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b Departament d’Enginyeria Electrònica. Edifici Q, Campus UAB, 08193 Bellaterra, Spain

Available online 21 February 2006
Abstract

Micro/nanomechanical resonators have been designed and fabricated with the aim to be used as distributed mass sensors for in situ
measurement of the thickness of ultra-thin layers. First, we present a comparative study of three kinds of oscillating devices (cantilever,
bridge and quad beam). The quad beam design has been selected for fabrication because it combines high sensitivity and good electrical
response. The complete fabrication process of the device is based on electron beam lithography, lift-off and reactive ion etching. The
frequency response has been characterized by means of electrical excitation and capacitive read-out.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mass measurement based on resonating micro and
nanomechanical devices has been a subject of growing
interest in the last few years [1–3]. The principle of opera-
tion is based on the detection of the shift of resonance fre-
quency when a small quantity of mass is deposited on top
of the mechanical structure. In general, the smaller the res-
onator, the more sensitive it is because the relative change
of mass is greater. Compared to quartz microbalances,
micro and nanomechanical resonators offer advantages in
terms of sensitivity and integration. In addition, if they
are small enough, they can provide mass sensing with spa-
tial resolution.

Silicon based micro and nanomechanical devices can be
fabricated in batch using standard silicon technology pro-
cess. Moreover, they can be combined with CMOS technol-
ogy to fabricate monolithic integrated microsystems. This
allows the assembly of arrays and matrices of resonators
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[4], and the development of portable systems with inte-
grated read-out circuitry for signal processing and
conditioning.

Up to now, most of the efforts have been focused on
punctual single-particle mass detection [5,6], and the design
of the corresponding mechanical device has been optimized
for such an application. However, for distributed mass
sensing (i.e., mass detection per unit area), an optimization
of the device geometry is required. In this paper, we present
the design and fabrication of mechanical mass sensors for
measuring the thickness of ultra-thin layers. The sensor will
be used in positioning as an alignment tool for nanostencil-
based lithography [7]. It will detect the mass deposition rate
after the atom beam flows through stencil apertures. Beam
diameter is expected to be of few micrometers when
impacting on the sensor surface.

As it will be shown below, by decreasing the dimensions
of the mechanical resonator, sensitivity better than the
state-of-the-art quartz microbalances can be achieved.
Let us consider the following equation:

Dm ¼ ASDf ¼ AqRt ð1Þ

mailto:julien.arcamone@cnm.es


Fig. 1a. Cantilever oscillator with length l as characteristic dimension.

Fig. 1b. Bridge oscillator with length l as characteristic dimension.

Fig. 1c. Quad beam oscillator with paddle width L1 as characteristic
dimension, and l as beam length.

J. Arcamone et al. / Microelectronic Engineering 83 (2006) 1216–1220 1217
hence,

Df ¼ qRt
S

ð2Þ

where Dm is the mass of the on-top deposited layer, S the
distributed mass sensitivity (g cm�2 Hz�1), Df the resulting
frequency shift, A the resonator area, q the density of the
deposited material, R the evaporation rate (nm/s) and t

the evaporation time.
Then, for the purpose of the final application (in situ

ultra-thin layer detection, i.e., in an evaporation chamber
under vacuum conditions), we aim to measure a frequency
shift corresponding to a 1 s shutter aperture time for a typ-
ical deposition rate of 0.3 nm/s for gold and aluminum.
From initial tests performed in air (see Section 4), we
assume 0.5 kHz as the minimum detectable frequency shift.
In Table 1, the frequency shift as a function of the sensitiv-
ity for the two materials of interest is depicted.

We conclude that the appropriate range for the mass
sensitivity is 10�10–10�11 g cm�2 Hz�1, i.e., more sensitive
than state of the art quartz microbalances.

For the read-out of the resonator oscillation, optical
characterization offers very high resolution under various
configurations (through interferometer methods [8] or with
atomic force microscopy based set-ups) but its implementa-
tion is not adequate in the present application because the
sensor will be covered by the stencil membrane. Conse-
quently, the read-out has to be based on electrical methods;
in addition to its easy implementation, it will allow the
monolithic integration of the sensor with CMOS circuits [9].

2. Modeling

We compare, in terms of mass sensitivity and electrical
response, three types of silicon mechanical resonators oper-
ating in the fundamental vertical flexural mode: cantilever
(Fig. 1a), bridge (Fig. 1b) (common structures used for
mass sensing [5,10]) and quad beam resonator (Fig. 1c).

2.1. Comparative study in terms of distributed mass

sensitivity (S)

Let us consider a general law for the resonance
frequency,

fi ¼
1

2p

ffiffiffiffiffiffiffiffi
ki

meff

s
ð3Þ
Table 1
Frequency shift associated to a given distributed mass sensitivity for a 1 s
deposition at a rate of 0.3 nm/s for gold and aluminum

Sensitivity
(g cm�2 Hz�1)

1E�09 1E�10 1E�11

Gold
(q = 19.3 g cm�3)

Df = 0.58 kHz Df = 5.8 kHz Df = 58 kHz

Aluminum
(q = 2.7 g m�3)

Df = 0.08 kHz Df = 0.8 kHz Df = 8 kHz
where fi is the resonance frequency of a given mode i. The
spring constant, ki, and the effective mass, meff, both de-
pend on the oscillation mode and on the force loading dis-
tribution and point of application. In case, ki and meff

correspond to a uniform mass (i.e., force) loading in the
first vertical flexural mode (fi = fo). The mass sensitivity
can be evaluated from:

om
of
� 1

2p2

k
f 3

o

¼ 2
meff

fo
ðg Hz�1Þ ð4Þ

and S ¼ 1

A
om
of

ðg cm�2 Hz�1Þ ð5Þ

where A is the resonating area exposed to mass loading.
Applying Eqs. (3)–(5) to the three structures of Fig. 1, we
find that for any kind of structure vibrating in flexion,
the following quantity:

foS
h
¼ Cs

only depends on the material properties and the specific
mode. Indeed Cs can also be written as

Cs ¼ 2qaeff and aeff ¼
meff

m

with m the resonator mass and h its thickness. Therefore,
for a given thickness, the higher the resonance frequency,
the better is the sensitivity.

Table 2 shows the values of the characteristic parame-
ters for the three types of devices. Based on them, we have
plotted, in Fig. 2, S (distributed mass sensitivity) as a
function of l and L1 (characteristic length of each device
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Fig. 3. Electrical figure of merit (FM) for three kinds of resonators for
w = 1 lm, h = 300 nm as a function of characteristic dimension.

Table 2
Basic equations used to compare quantitatively three kinds of resonators in their vertical flexural mode for a mass electrical sensing purpose, where w is the
beam width, h the beam thickness,l the beam length, E the Young’s modulus, q the density of structure material, L1 the paddle width

Cantilever Bridge Quad beam a

k, spring constant for uniform mass loading 2
3

E�h3 �w
l3 32 E�h3 �w

l3 1:5 E�h3 �w
l3

aeff = meff/mresonator 0.65 0.75 1

fo, fundamental resonance frequency 1:015
2p

ffiffiffi
E
q

q
h
l2

6:5
2p

ffiffiffi
E
q

q
h
l2

1:2
2p

ffiffiffi
E
q

q
h�w0:5

l�L11:5

Cs = foÆS/h 3000 3500 4600

S (g cm�2 Hz�1) 0.225Æl2 0.041Æl2 0:291 L1�l1..5

w0:5

FM with c ¼ Q�eo2 �V 2
dc

ðCoxþCwÞ�d4E�h3

n o
3
2 c � l5 � w 1

32 c � l5 � w 2
3 c � L14 �l3

w

a In the quad beam column indicates that these formulas are the result of an experimental fit that corrects a discrepancy with theoretical formulas. It is
due to the under-etching of resonators anchors that occur during the last fabrication step, the SiO2 etching to release free standing structures.
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Fig. 2. Distributed mass sensitivity for three kinds of resonators for
w = 1 lm, h = 300 nm as a function of the characteristic dimension.
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defined as the largest dimension of the sensitive area) for
constant thickness (h = 300 nm) and width (w = 1 lm).

It can be observed that the cantilever is less sensitive
than the other two types of mechanical resonators. Com-
paring bridge and quad beam resonators, their relative sen-
sitivity depends on the value of the characteristic length.

2.2. Comparative study in terms of electrical response

As it has been mentioned previously, the final goal is the
monolithic integration of the mechanical resonators with
CMOS readout circuitry. This means that both actuation
and detection have to be electrical. For the three types of
devices, actuation is performed by applying a voltage
(AC + DC) between resonator and substrate. For evaluat-
ing the electrical response, and taking into account para-
sitic capacitances, we have built up a figure of merit
(FM) thus defined:

FM ð%Þ ¼ 100
iNEMS

iCox þ iCw

ð6Þ

calculated at the resonance frequency. iCox is the capacitive
current due to the physical capacitor Si/SiO2/Si between
resonators anchors, lines and pads, and the substrate; iCw

is due to the static plate/air/substrate capacitor (modeled
as parallel finite plates with constant gap d). iNEMS is the
capacitive current produced at resonance by mechanical
motion of the resonator. Its value is calculated via a
RLC model [11–13] as follows:

iNEMS ¼
V ac

Rm

with Rm ¼
ffiffiffiffiffiffi
km
p

Qg2
ð7Þ

with g ¼ e0AV dc

d2
ð8Þ

where Q is the resonator quality factor, e0 the dielectric
constant, A the resonator area, Vdc the applied DC voltage,
and d the gap.

Inserting (8) into (7) and computing it with (6) leads to a
global equation:

FM ð%Þ ¼ 100
Qe2

0A2V 2
dc

d4ðCox þ CwÞ
� 1

k
ð9Þ

For device specific FM calculation, values in Table 2 are
used. We have plotted FM, in Fig. 3, as a function of l and
L1 for constant thickness (h = 300 nm), width (w = 1 lm)
and gap (d = 1 lm).

Globally, the quad beam oscillator offers better perfor-
mance to reach the FM = 10% threshold that can be
considered as the minimum for effective detection. Conse-
quently, in the range 10�10–10�11 g cm�2 Hz�1 of mass
sensitivity, the quad beam offers the best compromise
between electrical response and measurement accuracy.
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3. Fabrication process

Resonating devices have been fabricated using a techno-
logical process based on standard silicon surface microma-
chining of silicon-on-insulator (SOI) wafers. The thickness
of the SOI layer is 1.5 lm, the thickness one of the SiO2 is
1 lm. First, the top silicon layer is n-doped by diffusion of
phosphor at high temperature (surface doping: Nd � 1018

at cm�3). Then doping impurities are thermally activated
under O2 and N2 atmosphere.

In order to decrease physical parasitic capacitances (see
Section 2.2), pads and anchors area has been minimized
and they are only made of doped silicon (no metal contact
is required). Therefore, for the whole process, a single
lithography step is necessary. After doping, samples are
coated with 115 nm of poly(methylmethacrylate) resist
and patterned by electron beam lithography with a 10 kV
electron beam. This technique allows obtaining submicron
features and provides much flexibility for prototyping.
After resist exposure and development, a 24 nm thick alu-
minum layer is evaporated on top of the samples. This is
followed by a lift-off process, based on heated acetone
under ultrasound vibration, optimized for nanometer scale
features. Aluminum is used as mask for the subsequent
reactive ion etching (RIE) of silicon because of its excellent
selectivity with respect to it even for very thin layers
(24 nm) what makes the lift-off easier. For an etch speed
Fig. 4. (a, b).Scanning electron microscopy (SEM) pictures of a fabricated
Si micro nanoresonator made on SOI wafer: above in top-view, below in
tilted view.
of about 1 lm per minute, the RIE recipe (performed on
Alcatel A601E) is based on the BOSCH plasma etching
process at room temperature: C4F8 and SF6 gases are alter-
natively injected into the reaction chamber, respectively,
for vertical flanks passivation and silicon etching. Then,
small features are released by selective wet under-etching
of SiO2 in a buffered HF solution. Fig. 4 shows scanning
electron micrographs of mechanical resonators at the end
of the process. Fig. 4b reveals that the mechanical structure
is successfully released from the substrate.

4. Resonance detection by electrical measurements

First prototypes of quad beam resonators were mea-
sured in air. An AC voltage (<10 V) plus DC voltage
(50–100 V) is applied to the substrate. The resonator layer
is grounded via a contact probe connected to a network
analyzer that allows measuring the total capacitive current
(sum of parasitic, static and resonance contributions). The
frequency response is affected by the applied DC voltage
[14]. Indeed, assuming that the electrostatic force Fe, acting
on the central paddle, is equal to that for a parallel plate
capacitor:

F e ¼ �
e0 � L2

1

2 � ðd � zÞ2
V 2

dc ð10Þ

and combining (10) with Newton’s law and Eq. (3), it gives:

f ðV Þ ¼ f0 � 1� e0l4

d3Eh2w
V 2

dc

� �
for V dc � V ac and d � z

ð11Þ
With a quad beam resonator of the following dimensions:
L1 = 14 lm, l = 18 lm, w = 0.55 lm, h = 1.5 lm (whose
theoretical FM is �14%), we have obtained the curves
shown in Figs. 5a and 5b.

The amplitude shows one maximum and one minimum
corresponding to resonance and anti-resonance respec-
tively. The anti-resonance is related to parasitic capaci-
tances. Future integration with CMOS is expected to
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Fig. 5a. Resonance curves of the amplitude signal for several applied DC
voltages.
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reduce them. Then, representing the maximum of the ampli-
tude as a function of V 2

dc (cf. Eq. (11)), we can obtain f0:
As it can be observed in Fig. 6, the linear fit is good and

the value of f0(VDC = 0) is around 1.72 MHz. This is in
good agreement with analytical mechanical calculations,
based on Rayleigh-Ritz quotient [15], that we have been
making in order to take into account the behavior of
released anchor edges due to under-etching of SiO2 hap-
pening at the end of the fabrication process.

From the experimental characterization, a theoretical
sensitivity of 4 · 10�10 g cm�2 Hz�1 is deduced. By opti-
mizing the dimensions of the mechanical device, the range
10�10–10�11 of sensitivity can be easily reached, for exam-
ple with a quad beam resonator of the following dimen-
sions: L1 = 13 lm, l = 5 lm, w = 0.55 lm, h = 0.3 lm
(with a theoretical FM around 20% in air).

5. Conclusion and perspectives

We have demonstrated the fabrication, actuation and
detection of a specific micro/nanomechanical resonating
structure based on a quad beam configuration. It has been
chosen among more classical geometries (cantilever or
bridge), because it responds to the conjugated requirements
of a good sensitivity for distributed mass sensing and
because it provides a better signal for electrical read-out.
The first prototypes have been successfully tested. Cur-
rently, we are fabricating similar devices integrated with
CMOS circuits that will allow performing ‘in situ’ experi-
ments of distributed mass sensing, providing an enhanced
resonance signal.
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