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Monolithic mass sensor fabricated using a conventional technology
with attogram resolution in air conditions
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Monolithic mass sensors for ultrasensitive mass detection in air conditions have been fabricated
using a conventional 0.35 m complementary metal-oxide-semiconductor 共CMOS兲 process. The
mass sensors are based on electrostatically excited submicrometer scale cantilevers integrated with
CMOS electronics. The devices have been calibrated obtaining an experimental sensitivity of 6
⫻ 10−11 g / cm2 Hz equivalent to 0.9 ag/ Hz for locally deposited mass. Results from time-resolved
mass measurements are also presented. An evaluation of the mass resolution have been performed
obtaining a value of 2.4⫻ 10−17 g in air conditions, resulting in an improvement of these devices
from previous works in terms of sensitivity, resolution, and fabrication process complexity. © 2007
American Institute of Physics. 关DOI: 10.1063/1.2753120兴
Cantilever-based sensors are very attractive transducers
for physical, chemical, and biological sensors based on
micro-/nanoelectromechanical systems1–11 共NEMSs兲 due to
its simplicity, wide range of sensing domains, and extremely
high sensitivity when cantilever is scaled down into submicrometer scale dimensions.6–10 One approach is the use of
these cantilevers in dynamic mode for mass sensing applications where the mass is measured as a change of the resonance frequency. Monolithic integration of the cantileverbased transducer with readout electronics provides
interesting advantages in terms of size, portability, and
cost10,11 in front of the use of optical readout techniques
commonly used.2–9
In previous works,10 a post-complementary metal-oxidesemiconductor 共CMOS兲 fabrication process based on a combination of electron beam lithography and direct write laser
lithography has been used in order to define and release the
cantilever of fully integrated mass sensors. In this letter, the
mechanical structures are defined directly during the standard CMOS process used to fabricate the overall sensor
共cantilever-based transducer plus readout circuitry 关Fig.
1共a兲兴, without the need of any additional lithographic
process.12 The reported results corresponding to calibration,
real time mass measurements, and resolution analysis indicate the benefits in terms of resolution and operation stability
of a fully integrated mass sensor operating in air conditions,
which has been fabricated using a conventional CMOS
technology.
Cantilever structures 10 m long 共l兲, 600 nm wide 共w兲,
and 750 nm thick 共t兲 关Fig. 1共b兲兴 have been fabricated by
a兲
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using the top metal layer of a commercial 0.35 m CMOS
technology.12,13 We use a three-electrode configuration constituted by the cantilever that is biased at a dc voltage 共Vdc兲
and two electrodes for electrostatic excitation 共Vac兲 and capacitive readout purposes 共Vsense兲, respectively. The cantilever displacement is detected with a full-custom designed
readout CMOS circuit with a high-sensitivity and low-noise
front-end stage.14 The electrical scheme used presents an input capacitance as low as 11 fF and an input refereed noise
of 21 nV/ Hz1/2, obtaining a cantilever displacement resolution of only 38 fm/ Hz1/2, which is comparable to state-ofthe-art of optical detection.
The mass sensing principle is based on measuring the
resonance frequency shift of the cantilever due to the accreted mass. This frequency shift is determined from the
transmission frequency response 共S21 parameter兲 of the devices which is measured by a network analyzer 共Agilent
E5100A兲 with 50 ⍀ impedance.
The mass sensitivity of the cantilever operated in the
fundamental lateral mode, for locally deposited mass, can be
expressed as

2M eff
⌬M loc
= R−1 = −
⌬f o
fo

共kg/Hz兲,

共1兲

where R is the cantilever mass responsitivity,15 M eff is the
cantilever effective mass, and f o its resonance frequency. For
a rectangular cantilever, M eff ⬇ 0.24lwt, where  is the cantilever mass density. In the case of distributed mass over the
cantilever area 关A = 共l ⫻ t兲兴, the sensitivity may be given in
terms of area using next expression
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FIG. 1. 共Color online兲 共a兲 Photograph of the cantilever-based mass sensor
monolithically integrated with full-custom designed electronics in AMS’s
0.35 m CMOS process共Ref. 13兲. 共b兲 Scanning electron microscopy image
of a fabricated 10 m long and 0.6 m width metal cantilever resonator
with a three-electrode configuration.

⌬M area 1
R−1
−1
⬅ Rarea
⬇
⌬f o A
0.24A

共kg/m2 Hz兲.

共2兲

Assuming aluminum 共Al兲 as structural layer of the fabricated
cantilevers with a density of 2.7⫻ 103 kg/ m3, the theoretical
mass sensitivities, for local and distributed mass depositions
are 8.9⫻ 10−19 g / Hz and 6.2⫻ 10−11 g / cm2 Hz, respectively,
resulting in an improvement with respect to devices presented before.10
The calibration of these sensors was performed on two
devices by two successive depositions of magnesium fluoride

FIG. 3. 共Color online兲 Real time attogram-scale mass sensing experiment
with a monolithic mass sensor. The device is biased with Vdc = 20 V and
excited 共Vac兲 with −30 dBm 共50 ⍀兲. 共a兲 Zero-span plot of the S21 parameter
phase showing the changes induced by successive expositions to a gold
atom flux 共deposited equivalent mass per area is already indicated兲. S21
parameter frequency response, magnitude 共b兲, and phase 共c兲, before any
deposition 共time= 0 s兲 and after successive depositions 共time= 360 s兲.

共MgF2兲 thin layers of 20 and 10 nm thick over the devices by
means of electron beam deposition. Figure 2 shows the frequency shifts, measured in air conditions 共atmospheric pressure and room temperature兲, induced by these depositions
obtaining an experimental average sensitivity, assuming the
cantilever dimensions previously indicated, of around 6.3
⫻ 10−11 g / cm2 Hz equivalent to a local mass sensitivity of
9.2⫻ 10−19 g / Hz that is in agreement with theoretical values.
Time-resolved mass measurement experiments have
been performed by exposing the device to a gold atom flux,16
controlled by a shutter, and monitoring the changes of the
transmission parameter 共S21兲. Figure 3共a兲 plots the S21 parameter phase for zero-span measurements at the resonance
frequency when the atom flux is opened and closed successively. S21 parameter phase remains constant when the shut-

FIG. 4. 共Color online兲 Frequency response obtained in air, atmospheric
FIG. 2. 共Color online兲 Plot of the resonance frequency shifts induced by
pressure, and room temperature, with Vdc = 60 V and Vac = −10 dBm 共50 ⍀兲.
sequential depositions of MgF2 layers of 20 and 10 nm thick, respectively.
The resonance frequency is around 6.1 MHz and an electrical quality factor
The density of MgF2 is 3.2⫻ 103 kg/ m3. The equivalent accreted mass
of around 100 is measured. The inset shows the fluctuation of the phase
共⌬m兲 for a 10⫻ 0.6 m2 cantilever is indicated in the top x axis.
signal 共␦rms = 0.05° 兲 measured in a 100 Hz bandwidth.
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TABLE I. Calculated and experimental values of mass sensitivity and mass
resolution for distributed and locally mass deposition for a cantilever. Experimental measurements have been performed in air, atmospheric pressure,
and room temperature. A quality factor of 100 and root-mean-square oscillation amplitude of 30 nm, consistent with a linear response, have been used
for intrinsic mass resolution determination.

Case
Distributed
共cm−2兲
Punctual

兩R−1兩calc.
共g/Hz兲

兩R−1兩expt.
共g/Hz兲

␦ M expt.

␦ M int

6.2⫻ 10−11
8.9⫻ 10−19

6.3⫻ 10−11
9.2⫻ 10−19

1.7⫻ 10−9
2.4⫻ 10−17

8 ⫻ 10−11
1 ⫻ 10−18

共g兲

共g兲

ter is closed and decreases when it is opened. An on-line
tracking of the frequency shift is performed indirectly by
monitoring the phase during the experiment. Since the phase
slope of the S21 parameter is negative around the resonance
frequency 关Fig. 3共c兲兴, a phase decrease means a downshift of
the resonance frequency that represents an increasing of the
cantilever mass, Eq. 共1兲. A total phase shift of around 9.5° is
observed after the experiment 关Fig. 3共a兲兴, equivalent to a
change of the resonance frequency of around 1.6 kHz 关Figs.
3共b兲 and 3共c兲兴 that corresponds to a total added mass of
around 100 ng/ cm2 共distributed兲 or 1.4 fg 共local兲. These results show the stability and repeatability of the device on
detecting on-line small mass depositions.
An accurate electrical characterization in air conditions
has been performed in order to experimentally determine the
minimum detectable frequency shift and thus the mass resolution 共␦ M兲 of these devices. Figure 4 shows the magnitude
and phase of the S21 parameter obtained with Vdc = 60 V and
Vac = −10 dBm into 50 ⍀. With these conditions an electrical
Q factor of around 100 has been obtained. A zero-span measurement at the resonance frequency of the phase fluctuations
has been performed obtaining a phase noise of ␦rms
= 0.05° in a readout bandwidth of 100 Hz 共inset of Fig. 4兲.
From the slope of the phase at the resonance frequency, we
obtain the minimal frequency shift we can measure, assuming a unity signal-to-noise ratio of ␦ f rms = 27 Hz. Hence, the
experimental mass resolution of these devices is calculated
to be as small as ␦ M = 24 ag in air conditions. An analysis of
the ultimate resolution limited by the thermomechanical
noise of the cantilever has been performed similar to that of
Forsén et al.10 obtaining a thermomechanical-noise-limited
mass resolution, with the parameters indicated in Table I, of
␦ M int ⬇ 1 ag in air conditions.
Better resolutions have been recently reported in air conditions with ultrasensitive NEMS-based cantilever mass
sensors,17 but using complex external detection instrumentation. However, results shown in the present letter and potential functionalities of the integrated CMOS circuitry as fre-

quency self-tracking18 demonstrate that the technological
approach presented here makes potentially possible to
achieve resolutions around 1 ag with a completely portable
device. Table I summarizes the parameters of the mass
sensors that indicate that the approach presented clearly offers relevant benefits in terms of sensitivity and resolution in
air conditions, as well as in terms of fabrication cost and
functionality.
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