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a b s t r a c t

We investigated the use of the non-contact atomic force microscopy (NCAFM) technique for evaluating
high frequency mechanical vibrations. We demonstrated a clear resonance frequency (fres) of ∼11.8 MHz
measured from a 0.25 cm2 piece Si placed on top of a driven PZT and probed by an AFM cantilever. We also
showed that the probe cantilever in the NCAFM was able to follow the envelope of a Si on PZT vibration
driven at 41 MHz frequency with a cyclic voltage. We showed that our method will not introduce a shift in
the measured fres through comparison with the optically measured fres from a series of sample cantilevers
using both mechanical excitation and the thermal noise-mechanical frequency spectra. These sample
cantilevers were then measured under various conditions using the NCAFM resonance technique and the
Resonance measurement

Very high frequency results showed a shift of <0.3% in the resonance frequency of the sample cantilevers. In addition, the
sample cantilever was driven at its first harmonic frequency while the vertical displacement along its
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. Introduction

The mechanical frequency response of MEMS (microelectrome-
hanical systems) and NEMS (nanoelectromechanical systems)
omponents is one of the most important physical properties in
evice performance. The resonance frequency (fres) of functional-

zed micro-cantilevers have been used to detect individual viruses
1] and absorbed chemical species [2] in the biological/chemical
esearch. As devices/structures shrink to the nanometer size scale
here is a corresponding increase in fres that can range from the MHz
nto the GHz [3] frequencies. The AFM was proposed as a technique
or detecting frequencies up to the GHz range [4] in the early 1990s.
ecently the contact AFM (CAFM) has been used to measure the
echanical frequency response of a MEMS resonator [5] at the low
Hz frequency range (∼3 MHz). In our work we demonstrated the

bility to measure the highest mechanical vibrations of a sample
p to 41 MHz using NCAFM.

Literature shows that the coupling of probe cantilever and
icro-resonator sample in the CAFM resulted in a measured
esonant frequency of 2.75 MHz that is a large shift from the man-
factured frequency of 15.6 MHz [5]. The authors attributed this

arge error to fabrication errors and dynamic coupling between the
robe cantilever and the sample. In the NCAFM work [6] the set-
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ngth dependence matched the expected first-order mode shape.
© 2008 Elsevier B.V. All rights reserved.

oint between the probe cantilever and a coiled carbon nanotube
as increased with a step size of 1 nm from 1 nm to 5 nm that

esulted in an upward shift in the measured resonance frequency. At
setpoint of 5 nm the measured resonance frequency converged to
MHz. This shift is due to the decreased force gradient between the
antilever and coiled carbon nanotube as the tip-coiled nanotube
istance increased. However, there is no corroborating evidence.

In addition to our demonstration of a very high frequency
VHF > 30 MHz) measurement of a vibrating sample we investi-
ated the effect of coupling between the probe cantilever (200 kHz)
nd a vibrating sample cantilever using NCAFM. The coupling was
aried by changing the setpoint between 20 nm and 24 nm. We
xperimentally found that the natural frequency of the vibrating
ample cantilevers was virtually unchanged. This lack of a shift in
he resonance frequency was further supported by independent

echanical excitation (bimorph) and the thermo-mechanical fre-
uency spectra that we performed.

. Experiment

.1. Non-contact AFM method
Fig. 1 shows a schematic of the NCAFM resonance setup. The Z-
iezo is used to control the distance between the probe and a Si/PZT
ample (Fig. 1a) and alternatively Fig. 1b shows a cantilever as the
ample. The PZT below the sample is used to excite mechanical
ibrations via a high frequency (0.01–999 MHz) function generator.

http://www.sciencedirect.com/science/journal/09244247
mailto:parket@rpi.edu
dx.doi.org/10.1016/j.sna.2008.07.011
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Fig. 1. The NCAFM setup for resonance frequency measurement. The probe can-
tilever is attached to the Z-piezo and after approaching (setpoint between 5 nm
and 24 nm) the sample. In (a) a piece of Si is used as the sample and in (b) a sam-
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move the Z-piezo upward. Correspondingly, when the driving volt-
age is decreased the Z-piezo follows the decrease in the amplitude
le cantilever is used. These samples are mounted on a PZT that is used to drive
he mechanical plate. The driving frequency of the PZT is scanned; when it passes
hrough the sample fres a large amplitude displacement is observed in the sample.

he system used during this experiment was a XE-100 AFM (PSIA
nc.) equipment with a signal access module and a top-view video

icroscope. In NCM AFM a laser beam is focused on the top surface
f the probe cantilever and the reflected laser beam is detected
y a photodiode array. Any deflection of the cantilever causes a
hange in the tilt angle of the cantilever, and the change in the
ilt of the cantilever causes the reflected laser beam to move. As
he laser beam moves over the photodiodes a voltage difference is

easured between adjacent photodiodes; this is known as the A-B
ignal. In NCAFM the resonance frequency of a cantilever is deter-
ined using this laser deflection setup and a bimorph PZT. The

imorph is mechanically coupled to the cantilever through the can-
ilever chip carrier. The bimorph driving frequency is swept from
kHz to a few hundred kHz while the RMS photodiode voltage is
onitored. Typically, the mechanical frequency response around

he cantilever resonance peak will have a Lorentzian profile, i.e.
he cantilever behaves like a damped harmonic oscillator. Once the
esonance peak has been found, a frequency slightly above the res-
nance is selected as the driving frequency. At this time a “setpoint”
s selected, the setpoint is on the order of 10–20% of the maximum
antilever amplitude at resonance, yielding a setpoint that ranges
rom a few nanometers into the tens of nanometers. In this paper
he setpoint values were varied between 5 nm and 24 nm. This wide
ange of was used dependent upon the particular cantilever used.
nce the probe cantilever has approached the surface through the
FM software the mechanical frequency response of the sample

s measured. This was done by sweeping the driving frequency of
he PZT below the sample (Fig. 1a and b) while the Z-piezo volt-
ge was simultaneously recorded. The recorded Z-piezo position at
ach frequency step (1 Hz to 10 kHz per step) taken was an average
f between 3 and 50 samples with a sample delay of between 10 ms
nd 100 ms.

.2. Optical deflection method

To test the effect of coupling between the probe cantilever
nd the sample cantilever it was necessary to measure the reso-
ance frequency of a sample cantilever using a method that would
ot affect the resonance frequency of the sample cantilever. We
sed the simplest and most readily available technique, the optical
eflection method that is built into the AFM. The sample can-
ilever was mounted on a magnetic chip carrier and placed in the
FM head. The sample cantilever resonance frequency was then

easured using the standard NCAFM frequency sweep function.
fter the baseline fres was determined, the sample cantilever was
emoved from the AFM head and mounted on a PZT which was
n turn mounted on the X-Y stage of the AFM. Next a probe can-
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ilever was installed in the AFM head and the setup for the NCAFM
esonance measurement was implemented.

.3. Thermal noise method

It is well known that an object will have thermally induced
ibrations at non-zero temperatures without an external driving
orce. The statistical mean square thermal vibrational amplitude
x2> of a harmonic oscillator equals to kBT/k, where kB is the Boltz-
ann’s constant, T is the equilibrium temperature of a cantilever

n units of Kelvin and k is the force constant of the cantilever [7].
lthough the vibration amplitude is extremely small in the sub
m range but it still can be detected by the photodiode in the
FM. As a further confirmation of the resonance frequency of the
ample the thermally induced sample cantilever motion was mea-
ured as a function of time by recording the A-B signal from the
hotodiode for 3–5 s using a 1.5 MS/s 16 bit DAC. This data was
hen converted to frequency space using an FFT algorithm yield-
ng a power versus frequency spectrum that shows a resonance
eak.

. Results and discussion

.1. High frequency measurements of PZT

To evaluate the use of the NCM for measuring high frequency
MHz) resonance peaks we glued a 0.25 cm2 piece of Si on top of
he PZT. This Si piece was used to prevent any electrical coupling
etween the top electrode of the PZT and the probe cantilever. The
robe cantilever was brought down to the Si surface and the PZT
riving frequency was swept from 0.1 MHz to over 100 MHz with
constant 1 V amplitude while the Z-piezo position was recorded

nd subsequently examined for resonance peaks.
In Fig. 2a the plot (10–14 MHz) of the amplitude versus fre-

uency of the Si/PZT sample shows a clear resonance peak at
11.8 MHz. The natural frequency provided by the manufacturer
as 17 MHz. Without confirming the resonance frequency with

nother technique the true deviation is unknown. However, from
he resonance measurements of the AFM cantilever to be dis-
ussed later we know the coupling between the probe and the
ample is very weak. This coupling can be safely assumed to have
negligible effect on the PZT resonance frequency. However, a sig-
ificant decrease should be caused by the added mass of the Si
iece (0.25 cm2 and 500 �m thick) atop the PZT. The resonant fre-
uency of the Si/PZT should be proportional to the square root of
he PZT spring constant divided by the total mass. Using the physi-
al parameters of the PZT (E = ∼50 GPa) and the Si piece a resonant
requency reduction on the order ∼25% would be very reasonable
nd results in an expected resonance frequency of ∼12.75 MHz
17 MHz × 0.75).

To investigate the applicability of the non-contact mode (NCM)
o measure the envelope of VHF mechanical vibrations a PZT was
sed. The sinusoidal driving frequency was fixed at 41 MHz while
he rms driving voltage was varied from 0 Vrms to ∼1.1 Vrms at a rate
f ∼1 Hz. Although the probe cantilever cannot follow the 41 MHz
requency it can however follow the envelope of the PZT motion.

hen the driving voltage is increased an increase in the amplitude
f the PZT’s 41 MHz vibration causes the AFM feedback circuit to
f the 41 MHz vibration. The strong overlap of the amplitude of the
riving voltage (dash curve) and the Z-piezo (solid curve) position
hown in Fig. 2b demonstrates the ability of the NCM to follow the
nvelope of this very high frequency mechanical vibration motion.
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Fig. 2. (a) The Measured amplitude (Z-piezo) of vibration of a PZT sample (manufacturer designed fres of 17 MHz) versus frequency. The frequency dependent amplitude
shows a resonance at ∼11.8 MHz. (b) The position of the Z-piezo (solid curve) was recorded over several seconds. During this time a sinusoidal 41 MHz voltage drove the PZT
that was below the Si sample (Fig. 1a). The driving frequency was held constant and the Vrms (dashed red curve, in web version) was varied from 0 V to 1.2 V at a rate of ∼1 Hz.
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ig. 3. (a) Measured amplitude of the free cantilever (solid circle curve) using the
antilever was then glued to a PZT on the AFM X-Y stage and a probe cantilever w
solid curve). (b) Measured resonance peak of a sample cantilever (∼303 kHz resona

.2. NCM coupling effect

In Fig. 3a the mechanical frequency response of a sample can-
ilever is shown. The curve with filled circles was taken using the
ptical deflection technique and the solid curve was taken using
he NCM resonance measurement. The measured peak position
etween these two techniques differs less than <10 Hz (or 0.004%
f 260.5 kHz). To quantify the effect the probe cantilever resonance
requency might have on the measured fres of the sample cantilever;
wo probe cantilevers were used one with fres of 260 kHz and
nother with an fres of 310 kHz. There were two sample cantilevers
hat were probed: sample 1 had 74 kHz frequency and sample 2 had
60 kHz frequency as measured from the optical method. The per-

entage shift of the sample cantilevers resonance frequency using
he 260 kHz and 310 kHz probes are listed in Table 1, again showing
mall frequency shifts of <0.3% in all cases this probe cantilever was
sed with a setpoint of 5 nm.

able 1
he fres shift of two sample cantilevers using two probes with different frequencies
s shown

echnique Sample 1 frequency Sample 2 frequency

ptical 74 kHz 160 kHz
CM (non-contact mode) AFM
(probe frequency 260 kHz)

0.05% from 74 kHz 0.17% from 160 kHz

CM AFM (probe frequency
310 kHz)

0.03% from 74 kHz 0.27% from 160 kHz
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dard optical deflection technique in NCM AFM and a frequency sweep. The same
d to measure the amplitude of the cantilever versus frequency in the NCAFM plot
equency) as a function of the AFM setpoint.

In Fig. 3b the resonance peak position of a sample cantilever is
lotted as a function of the setpoint varied from 20 nm to 24 nm.
he peak shift of about 60 Hz over the 20–24 nm setpoint range
s <0.02% with respect to the absolute value of a resonance peak at
03 kHz. However there is a trend of decreasing peak resonance fre-
uency with decreasing setpoint value. This can be explained by the
act that as the setpoint is reduced there is more coupling between
he probe and sample that results in a decrease of the sample’s nat-
ral frequency. Setpoint values less than 20 nm were not possible
ue to the snap-in effect, where the force gradient exceeds the stiff-
ess of the cantilever leading to a collision between the probe and
he sample. It should be pointed out that the setpoint value is not
n absolute measure of the coupling and is subject to a great deal of
ariability. This variability has multiple causes, one being the dif-
erent force constants of individual cantilevers. Also, the deflection
f a cantilever as measured using the A-B signal has a great deal of
ependence on the laser spot position and the cantilever geome-
ry. The result of the strong dependence on the laser spot position

eans that using the same setpoint and the same cantilever on dif-
erent days will not result in the same coupling. A setpoint greater
han 24 nm was not possible due to the fact that during the NCM
etup the maximum probe amplitude was 25 nm. A setpoint 25 nm
ould require no force gradient due to the interaction between the
ample and the probe or no interaction between the probe and the
ample.

The high frequency cantilevers (>200 kHz) that we examined
ave very clean and well defined resonance peaks. However, can-
ilevers with lower resonance frequencies (∼50 kHz or less) have
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Fig. 4. Measured amplitude of mechanical response of a sample cantilever (∼50 kHz
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Fig. 5. Measured Z-piezo position along the length of a sample cantilever when the
s
T
(

4

0
h
s
r
f
m
t
B
s

r
s
t
o
s
s
s

A

b

R

esonance frequency) versus frequency using thermal noise excitation (solid curve),
he NCM resonance measurement technique (open triangles), and mechanical exci-
ation via the bimorph (filled circles).

oorly defined resonance peaks, notably the appearance of satellite
eaks. In Fig. 4 the mechanical frequency response curves acquired
ptically using thermal noise (solid curve) and mechanical excita-
ion (solid circles) show multiple peaks around the first mechanical
esonance frequency. There are several very sharp peaks in the
ata collected by the thermal noise method at ∼46 kHz, ∼48 kHz,
nd 50 kHz that have Q values >2000. Similar peaks are present
n data taken with no cantilever present and can be attributed
o electrical noise. In the NCM curve (open triangles) the central
eak becomes much clearer. The NCM appears to have damped
ut these “parasitic” satellite peaks. In a first-order approximation
he mechanical damping due to air can be taken to be linear with
elocity. The thermally induced vibrations are on the order of a
ew angstroms where as the same cantilever actuated mechanically
bimorph) has amplitude in the tens of nm range. The larger vibra-
ional amplitude of the cantilever results in a higher velocity and
onsequently more damping. This damping could cause the satellite
eaks to be greatly reduced in the mechanically driven frequency
weeps.

.3. Cantilever resonance mode shape

Fig. 5 shows the measured characteristic first vibrational mode
f the sample cantilever along its length. Once the resonance fre-
uency of the sample cantilever was determined the PZT driving
requency was fixed at this value. Next, the X-Y stage was scanned
o that the probe cantilever followed along the sample cantilever’s
ength (x-axis shown in Fig. 1b) while recording the Z-piezo posi-
ion. The cantilever resonance mode shape was recorded at three
ifferent rms voltages of 0.1, 0.2 and 0.5 Vrms. The experimentally
easured vibrational shape was fit theoretically using the solution

o a single end-clamped cantilever [8]:

(x) = A′
o [(cos �x − cosh �x) − 0.7341(sin �x − sinh �x)] (1)

′
o is set equal to the maximum measured height of the sample can-
ilever for each of the three applied rms voltages (in Fig. 5); � for
he first vibrational mode of the cantilever is equal to 1.875/53 �m;

nd x is the distance along the cantilever from the clamped end
x = 0 �m) to the free end (x = 53 �m). The good agreement between
he measured and predicted mode shape indicates that the NCM
esonance measurements do not adversely affect the resonance
ode shape.

[

ample cantilever was driven at it first resonant mode under various RMS voltages.
he continuous curves are fit using solution of a single end-clamped cantilever (Eq.
1)).

. Conclusion

The very small shifts in fres of the sample cantilevers ranged from
.03% to 0.27% (Table 1) for probe cantilevers frequencies in the
undreds of kHz range demonstrate that the NCAFM resonant mea-
urement technique is a substantial improvement over the CAFM
esonance technique that has large shifts in measured resonance
requency with respect to the designed frequency. The measure-

ent of the cantilever vibrational mode shape agreed well with
he theoretical shape of a single end-clamped vibrating cantilever.
oth the measured small shift in resonance frequency and mode
hape support negligible coupling of probe cantilever and sample.

The measurement of high frequency vibrations using the NCAFM
esonance technique was demonstrated for a Si/PZT transducer
tack at ∼11.8 MHz. At an even higher frequency we demonstrated
he applicability of the NCAFM technique to measure the envelope
f a 41 MHz vibration. High frequency mechanical response of other
tructures such as membranes, bridge structures, and nanosprings
hould be possible using the NCAFM technique. NCAFM is well
uited to probing nm scale structures [9,10].
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