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Abstract

We study small (less than 10 um in length) high-frequency (greater than:1 MHz) cantilevers
specially designed to be operated in high-speed atomic force microscopes forthey
visualization of biomolecular processes. The frequency responses of the first three flexural
eigenmodes are investigated for the modified geometries. It'is found that the/Q-factors can be
significantly altered in the desired way by reengineering the cantilever geometry without
affecting its main operational parameters, such as the spring constantand the resonance
frequency of the first flexural eigenmode, in the air environment..In addition, the higher-order
flexural resonances can be moved away from the fundamentaliresonance with these
geometrical modifications. The Q-factors in liquid, on the:ether hand, do not show a
significant difference due to high viscous damping of the medium. Regular cantilevers
modified by focused ion beam are used to demonstrate the validity of the finite element

simulation model.

Keywords: atomic force microscopy, small hng—frequency cantilever, flexural eigenmode, resonance frequency, Q-factor

1. Introduction

In life sciences, high-speed atomic force microscopy (HS-
AFM) is now widely accepted as a dynamic event visualizer
for numerous biological samples-and processes, such as live
cells, molecular machines, ATPases, »proteins, enzymatic
reactions, DNA-protein interactions, etc. [1-4]. HS-AFM’s
unique ability to observe surface topography of the samples
with molecular resolution makes it a prominent tool in
nanoscale measurements.[5-7].

The cantilever isan indispensable and integral part of the
HS-AFM." Cantilevers with a variety of shapes in different
dimensions aresnew available with the advancement of the
microfabrication technologies. The rectangular cantilevers are
commonlyemployed in tapping-mode AFM experiments.

XXXX-XXXX/ XX/ XXXXXX

These cantilevers typically have a length greater than 100 um,
a width greater than 20 um, and a thickness greater than 1 um.
These dimensional constraints mainly arise from the
limitations of the conventional AFM systems and their
implications on the tip-sample interaction. The dimensions of
the cantilever determine its spring constant and the resonance
frequency. Therefore, an AFM system, which has a certain
measurement bandwidth and laser spot size, can only utilize
cantilevers that reside in an appropriate range of dimensions.
In an HS-AFM system, the cantilever size has to be
minimized since this is the only way of obtaining high
resonance frequency and low spring constant at the same time.
The quality factor (Q-factor) of the cantilever is one other
parameter that plays a vital role in the applied forces on the
sample and the imaging speed. The Q-factor also depends on
the cantilever dimensions and the operating environment by
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means of various damping factors. In an HS-AFM imaging
experiment, if the sample is scanned in air e.g., it may be
desirable to have a Q-factor lower than the typically measured
values to increase the speed at the expense of increased tip-
sample forces, while it is desired to be higher than the typically
measured values to increase the force sensitivity for biological
specimens in liquid environment at the expense of decreased
scan speed. Due to its strong influence on the operation of the
AFM, the Q-control technique has been developed to improve
the scan speed, but, this method requires additional electronics
[8-11].

In the recently proposed fast actuation method [12,13], e.g.,
it is desired to have a low Q-factor for the fundamental
eigenmode and high Q-factors for the higher eigenmodes.
Also, an increased separation of fundamental and higher
eigenmode resonances improves the quality of the acquired
topography in this method. On the other hand, in a usual AFM
experiment, it is better to suppress the higher eigenmodes to
improve the image quality [14]. Furthermore, in
multifrequency AFM [15-22] and mass sensing [23-25]
applications, manipulating the frequency response of the
cantilever could become useful.

The presented work concentrates on understanding the
effects of geometrical modifications on the frequency
response of small high-frequency AFM cantilevers in both air
and liquid environments via finite element simulations. The
target cantilever chosen in this study has been used in the
state-of-the-art HS-AFM [4,26] to observe biomolecules at
both high frame rates and low applied forces. The
significances of these modifications and their_ possible
implications on the HS-AFM operation are evaluated. This
analysis allows us to reengineer the cantilever to alter.the
frequency response of it in the desired way.

2. Model

The cantilever probs the sample in \air or ‘liquid
environments as shown in Fig. Ll«The, surrounding
environment has a subtle influence on/ the- resonance
frequencies and Q-factors of the flexural €igenmodes of the
cantilever. At an equilibrium »pressure nof<1 atm and
temperature of 293 K, the density and,dynamic viscosity are
taken as 1.2 kg/m® and 18x10°® Pa:s\for-air; and 1x10° kg/m?
and 1x107 Pa-s for water, respectively.

The simulation model has te accurately take into account
all the geometrical and physical features of the HS-AFM
system. The cantilever deflection’is assumed to be measured
by the optical beam deflection technique, which puts a lower
limit on the cantilever width.”As seen in the figure, there is a
gap (Drs) between the free end of the cantilever and the
sample surface;.corresponding to the tip height. Also, an angle
(6) is present to assure that only the tip interacts with the
sample.

Air or Liquid

N\

Figure 1. Close-up view of tip=sampleiinteraction in a typical
HS-AFM experiment.

In the simulated model (shawn.in Fg. 2), the cantilever
beam and the substrate materialsare chosen to be Silicon with
Young’s modulus/of 170 GPa,/Poisson’s ratio of 0.28, and
density of 2330 kg/m»Thécantilever is fixed at one end,
while the substrate is fixed on all sides. In the model, D¢ and
0 are chosen.to be 2,um and 10°, respectively.

Air or Liquid
Enyironment

free end

symmetry planes
I:l Thermoacoustics layer

| Pressure Acoustics layer

Figure 2. Model geometry.

“ Dimensions not to scale

When the cantilever beam operates in a vacuum
environment, only intrinsic losses [27,28] Q;,, * are in effect.

Intrinsic losses may include coating 10ss [29] Q pq: * due to
thin film coating on the cantilever, thermoelastic damping

[30,31] Qrgp “due to coupling of strain to temperature,

anchor loss [32,33] Q i~ *due to diffusion of elastic waves
into the support structure, and viscoelastic damping [34]

Quep " due to loss modulus of cantilever material. If the
cantilever is immersed in air or liquid, as in usual tapping-
mode experiments, external losses Q,,, ' becomes a
dominant factor. The external losses consist of the squeeze
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film effect [35-37] quz‘1 due to a nearby surface, acoustic
losses [38,39] Q,., " due to acoustic waves generated by the
vibrational motion of the cantilever, and viscous losses [40-
48] Qe * due to viscous forces acting on the cantilever
oscillating in the fluid. Therefore, the total loss Q1 is
obtained by

Q™! =\QVED_1 + Qunier 4 Qeoar — + QTED_j
Y—1
Qint
+ quz_1 + Qaco_1 + Qvisc_1
g J

Y
Qext " €))

In this study, only the external damping factors are taken into
account by assuming that the internal damping factors are
negligible.

The cantilever and the substrate are both modeled as a
linear elastic material in solid mechanics interface, and the
surrounding fluid is modeled by using the thermoacoustics
interface. The thermoacoustics interface solves the full
linearized Navier-Stokes, energy and continuity equations for
the propagation of compressible linear waves in a viscous
fluid. The pressure acoustics layer is used for the propagation
of acoustic waves and its outer boundary is terminated with
spherical wave radiation condition. The radius of inner layer
(Dr,) is about 5 times the length of the cantilevers under
study, while the overall radius of the environment (D;, +
Dp,) is kept at 50 pm. The symmetry planes of the 3D
simulation model are indicated in Fig. 2. The finite element
analysis software package, COMSOL Multiphysics®,
combines the aforementioned physics 4 interfaces via
multiphysics couplings, i.e., the acoustic-thermoacoustic and
thermoacoustic-structure boundary couplings.

The eigenfrequency analysis was carried/out to determine
the resonance frequencies and the Q-factors. for flexural
eigenmodes. In this analysis, the real jpart of the computed
eigenvalue is the damped resonance frequency and the
imaginary part is related to the damping. We picked the
highest Q-factor corresponding to the lowest imaginary part
amongst the multiple computedsresults for each eigenmode.

3. Simulation Results

We first simulated assmall rectangular beam with different
dimensions. Here, the target cantilever is.chosen to be the one
used by Ando and co-workers in/the state-of-the-art HS-AFM
system [26] to visualize "the biological molecules in
physiological (solutions. The fundamental eigenmode
resonance frequencies in.air and water, spring constant, and
Q-factor in water for.this 6-7 pm long, 2 um wide, and 90 nm
thick small rectangular cantilever (custom-made by Olympus)
are specified to be’3.5 MHz, 1.2 MHz, 0.2 N/m, and ~2,

respectively [49]. We compared three rectangular beams
which have dimensions close to those of the target cantilever
in air and liquid environments. A fair evaluation requires that
both the spring constant and the resonance frequency of the
fundamental eigenmode to be the same for all the cantilevers,
because, these two parameters directly affectsthe scan,speed
and the forces applied to the sample. Since the cantilever
dimensions have effects on these parameters as well as the Q-
factors, the comparison of cantilevers that have/different
fundamental eigenmode spring constant and ‘resonance
frequency is not meaningful.

There are other constraints on the dimensions of the small
cantilevers. First of all, the laser spot size in the state-of-the-
art systems is about 1-2 jum. Additionally, the cantilever
vibration amplitude is limited by the length of the beam.
Therefore, there are going to_be some lower bounds for the
width and length of the beam, taken as 1.5 um and 5 um,
respectively. Thedithickness, length, and width of each
rectangular beam are selected such that the fundamental
eigenmode resonance frequency in air (f1) is 5 MHz (= 2%).
These selections result in‘a spring constant (k) of 0.9 N/m (+
1%) and a resonance frequency of 1.5 MHz (+ 2%) in liquid
(fn).

The.simulation results of the Q-factors for the first three
flexural eigenmodes (Qa-3) in air environment are listed in
Table 1. The thickest cantilever with the lowest surface area
has the highest Q-factors. As can be seen here, there is not
enough room to play with the dimensions since the first and
third.rectangular beam (Crect: and Crects) dimensions have
already reached to the lower bounds of the length and the
width, respectively. In agreement with the analytically
expected values, the ratio of the second to first (f2/f;) and third
to first (fa/f1) flexural eigenmode resonance frequencies are
found to be 6.3 and 17.8, respectively.

Table 1. The Q-factors for the first three flexural eigenmodes
of small rectangular cantilevers in air environment.

5.5 2.6 0.11 43 111 129
6.0 2.0 0.13 49 118 140
6.7 1.5 0.16 59 141 180

Next we studied the effects of basic modifications such as
adding and removing a mass at both the fixed and the free ends
of the cantilever. Figure 3 shows the locations of these holes
and additional masses (Si) on the rectangular beam (Crects).
Here, CrecTs is chosen as the reference cantilever since it
yields the maximum Q-factor amongst the three. The
diameters of these holes and additional masses are 1 um, and
the thickness of the additional masses is equal to 0.16 pum, the
original beam thickness.

The aim of adding a mass to the fixed end (Capp-1-fixed) iS t0
increase the beam stiffness without significantly changing its
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effective mass. Compared to Crecrs, this results in higher Q-
factors and resonance frequencies for all three flexural
eigenmodes as expected. On the contrary, subtracting a mass
on the same spot (CsusT-1-fixed) Can be utilized to obtain the
opposite effect. By adding a mass to the free end (Capp-1-free),
on the other hand, it is aimed to increase the effective mass

CADD—l-fixed CADD-l-free
i
| @
: Q=66 " 0,=67
! 0,=173 : 0,=167
i Q;=195 : 0;=192
1 1
i f1=5.9 MHz : 1 =4.5 MHz
1 ]
i f2=33.7MHz i f2=30.5 MHz
1
g f:=89.3 MHz i f3=88.6 MHz
1
T‘TT%T‘T‘
k=1.14 N/m k=0.89 N/m

without significantly disturbing the beam stiffness. This
simple modification results in higher Q-factors, but, lower
resonance frequencies for all three flexural eigenmodes.
Similarly, subtracting a mass on the same location (CsusT-1-
free) Causes the opposite effect. The exceptions to these results
are f3 of CsupT-1-free and Q2 Of CsupT-1-fixed aNA:CsuBT-1-free.

CSUBT-l-fixed CSUBT-l-free

: B
i Q=47 i Q=50
' Q.= 165 \ 0,= 144
i =178 . 0,= 176
fi=3.8 MHz ; fi=5.7 Mz
i f.=28.8 MHz i f»=33.2 MHz
E f3=84.9MHz - E f3=86.3 MHz
ISSNESS< —_—
J=0.6 N/m k=087 N/m

Figure 3. Changing the Q-factors via simple addition and subtraction of masses from fixed and free ends of the rectangular
cantilever. Adding a mass to the fixed (Capp-1-fixed) and free (Capp-1-free) €nds. Subtracting amass from the fixed (CsusT-1-fixed)
and free (CsusT-1-free) €nds. The vertical lines indicate the center of the beam_and the:location of the symmetry plane.

Once the significance of simple addition and removal of
material from certain locations of the beam was understood,
we concentrated on the combinations of these modifications.
These include both addition and removal of materialat
different spots on the rectangular beam. Figure 4 presents the
simulation results in air just for four of them. In this figure,
Capp-s is the one on which there are 5 equally distanced added
masses which have the same thickness and diameter. of the
mass on Capp-1-fixed. Likewise, CsusT-5 iS obtained by opening
5 holes on the same spots. Here, the changes,in the Q-factors
are more pronounced and in the expected directions, but, the
deviations from the reference spring constant are higher.

k=0.9N/m k=1.66 N‘m k=1.12 N/m,

-
=
-
“
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Figure 4. Comparison of the Q-factors of the first three
flexural eigenmodes of the modified cantilevers with the ones
obtained for the original rectangular beam (Crects).

k=0.4N/m k=10.6 N/m
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The.effects of adding and removing material on the special
positions, suchyas high-amplitude locations of the third
flexural eigenmode shape of the original rectangular beam
(Cappzand CsusT-3), Were also investigated. The change in the
Q-factors for Capp-s are less distinct compared to Capp-s, but,
the spring constant is closer to the reference value. There is a
similarsituation between Csust-s and Csust-s as well. f2/f and
f3ff; do not deviate much from the original value for Capp-s
and CsusTs, but, they are found to be 6.0 (Csuet-3) and 6.6
(Cabp-3); 16.3 (Csust-3) and 19.8 (Cabb-3), respectively.

To increase the variation in the Q-factors further, advanced
approaches have to be resorted, such as reshaping the original
rectangular beam. In Fig. 5, we see two examples of reshaped
cantilevers in order to increase (Cinc-q) and decrease (Cpec-Q)
the Q-factor. In the design of Cinc-q, we aimed to increase the
mass at the free end of the cantilever, the mass in the mid
section of the beam and the surface area are minimized, while
the fixed end thickness is adjusted to keep the stiffness close
to the reference level. In this design, the fixed and free ends
are square in shape with a side length of 1.5 um (the width of
CrecTs), while the mid connecting region is 3.7 um in length
and only 50 nm in width. Here, the lowest possible width is
assumed to be limited by the fabrication technology. The
thickness is uniform throughout the cantilever and it is chosen
to be 0.55 pum. The fundamental eigenmode Q-factor of Cinc-
o is seen to be more than double of that of the reference
cantilever, although their spring constants are close to each
other.

Page 4 of 8
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The design of Cpec-q, on the other hand, was done to
minimize the Q-factor as much as possible by decreasing both
the stiffness and the effective mass of the cantilever. The
design assumes that the starting cantilever is again Crecra. It
can be thinned down to 0.1 pm first, and then the unwanted
portions can be etched away leaving a square-shaped free end
with a side length of 1.5 um (approximately the laser spot size)
and a 50 nm wide lever. This design results in the lowest Q-
factor amongst the others. Although the resonance frequency
is reduced down to 1.2 MHz in air, a substantial reduction in
the Q-factor can enable this much softer cantilever (0.012
N/m) to be used in high-speed imaging. Interestingly, for both
cantilevers, we observed that f./f; is much larger than that of
the original rectangular beam. Moreover, the third flexural
eigenmode was not observed for these cantilevers due to
clamped-clamped like beam behavior, i.e., the displacement
of the free end is almost zero.

k=10.9N/m

k=1.2N/m k=0.012 N/m

277

180

141

o
<] no!
o2
o3
=
z
w
I , LA

w1l
2

- . i
il il D
z Z

CRECT3 CIN(-Q CDEC-Q

Figure 5. Reshaping the rectangular ‘cantilever (Crects) to
increase (Cinc-q) and decrease (Cokec-q) the Q-factor. fq = 1.5
MHz. N.R.: No Result.
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4. Experimental Validation

The model verificationsneeds:to be done by measuring the
Q-factors and resonance frequencies. of the modified small
cantilevers. Since the!AFM systems that we use have a laser
spot size of about-30- pm and.a measurement bandwidth of
approximately 2 MHz, not, suitable for small high-frequency
cantilevers, we used regular cantilevers to validate our model.
The test cantilever (Aspire CFMR, Nanoscience Instruments)
that we use has a length of 225 pm, a width of 42 pym, and a
thickness “of, 3um. /The nominal spring constant and the
resonance frequency values are specified by the manufacturer

as 3 N/m and 75 kHz, respectively. The SEM micrograph of
the reference test cantilever (TCrer) is seen in Fig. 6.

The SEM micrographs of the focused ion beam (FIB, FEI
Nanolab 600i) modified test cantilevers to dncrease the Q-
factor (TCinco) and to decrease the Q-factor, (T€pec-q) are
also seen in the same figure. The modifications were. done
such that the test cantilevers resemble the ones seen'in Fig. 5.
The test cantilever was first reshaped and then approximately
3 pum Platinum was deposited on the cantilever,to.abtain the
final shape of TCinc-q that has an approximately 6 um uniform
thickness. The free and the fixed ends can beidentified by two
square regions with an area of =40 um x 40 pm, while the
mid interconnect in between has@width.of 4 um. TCpec-q was
obtained by again first reshaping thesoriginal beam, and in
addition, only the free end (with an area of = 40 um x 40 um)
thickness was reduced.down to£0:5/um, while the rest of the
cantilever has a width and athickness of about 4 um and 3 um,
respectively.

The resonance frequencies and Q-factors for the first two
flexural eigenmodes of all three cantilevers are measured in
air before (with Bruker Multimode 8) and after (with Asylum
Research MFP-3D) the FIB manipulation. The measurement
results salong with »the expected simulation results are
summarizedin Table 2. In this case, the simulations were done
without the subs‘rate to comply with the experiments.

5. Discussion

A cantilever having both low spring constant and high
resonance frequency, as desired in high-speed biomolecular

imaging, requires that vkm* has to be reduced, where m* is
the effective mass of the cantilever. Since the Q-factor is

proportional to vkm*, this requirement naturally results in a
low Q-factor for smaller beams. Rectangular beams with
uniform thicknesses are widely used due to easy fabrication
process and simple analytical relation between its spring
constant and dimensions. However, the desired spring
constant and the resonance frequency may not be achievable
at the same time with small rectangular beams. f; o t/1? for
a rectangular beam not loaded by the fluid, and k < wt3/13,
where t, I, and w are the thickness, length, and width of the
beam, respectively. If f; is to be increased by increasing t or
decreasing |, w needs to be decreased such that k remains
unchanged. However, this may not be feasible due to system
limitations.

Material added to or subtracted from specific spots can
manipulate the Q-factor in a limited range, but, this approach
can be more effective than changing the dimensions of the
rectangular beam. As a comparison, we increased the
thickness of Crects to 0.2 um, which yielded a higher k but a
lower Q1 than those of Capp-s. This 0.2 pm-thick cantilever is
further studied to determine the dominant external loss factor.
The dynamic viscosity of the air is decreased by thousandfold
to bring down the viscous damping to a negligible level. Under
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this condition, Qi is increased from 85 to 9x10° (no internal
damping), which means that the viscous damping is the
dominant loss component. The quality factor for the nth mode
of rectangular beam vibration Q. due to viscous damping
derived by Sader is given as [50]
(4pct/mpw)+Ir(WRn

Qn = e @)
where, pc and p are the densities of the cantilever and the fluid,
respectively. The real (r) and the imaginary (i) parts of the
hydrodynamic function 7" for the nth flexural eigenmode
resonance frequency (wr,n) are derived analytically [51] and
for 1 < B <1 x 102 approximated to [42]

I.=11+386/w

I =3.86/w+27(6/w)?, 3
where B = w?/262 is the normalized Reynolds number as
defined in [50], & = /2n/pw is the viscous layer thickness,
and # is the fluid viscosity. At room temperature and
atmospheric pressure, the Knudsen number is 0.05 for w= 1.5
pm. Therefore the continuum model can be considered fairly
accurate here [39,43]. Note also that the continuum model can
still be applicable for Cinc-q and Coec-q since ¢ is higher than
the molecular mean free path [39]. By using equations (2) and
(3), and f; = 6.3 MHz, Q1 is obtained to be 106, which also
indicates that the viscous damping surpasses the other external
loss factors.

On the other hand, Qzand Qs are predicted by equations (2)
and (3) to be 325 and 584, while the simulations yielded 207
and 329, respectively. If # is decreased by thousandfold, Qz
and Qs are obtained from simulations as 3.7x10° and 398,
respectively. This result tells us that at the second eigenmode
(40 MHz) the viscous damping is still dominant, “but, at the
third eigenmode (115 MHz) the acoustic damping is nowsthe
prominent loss component. At 115 MHz the acoustic
wavelength A, in air is 3 um, while the flexural wavelength A

of the third eigenmode is about 5.4 pm. Since the radiation
efficiency increases as 4, becomes comparable to s and w, and
itis inversely proportional to the Q-factor [38,39], the acoustic
radiation limits the Q-factor at this frequencys: Moreover, the
effect of squeeze film damping was also studied for this
cantilever by just removing the substrate, andvits effect was
found to be less than 10%.

The analysis was not only done in airdbut in water as well.
For Crects, Q1, Q2, and Qs arefound to be 1.7, 442, and 7,
respectively. Q; could be as low as 0.3 for Coec-g and as high
as 1.8 for both Capp-s and Cinc-q due to highwviscous damping
of the water. f,/f; and f3/f; are found. to be about 8 and 26 for
Crects, and they are slightly increasing in the order of
Crects—Crect2— CrecT1./The higher foff; and f3/f; values in
water are the results of smaller mass loading effect on the
higher eigenmodes. On the other-hand, fo/f; is found to be
much higher, approximately 19 and 43 for Cinc-q and Cpec-q,
respectively, whilexthe third flexural eigenmode was not
observed for these cantilevers-as in air environment.

The test cantilevers showed the same tendency of Cinc-q
and Cpec-q in termsiof Q-factors. On the other hand, there isa
substantial ~ difference between the experimentally and
numerically obtained'second eigenmode resonance frequency
of the.modified cantilevers. This difference cannot be easily
interpreted withymismatched thickness or material property
(for TCinc-q) of the cantilevers used in the experiments since
Q1 and Q- of both TCinc-q and TCpec-q show deviation from
the simulations in the opposite directions. But, the discrepancy
in the measured Q-factors could partly be attributed to the
imperfect mechanical coupling between the dither piezo and
the cantilever substrate [52] since there is a considerable
difference even in the before and after measurement of Q. of
the unmodified test cantilever.

Figure 6..SEM micrographs of the FIB modified regular test cantilevers. (Left) Reference test cantilever (TCrer), (Middle)
modified test cantilever to increase the Q-factor (TCinc-q), (Right) modified test cantilever to decrease the Q-factor (TCpec-q).
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Table 2. Q-factor and resonance frequency measurement results for the first and second flexural eigenmodes of the test

cantilevers before and after the manipulation along with expected simulation results.

f f 0
kHz) (kHz kHz) (kHz (kHz) (kHz :

469 184 626
74 462 239 557 62

75 479 195 604 61

6. Conclusion

We studied small high-frequency cantilevers as they
greatly influence the dynamics of the HS-AFM which
becomes more and more prominent in the live imaging of
biomolecules. The geometric modifications prove useful to
adjust the Q-factor in air environment. In water, we did not
obtain significant variance in the Q-factors due to high viscous
damping. The ratio of the second eigenmode resonance to the
fundamental one is greatly increased for reshaped cantilevers
which makes them preferable in the actuatorless HS-AFM
imaging [12,13]. If the original cantilever is in rectangular
shape, it is difficult to lower the Q-factor further for high-
speed imaging in air since there is not enough material left to
remove. By utilizing the outcomes of the basic modifications;
customized arbitrary geometries could be complemented hy
judiciously selected cantilever materials to push the scan rate
or sensitivity to the extremes for a specific HS-AFM,
multifrequency, or mass sensing application in air or liquid.
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