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We report on the fabrication of nanometer-scale mass sensors with subattogram sensitivity. Surface
micromachined polycrystalline silicon and silicon nitride nanomechanical oscillators were used to
detect the presence of well-de®ned mass loading. Controlled deposition of thiolate self-assembled
monolayers on lithographically de®ned gold dots were used for calibrated mass loading. We used a
dinitrophenyl poly~ethyleneglycol! undecanthiol-based molecule~DNP-PEG4-C11thiol! asamodel
ligand for this study. Due to the fact that the gold mass is attached at the distance l 0 from the end
x5 l of the cantilever beam, an additional moment evolves in the boundary condition of the
oscillator, which was taken into consideration through the rotational inertiaof theattached mass. We
showed that the corresponding correction of the frequency is on the order of g(l 0 / l ), where g is the
attached mass normalized to the mass of the beam. The rotational inertia correction to the frequency
is on the order of g(l 0 / l )2. The adopted approach permits accurate determination of the
eigenfrequency in the framework of the Euler±Bernoulli beam when rotational inertia of the
attached mass is included. From the resonant frequency shift, the mass of the adsorbed species was
determined and compared to results obtained by other techniques. Utilizing vacuum encapsulation,
we demonstrate sensing capability in the attogram regime of the adsorbed self-assembled
monolayer. • 2004 American Institute of Physics. @DOI: 10.1063/1.1650542#

I. INTRODUCTION

Interest in sensors and actuators and the availability of
new fabrication approaches is leading to growing interest in
micro- and nano-electromechanical systems ~NEMS!, oscil-
lators, and resonant systems.1±6 One of the possible applica-
tions of NEMS resonant devices is sensitive detection of
bound mass. With selective binding surfaces, the devices
could be exquisitely sensitive to binding of selected
chemical7±9 or biological10±14 species. The fabrication capa-
bility could allow for the creation of large arrays of detection
devices. We have been experimentally and theoretically ad-
dressing the issues associated with the operation of NEMS
resonant mass sensors.10,12 We have fabricated a range of
geometries and explored their response to carefully con-
trolled mass loading. We are also exploring room-
temperature operation of optically transduced resonant mass
detectors of different geometries. The optical motion trans-
duction allows simple interrogation of multiple array ele-
ments and ¯ exible device design, requiring no electrical con-
nections or additional material layers for motion
transduction. We are therefore addressing the fabrication, re-
liability, sensitivity, and practical operating issues and limits

of NEMS mass sensors. It appears that attainable mass sen-
sitivities are signi®cantly beyond those currently available by
other techniques.

Most earlier work has been devoted to the immobiliza-
tion of target species onto the surface of the resonating struc-
ture. In such a scenario, pathogen-binding events alter the
mechanical stress of the oscillator and its total mass and thus
in¯ uence both the bending and the natural frequency of the
cantilever. Signal transduction is generally achieved by em-
ploying an optical dē ection15 ~or interferometric16! system
to measure the mechanical bending or the frequency spectra
resulting from additional loading by the adsorbed mass. In
our work, we have developed arrays of surface microma-
chined oscillators with precisely positioned gold anchors.
The incorporation of prefabricated catalyzing adsorption
sites allows spatial control of chemical surface functionality
for the detection of analytes of interest. Results from our
study aid in the design of high-sensitivity mass sensors ca-
pable of quantitative mass detection.

We used electron-beam lithography ~EBL! to fabricate
arrays of both polycrystalline silicon and silicon nitride reso-
nators with evaporated gold contact pads. Thiolate molecules
were subsequently adsorbed from solution onto the Au an-
chors, creating a dense thiol monolayer with the tail end
group pointing outwards from the surface. A common featurea!Electronic mail: bi22@cornell.edu
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of the thiolate self-assembled monolayer ~SAM! systems is
the strong interaction between the functional group and the
gold substrate.17,18 The van der Waals interactions among the
molecules permit dense packing of the monolayer into a su-
permolecular hierarchical organizations of interlocking com-
ponents. Typically, the total amount of material in a well-
packed alkanethiol SAM on gold is approximately 8.3
3 102 10 mol cm2 2.17 Thiolate SAMs offer unique opportu-
nities for precise tailoring of length of the alkane chain and
chemical properties of both the head and tail groups, thus
making them excellent systems for further engineering of the
chemical surface functionality following the assembly of the
SAM. Typical examples of reported functionalities of the tail
group are CH3 , OH, COOH, CHv CH2 , Cw CH, and CF3 .

In our case, prefabricated gold contacts on the surface of
the oscillators enabled localized SAM binding to circular
areas 50±400 nm in diameter. Detection of the resonant fre-
quency shift allowed the determination of the mass of the
adsorbed SAM. Frequency shift measurements were cali-
brated by removal of a known mass of gold from the surface
of the oscillator. Analytical calculations and ®nite element
modeling were in good agreement with the experimental re-
sults. Additionally, control experiments showed high binding
speci®city of the thiolate SAM to the Au.

II. EXPERIMENTAL DETAILS

Figure 1 summarizes the surface micromachining tech-
nology used to fabricate the resonating devices. Fabrication
of the devices started with clean 4 in. ~100! silicon wafers.
First, a 2-mm-thick thermally grown silicon dioxide layer is
formed. The SiO2 serves as sacri®cial release layer that will
be described in the following steps. The device layer con-
sisted of either low-stress silicon nitride or amorphous sili-
con deposited using low-pressure chemical vapor deposition
~LPCVD!. In the case of silicon nitride, internal and thermal
stresses were low enough to attain freestanding nanome-
chanical structures. On the other hand, crystallization and
stress-®eld alleviation from the amorphous silicon were
achieved by subsequent annealing at 1050ÉC for 15 min.
Using wafer curvature methods,19 we have observed com-
plete stress relaxation in the resulting polycrystalline silicon
®lms @see Fig. 1~a!#.

I-line projection lithography with a gold lift-off was per-
formed to de®ne 10 mm gold octagons used for alignment in
subsequent EBL steps. EBL was then used to de®ne the body
of the oscillator. Hard etch-mask chromium layer was depos-
ited using electron-beam evaporation and lifted off. The de-
vice layer was etched down to the sacri®cial oxide using
reactive ion etching in a CF4 plasma chemistry, and the re-
maining chromium layer was removed @see Fig. 1~b!#. A bi-
layer electron-beam resist process was used to de®ne the
biomolecular tethering sites. First, solution of 4% concentra-
tion of 495 K molecular weight polymethyl methacrylate
~PMMA! in anisole was spun at 4000 rpm for 60 s, and
baked in air at 170ÉC for 15 min. A 2% concentration of 950
K molecular weight PMMA in methyl isobutyl ketone
~MIBK! was then spun at 2000 rmp and baked at 170ÉC for
15 min. The resist was then patterned using EBL ~100 kV

FIG. 1. Fabrication sequence of the nanomechanical oscillators. ~a! 2 mm
thermal oxidation and LPCVD deposition of the device layer. ~b! Litho-
graphic de®nition of the oscillator. ~c! Cr/Au anchors are de®ned via EBL
and lift-off. ~d! Sacri®cial silicon dioxide is removed in hydro¯ uoric acid.
SEM micrographs of released oscillators without ~e! and with ~f! Au an-
chors. Scale bars for ~e! and ~f! corresponds to 2 mm. ~g! SEM micrograph
of arrays of bridge oscillators. Scale bar corresponds to 2 mm.
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Leica VB6! and developed in MIBK: isopropyl alcohol 1:3
for 1 min. Placement accuracy of less than 10 nm was
achieved using die-by-die alignment. The circularly exposed
regions ranged from 50 to 400 nm in diameter. After the
patterning, gold ~15 nm! with a chromium ~5 nm! adhesion
layer was then deposited using electron-beam evaporation
and subsequently lifted off in a solution of methylene chlo-
ride @see Fig. 1~c!#. Devices were then released by etching
the sacri®cial oxide layer in hydro¯ uoric acid, washed in
deionized water and isopropyl alcohol, and then nitrogen
dried @see Fig. 1~d!#. Stiction was observed for cantilever
devices exceeding lengths of 20 mm with a thickness ranging
between 160 and 250 nm. Figures 1~e! and 1~f! show scan-
ning electron microscope ~SEM! micrographs of released
paddle-cantilevers used for control and mass measurements,
respectively. The optical interferometric detection technique
used to measure displacement of these devices is diffraction
spot limited. We have overcome these limitation through the
incorporation of the 1 mm3 1 mm paddle for narrow width
oscillators. This polycrystalline silicon device was 165 nm
thick, 500 nm wide, and 4 mm long, with paddle dimensions
of 1 mm3 1 mm and a gold pad with a 250 nm diameter.

Oblique-angle SEM micrographs of released devices
with parametrized circular Au dots are shown in Fig. 2.
These devices were fabricated from 250-nm-thick low-stress
silicon nitride. In the case of the cantilevers, the width and
length were 1 and 10 mm, respectively. The doubly clamped
oscillators had a width of 200 nm, length of 6 mm, and
1 mm3 1 mm paddles. Au anchors were positioned 500 nm
from the edges of the device. The images show reasonably
good alignment of the Au pads with respect to the center of
the resonators.

Dynamic frequency response characterization was per-
formed to evaluate the performance of the NEMS oscillators.
Immediately following the release, measurements of the
resonant frequency were conducted in a vacuum chamber.
First, 5-mm-square silicon chips were epoxied onto a 1-in.-
diam piezo transducers and placed into the vacuum chamber.
In order to remove viscous damping mechanisms, a turbo-
molecular pump was used to evacuate the chamber to a pres-
sure of 33 102 6 Torr. Baseline frequency spectra were ac-
quired for various devices using an optical interferometric
technique.16 A rf spectrum analyzer with a tracking generator
output, ampli®ed by a rf power ampli®er, was used to me-
chanically excite the NEMS structures and simultaneously

measure the signal from the optical detector.16 The excitation
signals, well below the nonlinear threshold, were applied.
Our results con®rm signi®cant ampli®cation of the out-of-
plane translational vibration without both, in¯ uencing the
eigenfrequency of the beam and causing degradation to the
quality factor.

Following the baseline measurements, devices were re-
moved from the chamber and immersed in a thiol solution
for 3 h. We used a dinitrophenyl poly~ethylene glycol!
undecanthiol-based molecule ~DNP-PEG4-C11thiol! as a
model ligand for this study due to its interesting functional
groups.20 In order to have an organized assembly, we incor-
porated a gold self-assemblying fragment into the ligand.
Eleven carbon alkyl chains used for this purpose could give
rise to ¯ exibility and high packing density to the system. The
thiol end group not only provides a good attachment site to
gold, but gives chemical selectivity for reaction with gold
over our device layer, reducing the possibility of physical
adsorption.

The nitro groups can be used as redox active sites and
hence used for detection using electrochemical methods. Us-
ing cyclic voltammetry on monolayers assembled on gold
electrodes the surface coverage was calculated using the re-
dox active dinitro molecules on the substrate. Surface cover-
age was calculated to be 2.73 102 10 mol cm2 2. Theoretical
data for the alkyl thiol assemblies on Au ~111! are 7.8
3 102 10 mol cm2 2 ~Ref. 21! with data on DNP-containing
thiols having values from 1.33 102 10 mol cm2 2 for
4-nitrophenols to 1.53 102 11 mol cm2 2 for dinitrospirans.22

This suggests that the incorporation of the DNP-PEG4-C11
thiols on gold to be reasonable, but has the possibility of
leaving some unbound Au surface sites ~pinholes! which is
not uncommon.

A SAM forms within seconds, however, well-ordered,
defect-free, high-quality SAMs are known to form after sev-
eral hours. Thiol ~S-H! head groups bind selectively to the
Au surface creating a dense monolayer with a DNP-
terminated tail group pointing outwards from the surface.
Figure 3 shows a schematic of a fully assembled SAM on the
surface of Au.

Following self-assembly, devices were rinsed with me-
thylene chloride, acetone, isopropyl alcohol and dried with
nitrogen. Devices were then placed into the vacuum chamber
and evacuated for 8 h to a pressure of 33 102 6 Torr. Experi-
mental conditions identical to those during baseline measure-

FIG. 2. Oblique-angle SEM micrographs of ~a!±~d! cantilever ~30Étilt! and ~e!±~h! bridge oscillators ~40Étilt!, where the scale bars correspond to 5 mm
~a!±~d! and 2 mm ~e!±~h!. The diameters of the Au pads were 50, 100, 200, and 400 nm, from left to right for the two rows of images.

3696 J. Appl. Phys., Vol. 95, No. 7, 1 April 2004 Ilic et al.

Downloaded 19 Apr 2004 to 128.205.113.133. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



ments were met prior measuring the frequency spectra. The
acquired frequency shift was then correlated to the amount of
adsorbed SAM.

In order to determine the sensitivity of the devices and
validity of our analytical models, sets of calibration experi-
ments were performed. Devices with a known, prefabricated
gold mass were wet etched using potassium iodide based
chemistry. Devices were then rinsed, nitrogen dried, and sub-
sequently placed into the vacuum chamber and measured.
The resulting frequency shift with respect to the varying gold
mass provided calibration curves for different oscillator ge-
ometries.

III. ANALYSIS

The following section describes the relevant theory used
to analyze resonance of differently shaped NEMS structures
and to determine the natural frequency to added mass rela-
tion. In our analysis, we considered several mechanical de-
signs of beams with one end ®xed and the other end free, and
ones with both ends ®xed. The oscillator material is assumed
linear, homogeneous, and isotropic. Since the beam is exter-
nally excited during experimental measurements, our kine-
matic excitation analysis showed a lack of in¯ uence of the
drive mechanism on the eigenfrequency of the oscillator in
the limit of small beam dē ections. For the case of large
dē ections, where the motion of the beam is described by a
nonlinear equation, the amplitude of the kinematic excitation
can have an in¯ uence on the response frequency. To simplify
matters, we assume that the response is linear and ensure
linear regime operation by driving the oscillator with signal
excitations more than an order of magnitude lower than the
nonlinear threshold.

A. Cantilever beam with a concentrated mass at the
free end

The ®rst approach consists of considering an additional
mass loading effect imposed at the free end of a cantilever
beam. In order to determine the frequency of a rectangular
cantilever beam of length l, width w, and thickness t ~see Fig.
4!, we consider the following homogeneous undamped
equation:23

EI
] 4y

] x4 1 r A
] 2y

] t2 5 0, ~1!

where E is the Young modulus of elasticity, I is the moment
of inertiaof thecantilever, y is the transversedisplacement of
the beam, r is the mass density, and A is the cross-sectional
area of the cantilever. By assuming time harmonic solutions
@y5 Y(x)ei v t#, Eq. ~1! is reduced to

d4Y

dx42 b 4Y5 0, ~2!

where

b 45 v 2Sr A

EI D ~3!

is the frequency parameter. The general solution to the equa-
tion of motion for a cantilever beam is given by

Y~x!5 C1 sinbx1 C2 cosbx1 C3 sinhbx

1 C4 coshbx. ~4!

We impose the following boundary conditions to deter-
mine the coef®cients. At x5 0, both the dē ection and slope
are zero:

C21 C45 0, ~5!

C11 C35 0. ~6!

Boundary conditions at x5 l require the moment M to be
zero and from dynamic equilibrium the shear V to be equal
to v 2my(l ):

M5 EI
d2Y

dx2 5 0, ~7a!

2 C1~sinh1 sinhh !2 C2~cosh1 coshh !5 0, ~7b!

V5 2 EI
d3Y

dx3 5 v 2mY~l ! , ~8a!

2 C1@~cosh1 coshh !2 gh~sinh1 sinhh ! #

1 C2@~sinh1 sinhh !2 gh~cosh2 coshh ! #5 0, ~8b!

where h5 b l and g5 m/r Al is the dimensionless ratio of the
concentrated mass ~m! to the mass of the oscillator.

To have a nontrivial solution for the coef®cients, we re-
quire that

~cosh coshh1 1!1 gh~sinhh cosh2 sinh coshh !5 0,
~9!

while the modes of vibration Y(x) are given by

Y5 C1Fsinbx2 sinhbx1
C2

C1
~cosbx2 coshbx!G,

~10a!

C2

C1
5

cosh1 coshh2 gh~sinh2 sinhh !

sinh2 sinhh1 gh~cosh2 coshh !
, ~10b!

FIG. 3. Schematic of a fully assembled alkane thiol SAM.

FIG. 4. A schematic diagram of a cantilever with an additional loading at
the free end.
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and C1 is chosen in such a way that Y(l )5 1.
For arbitrary values of the mass ratio, there are multiple

eigenfrequencies at which the transcendental equation is sat-
is®ed. Equation ~9! was solved numerically to determine b l
for a given dimensionless mass ratio g. Rayleigh's quotient
with the ®rst natural mode of the beam Eq. ~10a! without end
mass (g5 0) as a trial function leads to the approximate
expression for the natural frequency:

f o5
~bÄl ! 2

2p
t

l 2A E

12r ~11 4g !
. ~11!

Figure 5 shows the variation of b l with g. For a given
mass, b l was calculated using the curve ®t equation and
results were substituted into Eq. ~11! to yield the natural
frequency with the imposed mass. In the limit that g5 0, Eq.
~11! reduces to that of a simple beam clamped at one end
with b l5 1.875 for the natural harmonic.

B. Beam with ®xed ends and a concentrated mass at
midpoint

We considered a doubly clamped beam similar to one
shown in the lower half of Fig. 2. For this case, we exclude
the paddle region and assume that the beam is of length 2l
with an additional mass m located at x5 l . The boundary
conditions at x5 0 require that both the dē ection and slope
be zero. From these four conditions, we generate the follow-
ing equations:

C21 C45 0, ~12!

C11 C35 0, ~13!

resulting in C35 2 C1 , C45 2 C2 . The symmetry boundary
condition at the middle of the beam x5 l requires that the
slope is zero, while the second boundary condition is similar
to given by Eq. ~8b!:

C1~cosh2 coshh !2 C2~sinh1 sinhh !5 0, ~14!

C1Fcosh1 coshh2
1

2
gh~sinh2 sinhh !G

2 C2Fsinh2 sinhh1
1

2
gh~cosh2 coshh !G5 0. ~15!

The frequency parameters b are found as solutions of
frequency equation

~cosh sinhh1 sinh coshh !2 1
2gh~12 cosh coshh !

5 0. ~16!

The approximation of the resulting natural frequency
based on the mode of the beam without attached mass is
given by

f o5 1.26F EI

l 3~m1 mbeam!G
1/2

. ~17!

C. Beam with a discontinuous moment of inertia

The equation of motion is the same as before, and there-
fore we can use the general solution of Eq. ~4! for both beam
segments ~see Fig. 6!. For the clamped and free ends, the
boundary conditions require that slope and dē ection ~at x
5 0), along with moment and shear ~at x5 l 2) be zero. The
system of equations representing the boundary conditions is
obtained as

C21 C45 0, ~18!

C11 C35 0, ~19!

2 C1
! sinh 22 C2

! cosh 21 C3
! sinhh 21 C4

! coshh 25 0,
~20!

2 C1
! cosh 21 C2

! sinh 21 C3
! coshh 21 C4

! sinhh 25 0,
~21!

where h i5 b i l i , b i
45 v 4 (r Ai /EI i), and Ai and I i de®ne the

cross-sectional area and moment of inertia, respectively, of
the ®rst (i 5 1) and second (i 5 2) beam segments.

The compatibility and equilibrium equations are satis®ed
at the junction of the two beam segments. Continuity at x
5 l 1 gives

C1~sinh 12 sinhh 1!1 C2~cosh 12 coshh 1!2 C2
! 2 C4

! 5 0,
~22!

j @C1~cosh 12 coshh 1!2 C2~sinh 11 sinhh 1! #2 C1
! 2 C3

!

5 0, ~23!

FIG. 5. The effect of the b l dependence on the dimensionless mass ratio.
Dashed line represents a ®t of b l 5 1.875/(11 4g)1/4.

FIG. 6. Schematic of a cantilever beam with a discontinuity in moment of
inertia at x5 l 1 .
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2 w@C1~sinh 11 sinhh 1!1 C2~cosh 11 coshh 1! #1 C2
! 2 C4

!

5 0, ~24!

2 c @C1~cosh 11 coshh 1!2 C2~sinh 12 sinhh 1! #1 C1
! 2 C3

!

5 0, ~25!

where j 5 b 1 /b 2 , w5 (I 1 /I 2)j 2, and c 5 (I 1 /I 2)2j 3. For a
beam of uniform thickness and w15 0.5w2 , j 5 1, w5 1

2, and
c 5 1

4.
Considering h i as being small, the expansion of Eqs.

~20!±~25! to order 2, yields the following matrix form:

3
0 0 2 k 2 l 2 k 2 l 1

0 0 l 2 k 2 l 1 k 2

0 2 k 1
2 0 2 1 0 2 1

2 j k 1
2 2j k 1 2 1 0 2 1 0

2 2wk 1 2 2w 0 1 0 2 1

2 2c 0 1 0 2 1 0

4F
C1

C2

C1
!

C2
!

C3
!

C4
!

G5 0,

~26!

where k i5 v 1/2ai , l 6 5 1
2v a2

26 1, and ai5 (r Ai l i /EI i)
1/4.

This equation can be solved explicitly for v , giving

v 7 5 H4a1a2
3j c 1 4a1

3a2w1 2a1
2a2

2~j w1 c !7 2a1a2$@2a1
2w1 2a2

2j c 1 a1a2~j w1 c ! #22 4a1
2a2

2wc %1/2

a1
4a2

4 J1/2

~27!

where v 2 and v 1 are the resonant mode and ®rst harmonic,
respectively. Figure 7 shows reasonable agreement between
measured and calculated natural frequency for polycrystal-
line silicon beams with discontinuous moments of inertia. In
the regime in which l 2 is small and w2 is slightly larger than
w1 , dynamic behavior can be described with the simple rect-
angular beam model. Calculations in the large l 2 and w2
limit show a large deviation from the simpli®ed model.

D. Rotational inertia considerations

In this case, we considered a beam with an attached
mass being taken into account through boundary conditions.
As shown in Fig. 8, the mass is considered to be attached at
the free end of the beam. Since the mass was located at x
5 x0 , an additional moment arises in the boundary condition.
The rotational inertia of the added mass is taken into consid-
eration through boundary conditions. The adopted approach

allows us to determine an accurate eigenfrequency of the
beam. In the framework of Euler±Bernoulli, the boundary
conditions at x5 0 require that dē ection and slope to van-
ish, and moment and shear at x5 l 0 are formulated as fol-
lows:

EI
] 2y

] x2 5 l 0~MCr1 MAu!
] 2y

] t22 FMCrSl 0
21 yCr

2 1
R2

4 D
1 MAuSl 0

21 yAu
2 1

R2

4 DG] 3y

] x] t2 , ~28a!

EI
] 3y

] x3 5 ~MCr1 MAu!F] 2y

] t22 l 0

] 3y

] x] t2G, ~28b!

where h, hCr , and hAu are the thickness of the beam, Cr
layer, and Au layer, correspondingly, with yCr5 (h1 hCr)/2,
yAu5 hCr1 (h1 hAu)/2, and l 05 l2 x0 . The term propor-
tional to the radius square of the metallic dot takes into ac-
count the rotational inertia of the dot since J5 r hp R4/4
5 M R2/4. Calculations show that the in¯ uence of the rota-
tional inertia on the frequency shift can be essential. In order
to study the sensitivity of the beam frequency to the attached
mass when rotational inertia is taken into account, we rewrite
Eq. ~28! in the following form:

] 2yÃ

] xÃ2
5 lÃ0g

] 2yÃ

] tÃ2
2 g~lÃ01 rÃ2!

] 3yÃ

] xÃ] tÃ2
, ~29a!

FIG. 7. Measured ~solid line! versus calculated resonant frequency data for
various beam lengths. Calculations were obtained from Eq. ~27! ~dashed
line! assuming a 1 mm3 1 mm pad, w15 0.5w25 0.5 mm, t5 160 nm,
EpolySi5 179 GPa, r polySi5 2300 kg/m3, and total length5 l 11 l 2 . Calcula-
tions using the simple beam Eq. ~11! ~dotted line! assume a constant width
w5 0.5 mm, with g5 0 and b l5 1.875.

FIG. 8. Schematic of a cantilever beam with an added mass at x5 x0 ~only
Cr layer is shown!.
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] 3yÃ

] xÃ3
5 g

] 2yÃ

] tÃ2
2 glÃ0

] 3yÃ

] xÃ] tÃ
, ~29b!

where lÃ05 12 xÃ0 and the nondimensional quantities are de-
®ned as

yÃ5
y

l
, ~30!

xÃ5
x

l
, ~31!

tÃ5 tAEI

r A0l 4, ~32!

rÃ5 A J

mAl 2, ~33!

with rÃas the gyration radius.
Separation of variables and substitution of the mode

shape de®ned by Eq. ~4! into the boundary conditions leads
to the following frequency equation:

11 cosb coshb1 gb@~cosb sinhb2 sinb coshb !

1 2b lÃ0 sinb sinhb2 b 2~lÃ01 rÃ2!~cosb sinhb

1 sinb coshb ! #1 g2b 4rÃ2~11 cosb coshb !5 0. ~34!

The perturbation procedure with the nondimensional
mass g! 1 considered as a small parameter is implemented.
By placing b5 b 01 gb 1 and directly substituting into the
frequency equation Eq. ~34! while limiting the expansion by
terms linear in g, the following expression for the frequency
parameter is obtained:

b5 b 0$12 g@11 2b 0lÃ0g1~b 0!1 b 0
2~lÃ0

21 rÃ2!g2~b 0! #%,
~35!

where

g15
sinb 0~12 G1!

G21 G3G4
5 2 0.734, ~36!

and

g25
G31 G2G4

G21 G3G4
5 0.539, ~37!

where

G15 sinh2b 01 cosh2b 0 , ~38!

G25 sinb 01 cosb 0 , ~39!

G35 sinb 02 cosb 0 , ~40!

G45 sinh2b 01 cosh2b 0 , ~41!

with b 05 1.875 as the solution of the unperturbed frequency
equation for the cantilever ~i.e., 11 cosb0 coshb05 0).

IV. DISCUSSION

Arrays of cantilevers with eigenfrequencies from 1 to 15
MHz with integrated Au dots of varying size were fabricated
using the process ¯ ow described earlier and shown in Fig. 1.

In addition to the clamped-free oscillators, clamped-clamped
versions were fabricated for comparative purposes. To test
the sensitivity of the oscillator arrays, baseline measurements
of the natural frequency were obtained in vacuum. Each ar-
ray included reference oscillators; that is, devices without Au
contacts. TheAu was then removed and shift in the resonant
frequency due to the etched Au mass was observed. Mea-
sured frequency spectra for 10-mm-long cantilevers before
and after the removal of the Au dots is shown in Fig. 9.
Reference cantilevers showed no shift in the frequency.
These results suggest an absence of nonspeci®c etching or
adsorption during the aqueousAu etch. For these devices, the
mechanical quality factor ~Q!, de®ned as the ratio of the
resonant frequency to the full width at half-maximum of the
spectral response, remained at a constant value of 8500 dur-
ing the control experiments. The lack of dependence of Q on
mAu indicates the absence of appreciable surface-dominated
dissipation mechanisms due to additional mass loading of the
Au dots.

Figure 10 represents calibration measurements indicat-
ing a frequency-mass loading dependence of cantilevers with
varying length. Figure 11 shows detailed normalized fre-
quency shift data for three different length cantilevers. Our
analytic ®t appears slightly larger than the measured values.
The discrepancy is due to the oversimpli®ed assumption in
Sec. III A, which assumes mass loading is located at the very

FIG. 9. Calibration frequency spectra of 10-mm-long rectangular cantilevers
before ~dashed line! and after ~solid line! the removal of the ~a! 50-, ~b!
100-, ~c! 200-, and ~d! 400-nm-diam Au contact.
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end of the oscillator. Additionally, the model does not ac-
count for pinholes as well as impurity defects in the depos-
ited gold layer. For these devices with Q5 8500, we estimate
2.7, 5.7, and 11.3 attograms ~ag! as the minimum resolvable
mass for the l5 8, 10, and 12 mm cantilevers, respectively.

Comparison of the measured and calculated normalized
frequency shift plots as a function of theAu contact diameter
is shown in Fig. 12. Calculations of the simpli®ed model
were performed using analysis of Sec. III A. A better ap-
proximation is achieved by accounting for the exact location
of the added mass ~Sec. III D!. Both models show signi®cant
quantitative success; however, they clearly have some sub-
stantial limitations. In each case, particle properties of the
contact are neglected; for example, there is no consideration
of the exact topography of the particle. For a complete the-

oretical treatment, effects such as microstructural defects,
grain morphology, and impurities need to be considered.

Analytical models described earlier are based on Euler±
Bernoulli beam theory and neglect rotational inertia of the
beam and shear deformation. In order to verify the analytic
models, the frequencies of the beam were calculated using a
®nite element method ~FEM!. A three-dimensional model
was built based on the quadratic 20 node brick element. The
example of the mesh is presented in Fig. 13. Material prop-
erties of polycrystalline silicon used for the calculations are
E5 179 GPa, r 5 2300 kg/m3, and n5 0.28. Densities of Cr
and Au are r Cr5 7140 kg/m3 and r Au5 19300 kg/m3, corre-

FIG. 10. Calibration plot of the frequency shift versus the diameter of the
Au contact for 8-, 10-, and 12-mm-long cantilevers. The inset shows natural
frequency variation with the length of the rectangular cantilevers. Device
dimensions were w5 1 mm and t5 250 nm with Au thickness of 15 nm.

FIG. 11. Plot of the measured normalized frequency shift ~solid line! versus
mass of the Au contact for ~a! 8-, ~b! 10-, and ~c! 12-mm-long cantilevers.
The dashed line represents a ®t generated from Eq. ~11!.

FIG. 12. Comparison of the measured ~solid line! and calculated normalized
frequency shift dependence on the additional mass loading of a 10-mm-long,
1-mm-wide, and 250-nm-thick clamped-free beam resonator shown in the
inset. Three different calculated frequency shift traces correspond to the
simple model Eq. ~11! ~dash-dot line!, taking account of the mass location
~dotted line!, and both rotational inertia consideration and ®nite element
analysis ~dashed line!.

FIG. 13. Three-dimensional ®nite element mesh of the ~a! beam and ~b!
near the 50 nm dot.
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spondingly. The length of the beam was subdivided into 160
elements, while the thickness and the half-width was subdi-
vided into four elements. The study of convergence was per-
formed in order to ensure the relative error in the ®rst fre-
quency less than 102 4. Figure 12 further shows that when
rotational inertia is considered, the results agree well with
the FEM simulation.

The ®rst rotational inertia correction is on the order of
g lÃ0 and takes into account the fact that the mass is attached
at x5 x0 . The second rotational inertia correction term,
which takes into account the rotational inertia of the mass
around its central axis, is on the order of g lÃ0

2 @see Eq. ~35!#.
Since g1 is negative, this term decreases the frequency shift
as we observed in our results. The in¯ uence of the rotational
inertia of the mass attached to the beam can be essential and
produce a discrepancy of about 10% in the frequency shift.

To probe the amount of thiolate binding to the Au con-
tacts, we have measured the frequency spectra before and
after the thiolate self-assembly. Figure 14 shows the mea-
sured shift in the resonant frequency for DNP-PEG4-
C11thiol binding on 50- and 400-nm-diam Au contacts. The
measured frequency shifts were 125 Hz and 1.10 kHz, cor-
responding to calculated masses of 6.3 and 213.1 ag, respec-
tively.

To further enhance the sensitivity, measurements were
performed using paddle oscillators of various lengths, of 0.5
mm width, and with a 1 mm3 1 mm square paddle located at
the free end of the beam. Control measurements of 6-mm-
long paddle oscillators consistently show a lack of a fre-
quency shift, which signi®es an absence of nonspeci®c bind-
ing of thiolate molecules @Fig. 15~a!#. This is consistent with
the control experiments performed on bulk substrates. Figure
15~b! shows a 1.5 kHz shift in the frequency for the same
size oscillator with a 150-nm-diam Au contact. For a 4-mm-
long paddle oscillator, the measured frequency shift was 3.53
kHz @Fig. 15~c!#. The calculated frequency shifts were 1.14
and 3.01 kHz, respectively. From the measured frequency
shifts at a given quality factor, we estimate the smallest re-

solvable mass of 0.79 and 0.39 ag for the 6-, and 4-mm-long
paddle oscillators, correspondingly.

We have also fabricated and tested 200-nm-wide, doubly
clamped paddle oscillators of various lengths, with
1 mm3 1 mm paddles. In contrast to cantilever-type oscilla-
tors, where release-related stiction could potentially occur
during sacri®cial layer removal, doubly clamped devices
uniquely offer a wide range of ¯ exibility in the creation of
low-mass, large surface-to-area microstructures. Because of
strong liquid capillary forces during release, the free end of a
low-stiffness cantilever may permanently adhere to the sub-
strate. This problem can be circumvented through either su-
percritical drying or passivation with a lubricating layer.
However, in either case, contamination involving foreign
particulates and additional surface layers can potentially en-
hance dissipation and degrade sensitivity. We have readily
observed stiction of beams where w, 500 nm and l
. 15 mm. On the other hand, we have fabricated low-stress
clamped-clamped beams with w5 200 nm and l . 30 mm.
These devices can offer comparable mass sensitivity, how-
ever, the additional boundary condition degrades the me-

FIG. 14. Experimentally measured frequency spectra before ~solid line! and
after ~dashed line! the adsorption of the thiolate on ~a! 50- and ~b! 400-nm-
diam Au contact. Rectangular beam dimensions were l5 10 mm, w
5 1 mm, and t5 250 nm.

FIG. 15. Frequency spectra before ~solid line! and after ~dashed line! the
adsorption of the thiolate with paddle shaped cantilever oscillators. ~a! Con-
trol experiments without Au contacts show no shift in the frequency and ~b!
frequency shift of 1.5 KHz as a result of thiolate binding to 150 nm Au
contacts for oscillator dimensions of l 5 6 mm, t5 160 nm, w5 0.5 mm with
a 1 mm3 1 mm paddle. ~c! Frequency spectra indicating a 3.53 kHz shift for
a l 5 4-mm-long paddle-shaped cantilever.
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chanical quality factor through clamping losses into the sub-
strate. The measured devices had a Q factor of about 4500.

V. CONCLUSIONS

We have fabricated NEMS oscillators with integrated
circular Au contacts with subattogram mass detection sensi-
tivity. In order to highlight the mass loading effects of selec-
tively immobilized DNP-PEG4-C11 thiolate molecules to
prefabricated Au contacts on the surface of the NEMS reso-
nator. The size of the circular Au element varied from d
5 50 to 400 nm. Our analytic calculations showed, as one
would expect, that the most sensitive position of gold tether-
ing site is near the free end of a cantilever oscillator and at
the midpoint of a bridge oscillator ~at the point where the
vibrational amplitude is maximum!. The observed shift in the
natural frequency of the resonator was correlated to our ana-
lytical models. The theoretical frequency shifts calculated by
using Euler±Bernoulli are approximately in accordance with
the experimental data. As veri®ed by ®nite element analysis,
when rotational inertia corrections are applied the approach
allows for a more accurate determination of the eigenfre-
quency. Discrepancies based on the simpli®ed model are as-
cribed to subtle variations in the complex morphology of the
Au element which lead to modi®cations of the nucleation
sites for the thiolate SAM. Control experiments utilizing os-
cillators without Au contacts, did not show a shift in the
natural frequency signifying selectivity of the thiolate bind-
ing. We estimate 0.39 ag as the smallest resolvable mass for
an oscillator with dimensions of l 5 4 mm, w5 500 nm, and
t5 160 nm, with a 1 mm3 1 mm paddle. Based on our mass
sensitivity calculations, this technique presents an opportu-
nity for detection of a single large biomolecule adsorbed on
the surface of the NEMS oscillator. Our studies suggest that
further tailoring of device dimensions and mechanical prop-
erties could additionally extend the mass sensitivity to the
zeptogram regime.
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