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Abstract— Micro-cantilever based devices have revolu-
tionized imaging and they are the primary tools for
investigation and control of matter at the nanoscale. In
certain applications like single electron spin detection, it is
essential to maintain a sub-nanometer tip-sample separa-
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tion for extended periods of time. The existing techniques Control of 2 Sample { X

of atomic force microscope (AFM) operation are not suited

for such applications . In this paper a novel approach based

on the thermal noise response of the cantilever is developed zy= Piezo

that promises to meet the aforementioned challenges. The Tube

presented technique exploits the dependence of the tip- Scanner

sample separation and cantilever's resonant frequency to

maintain a small tip-sample separation by regulating the Fig. 1. A schematic of the essential components of an AFM. It
effective resonant frequency. The resonant frequency is consists of a tip-cantilever assembly, sampling positioning system,
estimated from cantilever's response to the thermal noise deflection detection system and a feedback control system.
forcing. The experiments performed in ambient room

conditions have achieved tip-sample separations as small

as 1.5 nm for time periods in excess of 30 min. . . .
regimes of the distance dependent tip-sample forces -

long range attractive regime due to van der Waals forces
|. INTRODUCTION and short range chemical forces that are mildly attractive

In the last four decades, since Richard Feynman del@2d immensely repulsive. In addition there might be
ered his prophetic talk [1] on the possibility Nfnotech- magnetic, electric and adhesive capillary forces in action.
n0|ogy the Scanning probe microscopes (SPM) ha\yg the static mode of AFM Operation static deflection of
made the single most significant contribution toward§€ cantilever caused by the tip-sample interactions is
realizing Feynman’s dream. These devices, of which tgiidied, where as in the dynamic mode the cantilever is
micro-cantilever based atomic force microscope (AFMgrced sinusoidally and the changes in the dynamics due
[2] is the most popular, have demonstrated the feasibilffje tip-sample forces are monitored.
of rational control, manipulationand investigation of In many studies a micro-cantilever based investigation
matter at the atomic-scale. of extremely small forces evolving over large time scales

A typical AFM, illustrated schematically in Figure 1,is of considerable interest. One such application is the
makes use of the forces of interaction between atomstection of single electron spin where forces in the
and molecules. The AFM consists of an extremely smadll—* N to 107! N have to be detected [3]. In this
micro-cantilever §0 — 200 pm long and a fewum application in order to detect the highly localized forces
wide) with a sharp tip{ — 10 nm diameter) that bendsit is essential to maintain a tip-sample separation in
under the influence of interatomic interaction forcethe order of a few nm to a fewh. In addition such
when brought very close to the sample under investieparations have to be maintained with good separa-
gation. The deflection of the cantilever is measured bytian stability for extended periods of time. This is a
guadrucell photodetector as a change in the reflectamequirement is imposed either by the time scales of the
angle of the incident laser. The measured deflectiondgnamic process being studied or the need to average
used by a feedback controller to move the sample uptor achieve the necessary sensitivity or both. Another

down via thexyz piezoelectric scanner. There are twapplication is the study of biomolecular interactions
0-7803-8335-4/04/$17.00 ©2004 AACC 3122



whose dynamics have timescales of microseconds viberep(t) is the cantilever deflectionn is the mass of
milliseconds. The tremendous scope of the AFM to studlye cantileverc is the damping constant, is the spring
the biomolecular dynamics has been amply demonstratemhstant and,(¢) is the Langevin thermal noise forcing
[4], [5], [6], [7]. However, most of these studies aréerm andF'(¢) describes other external forces acting on
invasive wherein the tip is in contact with the specimethe cantilever. As alluded above, the cantilever is very
In such studies the effect of the tip-sample contact @mall and has perceptible response to the thermal noise
the dynamics is difficult to characterize. For applicatiorfsrcing. The power spectral density of deflection of a
like spin detection the cantilever tip is too obtrusiveantilever in thermal equiIibriun%k:BT: %k‘<p2> in the
if it encounters the repulsive region of the tip-samplabsence of external forcing”(¢) = 0) is given by [16]
potential. This necessitates non-contact operation with

. : ) 4wokpT 1
extremely small rms tip deflections. A primary hurdle for Spp(w) = 5 IVEIEIEVE (2)
non-contact operation in static mode is thef-noise and Qm (v —w?)*+ (?)

drift of the system that becomes particularly detrimenta}herekB is Boltzmann’s constant arfl is the temper-

over long time periods. These drift effects are due 1Q,,re The resonant frequency is given by
uncertain factors like changes in the deflection detector

[8], [9], thermal bending [10], [11] and creep in the wn— w /1 1 3)
piezo based positioner. Low temperatures can alleviate R 0 4Q2%’

problems associated with drift but such conditions are ,
not always conducive to the study. Furthermore, stalft€r€wo (= +/ko/m) is the undamped resonant fre-
mode methods cannot differentiate between attractig®ncy and@ (= %) is the quality factor of the
and repulsive interactions thereby making it unsuitabf@ntilever.
for maintaining the tip in the attractive regime. Classic
dynamic methods overcome some of the above issues

free cantilever stiffness

and can be used in non-contact operation. However, /

they are associated with large amplitudes that are un- %Z/
acceptable to applications such as spin detection. Small k c
amplitudes in frequency modulation (FM-AFM) scheme 771 ITI

are proposed [12] for optimal resolution, wherein the - Tp

frequency shifts are larger and are solely due to the
highly local short range interactions. Consequently small
amplitudes are favorable for achieving true atomic res- ks(l) Lles(1) T

olution and considerable success has been demonstrated Z i
[13], [14]. However this necessitates low temperature :
operation to suppress thermal vibrations. One method sample
that has not received much attention since its mention
[15], is the use of thermal vibrations of the cantilever

in FM-AFM. Such a technique has the advantages of tip-sample interactions
dynamic mode and is an attractive approach to Stug?é.z. The cantilever is modeled by the spring-mass-damper system.

small bandwidth dynamics. The effect of the tip-sample interactions is modeled by a nonlinear
In this study we develop the FM technique based enring whose stiffness depends on the tip-sample separation.

the thermal noise response of the cantilever that promises

to meet the demands of maintaining sub-nanometerwnhen the tip interacts with the sample, the tip-sample

separations over large time periods. It also enables lf@eces(p(t) = F,(t)) alter the cantilever dynamics. The

detection of forces in the order of a few pN. In effect Wép-sample forces can be modeled as a spring-damper

demonstrate static non-contact atomic force microscogysstem (see Figure 2) by separating the conservative and
dissipative interactions as

Il. THEORY AND MODEL Fs(l(t),i(t)) = —ky(DI(t) — cs(l)l'(t), (4)

The cantilever is modeled as a single spring-magﬁhere k (
damper system (see Figure 2) as described by B

OF,
ol

;) is the force gradient and

cs (= accounts for the dissipation. In such

mp(t) + cp(t) + kp(t) = n(t) + F(t), (1) a scenario the changes in the cantilever dynamics can
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be analyzed by linearizing about an equilibrium states illustrated in the proposed control architecture in
(denoted by*) as below Figure 3. For a highQ cantilever, its thermal noise

So(B) L cSn(B) k() = n(t) — 818 — k*51(1) (5) TesSponse as observed in the deflection signal is assumed
mop(t)Feop(t) +kop(t) = n(t) —;o1(t) —k:dl(t) (5) to be a single sinusoid in white noise. The frequency

wheredz(t) = z(t) — 2%, 6l(t) = I(t) — 1", dp(t) = of this sinusoid, corresponding to the effective resonant
p(t) — p* are the deviation variables. Observing = frequency of the cantilever, is estimated by Pisarenko
op — 6z from Figure 2 it follows that harmonic decomposition (PHD) [17].

MOP(t)+CofOp(t)+ ke Op(t) = n(t)+cE02(1)+k:62(t) The blockG refers to the cantilever interacting with

the sample and consists of the transfer functiGh$s)
wherek,; (= k+k?) is the effective spring constant andNdGy(s). G- (s) accounts for the dependence of the tip-
co (= c+c?) is the effective damping constant. ThereSample separatiohon the sample position and Gy (s)
fore, the tip-sample interactions have the effect of alteiePresents the effect gfon . Rewriting Eq. (5) in terms
ing the effective spring and damping constant there§ 0/ anddz and applying Laplace transform yields the
changing the resonant frequency of the cantilever. F&llowing expression foi. and G,

small tip-sample forces, largé) and negligible near 81(s) = G.(s)02(s) + Gn(s)n(s), (8a)
surface damping, the resonant frequency shifip can —(ms® + es + k)

be approximated by the relation G.(s) = s TR A (8b)
eff eff
k*
~ s 1
AwR wR2k. (7) Gn(s) _ (8C)

'  ms2 4 cofs + ke
The effective resonant frequenoy; .4 (= wr+Awr) 7 &

decreases (increases) when the tip-sample interactifis) represents the dependence.gf.; on!. For small
force is attractive (repulsive). Thus, by observing thériations inl, M(s) can be approximated by a simple

effective resonant frequency the attractive and repulsi@@" @S 5
regimes of the interaction potential can be differentiated. M(s) =m* = % . 9)
The information aboutvr . is available in the power i

spectral density of the thermal noise response as a slifts) is the feedback control law actuating thenotion

in the peak position of the power spectrum. In this wokf the sample, via the control output, in an effort
this fact is utilized to control the tip-sample separation dp maintain the measured resonant frequengyat the
regulating the effective resonant frequency. One essenglgbired valuey,. n,, represents the noise in the frequency
requirement is that the cantilever spring constant be larggtimation. The effect of the drift processes is modeled
enough to avoid any jump-to-contact instabilities in thas a disturbancé in the sample position.

region of operatior(k 4k} > 0 for all I*). In order to maintain a constantthe control scheme
should be capable of compensating for the disturbances
[Il. CONTROL SCHEME: SYSTEMS VIEW d. Additionally, for good resolution the effect of the

frequency noisen,, on [ should be minimal. These

U : 1
' dependencies are expressed $s= {7 5 and
G o T = 1950, respectively.S is the sensitivity transfer
" d function that needs to be small in the frequency band
w . ¢+ +¢ where disturbances are present for good disturbance
—1©—> K > G, —:Q——:O——» rejection. 7" is the complementary_s_en_3|t|V|ty function
- T that needs to be small so as to minimize the effects of
Controller Ip-Sample ; ; ; ; ;
WRm Interaction Model ! noise. _ThereforeS is a measure of dl_sturbance rejection
andT is a measure of resolution. Since,
WR.e
T Ref M S(w) + T(w) = 1, (10)
+ . .
an Frequency Estimation T has to be large whef is small and vice-versa. The
_ . . closed loop bandwidtlB is defined as the frequency at
Fig. 3. A schematic block diagram of the closed loop which |S(w)| crosses -3 dB from below. Therefore, the

o ) ] controller K should be designed such that
Maintaining a constant tip-sample separation trans-

lates into a problem of regulating the effective res- SW)| < 1, w<wg (11a)

onant frequency of the cantilever at a desired value T(w) < 1, w>wr(=wp) (11b)
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wherewp = 27 B is the upper bound on the bandwidtlwhere wp = 2xB. This clearly illustrates the trade

of d. Hence, these transfer functions capture the classit between between bandwidth and resolution where a

trade off between bandwidth and resolution. small B will enhance the sensitivity and resolution as
Any other disturbance in the tip-sample forces that hasted in the previous section.

a bandwidth greater than the closed loop bandwidth of

the systemB, will not be acted upon by the controller V. EXPERIMENTAL RESULTS

and will potentially show up as a variation in the The thermal noise based non-contact mode operation

cantilever’s resonance. This is the principle behind thgas demonstrated in a variety of experiments few of

use of this technique to monitor variations in tip-samplghich are discussed below. The experiments are per-

interaction forces. Therefore, for imaging the controllébrmed on a Digital Instruments Multimode AFM in

should be designed such that the closed loop bandwidifabient environment. The signal processing for fre-

is intermediate to that of the disturbance and the imagig@ency estimation and the controller are implemented

signal. This work is in progress. on a TMS320C44 digital processing platform. Silicon
cantilevers with a nominaf) = 450,k = 1 N/m and
IV. RESOLUTION AND BANDWIDTH wp = 350 kHz were used. The sample surface was

freshly cleaved HOPG. The frequency estimates were

T icaeson, s o e smatest vl L S i v
P P P ' ensity prp ~ 600 Hz?/Hz. The observed noise in

by the noise in the tip-sample separation. The achieyzg . in cansor wagps = 1076 Hz?/Hz. For these
able vertical resolution is crucial to the success of the

. : . -experimental parameters the total theoretical lower limit
proposed method. It is, therefore, important to identi .
) . : S r the frequency noise calculated from Eq3?)(and
all the possible sources of noise which will limit th . 9 .
: . . . ?7?) is about400 Hz* /Hz. The observed frequency noise
resolution. The two major sources of vertical noise a

e ) o o
(1) fluctuations in sample position? and (2) thermal IS significantly higher due to the algorithmic deficiencies
z
fluctuations of the cantilever? .

in implementation that can be significantly improved in
N o future.
The noise in sample position is a consequence 0

the frequency noiser, being fed back in the control @ (b)
scheme. This frequency noise has three sources (1)15M%
thermal fluctuations of the cantilever, (2) noise in theﬁi 3
deflection sensor and (3) the noise in the frequency %
estimation method. The transfer function betwéemnd %
n,, from Figure 3 is %
K(s) P W (N O A N
e RO OTIO R © @
Eq. (8a) can therefore be rewritten as " = s .
G.(s)K(s) 5
M) = 13 G (o) M) B () ) T Cnlols) 4 i
(13) I
Recognizing %47 = =7, the power spectral """
density of dl(t), whenn,(t) and n(t) are statistically * rommesssasion(m | DR
independent, is given by
1 Fig. 4. (a) The effect of tip-sample forces on the cantilever's thermal

T2 Sos (W) +1G ()| S, (w). (14) noise response. The variation in (b) estimated resonant frequency
m*2‘ ( )| ww( ) ‘ 77( )| 7777( ) (14) (c) cantilever deflection with tip-sample separation. The calculated

Su(w) =
deflection peare = 2 [ A Eqn.(7)) for the f
where S, (w) andS,, (w) are the power spectral densjdefiection pea oy [ Awdl (see Ean.(7) for the frequency

) . changes observed in (b).
ties of n,(t) andn(t) respectively.

1 oo 2 _ 2
Observings [, |Gy (w)|” Syy(w)dw = o7, and sub- Figure 4(a) shows the observed changes in the thermal

stituting M (w) = m" the expression for vertical noise,gise response of the cantilever as it interacts with the
when the frequency estimates have a noise depsity.  gample. In Figure 4(b) the variation in the estimated can-
reduces to tilever's resonant frequency as a function of tip-sample

2 _ PFE 2 . . . .
or = m*2B+0m (15) separation during approach and retraction is shown. It
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is seen that the resonant frequency decreases duehtocontrol action counteracts the drift in the instrument.
the long range attractive tip-sample interactions. Th& approximately 1600 s into the experiment the step
strength of these attractive forces increases with a ddrange in the reference is introduced and the controller
creasing tip-sample separation. However, a similar effastable to track this change. As the reference is reduced,
is not observed in the deflection as seen in Figure 4(anplying a smaller desired tip-sample separation, the
This is because the maximum observable deflection (sEmtroller moves the sample towards the tip and is seen
Figure 4(c)) estimated to be approximately 4 pm is mu@s a small "spike” in Figure 5(d) at 1600 s. This control

smaller than the deflection sensitivity of the instrumeniction results in a reduction in tip-sample separation

at low bandwidths. as seen in Figure 5(e). The new reference is reached
in less than 1 s. As reasoned earlier, the variations in
@) (b) deflection in Figure 5(c) can be attributed to the drift

w
a
@

in the deflection sensor as the tip-sample forces are too
small to induce any perceivable change in the deflection.
This drift compensation indicates that the closed-loop
bandwidth of 1 Hz is larger than the bandwidth of the
drift processes in the system. Figure 5(f) shows that the
tip-sample distance of about 6.3 nm is maintained for
over 30 mins until the experiment was terminated.
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Fig. 5. Time history of (a) estimated frequency (b) control effort

and (c)_deflection while tracking a step change in reference _frequer'%_ 6. (a) Updated dependence of the resonant frequency the tip-
shown in (). The step response in (d) control effort and (€) tip-samplgy e separation. (b) Cantilever deflection as shown in Figure 4(c) as
separation. (f) Tip-sample separation just before tip-sample contaat. ith der Waal forder _ A
fit. A value of 10 nm is used for the tip radius and the thickness
The following experiment demonstrates the feasibili% the surface contamination is estimated tolpex~ 1.6 nm. (c)

i similar plot for the frequency changes in 6(a). The surface layer
of the proposed method to control the tip sample Se ickness is estimated d¢ ~ 4.9 nm yielding a true tip-sample

ration. In this experiment a step change is given to thgparation of about 1.5 nm throughout the experiment.
reference frequency. The cantilever resonant frequency

estimates, control signal and deflections are shown inlt is interesting to note that a separation of 6.3 nm
Figure 5(a), (b) and (c) respectively. In the initial stagefoesn't agree with the corresponding separation for a
of the control, the tip is not interacting with the sampleesonant frequency of 352.7 kHz in Figure 4(a). This
and the measured resonance is 353.6 kHz (see Hdiscrepancy can be attributed to the changes in the tip-
ure 5(a)), which is the free resonant frequency of tleample interactions due to the adsorption of moisture
cantilever. The controller, therefore, acts to move ttend other adsorbates in ambient air on the sample
sample towards the tip as seen in Figure 5(b). Onsarface during the long time duration- (1 hour) of the

the desired tip-sample separation is achieved, indicaexperiment. Therefore, a more accurate description of

by the resonant frequency being close to the referentip;sample interactions will be provided by the approach
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part of a force curve performed immediately after thg4] R. Eckert, S. Jeney, and J. K. Hokber, “Understanding in-
experiment. Figure 6 shows the current state of the tip- tercellular interactions and cell adhesion: Lessons from studies

. . . on protein-metal interactions,Cell Biol. Int, vol. 21, no. 11,
sample interactions and it can be seen that a resonant pp. 707, November 1997,

frequency of 352.7 kHz does indeed correspond to a tigs] A. Razatos, Y-L. Ong, M. M. Sharma, and G. Georgiou,
sample separation of about 6.3 nm. Therefore, it is more “Molecular determinants of bacterial adhesion monitored by

accurate to refer to the surface contamination as the sam- atomic force microscopy,Proc. Natl. Acad. Scj.vol. 95, pp.
11059, September 1998.

ple and the true tip-sample separation can be estimat%]l M. Stolz, D. Stoffler, U. Aebi, and C. Goldsbury, “Mon-
fitting a van der Waals type force to the observed force itoring biomolecular interactions by time-lapse atomic force

dependence on the tip-sample separation. Figure 6 shows microscopy,”J. Struct. Biologyvol. 131, pp. 171, 2000.

the cantilever deflections calculated from the observelfl M- Mondon, S. Berger, and C. Ziegler, "Scanning-force tech-
nigues to monitor time-dependent changes in topography and

frequency changes in Figs. 4(a) and 6(a). The fits yield ;ghesion force of proteins on surfaceaial. Bioanal. Chem.
a contamination layer thickness of 1.6 nm the beginning vol. 375, pp. 849, 2003.

of the experiment which has increased in thickness to 4[8] G. Meyer and N. M. Amer, “Novel optical approach to

L . atomic force microscopy [Appl. Phys. Lett. 53, 1045 (1988)],”
nm by the end. This gives a separation of about 1.5 nm Appl. Phys. Lett.vol. 53, no. 24, pp. 2400, 1988.

between the tip and the surface contamination throughoy#j p. Rugar, H. J. Mamin, R. Erlandsson, J. E. Stern, and B. D.
the experiment. In addition, a change of 0.7 nm in the Terris, “Force microscope using a fiber-optic displacement
tip-sample separation (see Figure 5(e)) induced by a step S€nsor. Rev. Sci. Instrumyol. 59, no. 11, pp. 2337, November

. ) 1988.
change in the reference correlates well with the changg] M. Radmacher, J. P. Cleveland, and P. K. Hansma, “Improve-

required for a reduction in the resonance from 353.2 kHz  ment of thermally induced bending of cantilevers used for afm,”
to 352.7 kHz (see Figure 6(a)). Scanning vol. 17, no. 2, pp. 117, 1995.
[11] M. B. Viani, T. E. Sclaffer, and A. Chand, “Small cantilevers
for force spectroscopy of single moleculed,”App. Phys.vol.

[12] F. J. Giessibl, H. Bielefeldt, S. Hembacher, and J. Mannhart,

A novel static non-contact mode of operation of AFM  “Calculation of the optimal imaging parameters for frequency

based on the thermal noise response of the cantilever modulation atomic force microscopy&ppl. Surf. Scj.vol. 140,
pp. 352, 1999.

has been demonstrated. In this approach Cantilevq5’§] F. J. Giessibl, S. Hembacher, H. Bielefeldt, and J. Mannhart,
thermal noise response is used to estimate the changes “Subatomic features on the silicon (111)(7) surface ob-

in its resonant frequency that is fed back for maintain- Sérved by atomic force microscopy,Science vol. 289, pp.

. . . . 422, July 2000.
ing the tip-sample separation. The model uncertamﬁﬁ] F. J. Giessibl, H. Bielefeldt, S. Hembacher, and J. Mannhart,

associated with the nonlinear tip-sample interactions and  “imaging of atomic orbitals with the atomic force microscope
the noisy frequency estimates necessitate the use of - Experiments and simulationsAnn. Phys. (Leipzig)vol. 10,
slow controllers. This feature enables this technique [:%05] pp. 887, 2001.

t

. . . Giessibl F. J., “Atomic force microscopy in ultrahigh vacuum,”
monitor and observe signals with a frequency content™ ;5,3 appl. Phys. Part hol. 33, no. 6B, pp. 3726, 1994.

intermediate to the closed loop bandwidth and the cgmé] M. V. Salapaka, H. S. Bergh, J. Lai, A. Majumdar, and
tilever resonant frequency. The experiments performed E. McFarland, “Multi-mode noise analysis of cantilevers for

. . o . - scanning probe microscopyyJ. App. Phys.vol. 81, no. 6, pp.
in ambient room conditions have achieved tip-sample 2480, March 1997.

separations as small as 1.5 nm for periods extending OM&M V. F. Pisarenko, “The retrieval of harmonics from a covariance
30 min. A better design of instrumentation and controlled function,” Geophysics. J. Roy. Astron. Soeol. 33, pp. 347,
experimental conditions promise improved performance = 1973 _ _ _

. [18] U. Durig, O. Ziger, and A. Stalder, “Interaction force detection
of this technology. in scanning probe microscopy: Methods and applications,”
J. App. Phys.vol. 72, no. 5, pp. 1778, September 1992.
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