgha h scanner. As a result of the cross-coupling frento y-axis,
closed-loop system bandwidth of about 540 Hz in both axd§€ scanner also produced a smaller displacement range in
However, in the ClOSEd'lOOp System, the frequency resmné@ey'aXiS. Both displacements were then recorded and pIOtted
exhibit a faster phase drop rate as compared to the op#hFig. 13 (a). Similar experiments were also carried out by
loop system. Consequently this results in greater phags shitPPlying the 5 Hz sinusoidal signal to they electrode. The
between the desired and the achieved trajectories. In thik,w Subsequent displacements in thendx axes were recorded
the phase shifts are handled by shaping the input signalsa®§l plotted in Fig. 13 (b). A significant improvement can
discussed in Section 1I-B. be observed by comparing the cross-coupling in open and

The frequency responses for the cross-coupling of the AFRPsed loop. In closed loop, the root-mean-square (rmsysero
scanner in open and closed loop were also obtained a#RHPling fromx to y-axis and fromy to x-axis was reduced
are illustrated in the off-diagonal frequency responsespld® about 6 % of the cross-coupling in open-loop.
of Fig. 12. In open loop, significant cross-coupling of about The performance of the closed-loop systems were then
30 dB can be observed between lateral axes of the scanneevaluated for high-speed tracking of the CAV and CLV
closed loop, the cross-coupling was substantially redased spirals. Both types of spiral were setup to produce spiral
result of the integral action. In particular, the crossgg scans withrgng =6 yum and number of curves= 512, i.e.
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Table |
RMS VALUES OF TRACKING ERROR AND TOTAL SCANNING TIME FOR
CAV AND CLV SPIRAL SCANS THE number of curv&OR THESE SPIRAL
SCANS WAS SET TO512.

CAV Spiral CLV Spiral

co (um)

Ws Erms | total Vs Erms | total
(radians/s)| (nm) (s) (mm/s) | (nm) (s)
31.4 2.81 | 51.10 0.19 3.60 | 25.55
94.3 4.60 | 17.03 0.57 7.26 | 8.52
188.5 519 | 8.52 1.13 10.67 | 4.26
565.5 10.38 | 2.84 - - -
754.0 11.30| 2.13 - - -
1131.0 18.16 | 1.42 - - -

¢y (um)

- = = Table II
RMS VALUES OF SPIRAL TO RASTER POINTS MAPPING ERROR FOBAV
AND CLV SPIRAL SCANS

Tt (s) ’ CAV Spiral CLV Spiral
(})s fsamp Emapws Vs fsamp Emapus

Figure 13. Closed-loog—) and open-loog— — —) tracking trajectory of | (radians/s)| (kHz) | (nm) (mm/s) | (kHz) | (hm)
5 Hz sinusoidal signal (left) and their corresponding crosspling (right). 314 10 2.49 0.19 10 2.61
(A small phase shift was purposely added into the close-lonp tesponses 94.3 20 2.64 0.57 20 2.83
in order to clearly display the open- and closed-loop timpoeses.) 188.5 20 3.12 1.13 20 3.49

565.5 40 3.42 - - -

754.0 60 3.51 - - -

1131.0 60 3.75 - - -

the diameter of the resulting circular image consists of 512
pixels. Fig. 14 (a) to (f) illustrate tracking trajectorie$ the

CAV spirals for ws = 31.4, 94.3, 188.5, 565.5, 754.0 andhe input signals have increased to well beyond the bantiwidt
1131.0 radians/s. This corresponds to scanning freqUencig the closed-loop system. Nonetheless, Table | shows that
of fs= 5, 15, 30, 90, 120 and 180 Hz, respectively. Ifhe E,s for the CLV spirals is still relatively small since most

order to allow visual comparison of the tracking traje@sri of the tracking errors were limited only to the center of the
plots in Fig. 14 (a) to (f) were made to display only thgesulting spiral scan.

trajectories betweeft0.15 um. It can be observed that the use

of the de;igned feedback pontrollers and the shaped ianF h%. AFM Imaging

resulted in excellent tracking performance of the CAV dpira )

up to ws = 11310 radians/s. In order to quantify the tracking Havmg analyzed the performanc_e of the closed-loop system
performance, the rms tracking errors between the desirdd A tracking the CAV and CLV spirals, we then moved on
the achieved trajectories were calculated and are tabulate © investigate the use of spiral scanning in generating AFM

Table I. The rms tracking error is defined as images. The spiral scans were setup to produce images with
feng= 6.5 um andnumber of curves-512, i.e., the diameter
1 ot 2 of the resulting circular image consists of 512 pixels. Hesve
Erms = tiotal /o (r(t) —ra(t)dt (46)  pefore performing the spiral scans, the RMS of mapping srror

. . ] . Emapsys for the CAV and CLV spirals scans at different angular
wherer is the desired trajectory (or the radius) and=  anq linear velocities are calculated and tabulated in Téble
\/C&+¢f is the achieved trajectory. Table | shows ti&hs Note that, different sampling frequenciésmp were used in
increases as the spiral frequency increases. This incieaserder to minimize the computing time for searching the ngtare
mainly due to the inability of the feedback controller tcspiral point corresponding the each raster point. Add#ityn
accurately track the rapid changes in the amplitude of thralsp the sampling frequency is also limited by computational @ow
inputs asws is increased. Nevertheless,@f= 113097 radi- of the dSPACE rapid prototyping system. Table Il shows that
ans/s Erms still remains relatively low, i.e. only 0.15 % of thethe Emap,,,s are very small and less then the pitch of the spiral
maximum scanning range (spiral’s diameter). trajectory and the raster points, i.e.,.2% nm. Thus, they can
Fig. 14 (g), (h) and (i) illustrate the tracking trajectarie be ignored.
between40.30 um of the CLV spirals forvs = 0.2, 0.6 and A calibration grating NT-MDT TGQ1 with a 20 nm feature-
1.1 mm/s. The values af were calculated usings= wendfend  height and a 3tm period was used as an imaging sample. The
where Weng = 31.4, 94.3, 188.5 radians/s. As mentionedFM was setup to scan the sample in constant-height contact
earlier, the CLV spiral scans were implemented in a reversatbde using a contact AFM probe with a nominal spring
order, that is fronrgng to reiart. Fig. 14 (g) shows that relatively constant of 0.2 N/m and resonance frequency of 13 kHz. The
good tracking was obtained fag = 0.2 mm/s. However for constant-height contact mode was used here as the comimercia
Vs = 0.6 and 1.1 mm/s, Fig. 14 (h) and (i) illustrate venAFM controller that controls the vertical positioning ofeth
little tracking were achieved in a small region surroundingcanner is not fast enough to track the sample topography
the center of the spirals where the frequency componentsfof high-speed scans. During each scan, the AFM probe is
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(a) wy = 31.4 radians/s (d) ws = 565.5 radians/s (g) vs = 0.2 mm/s
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Figure 14. First two columns: (a) - (f) Tracking trajectoriglSCAV spirals between betweef0.15 um in closed-loop forws = 31.4, 94.3, 188.5, 565.5,
754.0 and 1131.0 radians/s. Third column: (g) - (i) Trackiraectories of CLV spirals betweet0.30 um in closed-loop forvs = 0.2, 0.6 and 1.1 mm/s.
The pitch of the spirals was set at 0.02@B. Solid line is the achieved response and dashed line is thieederajectory.

deflected due to its interactions with the sample. The probes97 um and 0.6um for w; = 31.4 and 1131.0 radians/s.
deflection was measured and later used to construct ARNg. 16 (a) shows that during a low-speed scan the probe
images of the sample topography. Figs. 15 (a) to (f) illustradeflection signal is free of vibrations. However at a higleep
AFM images generated using the CAV spiral scans witr= scan, Fig. 16 (b) shows that the probe vibrates at its resenan
31.4, 94.3, 188.5, 565.5, 754.0 and 1131.0 radians/s. Ibeanfrequency & 12 kHz) after every step change in the sample
observed from these figures that the obtained images are gfrafile. Thus, the image quality can be improved by using
good quality and the profile of the calibration grating is wek stiffer micro-cantilever. This would allow for much highe
captured. In particular, the images are free from typicsiaiti scan frequencies, approaching the mechanical resonatice of
tions caused by tracking errors, scanner vibrations, hgsite scanner.

and creep. It is also worth mentioning that the areas aroundNeX»[, a similar AFM setting was used to generate similar
the outer edggs of_the images was aIsp relatively We!l imagq,c,i,ages using the CLV spiral scanning mode. Fig. 15 (g), (h)
However, during high-speed scans wity = 565.5 radians/s gnq (j) llustrate the generated AFM images far= 0.2, 0.6
and above, a wave-like artifact can be observed around they 11 mmy/s. Fovs — 0.2 mm/s, it can be observed that
outer edge of the AFM images. Upon a closer examinatiqRe profile of the calibration grating was well imaged. This
of the probe deflection signals, we found that the artifaci§ j, agreement with the good tracking performance achieved

were a result of the excitation of the probe’s resonancg this scanning speed as illustrated in Fig. 14 (g). However
Fig. 16 illustrates the probe deflection signals betweea ¢, higher values ofvs, Fig. 15 (h) and (i) illustrate that a
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(a) fs=5Hz (d) fs=90 Hz (g) ve=0.2mm/s
T 325 0 3.25 6.5 T 325 0 3.25 6.5 T 3.25 0 325 6.5
X (pm) x (pm) x (pm)
(b) fs=15Hz (e) fs=120Hz (h) vg= 0.6 mm/s
T 325 0 3.25 6.5 T 325 0 3.25 6.5 T 3.25 0 325 6.5
X (pm) x (pm) x (pm)
(c) fs=30Hz (f) fs=180 Hz (i) ve=1.1 mm/s
65 .
325
g
3
=
325
6.5 -6.
6.5 3.25 0 3.25 6.5 %5 3.25 0 3.25 6.5 %5 3.25 0 3.25 6.5
x (pm) X (um) x (pm)

Figure 15. AFM images of NT-MDT TGQ1 grating scanned in clek®mp using the CAV spiral scanning mode for (a) - {§= 5, 15, 30, 90, 120 and
180 Hz (which corresponds t@s = 31.4, 94.3, 188.5, 565.5, 754.0 and 1131.0 radians/s) and ttee CLV spiral scanning mode for (g) - (i = 0.2, 0.6
and 1.1 mm/s. Theumber of curvdor these AFM images was set to 512.

small hole-like artifact is formed at the center of each imagfor it to disappear before performing the scans. Fig. 17((9),
This is due to the loss of tracking control when the frequen@and (c) illustrate AFM images generated using the CAV spiral
components of the input signals have increased to well lkyoscans operated in open loop fég = 5, 30 and 90 Hz. It

the bandwidth of the closed-loop system. The lack of tragkircan be observed from these images that the spiral scanning
control has also resulted in a slightly skewed AFM imagmethods works surprisingly well when operated in open-loop
around the center of the spiral fog= 1.1 mm/s. This could be partially due to the fact that by controlling

Finally, we would like to evaluate the capability of the CA/Charge, we have managed to substantially minimize theteffec
spiral scans in generating the AFM images when operated%hySteres's; .However, even |f_ the scanner were driven with
open loop . The use of single frequency input as mentioned{R!tage amplifiers, the hysteresis nonlinearity could Haeren
Section I1-A would allow the open-loop tracking of the cAvcompensated for by perturbing the input signal. This woed b
spirals to be performed rather accurately. However, toeaehi 'ather straight forward due to the single-tone nature aialgy
this, one has to deal with the nonlinearities of the pieaziite  2PPlied to thex- andy- electrodes of the piezoelectric tube
tube scanner, particularly with hysteresis and creep. i tiFcanner.
work, the effect of hysteresis was significantly reducedhsy t
use of the charge amplifiers instead of voltage amplifiers to VII. CONCLUSIONS ANDFUTURE WORK
drive both axes of the scanner. As for the creep, its effest wa In conclusion, in this paper we demonstrated how a CAV
minimized by simply waiting a considerable amount of timand CLV spiral scans can be used to obtain AFM images. It is
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Figure 17. AFM images of NT-MDT TGQ1 grating scanned in opeopl using the CAV spiral for (a) - (cjs= 5, 30, and 90 Hz. Theumber of curve
for these AFM images was set to 512.
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