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Thermally driven non-contact atomic force microscopy
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In this letter a thermally driven frequency modulated atomic force microscopy (FM-AFM)
technique is developed. Thermal fluctuations of the cantilever are employed to estimate the
cantilever’s equivalent resonant frequency. The corresponding cantilever oscillations are the
smallest possible at a given temperature. Related experiments that establish the feasibility of
thermally driven FM-AFM in ambient room conditions have achieved tip-sample separations less
than 2 nm with long term separation stability (>30 min). Employing this method a narrowband
250 Hz modulation of the tip-sample separation was detected with a vertical resolution of 0.25 A in
a 0.4 Hz bandwidth. The corresponding estimated force sensitivity is 7 fN. In all experiments the
cantilever tip was maintained in the attractive regime of the tip-sample interactions. This
demonstrates a thermally driven non-contact mode operation of AFM. It also provides a limits of
performance study of small amplitude FM-AFM methods. © 2005 American Institute of Physics.

[DOL: 10.1063/1.2037197]

In many studies a minimally invasive investigation of
extremely small and local forces at room temperature utiliz-
ing a micro-cantilever is of significant interest. Relevant ap-
plications include non-invasive detection of cell wall motion'
and single electron spin detection.” In such studies the detec-
tion of localized forces requires extremely small tip-sample
separations that have to be maintained for extended periods
of time. This requirement is either imposed by the time
scales of the dynamic process being studied or the need to
achieve the necessary sensitivity.

Classical non-contact methods with large amplitudes
(A=5-80 nm) suffer from limited sensitivity to short-range
forces and complex non-linear dependence of the resonance
shifts on the tip-sample force gradients. Small amplitudes in
the sub-Angstrom regime are recommended’ for improved
sensitivity to short-range forces and ease of data interpreta-
tion. For such small amplitudes cantilever’s resonance shift
due to conservative tip-sample forces is accurately given by
Awg = wg(k,/2k), where wg=wy\1-(1/4Q?) is the cantile-
ver’s resonance, wy and Q are the undamped resonant fre-
quency and quality factor of the cantilever, k, is the local
tip-sample force gradient and k is the cantilever’s stiffness.
Thus in small amplitude dynamic AFM methods data inter-
pretation is straightforward. Small amplitude on-resonance
amplitude modulation (AM)4 and off-resonance AM>~® meth-
ods have been successfully demonstrated. Frequency modu-
lation (FM) experiments’ with 2.8 nm amplitudes in UHV
have demonstrated atomic resolution of Si(111)-(7 X7) sur-
face at room temperature. However, amplitudes employed
in’ are still an order of magnitude larger than desirable. FM-
AFM studies'® with sub-nanometer amplitudes (=8 A) and
extremely stiff (k=1800 N/m) cantilevers in UHV have im-
aged the subatomic features on the Si(111)-(7 X 7) surface.
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Small amplitude methods require stiff cantilevers to avoid
the jump-to-contact instability. At room temperature on-
resonance small amplitude methods suffer from the opera-
tional difficulties of providing a stable small amplitude
drive."" This issue is further aggravated in FM methods
where the thermal vibrations corrupt the positive feedback
drive. Off-resonance AM techniques or use of low Q canti-
levers alleviate the problem of small drives while compro-
mising the resonant enhancement to sensitivity. Stiffer
cantilevers'® also address the challenge of small drives but
result in lower sensitivity.

This letter presents the thermally driven non-contact
AFM method that falls in the small amplitude FM-AFM cat-
egory. This FM method exploits12 the thermal forcing of the
cantilever, thereby obviating the external positive feedback
excitation. Furthermore, the amplitudes realized in thermally
driven FM-AFM are that of the thermal fluctuations of the
cantilever and hence the smallest possible at a given tem-
perature. Additionally, the broadband nature of the thermal
forcing can potentially yield information at frequencies away
from resonance. In FM-AFM the thermal limit to the mini-

mum detectable frequency shift'"® is dw=kzTBw,/k(A1)O,
where kg, T, and B are the Boltzmann constant, temperature
and bandwidth respectively. With smaller amplitudes the fre-
quency noise increases and in the limiting case ({(A%)
~kgT/k), the frequency noise is dw=\wyB/Q. In such a
case the temperature independence of frequency noise is po-
tentially useful for applications requiring elevated tempera-
tures. For the experiments reported in this letter with 7T
=300 K, Q=450, k=1 N/m, wy=2m-350%10%rad/s the
rms amplitude is (A2)2~0.64 A and the theoretical fre-
quency noise density is 489 Hz?>/Hz. Such fundamentally
large noise densities necessitate much smaller bandwidths
compared to driven dynamic methods where the frequency
noise is reduced by operating at low temperatures and/or
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with higher amplitudes. Stiffer cantilevers lead to smaller
noise densities, however, the signal-to-noise ratio (SNR)
Awg! dw= (k,/2)\/Qwy(A%)/ kBkyT decreases with stiffness
for a given amplitude and temperature. Therefore as long as
k+k;>0, it is advantageous to use a softer cantilever. Ther-
mally driven FM-AFM enables the FM operation with small-
est possible amplitudes at room temperature while employ-
ing cantilevers stiff enough to ensure mechanical stability.
This is achieved by compromising bandwidth.

In thermally driven FM-AFM the information about the
conservative and dissipative tip-sample interactions is avail-
able in the power spectrum of the cantilever’s thermal fluc-
tuations as the changes in the position and width of the spec-
tral peak. A change in the effective resonant frequency
wp off (=wg+Awg), induced by the tip-sample interactions, is
indicated by a shift in the peak position. For a high Q can-
tilever, the thermal noise response is assumed to be a single
sinusoid in white noise. The frequency of this sinusoid, cor-
responding to the effective resonant frequency of the canti-
lever, is estimated by Pisarenko harmonic de:composition.14

The estimated frequency is fed back to the controller that
compensates for the disturbances to maintain a desired effec-

(@)

tive resonant frequency. Consequently, the tip-sample sepa-
ration [ is controlled. The controller rejects disturbances that
have a signal bandwidth less than the closed loop bandwidth.
However, disturbances with frequency content greater than
the closed loop bandwidth appear as changes in the cantile-
ver’s equivalent resonance frequency. The disturbances com-
prise of an undesirable part such as the drift effects that are
slow and a desirable signal such as the changes in tip-sample
forces. The controller is designed such that the closed loop
serves to compensate for the effects of drift while recording
the imaging signal in open loop. Therefore, this technique is
particularly suited for room temperature applications where
drift compensation is crucial and the changes in the tip-
sample forces are persistent.

The thermal noise based non-contact mode operation
was demonstrated in a variety of experiments few of which
are discussed below. The experiments were performed on a
digital instruments multimode AFM in ambient environment.
Silicon cantilevers were used with freshly cleaved HOPG
surface. The frequency noise density is =600 Hz>/Hz that is
near the theoretical limit of =490 Hz?/Hz calculated assum-
ing only thermal noise is the source of frequency estimation
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FIG. 3. Power spectral densities (in db) of the
changes in the (a) resonant frequency (b) canti-
lever deflection for different amplitude modula-
tions of the tip-sample separation / at 250 Hz.
Higher sensitivity of cantilever’s resonance to
tip-sample forces is evident in (a) where modu-
lations in / as small as 0.25 A are detected. In
comparison deflection signal does not register
the modulations in / until the modulation ampli-
tude is 1 A.
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error. The noise in the deflection sensor closes the gap even
further. Thus the sensitivities achieved in the following ex-
periments are reasonably close to the theoretical limits. In
Fig. 1(b) it is seen that the resonant frequency decreases with
decreasing tip-sample separation indicating increasing
strength of attractive forces. A slight widening of the peak is
also observed indicating an increased dissipation closer to
the sample surface. The tip-sample forces cannot be detected
by deflection as the maximum observable deflection (see in-
set in Fig. 1) is estimated to be approximately 4 pm that is
much smaller than the deflection sensitivity of the instrument
of =1 A at low bandwidths.

The following experiment demonstrates the feasibility of
the proposed method to control the tip-sample separation for
extended time periods. The natural resonant frequency of the
cantilever and the reference frequency to be tracked by the
controller are 353.6 and 352.7 kHz, respectively [see Fig.
2(a)]. Once the desired tip-sample separation is achieved,
indicated by the resonant frequency being close to the refer-
ence, the control action counteracts the drift in the instru-
ment. The closed loop bandwidth, estimated to be about
1.4 Hz is sufficient for drift compensation. At approximately
1600 s into the experiment the step change in the reference is
introduced. It is evident from Fig. 2(a) that the controller is
able to track this change. As the reference frequency is re-
duced, implying a smaller desired tip-sample separation, the
controller moves the sample towards the tip. This is seen as
a small “jump” in the control effort [see Fig. 2(c)] at 1600 s.
The new setpoint is reached in less than 1 s. As reasoned
earlier, the variations in deflection in inset of Fig. 2(b) can be
attributed to the drift in the deflection sensor as the tip-
sample forces are too small to induce any perceivable change
in the deflection.

At the end of the experiment the updated resonant fre-
quency versus tip-sample distance is shown in Fig. 2(d).
Note that the estimated separation of about 6.3 nm at
352.7 kHz is greater than the corresponding separation in
Fig. 1(b). This discrepancy is attributed to the changes in the
separation between the tip and HOPG surface due to the
accumulation of adsorbates during the long duration of the
experiment. True tip-sample separation is estimated by fitting
a van der Waals type force to the observed force dependence
on the tip-sample separation [see the inset in Fig. 2(d)]. The
fits estimate the adsorbed layer thickness to increase from
1.6 to 4.9 nm during the experiment (2 nm thick layer was
reported15 at low humidities). This gives a separation of ap-
proximately 1.4 nm between the tip and adsorbed layer for
30 min.

Figure 3 demonstrates the non-contact imaging capabil-
ity of this method where the sample position is modulated by
0.125-2 A, 250 Hz sinusoids. The modulation frequency is

245 250
Frequency (Hz)

255 260 265

far above the closed-loop bandwidth of 1.4 Hz and thus the
controller does not counteract the sample modulations. The
controller, by effectively compensating for drift, tracks a ref-
erence frequency of 353.2 kHz that is less than the cantile-
ver’s natural resonance implying non-contact mode opera-
tion. The tip-HOPG surface separation is estimated to be
approximately 4.2 nm. It is evident from the peaks of the
power spectra in Fig. 3(a) that modulations as small as
0.25 A are detectable by monitoring the cantilever’s effec-
tive resonance. The peak width of the spectrum for 0.25 A
oscillations in Fig. 3(a) is approximately 0.4 Hz and the rms
change in the resonant frequency dwy estimated from the
area under the peak is 35 Hz. Thus the force sensitivity
SF [=(2k/ wg) Swrdl] is 7 N. The deflection signal does not
register the sample movement [see Fig. 3(b)] until the modu-
lations are as large as 1 A. Thus the vertical resolution of
resonant frequency is at least 4 times better than the vertical
resolution of the deflection.

In this letter, a novel thermally driven non-contact mode
of AFM operation is demonstrated. This FM method utilizes
the thermal vibrations of the cantilever for non-contact mode
operation with the smallest possible amplitude at a given
temperature. This technique, therefore, is the limiting case of
small amplitude FM-AFM methods.
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