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Driving a microcantilever externally may not be desirable in many sensor applications.
Alternatively, it is possible to extract full spectral characteristics of the anharmonic thermal motion
of a microcantilever naturally vibrating at ambient temperature. Present work aims at the detection
of comparatively noise free higher resonance modes and harmonics of thermal vibration for sensor
applications without externally induced vibration. In microcantilever sensor based experiments with
optical detection of cantilever deflection, we demonstrate the problems associated with the
conventional procedure of processing photodetector signal for resonating microcantilevers and
describe improvements. It has been experimentally demonstrated that isolation of the dynamic
component of a position sensitive photodetector signal from its static counterpart significantly
improves the resolution and limit of detection of an instrument. Outputs from conventional and
proposed methods have been compared with experiments performed in both ambient air and liquid
environments. A very simple and cost-effective circuit design is presented0@ American
Institute of Physics.[DOI: 10.1063/1.1604953

I. INTRODUCTION crocantilever by piezoelectric element through a variable
gain amplifier and a phase shifter in feedback mtdé’
There is a wide range of published work pertaining toNeuzil et al** have demonstrated the actuation of microma-
the study of thermally induced vibrations of microcantile- chined cantilevers by airflow in a different approach like a
vers. The study of thermal noise spectra was initially of scifree reed in wind musical instruments. Without directly mea-
entific importance because of the use of microcantilevers isuring and following an excitation technique, the troubles of
atomic force microscopyAFM)." Many such studies view reproducibility and poor resolution of thermal resonance
the thermal noise as interference to obtaining optimum AFMpeaks often make an experiment unsuccessful. The situation
images. The study of the ambient thermal noise of microcanworsens when performing an experiment in liquid environ-
tilevers has been shown to help in determination of thement or with variation in temperature, with microcantilevers
spring constant of microcantilevets® Thermal vibration of  of high spring constants. Sometimes even the fundamental
a microcantilever has also been found to be useful for physimode remains buried in the noise background.
cal, chemical and biological sensor applicatidrs. As a Here we report processing of PSD signal response due to
sensor, the shift in resonance frequency of a microcantilevesambient thermal vibration to avail clean higher order reso-
is detected as a result of interactions with the analyte onance modes and harmonics of microcantilevers for sensor
physical property of interest. It may be used for the detectiorapplications. In this approach the microcantilever is allowed
of adsorption of analyte specific mas$}>***"Rapors;>*®  to vibrate freely at its natural frequencies; left undisturbed
gases, flavor, measurement of viscositg, and phase from any sort of artificial excitation. External agitation may
change'* However, more often detection and sensing of thenot be favored for many experiments where a good adhesion
resonance have become a limitation and challenge for pragstability and equilibriumbetween sample and microcantile-
tical microcantilever sensor devices and applications due tQer surface is intended. It also invokes many unwanted
the very small amplitude of vibration of thermal resonatite. modes due to the coupling of the holder with microcantilever
There have been studies that have manipulated and exploitg@ibstrate and piezobimorph. So instead of obtaining reso-
microcantilever resonance changes in various ways to corance frequency of the microcantilever itself, it may actually
form to an applicatio’~*° Generally an external technique include resonance frequency of the microcantilever—
is used where the microcantilever is excited into its fundasubstrate—holder—bimorph assembly. When estimation and
mental resonance frequency. While the above approach @fontrol of the degree of excitation may be troublesome lead-
exciting a microcantilever with a piezoelectric bimorph ele-ing to damage of microcantilever itsdlf may fly off), reso-
ment swept through a range of driving frequencies has beefance of the coupled bodies may also blur actual resonance
a conventior|;**!1%*}\ehta et al. have used the position frequency of microcantilevéf Tuning may find a wide dy-
sensitive photodetectdPSD signal itself to excite the mi- namical range of frequencies around the resonance eigen-
mode yielding hardly any appreciable change in amplitude of
Author to whom correspondence should be addressed; electronic maiibration. The thermal motion naturally favors the soft
mgeorge@matsci.uah.edu modes, thus, the acquisition and interpretation of microcan-
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(@) ) (©) 4 also oscillatedFig. 1(b)]. It produces two signals simulta-

neously fromA andB segment$Fig. 1(c)]. If the amplitude

E

Signals A, | A=A, +asinot of vibration isa and the static deflections afg,. andBgy; in
- A andB, respectively, as illustrated in Fig(d, the ampli-

B,| B=B,-asinot tudes of oscillations irA andB at any instant of timé can

Vibrating M/\AA be written as
Microcantilever Photo-detectors a 1
4 A=Ay tasinwt, 1
DC l Blocked and
(e) @ .
) " Simaginai B=By+asin(wt+ ), 2
AC 0 respectively. So the transverse signal means
o <= A
2a Difference 0 A—B= (Adc_ Bdc) +2asinwt. (3)
A-B=2asinot H B=—asinot

Conventionally the detected signal is a normalized version of
FIG. 1. Applied concept behind the operation on photodetector signals tdEq. (3). Let us designate it to be the DCD signal, including
extract alternating component. the dc difference:

A-B
tilever resonance spectra is simplifiédHigher order reso- DCD signaka7——
nance modes are expected to demonstrate higher sensitivity
to the change in experimental conditidfisThey also en- _ a [
hance the sensitivity of atomic force microscopes operating ~ (AgetBgo
in dynamical modé®>!Higher modes may also improve de-
termisnation of force constant of a microcantilever with less
error.

(Age— Bgo) t2asinwt], (4)

wherea is an amplification factor. The first part in this equa-
tion gives static deflection or bending of microcantilever and
the second part contains frequency information of thermal
vibration of the microcantilever. To acquire clear information
Il. PHOTODETECTOR PROPERTIES only on the vibration of the microcantilever the dc part can
Common AFM heads are designed based on the opticdle suppressed allowing the ac part to have enough freedom
lever technique where a laser beam is reflected back from tH& be amplified. For this purpose we utilize E8), avoiding
microcantilever to a PSD. The microcantilever itself is un-normalization and assuming that the sum signal is fairly
stable. It may vibrate in different modes for its different de-Stable. We designate this to be the ACD signal, the signal of
grees of freedom. Normally flexural or transverse modes ofC difference only:
vibration are L_Jtilized i_n sensor gpplicatipns and in tapping  acp signak= B(A—B)=2a8 sinwt, (5)
mode AFM. Microcantilever motion consists of two compo-
nents, a relatively static deflection or bending due to exterwhere S is the amplification factor. The difference doubles
nally induced conditions and a dynamic mechanical thermathe amplitude keeping the frequency unchanfféd. 1(e)].
vibration due to agitation from interactions with adjacent Technically first we have blocked dc of the signals from each
ambient molecule® To collect the information on trans- segmentFig. 1(d)] before their difference is taken. Equation
verse deflection or vibration the difference of electrical sig-(5) enhances the signal-to-noig8/N) ratio, resulting in in-
nals of top and bottom parts of PSD is acquired. It is nor-creased resolution of higher-order modes of vibration. The
malized and amplified in such a way that the spatialtechnique may be useful for any experimental setup for the
dynamical range of PSD fits within the saturation limit of detection and analysis of multiple vibration modes.
amplifier. This is a mixed signal of direct and alternating
components of PSD output voltage. So the amplifier operates
within its saturation level for the amplification of both static |; expERIMENT
and fluctuating PSD signals. This is the reason the dynamical
signal(~ few tens of microvoltsis not amplified enough to PSD signals from a Digital Instruments MultiMode™
be detected out of the noise background and most of the timeptical head were fed to two different ports, one is a standard
remains buried within it. DCD signal port and the other is for ACD signal. These were
In the present technique we employ a dedicated route foconnected to an oscilloscoggDS 3014B, Tektronix, Ing.
tracking fluctuating signals. The basic operational principlefor analysis and recording microcantilever resonance charac-
has been illustrated in Fig. 1. For simplicity we use a bicellteristics. The basic electronics for isolation and detection of
photodiode with two parts, top A and bottom[Big. 1(b)].  the ACD signal is shown in Fig. 2. The dc part of the signal
The figure illustrates coexistence of alternating and direcfrom each segment of PSD was filtered and rejected indi-
components of voltage signals in the bicell PSD and thevidually through the dc-blocking circuits as illustrated in Fig.
process of filtering out the ac signal from it. Due to the 1(d). Filtered signals were amplified to strengthen the vibra-
vibration of the microcantilevelFig. 1 (a)], the spot of the tional signals against the background noise. Further amplifi-
laser beam on the PSD reflected from the microcantilevecation is done by passing signal through a differential ampli-
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FIG. 2. Atypical basic circuit block diagram for the amplification of vibra- % 0
tional modes of microcantilevers based on the operating principle describec 23
in Fig. 1. - 2
g_ -
) . . . . —— Signal
fier. This results in a signal well above-(L000 times) the < -4 ' g
background noise level where the vibrational modes are 6 T - - - -Envelope
buried. . 0 100 200 300 400 500
This methodology was tested for three types of micro-
cantilevers as described in Table I. Physical parameters o Time (us)

microcantilevers are as specified by the manufacturers. A
standard metallic cantilever holder and a fluid—cell cantileveFI!G. 3. Damped oscillations of a V-shaped microcantileigample No. 1
holder made of glasGDigitaI Instruments, Ing.were used to in air. A(t) represents the decay profile of vibration; time period of the

. L . . fundamental modeT~59 us, Ay=0.43V; A;=5.6V; decay time
study on cantilevers in air and water, respectively. Microcan- B 0 . y .

> ! . ] ~340us. It can be noticed that the profiles of higher frequency modes are
tilevers were allowed to vibrate freely at the tip—end in theguided by those of lower ones.
absence of any sample surface to avoid tip—sample interac-

tion.

resonance peaks and most of the time they had highly tran-
sient appearance. This was particularly true when experi-

A comparative study for the quality of signals obtained menting with variation in the temperature of the microcanti-
from the ACD and DCD ports has been performed in air andever, resonance frequencies almost disappear from DCD
liquid environments. Each recorded spectrum represents signal, but they continue in the ACD signal. However the
Fourier transform of a data sequence which is an average &CD signal also shows instability over time; peaks disappear
512 time sequences, each consisting of 10000 samplingr gradually merge with the background but after a while
points. they appear again.

Figure 3 shows a typical damping characteristic of a  The modified route has led to the detection of not only
V-shaped microcantilever in ambient conditions recordedhe fundamental and higher resonance modes but also some
from the ACD port. It is relatively noise-free signal with other modes which may be harmonics or may have some
clearly visible vibrational modes of the microcantilever. Mo- simple mathematical relationship with the fundamental or
tion of the microcantilever is a superposition of many eigen-other resonance modes. The resonance characteristics of mi-
modes of vibration. Higher frequency modes can be noticedrocantilever No. 1 are illustrated in Fig. 4. Figure 3 is the
within the envelope of lower frequency modes. Amplitude oftime domain signal of Fig. @). We see four prominent reso-
vibrations is of the order of few volts. Root mean squarenance modes in air together with some other modes in ACD
(rm9) values of these signals are at least 3 orders of magniwhen DCD shows the first three eigenmodes. Peaks at 34.2
tude higher than the values usually obtained from a standarand 51.4 kHz are the harmonics of the fundamental mode at
DCD port. In our present setup, the DCD port yields signalsl7.1 kHz, whereas the peak at 133 kHz is apparently unre-
of rms values usually varying from of the order of few 10 to lated to it. In water DCD shows three and ACD shows five
a few 100uV. peaks. In both cases the sharpness of peaks diminishes with

In ACD, the thermal resonance modes are found to béncreasing order. The first four modes at 4, 30, 91, and 184
sustained in either air or in water; they are fairly stable anckHz in Fig. 4d) may correspond to the modes at 17.1, 99,
reproducible. The DCD signal was found to yield unstable263, and 500 kHz in Fig. @) with the corresponding reso-

IV. RESULTS AND DISCUSSION

TABLE |. Microcantilever samples used to test photodetector signals.

Microcantilever Geometry Physical propertiés
sample
No. Shape L B W t Material fq k Manufacturer
1 V-Shaped 193 205 20 0.6 Au-coated n/d 0.06 Digital

SizN, Instruments
2 Rectangular 300 35 1 Si 14 0.05 Ultrasharp
3 Rectangular 100 35 1 Si 125 1.2 Ultrasharp

8 =length (um); B=breadth(um); W=width (um); andt=thickness(um).
bf,=fundamental resonance frequenyiz) andk=spring constantN/m).
°n/a=not available.
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FIG. 6. Resonance modes of a comparatively tiglectangular microcan-
FIG. 4. Characteristic vibrational resonance modes of a V-shaped microcaridever (sample No. R (a)—(b) in air and(c)—(d) in water;(a) and(c) from
tilever (sample No. & (a)—(b) in air and(c)—(d) water. Clarity of acquired = DCD and(b) and(d) from ACD port. The peaks at 208 and 312 kHz(b)
modes derived from only alternating componditks, (d)] is better than that  are two harmonics of the fundamental resonance mode at 104 kHz. 702 kHz
obtained from the unified forf(a), (c)] of photodetector signalgb) shows is the second higher frequency flexural resonance mode.
appearance of two harmonics of the fundamental m@adel kH2 together
with other modes.

paring the DCD spectra of rectangulgfig. 5@] and V

nance shifts of 13.1, 69, 172, and 316 kHz, respectively. shapedFig. 4@a)], microcantilevers in air. The latter looks
More clear and informative data have been obtained€Ss noisy than the former. The total reflected photon energy
from a comparatively lovk rectangular microcantilever. In to the photodetectdrelative sum signalfor a V-shaped mi-
contrary to only two in air and no peaks in water in DCD crocantilever(8 V) was more than that for a rectangular one
signal, ACD yields at least 14 in air and five peaks in water(3.8 V) for present experimental conditions. Still the spec-
(Fig. 5), for microcantilever No. 2. The four intense peaks attrum out of ACD, Fig. 8b), is very clean. Significance of this
12.4, 83, 237.5, and 469 kHz in air shown in Figbpmay fact is that, for the same amount of reflected photon energy
correspond to the resonance peaks at 2.9, 24.4, 76.3, affl the photodetector from a microcantilever, the ACD port
159.6 kHz in water shown in Fig.(8&) with their correspond- Possesses much cleaner information than the DCD port. The
ing shifts of 9.5, 58.6, 161.2, and 309.4 kHz, respectively. Anfeason for the difference in photodetector sum signal is that

important aspect of this experiment can be realized by comthe V-shaped microcantilever is gold coated and its free end
has more reflecting surface area to the incident beam than

that of a rectangular one.

Appearance of many other modes and harmonics can be
noticed in Fig. Bb). The prominent resonance modes at 12.4,
50 83, 237.5, and 469 kHz can be attributed to the flexural

From DCD

From ACD

(@) (b)

901,

E modes of the vibration of a microcantilever. Modes at 24.7
£ D 00 ®@  and 37.1 kHz are the second and third harmonics of the
= L 70 fundamental mode at 12.4 kHz. The rest of the modes may
apparently have some simple mathematical relationship with

1o 80 the fundamental mode as discussed later.

The resonance characteristics of a relatively higker
microcantilever have been presented in Fig. 6. DCD hardly
yields any resonance peak either in air or water. But ACD
gives distinct features of vibration both in air and water. In
air we clearly notice two harmonics at 208 and 312 kHz of
the fundamental mode at 104 kHz, together with a higher
resonance mode at 702 kHz. The characteristic peaks at 38
and 295 kHz in water may correspond to the peaks at 104
and 702 kHz in air with their shifts of 66 and 407 kHz,
respectively.

100 200
Frequency (kHz)

300 0 100 200 300
Frequency (kHz)

FIG. 5. Vibrational modes of a comparatively Idwrectangular microcan- Table Il compares the qualitative characteristics of the
tilever (sample No. 2 (a)—(b) in air and(c)—(d) in water. Characteristio®) : : _
and (c) are obtained from DCD andb) and (d) from ACD port. ACD S|gn_als measured at DCD and ACD ports for all the micro
demonstrates a dramatic improvement for resolving and detecting highéFant”eversQ factors and S/N ratios have been calculated for

harmonics and resonance modes of flexural vibrations. the fundamental mode from V-rms amplitude spectra. In-
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TABLE Il. Comparison of vibrational characteristic features of signals measured from ac and dc differences for the microcantilevers.

From DCD From ACD

Microcantilever Number

sample of Number

No. Media modes Q2 S/IN of modes Q2 S/N

1 Air 3 8.6 31.6 ~7 6.1 44.7
Water 3 3.6 11.1 5 2.4 22.5

2 Air 2 19.6 14.9 ~14 114 51
Water 0 5 14 18.7

3 Air 1 51 16.5 4 14.8 47.8
Water 0 2 1.6 36.1

aQ="f,/Af is the quality factorAf is full width at half maxima.

crease in S/N is consistent with the increase in number ofion, for higher values of, a;=~(i—1/2)m; L, Y, andp
acquired modes in ACD with respect to DCD. Thou@h stand for length, Young's modulus, and density of the micro-
factors should remain the same for both types of measurezantilever, respectively. To verify the frequencies of flexural
ments, the apparent higher values of DCD can be attributethodes of vibration of rectangular microcantilevers, we have
to higher background nois€ values are displayed here only further calculated them using E@6) assumingY=1.79
for information to have an idea about the intensity of reso-x 10** N/m and p=2330 kg/ni. These are also shown in
nance peaks but not as a figure of merit of any port. As th&able 11l for comparison. Calculated values deviate consid-
agitation and hence the vibration of a microcantilever is pri-erably from the experimental values. This may be due to the
marily Brownian type, its amplitude of oscillation is never deviation of assumed or gross values of all physical and geo-
stable. So the amplitude of characteristic peaks in fast Founetrical parameters from their exact values and effects of
rier transformed spectra also varies considerably, providingiscous damping in air. However a qualitative idea can be
any reproducibleQ value. ACD circuitry amplifies the rms  gathered from these calculated values about their positions in
amplitude by orders. In turn it enhances the clarity of thethe resonance spectra and confirming the origin of experi-
oscillatory signal but not the energy of vibration of a micro- mental values to be the resonance eigenmodes of vibration.
cantilever, enabling detection and resolution of many other  |n ACD spectra there are some peaks associated with the
modes of vibration. This comparatively noise free amplifiedresonance modes in air, which may have some simple math-
signal can be feedback to an integrated piezoelement to anematical relationship with the resonance eigenvalues. Each
plify AFM or the sensor signal if required for an application. resonance mode together with the peaks distributed evenly in
However amplification of the signal at the DCD port reducesits proximity forms a group. The first group of peaks can be
the signal to noise ratio. written asnf;, wheren is the order of harmonics. In Figs.
Resonance frequency values of microcantilevers havg(p), 5(b), and b) they are the first three peaks marked with
been checked with a MultiMode-SPWanoscope-lll, Digi-  their frequency values. Other groups of frequencies in the
tal Instruments, Ing.setup, where they have been forced tospectra can be represented byt (m—1)f,, wherei =2, 3,
vibrate over a wide range of driving frequencies induced byj etc., order of different resonance modes: 1, 2, 3 etc. the
a piezoelectric element. The result is furnished in Table Il Itindices of other modes centering a higher resonance mode.
ShOWS a fair agreement betWeen the ValueS Obtained frOIWe find that the difference of frequencies of any two mem-
different methods. The resonance frequency of each normgjers within a group is an integer multiple of fundamental
mode of vibration for an undamped rectangular cantilevefesonance frequency within the error limit. Let us define

with one end free can be expressedby them to be differential harmonics against the usual harmon-
t la\2 [Y ics in the first group. This is more obvious in Fighbthan
fﬁn(f) \/5, (6) Fig. 4b). Harmonics with higher amplitude are closer to a

resonance mode. Amplitudes of harmonics gradually die out
wherea;=1.875, 4.694, 7.855, 10.996 for1, 2, 3, 4, re- on both the lower and higher frequency side of the mode.
spectively; indices correspond to different modes of vibra-  Anharmonic motion of the cantilever generates fre-

TABLE Ill. Comparison of the values of thermal resonance eigenfrequencies obtained from different methods in air.

Microcantilever Resonance frequenci@isHz) from

sample

No. ACD DI Nanoscope-IlI Eq(6)

1 17.1, 99, 263, 500 15.4, 89.7, 276.5, 490.9

2 12.4, 83, 237.5, 469 12.3, 82.3, 236.5, 467.2 15.8, 98.4, 275.7, 541.4
3 104, 702 103.8, 701 142.3, 885.8
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