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Abstract

A mass sensing concept based on parametric resonance amplification is proposed and experimentally investigated using a non-interdigitatec
comb-finger driven micro-oscillator. Mass change can be detected by measuring frequency shift at the boundary of the first order parametric
resonance ‘tongue’. Both platinum deposition using focused ion beam (FIB) and water vapor desorption and absorption are used to change the
mass of a prototype sensor. Due to the sharp transition in amplitude caused by parametric resonance, the sensitivity is 1-2 order of magnitude
higher than the same oscillator working at Simple Harmonic Resonance (SHR) mode in air. Picogr&mg)(le®el mass change can be
easily detected in the sensor with mass about 30 ng and resonance frequency less than 100 kHz. Damping effects and noise processes on sens
dynamics and sensing performance are also investigated and damping has no significant effect on sensor noise floor and sensitivity. Higher
sensitivity is expected when the oscillator design is optimized and dimensions are scaled.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction high resonant frequency, thus attracting much attention for
sensor applications. In a micro-cantilever array, information
As the technology of miniaturization develops rapidly, on cantilever resonant frequency shifts can be used for
building micro/nanoscale oscillators becomes possible recognition of a variety of chemical substances, including
with much smaller mass and much higher frequencies thanwater, primary alcohols, and alkangg. A single cell with
traditional mechanical oscillation systems. The concept of an estimated mass of about 0.7 picogram (pg) has been de-
tracking resonant frequency (or phase) shifts of micro/nano- tected based on a micro-cantilever oscillation measurement
oscillators in the Simple Harmonic Resonance (SHR) mode [3]. By creating even higher-frequency nanoscale oscillators
to measure mass change has become a well-establishe¢tesonance frequency in MHz or GHz range), the ability of
technology in applications of chemical and biological detecting femtograms (fg) or even attograms (ag) of mass
sensing1-8]. Since the fundamental resonant frequency of change should be achievalje-6,9-11]
SHR depends on the mass and stiffness of the oscillator, mass

change can cause resonance frequency to shift and so Ca% _ 1\/7 )
be tracked by monitoring this frequency shift. E¢E) and 27V m
(2) describe the relationship between mass change anddm dfo
frequency shift. High sensitivity can be achieved in mass — = —2— 2)
sensing using an oscillator with extremely small mass and m fo

Theoretically, any mass change in the sensing oscillator can
* Corresponding author. Tel.: +1 805 8937849; fax: +1 805 8938651.  cause a certain amount of frequency shift. If we can resolve
E-mail addresswhzh@engineering.ucsb.edu (W. Zhang). this frequency shift, the corresponding mass change should
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be resolvable, as shown in Eq4) and (2) However, the T V
capability of frequency shift detection is governed by many

factors, including readout circuitry, noise process, Quality

factor of the oscillator, and others. Quality factd®)(

which denotes the sharpness of frequency response curve of
Simple Harmonic Resonance, is one of the important factors

that limit the sensitivity of the SHR based mass sensors.
Micro/nano-oscillator with highQ can detect small mass
changes because of the ability to resolve small frequency *
shift. Currently, silicon oscillators can achie@e~10°-1°

at low vacuum and low temperature. It is possible to detect
mass changes in femtograms or even attograms. However,
the applications of mass sensing in such environment are |
very limited, especially in chemical and biosensing, such as =,
environmental monitoring and virus detection, where sensors
are required to demonstrate high sensitivity in harsh environ-
ment. The sensitivity of mass detection can be dramatically [FESE ARl
lowered when operating in such environment as air or water, 2L e I =eaey . S W ko) I e Ry T

whereQ is significantly lower, thus limiting sensitivity. _ ,
To improve the capability of frequency shift detection Fig. 1. A SEM picture of the prototype mass sensor. It has a backbone, four
p p y a Yy '’ springs with folded beams to provide recovery force and one set of non-

significant effort has _been put _into improving Qualiw fac-  interdigitated comb-fingers to drive the oscillator. Platinum (Pt) deposition
tor and frequency shift resolution, such as using feedbackto change mass is schematically shown in this picture.

control to amplify the frequency response at resonfh2k

In our previous work, we have reported the conceptual ba- rejection. This preliminary device has sensitivity at the

sis of mass sensing using parametric resonance phenomenopicogram (162 g) level when operating in air.

[13-15] In this mass sensing scheme, mass change is mon- A noise process analysis has been completed to determine

itored by measuring frequency shift at the stability bound- the effect of noise on the device sensitiVityp,21] Because

ary of the first order parametric resonance ‘tonda8-15} of the nonlinear dynamics nature of parametric resonance,

The frequency transition at this boundary is very sHafj, the noise mechanism differs from normal Simple Harmonic

thereby making small frequency changes easily detectableResonance based mass sensors. In this analysis, we consider

and the frequency shift resolution hiffl#,15,17] The sharp-  thermal noise, Brownian motion, and actuation voltage fluc-

ness of the boundary does not depend on the Quality factortuation. Both the experiment and the analysis show that Brow-

(Q) [14,15,18,19] Therefore, very small mass change can nian motion is an important noise source of the prototype

be detected in high-pressure environments, such as in air ormass sensor in the mass sensing application of parametric

even in water, where the sensitivity can be as high as in highresonance in air, in addition to temperature and humidity

vacuum. Of course this does not come for free, as there isfluctuation.

more power required to create the oscillation in high-damping ~ The ultimate sensitivity of this conceptual mass sensor is

environments. studied by testing water vapor content change in air pres-
In this work, we present the first results investigating sure environmerftl5]. Less than 1 pg of mass change in the

the feasibility of mass sensing based on parametric reso-oscillator has been detected. This sensing capability agrees

nance phenomenon. This mass sensor is comprised of avellwith noise analysis results considering Brownian motion

single-crystal silicon micro-oscillatorF{g. 1), in which effects. Future work on sensitivity improvement and appli-

the backbone is supported by four-folded beams to provide cation using this technology are discussed at the end of the

recovery force for the oscillation and driven by a set of non- paper.

interdigitated comb-fingers using fringing-field electrostatic

force[15,20] Parametric resonance can be activated at cer-

tain frequencies because the non-interdigitated comb-fingers2. Theory

change the effective stiffness of the oscillator periodically in

case an AC voltage signal is applied to actuate the oscillator  In previous work, we have discussed the parametric res-

[14]. Mass change can be determined by measuring theonance dynamics of a similar oscillator in defa#,15,22]

frequency change at the boundary of parametric resonancerhe micro-oscillator, shown ifrig. 1, can be simplified as

area[15]. To ‘create’ mass change to test the concept, a a mass—spring system with electrostatic force as the driv-

small volume of platinum (Pt) is deposited on the backbone ing force. When electrical signal is applied on the non-

using Focused lon Beam (FIB). A similar micro-oscillator interdigitated comb-fingers, the electrostatic force generated

is designed as a reference in the same package to improvés dependent on the position of the oscillafb4,15,20] In

the sensitivity of mass sensing through common-mode the experiments presented here, we use a square rooted AC
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voltage signal Va (1 + cos 2t)12) to isolate the parametric & Y encice
resonance from direct harmonic respofiké]. The move- = 1.8 {|—o-sweep up
ment of the device is governed by the nonlinear Mathieu-Hill g 16
equation14]. £ -
Q.
2
d—§+a%+(ﬁ+28c0525)x+(83+8’30052:)x3:0 % 2 ;
dr dr g 1 I "
(3) @ o8-

2 Ak V2 2 V2 g o
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53 = Aks + 4r3Vj L — 4r3Vi Driving Frequency, f (Hz)
ma)2 ’ 3 I’I’l(,()2

. . . Fig. 3. Frequency response curves of the first order parametric resonance
wherem, k1, andks are the mass, linear and cubic mechanical 9 guency response curv ISt order b A
inside and outside of stability region. Area Il is inside of “tongue”, as shown

S_ti_ffness of the OSCi".ator reSpeCtiV.eMnS the damping_ coef-  inFig. 2, while I and Ill are outside. When sweep frequency down, resonance
ficient,r1 andrz are linear and cubic “electrostatic stiffness”  only happens in area Il and there is completely no movement in areas | and
andt =wt is a normalized tim¢14]_ lIl. A sharp jump happens at the right boundary of area Il near point P.
Fig. 2schematically shows the dynamics of this nonlinear
Mathieu equation i8—$ plane defined aboyé4]. According . .
understood in an experimental frequency response as shown

to dynamic characteristics, thie-s plane can be divided into in Fig. 3

three areas. Area Il inside the “tongue” is the resonance area . .
Fig. 3shows the frequency response of parametric reso-

of the first order parametric resonance with one non-trivial S :
: . . nance inside resonance area (Il) and outside of the resonance

solution, while areas | and Il are non-resonance area with one . . i L

- L - . area (I and Ill) in device shown ifig. 1 As the driving
trivial solution in area | and one trivial solution plus one non- : . .

. o - . frequency goes up, the amplitude of the oscillator increases
trivial solution in area lll. The characteristics of solutions and . ;

from the boundary between | and Il and keeps increasing

phase plantilrleach areaare scht?‘m':,;\tlcally showigir2as past the boundary between Il and Ill. When sweeping down
well, where “S” means stable and “U” means unstable. Here, . )
the driving frequency from area Ill, movement of the oscil-

we only consider stable solution, since unstable one cannotb . .
. . . lator jumps to a large value from zero at the right bound-
observed experimentally. The dynamics can be more easily . : L
ary of area Il and reduces in amplitude thereafter until it

reaches zero at the left boundary. The frequency at the right

6A boundary (point P), where the “jump” happens, is given by
B=1-8 B=1+5 f = (1/27)\/(4k + 2r1V2)/m, wherek, m, Va andr; are

stiffness, mass, driving voltage amplitude applied, and the
coefficient of electrostatic force, respectively. A small mass
change Am) in the oscillator causes this “jump” frequency to
shift (Af). Therefore, by measuring the frequency shift, this
mass change can be determined Ay:| =~ 2m(|Af|/ fo).

The sensitivity of parametric resonance based mass sensor
depends on the smallest frequency shift we can measure.
Since the “jump” is a characteristic of nonlinear dynamics,
where the characteristics of the dynamical equations change,
the transition is very sharp and the change of frequency
response is extremely ‘fast’ in the frequency domain.
Therefore, the frequency at the boundary can be accurately

p=1 B
defined. Very small frequency shift caused by mass change
in the oscillator can be easily detected. In our previous
work, a 0.001Hz frequency shift (in 58,000 Hz) has been
| Il n

observed17]. Damping affects the resonance boundary of
the tongue, as shown Fig. 2 At high damping, for example
Fig. 2. Dynamic characteristics of nonlinear Mathieu-Hill equation in the iN air, actuation of parametric resonance requires more
g5 plane 8= 14 § are the transition curves, which divide tBes plane into energy than at low pressure. However, the characteristics
areas|, Iland I1l. Note the damping effects on transition curves and how the of dynamics keep the same as in low damping and the
positions of the stable (solid trace) and unstable (dashed trace) points ValYiransition is still very sharp. Therefore, the frequency at the

aspB ands are varied quasi-statically. Phase planes in each area are shown . . .
asgve”. d Y P boundary can be still accurately found and damping has little
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effect on the sensitivity of parametric resonance based mass
sensors. g
2<
> o8|
3. Devices and characterization E-
<
The micro-oscillators are fabricated from SOl wafer with -E‘ 06 I
highly doped device layer. The fabrication processis shownin 2
Fig. 4. After patterning, a deep silicon etch process, DeepRIE- z 04 |
BOSCH process, is performed to form the micro structure,  §
following by removal of photo resist left and wet chemical _g
release of the buried silicon oxide layer to formthe suspended § 92 |
MEMS structure. The thickness of the device is aboyi 48 < e b :
which is defined by the thickness of the top device layer in 098 0885 099 0995 1 1.005 1.01 1.015 1.02
the SOI wafer. The fabricated oscillator is a highly doped Normalized Driving Freq., wiw
(p ~0.01%2cm) single-crystal silicon device and electrically
conductive. Fig. 5. Normalized frequency response curves of device A at different pres-

Two similar devices have been made and tested here,sures.
named as device A and device B, so that one of them works
as a mass sensor and the other as a reference sensor. The ti®@much lower than in low pressure, for example in 10 mTorr,
devices have the same dimensions with the mass of backbonavhere frequency resolution of the peak and mass sensitivity
about 30 nanogram (ng), except that the springs of device Acan decrease by 1-2 ord¢ig)].
are of 1.5um wide and that of device B are of 2u6n wide, We also address the effects of damping on the behavior
as shown irFig. 1 of parametric resonance and the potential effects on mass
We characterize the fundamental dynamics characteristicssensing application. The frequency response of parametric
using a laser vibrometer set{@8]. Since the devices move resonance is characterized at different pressure, as shown in
in-plane, a 45 mirror is made using FIB to guide detecting Fig. 7. Here, we only sweep the driving frequency down, in

laser to the moving direction of the oscillaf@3]. The nat- which the frequency response is of interest in mass sensing.
ural frequencies of device A and B are about 49 and 83 kHz, Parametric resonance boundary curves are also mapped as
respectively. shown inFig. 8.

As we discussed earlier, damping plays a critical factorin ~ As pressure changes, the frequency response curve of
SHR mode mass sensingig. 5 shows frequency response parametric resonance also varies. At high pressure, such as
curve of device A at different pressure, corresponding to in air, the resonance area becomes smaller than low pressure
different damping level. The sharpness of the frequency re- and the minimum driving signal needed to actuate paramet-
sponse curve decreases as pressure goesigyp6 shows ric resonance is larger. However the key characteristics in
Quality factor Q) changes in different pressure, as expected mass sensing application do not change, as showgin.

[24]. The resonance frequency shift resolution at air pressureThe “jump” at the right boundary of the parametric reso-
nance region still exists and is as sharp as in vacuum, as

1 4 long as enough driving signal is applied. The sensitivity of
mass sensing is not affected by testing environment pressure
change.

7000
“ S 6000
o
I 5 5000 A
g 4000 -
L | =
2 3000
3 ®
M siticon & 2000 4
o : 1000 -
silicon oxide
0 . . e
I W photo resist 00t 01 1 10 100 1000

Testing Pressure, P (Torr)
Fig. 4. Key steps in the SOI based bulk micro-machining process. (1) SOI
wafer; (2) patterning; (3) DeepRIE etching; (4) photo resist removing, and Fig. 6. Quality factor vs. pressure. Note that@factor changes as expected
(5) wet release etching of buried silicon oxide. with operation pressuri@4].
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Driving Frequency, f (Hz) Fig. 9. Frequency shiftin Pt deposition tests. Three mass changes have been

made: 1, 4 and 0.4m? corresponding to about 20, 80 and 8 pg, respectively.

Fig. 7. Frequency response curves at different pressures. In this figure, only
the sweeping down curves are shown. inum deposition. Good correlation is shown in the three tests
between the volume of Pt deposition and “jump” frequency
shift, which agrees very well with the analysis we discussed
earlier that mass change is linearly dependent on frequency
shift, |[Am| ~ 2m(|Af|/fo), when mass change in the oscil-
lator is small compared to the total mass. The minimum mass
change here is about 8 pg.

Using platinum deposition to make mass change and mea-

4. Experiments

As a proof of concept, we first change the mass of the os-
cillator by attaching a set volume of platinum (Pt) on device
A using FIB, as shown ifrig. 1 Three such mass changes,
about 1, 4 and 0.4m?® Pt deposition (corresponding to about . i .
20 80 and 8 pg)ﬂbhave beepn made( We rch):ord thge frequencySure frequency shift before and after Pt deposition has certain
Chémge at the ri,ght boundary of the first order parametric limitations to fin_d the ultimate sensitivity of thi_s prototype
resonance area as discussed earlier before and after the depgjaSS sensor. Since t_h‘? tests are performed N many days,
sition in air using laser vibrometr23]. Meanwhile, device temperaturg e}nd humidity fluctuation can contribute the frg-
B works as a reference sensor and the frequency informationggengytr\]/a”?t'on as well. Af We can bsee fr%m the r5esluolt|i n
is also recorded as a reference to environmental fluctuation, 'g. = tis Trequency variation can be as big as o= Z:
such as humidity and temperature. whu_:h is comparable to the frequency shift caused by Pt de-

The results of frequency shift in Pt deposition test are position of 8 pg. . . . _—
shown inFig. 9. After each mass change, the “jump” fre- To perform a more sensitive test and find the ultimate limit

guency is recorded many times in a few days. The results ar .Of mass sensing, the prototype mass sensor is also tested us-

rectified according to frequency change in reference oscilla- ng gdsorptlon of \{vgter vapor..l\!ote that thg osqllator is made
tor. The average frequency shift is about 36, 151 and 17 Hz of single-crystal silicon. After itis exposed in air, a thin layer
corresponding to 1, 4 and 0.4 PtdepositiorF,ig 10shows "of native silicon oxide grows on the surface. This native sili-

the relationship between frequency shift and volume of plat- con.OX|de can gbsorb \{vater mqlecules when itis exposed to
environment with certain humidify25]. Therefore, the mass

of the device with native silicon oxide on the surface changes

70 —E—air
3 —6—100T)| 5
g
£
< — 4
o«
o £
G 3
= =,
[} >
S 5 //
2 £
2 S Ve
-
o a1
89000 91000 93000 95000 97000 99000 0
Driving Frequency, f (Hz) 0 50 100 150 200

Frequency Shift, df (Hz)

Fig. 8. Parametric resonance boundary curves for a variety of operating
pressures. Fig. 10. Measured frequency shifts vs. the volume of Pt being deposited.
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Mass Flow
Controller #1

Testing
Chamber

Column

L

Mass Flow

Controller #2 Bubbler

Fig. 11. Gas handling setup.

as humidity level varies. A gas handling setup is built to con-
trol the water vapor content in testing chamber, as shown in
Fig. 11 Adry nitrogen gas flows through mass flow controller
#1 directly to the testing chamber and another dsyiiMough
mass flow controller #2 with water vapor from the water bub-
bler. By setting the flow rates of the two mass flow controllers,
relative water content can be adjusted in the testing chamber.
Here, we test the mass sensitivity of device B, since it has
higher resonance frequency than device A and high sensitiv-
ity is expected. The frequency information of device B at the
right boundary of the first order parametric resonance area
is recorded, as water content in the testing chamber changes.
By adjusting the water content, the resolution of frequency

shift can be found and correspondlng mass change can beFig. 12. Frequency shifts at the right side of the first parametric resonance
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detel’mlﬂed S|nce the test |S performed II’] I’e|atlve ShOI‘t t|me area as adjustmg water content in the testing chamber.

and humidity level is in controllable way, errors caused by
temperature fluctuation are negligible.

Fig. 12shows the results of frequency shift of device B
as the relative water content is changed in air. When water
contentis switched on and off between 35 and 0% as shown in
Fig. 12a), the rate of frequency shift changes accordingly and
the results shows good consistency between frequency shift
and water vapor content change. The smallest controllable
frequency shift we can measure using device B is less than
2Hz, as shown irFFig. 12b), which is equivalent to mass
change of about 0.7 pg.

5. Noise processes and discussion

As with most micro-sensof26—-28] noise is an important

issue in mass sensing using parametric resonance technology.

The ability to detect ultra-fine frequency shiftis compromised
by noise processes in the oscillator. As we mentioned earlier,
a 0.001 Hz or even smaller frequency shift has been observed
[17]. However, in our current experiment, the frequency fluc-
tuation is much larger than this value and the standard devi-
ation of this frequency fluctuation we measured in these two
oscillators is about 0.8 Hz at room temperature, as shown in
Fig. 13a). To analyze noise processes in mass sensing, we
consider thermal noise, Brownian motion, and driving volt-

age fluctuation. Because the oscillator is driven by a pair of Fig. 13. Frequency variations at the boundary of parametric resonance area
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can be tuned by changing the driven electrical sigaf]. 1
Therefore, any driven signal fluctuation can cause the reso-
nance frequency and the boundary of parametric resonance g 081
to change. Both thermal noise in the testing circuit and signal i 06
source could bring about electrical signal variation and the iy
frequency uncertainty. % _1} 0.44
Brownian motion can be another source of noise. Accord- s °
ing to dynamics of parametric resonance (§ég 2), the a o024
frequency at the boundary of resonance area depends on ini- o
tial value before parametric resonance being excited. The 04 T

T
0.01 1 100 10000

variation of initial value affects the converging result in area
Testing Pressure, P (Torr)

I1l, as shown in the corresponding phase plane, and causes
the fre_quency_ uncertainty ?‘t the Stablllty boundary' In_ fqpt, Fig. 14. Frequency fluctuations at the boundary of parametric resonance at
Brownian motion of the oscillator can be treated as the initial gigterent pressure.

value in the simulation from the view of dynamics.

To evaluate noise effects on frequency shift resolution ) increasing resonance frequency, or designing oscillator
and mass sensitivity, numerical _S|mulat|on method is useq to arrays, the sensitivity can be further improved, thus possibly
calculate the frequency fluctuation caused by thermal NOiSe, extending their application to DNA, virus, and other analytes
Brownian motion, and driving voltage fluctuation. Theresults \ith mass in the order of attograms (ag). We calculated the
show that the frequency fluctuation caused by both thermal j,gise |evel of device A with dimensions reduced by a factor
noise and driving voltage fluctuation is negligible compared ¢ e The equivalent mass resolution will be at femtogram
to that of Brownian motion noise. One of the possible rea- (fg) level in air pressure. Now, many smaller micro/nano-
sons is the effect of the nonlinearity of parametric resonance, ogcijlators have been made with higher frequencies, such as
which filters most of the noise energy from Johnson noise \icro-cantilever and nanowif29,30] and parametric res-
and driving voltage fluctuation in the actuation circuit. At 5nance has been realized in these devices. Thus, significant
room temperature, the standard deviation of Brownian mo- jnr6yement in cantilever based mass sensors based on para-

tion is estimated about O/ which causes 0.7Hz of fre-  maic resonance is achievable, and currently underway.
quency fluctuation according the simulation results, as shown

in Fig. 13b). The result agrees well with measured result in

F_|g. 13a). Thereforg, Broyvman mot|qn of oscnlatprs Iscon- & ~onclusions

sidered to be a main noise source in parametric resonance

based mass sensing in the prototype mass sensor.
Certainly, there are other issues, which can be considered

noise effects in mass sensing, such as frequency drift cause

by humidity fluctuation and temperature fluctuation in the en-

Parametric resonance based mass sensor has been devel-
ped in this work. Because of damping effect, the sensitivity
f SHR based mass sensor decrease dramatically in air. Us-
: . . ) ing parametric resonance, the sensitivity can improve more
vironment. We notice that this frequency drift can be larger than one order of magnitude. Damping has little effect on the

than that caused by Brownian motion even W'th referencg sensing ability when operated in parametric resonance mode.
sensor when the test I.aStS days. _However, by using an oscil- -, measurement, taken in air, demonstrates that a proto-
lator array and optimizing the design of sensors and referencetype mass sensor based on parametric resonance can improve
sensors, this noise effect can be minimized in real-time masssensitivity 1-2 orders compared to the same sensor working
det:ctlon. tioned lier d . froct | d in harmonic mode. The prototype mass sensors can detect
_As We mentioned earlier, damping elect 1S concemed ;g changes at picogram (pg) level when operating in para-
since it affects the mass sensitivity of harmonic resonance .- resonance mode with mass of 30 ng and resonance
mode mass sensor S|gn|f|cantly..Here, we measured the fre'frequency less than 100 kHz. The same sensitivity level can
quency ﬂuctuauon level at the ”g.ht boundary of paramet- be achieved in air pressure as in vacuum when operating in
nﬁ reson?nce r1%g|o_?, as; shpwnmrg. 14 ,[\;]Vhe? pcrjeszu(;e . SHR mode. The sensitivity can be further improved by opti-
changes from UmIorr 1o air pressure, the stanaar eV"""mizing the sensor design, such as using cantilever geometry,

tlon_of frequency fluctuation is less than 0.5 Hz and ShOWS_ no decreasing the mass of oscillator, and increasing resonance
obvious pressure dependence. Therefore, the mass Sens't'v'tYrequency

considered to be hardly affected by damping and the sensor
can achieve the same mass sensitivity level in air pressure as

in vacuum.
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