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Nanomechanical resonators have been monolithically integrated on preprocessed complementary
metal-oxide-semiconductor 共CMOS兲 chips. Fabricated resonator systems have been designed to
have resonance frequencies up to 1.5 MHz. The systems have been characterized in ambient air and
vacuum conditions and display ultrasensitive mass detection in air. A mass sensitivity of 4 ag/ Hz
has been determined in air by placing a single glycerine drop, having a measured weight of 57 fg,
at the apex of a cantilever and subsequently measuring a frequency shift of 14.8 kHz. CMOS
integration enables electrostatic excitation, capacitive detection, and amplification of the resonance
signal directly on the chip. © 2005 American Institute of Physics. 关DOI: 10.1063/1.1999838兴
The advances of nanotechnology can be utilized in developing portable sensor systems for applications in biological, physical, or chemical sensing, achieving ultrasensitive
detection with low analyte consumption. One approach in
developing such a system is to make a nanoresonator device
where a change in the mass of the resonator is detected as a
change in the resonance frequency of the resonator. In order
to achieve the highest possible mass sensitivity, research on
fabrication, integration, and development of nanoelectromechanical resonator systems is pursued.1–3 The most frequently used techniques for measuring the resonance frequency of a cantilever are based on optical detection.4 The
advantage is its inherent simplicity and high sensitivity.
Some disadvantages are problems with alignment capability,
miniaturization and portability. Resonator systems can
be actuated by piezoelectric, magnetic, or thermal
actuation.5–7 Another option is to use electrostatic actuation
and capacitive readout. This is achieved by connecting
nano/microstructures with standard microelectronics.
Previously,8–11 we have reported on the principle of design
and fabrication of cantilever resonators integrated with standard complementary metal-oxide-semiconductor 共CMOS兲

circuitry. CMOS integration enables simple electrostatic actuation, capacitive read-out, and signal amplification. In this
letter, we present the functional evaluation of CMOS integrated cantilever structures achieving attogram/ Hz mass
resolution in air.
The sensing principle is based on monitoring the resonance frequency change of a cantilever as a function of mass
adsorption, e.g., due to the adsorption of molecules. The
nanoresonator structures are excited into lateral vibration by
applying an ac and dc voltage between the suspended cantilever and a fixed parallel electrode. The frequency shift upon
added mass is measured on-chip by capacitive resonance frequency detection. CMOS integration reduces the parasitic
capacitance contribution and is hence crucial for our choice
of cantilever readout. Furthermore, CMOS integration allows
for increased functionality in terms of frequency tracking
and Q-factor enhancement,12,13 and can be used as a component in a portable device.
The nanoresonators are defined by combined electronbeam lithography and direct write laser lithography on a preprocessed CMOS chip.11 Examples of fabricated 425 nm
wide, 600 nm thick, and 20 m long polycrystalline silicon
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FIG. 1. SEM images of fabricated poly-Si cantilever structures on a CMOS
chip. 共a兲 Top view image of a defined cantilever structure. The cantilever is
excited into lateral resonance by applying an ac and dc voltage between the
driver electrode and the cantilever. The cantilever is connected to a comb
capacitor in order to polarize the CMOS circuitry. 共b兲 Tilted view image of
a 20 m long, 425 nm wide, and 600 nm thick cantilever.

共poly-Si兲 cantilevers, integrated on a CMOS chip, are
demonstrated in Fig. 1. We have used standard CMOS
technology14 which leads to cantilever design constraints,
limiting the highest detectable resonance frequency to approximately 2 MHz. The on-chip frequency response of such
a cantilever, as a function of applied dc voltage 共Vdc兲, is
measured using a gain-phase analyzer, see Fig. 2共a兲. The
resonance frequency is reduced when the Vdc is increased,
due to electrostatic spring softening.15 The unperturbed resonance frequency of the system is determined to be f 0
= 1.487 MHz from the intersection of the linear fit with the
y axis at zero-applied voltage, Fig. 2共b兲. Electrical measurements performed on equivalent cantilevers without an integrated CMOS circuit did not show any appreciable resonance frequency signal, due to the screening effect of the
parasitic capacitance introduced by the pads and external
wires. The Young’s modulus of the poly-Si cantilever is calculated using Eq. 共1兲 to have a value of E = 175± 18 GPa
共Ref. 16兲
E=

162ᐉ4n1 f 20
,
w2

共1兲

FIG. 2. 共a兲 On-chip readout using a poly-Si cantilever with a width of 425
nm, a thickness of 600 nm and a length of 20 m, at a pressure of 0.4 mbar.
The frequency signal from the CMOS circuitry was analyzed using a gainphase analyzer. The inset shows the fluctuation of the phase signal 共␦
⬇ 0.5° 兲. 共b兲 The effect of electrostatic spring softening is shown. The unperturbed resonance frequency of the system is determined from the intersection of the linear fit at zero-applied dc voltage. The fundamental resonance frequency is 1.487 MHz. 共c兲 The quality factor dependence on the
pressure displays a log-log relationship. A quality factor of approximately
5000 is determined at 0.4 mbar and 1 Vdc and 0.9 VPP.

in which ᐉ = 20 m is the length and w = 425 nm is the width
of the cantilever,  = 2.33⫻ 106 g / m3 is the mass density of
the poly-Si, n1 ⬵ 0.2427 is a geometrical form factor for the
fundamental vibration mode originating from the Euler–
Bernoulli beam equation.17 The calculated Young’s modulus
paring the drop size with the known width of the cantilever.
is consistent with measurements on similar poly-Si thin films
18
Assuming a hemispherical volume and  = 1 . 26⫻ 106 g / m3,
with E = 158± 7 GPa.
the mass of the glycerine drop is estimated to be 41 fg.
Resonator structures have been characterized in a chamFigure 3 shows the on-chip readout before and after the conber in which the pressure has been controlled in the range of
trolled positioning of a single glycerine drop at the apex of
1013 mbar–0.1 mbar. The quality factor as a function of the
the resonator. An ac voltage of 6 Vpp and a dc voltage of
pressure displays a log-log dependence, as shown in Fig.
14 V is applied to a 20 m long, 425 nm wide, and 600 nm
2共c兲. Given a dc+ ac actuation voltage of 1 Vdc and 0.9 V
thick nanoresonator, similar to the resonator shown in Fig.
peak-peak 共VPP兲, a quality factor of approximately 5000 is
1共c兲. A resonant frequency of 1.453 MHz is measured before
determined at a pressure of 0.4 mbar. The quality factor is
the deposition of the glycerine drop. Directly after the deporeduced to 30 at ambient air conditions. This is comparable
sition of the glycerine, a frequency shift in air of ⌬f
to previous visual characterization of similar sized equivalent
= 14.8 kHz is determined from the shift in phase. From the
resonators that have not been CMOS integrated. Here, a
14
frequency shift, an added mass of 57 fg is calculated using
quality factor of 70 was found for air operation and the
Eq. 共2兲19
value increased to 28 000 for operation at a pressure of
2 bar.8
In order to characterize the mass sensitivity of the reso2meff⌬f
⌬m =
,
共2兲
nator device in air, punctual masses are placed on the cantif0
lever. Single glycerine drops are placed selectively on the
where meff = n1ᐉwt is the effective mass of the cantilever for
apex of the cantilever using a glycerine coated scanning tunthe fundamental vibration mode, calculated using a density
neling microscope 共STM兲 tip. The deposited glycerine drop
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FIG. 3. The diagram shows the electrical resonance signal for a poly-Si
resonator structure as measured through the CMOS. At ambient conditions,
the resonance frequency was 1.453 MHz. The cantilever is 20 m long, 425
nm wide, and 600 nm thick. The cantilever is excited into resonance by
applying 14 Vdc and 6 VPP ac. The inset shows two glycerine droplets, one at
the apex of the cantilever and the other is on the parallel actuation electrode.
This is due to the fact that the glycerine-coated STM-tip touched the electrode on the first approach, resulting in a glycerine drop on the electrode.
After deposition of a single glycerine drop onto the cantilever, the resonance
frequency was reduced by 14.8 kHz, which yields a mass sensitivity on the
order of 4 ag/ Hz at ambient conditions.

tored is of the order of ␦ f ⬇ 1 kHz, which corresponds to an
ultimate mass resolution in air of the order of a few femtograms.
In conclusion, the characterization of a fully integrated
resonator mass sensor system in air and at low pressure conditions has been discussed. CMOS integrated cantilevers
have been electrostatically excited into mechanical resonance
and the resonance frequency has been detected on-chip by
capacitive readout. The mass sensitivity of the system has
been determined by controlled positioning of glycerine drops
on a cantilever, whereby a mass sensitivity of the order of
4 ag/ Hz is measured for a resonator system with a fundamental resonance frequency of 1.487 MHz. At 0.4 mbar, the
quality factor is determined to be approximately 5000. The
sensitivity of the system is comparable to recent results
achieved with resonator structures based on external actuation and readout.4,20 Nanoresonator devices should be functionalized in order to enable selective mass sensing. The ultimate goal is to develop nanoresonator devices as integral
parts of a portable sensor system.
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