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Transient-signal-based sample-detection in atomic force microscopy
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In typical dynamic mode operation of atomic force microscopes, steady state signals like amplitude
and phase are used for detection and imaging of material. In these methods, the resolution and
bandwidth are dictated by the quality facta@) of the cantilever. In this letter, we present a
methodology that exploits the deflection signal during the transient of the cantilever motion. The
principle overcomes the fundamental limitations on the trade off between resolution and bandwidth
present in existing methods and makes it independent of the quality factor. Experimental results
provided corroborate the theoretical development2@3 American Institute of Physics.
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Atomic force microscopés(AFMSs) utilize a cantilever  cantilever-tip position §) and velocity ¢ =p), the quality
to image and manipulate sample properties at the atomifactor, the first resonant frequency, the thermal-noise, exter-
scale. The dynamic mode of operati(where the cantilever nal forces acting on the cantilever, the deflection signal, and
is oscillated near its first resonance frequency and théhe measuremeriphotodiodé noise, respectively. The can-
changes in the cantilever oscillations are monitored to infetilever model described earlier can be identified precisely
sample propertigds an attractive mode of imaging primarily using the thermal-noise resporfs@he cantilever can be
due to its gentle nature on the samplie this mode of op-  imagined to be a system that takes in the thermal-ngijsie
eration, cantilevers with high quality factors are employeddither signalg, the tip-sample interaction forcé(x) as in-
essentially for high resolution. However, due to high qualityputs(in which casen= ¢+ ), and produces the photodiode
factor, the settling time is large, that constrains the steadgignaly as the output.
state signal(like the demodulated amplitude and phase The transient signal based detection method relies on the
based methods to have a small bandwidth. Using acve construction of an observésee Fig. 1 that provides an es-
control the bandwidth or the resolution can be incredsed; timate of the stat& of the cantilever. The observer dynamics
however, the trade off between bandwidth and resolution reis given by
mains inherent. The existing methods do not utilize the can- . R R R o
tilever model and do not exploit the deflection signal during ~ X=AX+Bg+L(y=y); X(0)=%, ¥y=CX @
the transient state of the cantilever. and associated state estimation erfe=k—X) dynamics is

In this letter we present a principle that harnesses thgjven by
transient part of the cantilever dynamics. As in steady state
methods, high quality factors result in high resolution; how- ~ X=(A—LC)X+Bn—Lv; X(0)=x(0)—%(0). (3
ever, in the method presented, the bandwidth is largely inde-  The gbserver mimics the dynamics of the cantilever
pendent of the quality facto and is determined by the [given in Eq.(1)]. It utilizes a correcting termy whereL is
resonant frequency of the cantilever. As is seen later it alSghe gain of the observer afjd=y—§=CX:=e is the error in
provides advantages with respect to resolution; particularhystimating the deflection signal. The erfobetween the es-
of events that have very small time scales. timated state and the actual state of the cantilever, when

When the cantilever is forced sinusoidally at its first g nojse terms are preseng£v=0) is only due to the

resonance frequency, its dynamic response is well describgdismatch in the initial state of the observer and the cantile-
by the first mode model given by

& = AZ+Bg+L(y—9)
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1 FIG. 1. The observer estimates the state t& bepresence of thermal noise

n and measurement noige The actual state ig. By a choice of the ob-
where x=[p v]", Q, wo, 7 W, y, and v denote the server gairL the errore in the state estimate goes to zero when the canti-
lever is freely oscillating. When the cantilever is subjected to the sample
force ¢, its dynamics is altered whereas the observer dynamics remains the
3E|ectronic mail: murti@iastate.edu same. This is registered as a nonzero value in the error
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ver[see Eq(3)]. The errofx goes to zero when the real part SNRy, (in the error signak) due to thermal noise increase
of all the eigenvalues of the matriA( LC) are negative. and the signal to noise ratio S)yRlue to photodiode noise
Since the pairf,C) is it observabldor the cantilever model decreases. Therefore, the bandwidth constraint in the detec-
(i.e., rank(A CA]")=2 when a second order model is as- tion scheme is mainly imposed by the measurement noise. It
sumed the eigenvalues of the matrix—LC can be placed is evident that a desired trade off between signal to noise
anywhere by appropriately choosihg’ Thus, the error sig- ratio and bandwidth can be obtained by an appropriate
nal e due to initial condition mismatch can be reduced tochoice ofl; andl, that is independent . This provides
zero and in principle arbitrarily fast by suitably choosing  considerable flexibility when compared to existing steady
When there is a change in the tip-sample interaction the carstate methods whef@ determines the bandwidth. For typical
tilever dynamics is effected. This introduces an error incantilever parameters and ambient conditions, the Kalman
tracking which evolves according to the cantilever-observedesign yields a bandwidiB> w,/Q and the innovation pro-
dynamics as given by E@3). Also, when the change in the cess carrying the signature of tip-sample interaction has a
tip-sample potential persists, the observer by utilizing its in-zero mean and white component. Note that the observer gain
put y may track the altered cantilever state. It can also bé; can be chosen large enough so that the cantilever state is
shown that in the presence of noise sourgesidv the error  tracked within a couple of cycles of the dither forcing. This
signal e is a zero-mean stationary process. Thus, the errashows that the optimal bandwidth is primarily dictated by the
signal shows the signature of the change in the tip-sampleesonant frequency, of the cantilever.

behavior(buried in nois¢ immediately after the change is The sample detection problem is formulated by consid-
introduced. The erroe may recover its zero mean nature ering a discretized model of the cantilevgiven in Eq.(1)]

even when the interaction change persists. This is in contrasind the impact model for the tip-sample interaction, as de-
to the steady state methods where the information is availscribed by

able not in the initial part but after the cantilever has come to

a steady state. The Kalman obsefvean be employed for X(i+1)=Fx(i)+Gg(i) + Gy 7(i) + 8pi+1v,

optima}l tracki_ng in which case the error prqcéalso_ known y(i)=Hx(i)+v(i):i=0, ©6)
as theinnovation has zero mean and is white during perfect
tracking. where 6; ; denotes the dirac delta functiow, denotes the

The error profile due to a tip-sample interaction changdime instant when the tip-sample impact occurs argigni-
can be better characterized if a model of the effect of thdies the magnitude of the impact. It is assumed that the ther-
tip-sample interaction change on the cantilever-motion ignal noise and the photodiode noise are white and uncorre-
available. We assume that the sample’s influence on the catated. As indicated before, given this statistics, the optimal
tilever tip is approximated by an impact condition where theobserver is a Kalman obsenfeivith an observer having
tip-position and velocity instantaneously assume a new valugain K (the discrete-time equivalent df), the innovation
(equivalent to resetting to a different initial conditioThis  sequence(i) is given by®°
is satisfied in most typical operations because in the dynamic o W
mode, the time spent by the tip under the sample’s influence  &(1) =Y (i:0)v+e"(i), (@)
is negligible compared to the time it spends outside the samyhere Y (i;0)=[H; H(F—KH); ... H(F—KH)~?] and
ple’s influence The assumption is also corroborated by ex-g¥(j) is the innovation sequence wher=0. Y(i:6) is a

perimental results provided later. dynamic profile with unknown arrival time. When there is
The error dynamic§characterized in the Laplace do- g change in tip-sample interactigine., »=0) the innova-
main from Eq.(3)] is given by tion sequence has zero mean and is wiité/hen there is a
®o ®o change in tip-sample interaction the innovation sequence be-
77(5)+(32+ —s+ w(z) v(s)+| s+ —=|vit+r, comes nonwhite and is sum of a zero mean and white se-
e(s)= Q Q , quencee”(i) andY (i;#) v with # and v unknown.
n ﬂﬂl s+(w§+l2+ ﬂll) _ Thu_s, the objective of detecting a change in t|p-sampl_e
Q Q interaction is translated to the task of detecting the dynamic

4 profile Y (i; 6) v in a zero mean white sequence. This prob-

where (;, v,)7 is the initial condition reset due to change /€M can be cast in hypothesis testing framework as
in tip-sample interaction and= (I, 1,)" is the gain of the

observer that must satisfy the stability criteridifwo/Q) Ho:Yi=e"(i), i=12,..,n,
+1,]1>0 and[ w2+ (0o/Q) 1 +1,]>0. (8)
From Eg.(4) it can be seen that the tracking bandwidth HitYi=Y(i;0)v+e"i), i=1,2,..n,

is characterized by

wo where the observed da¥a=e(i) is the innovation sequence.

Boc—+1;. (5)  The dynamic profile is detected by using a likelihood ratio
Q test®!!and a decision signal is obtained.
Since the choice of the gain terhy is independent of the The advantages of the methodology are well demon-
quality factorQ, the tracking bandwidth of the observer is strated in the following experiment performed using a Digi-
effectively decoupled fron®. tal Instruments multimode AFM. A cantilever with first reso-

From Eq.(4), it can be shown that with increasing values nance frequencyy=70.1 kHz and quality factoQ=180

of I, andl,, the bandwidttB and the signal to noise ratio was forced aff, to an amplitude of 80 nm. A 0.5 V pulse
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FIG. 3. (a) The dynamic profile buried in innovation sequenés), the
FIG. 2. Cantilever-tip deflection data with respect to approximate samplennovation sequencel) likelihood ratio, (d) sample profile, ande) the
position is shown. Note that from the amplitude profile of the deflection detection signal are shown when the cantilever is probing the sample during
signal the four peaks in the sample profile are not discernible. its transient state. The four peaks are detected by the appearance of dynamic
profile in the innovation sequence and it being captured by likelihood ratio

train having 1 ms time period and duty cycle of 50% was?® S"oWn by the detection signal.

applied to the piezoscanner holding an highly oriented pyro- . L . o
lytic graphite sample. Each pulse applied to the piezo gene 1amic proﬂle is detected in 23.945 (~2/f, S). of its incep-
ated a sample profilesee Fig. 2 having four peaks separated tion (with threshold 6:01681‘3 corres_pondmg 0 a false
by approximately 10Qus. The sample was brought close to alarrrol rate of .P.F:O'lﬂ) anq detection probabilityPp
the cantilever so that the tip would interact with the four:90/0 for a minimum step size to deteet=0.25 nm). To

peaks in the sample profile. Since the settling time of theEnsure at least one hit with cantilever the sample has to be
cantilever is in the order oQ/fy~2.57 ms, the cantilever present for more than 1 cycle §3/s) of the cantilever os-
’ cillation. A good estimate of the bandwidth if/4 Hz

was interacting with the peaks in the sample profile during: 17.5 kHz. The experiment demonstrates a detection band-

its transient state and it never recovered the steady state dur- A )
y width ~10 kHz. This is considerably large as compared to

ing the experiment. From the amplitude profile of the deflec- _ ; ) .
tion signal(see Fig. 2, it is not possible to detect the four the cantilever's natural bandwidth as determinedfgyQ

peaks in the sample profile. Since the steady state data bafgdggo Hz. Note that high quality factor of the cantilever

signals are slowly varying, it can be argued that correspon does not limit the bandwidth in the proposed scheme. It is

ing methods fail to detect the high bandwidth contemmhall ?V'dtﬁni ftrgm thet!rnovaltmtn se?uence _S]ncihthe I|kekl|ho_odtkr]a—
time scalg profiles in the sample in similar situations that 10 that the cantiiever interactions wi € peaks in the

may arise during scanning. sample profile are not uniform. However, by feeding back

Observe that the peaks are easily discernible in the innot-hed ?ﬁmc’dutl."i‘ted zatﬂjpl!tude S|gnag to ftfhet_salmplgdposmc;ner
vation sequencgsee Fig. 8)]. When the cantilever is not and the cantilever this ISsue can be efiectively addressed.
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