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The potential ability of micromechanical/nanomechanical silicon resonators with thicknesses of 500
and 146 nm to detect mass and charge in an ion attachment is investigated in vacuum. Low-energy
ions are generated by an ionizer and filtered by a quadrupole mass filter. The vibration of the
resonator is measured using a laser Doppler vibrometer, which self-oscillates at its fundamental
resonant frequency by feedback-controlled electrostatic actuation. The vibration amplitude is kept at
a constant with the auto gain control of the feedback loop. The attachment of ions on the one side
of the resonator induces the surface stress, resulting in the change of the resonant frequency. Also
the feedback gain that keeps the amplitude at a constant changes due to the charge deposition. The
measurement of the mass-induced stress of 9.7�10−7 N/m that resulted from a mass attachment
smaller than 69 Zg is demonstrated using the 146-nm-thick silicon resonator. © 2005 American

Institute of Physics. �DOI: 10.1063/1.2041591�
I. INTRODUCTION

Resonating mesomechanical and nanomechanical sen-
sors increase their sensitivity and decrease the influence of
thermomechanical noise by scaling down. Such scaling mer-
its are becoming the driving force to miniaturize sensors.1,2

Resonating silicon sensors have been widely used as a key
component for sensing a force in scanning probe microscopy
�SPM�.3 The minimum detectable force of atto �10−18� N
has been achieved with a resonating silicon sensor at a cryo-
genic temperature.4 Such a force sensor can detect various
physical interactions, such as electrostatic,5,6 magnetic,7,8

chemical,9,10 and thermal interactions11 etc., making the
force sensor a versatile tool in wide fields. For example, an
electrometer with a nanomechanical resonator exhibits a
charge sensitivity of 1�10−4 charge of the electron.6 The
displacement sensitivity of such a tiny device has almost
reached quantum limits.2,12 A mass sensor based on the reso-
nant frequency changes of a cantilever is also an attractive
application due to its extreme sensitivity.13–18 Such a mass
sensor will be possibly employed as a sensing component in
future atom optics.19 An ion trapping technique has been
widely studied due to the possibility of realizing quantum
computation.20 An ion trapping system with the integration
of a nanomechanical device has been proposed.21 The cou-
pling between qubits via nanomechanics is considered to
provide a novel method to realize the entanglement of the
internal state of ions. Such a coupling between nanomechan-
ics and quantum systems including a quantum dot and super-
conducting quantum interferometer device �SQUID� will
open up a novel realm in nanomechanics.22

In this research, the ion detection based on resonant fre-
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quency changes of a mechanical silicon resonator is demon-
strated in vacuum. Low-energy ions from a mass filter are
attached on the resonator, resulting in the decrease of the
resonant frequency due to induced surface stress. Two kinds
of silicon resonators were examined and their potential abili-
ties are discussed.

II. FUNDAMENTALS OF ION DETECTION

We will briefly discuss the mass and ion sensing
achieved by using a resonating sensor. Regarding the rect-
angle cantilever with a length, width, and thickness of l, w,
and t, respectively, the resonant frequency can be approxi-
mated as follows:

f0 =
0.162t

l2 �E

�
, �1�

where E is the Young’s modulus and � is the density.
Mass loading �m is approximated by resonant frequen-

cies f0 and f� before and after mass loading:14

�m =
k

4�2� 1

f�2 −
1

f0
2� . �2�

Therefore, the resonant frequency after mass loading is given
by

f� =
1

2�
� k

meff + �m
, �3�

where meff is the effective mass of the cantilever.
If surface stress � is generated only on one side of the

cantilever and the mass loading can be ignored, the resonant
23,24
frequency changes according to
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fstress = f0
�1 − ��60l2/14Et3� . �4�

Compressive surface stress ���0� increases the resonant
frequency; in contrast, tensile stress decreases the resonant
frequency.

Next we consider the electrostatic actuation of a cantile-
ver in the case that a metal electrode opposed to the cantile-
ver constructs a capacitance C with a gap distance d. Under
the application of both dc voltage Vdc and ac voltage Vac, the
electrostatic force Fe is given as follows if the capacitive gap
distance is supposed to be constant:

Fe = −
�C

�x
�Vdc + Vac�2, �5�

where x is the coordination vertical to the cantilever.
Suppose that the charges qs are deposited on the cantile-

ver. The total charges qt are the expressed as follows:

qt = qs + qdc + qac, �6�

where qdc=CVdc and qac=CVac.
With this assumption, the electrostatic force Fc due to

the charge is approximated as

Fc = −
1

4��0d2 �qsqdc + qsqac� , �7�

where �0 is the dielectric constant of vacuum. If the depos-
ited charges create a gradient field, the effective spring con-
stant k� is given by

k� = k − � �Fc

�z
	 . �8�

Therefore, the resonant frequency changes as follows:

f� =
1

2�
�k�

m
. �9�

If the vibration amplitude of the cantilever is kept at a con-
stant by feedback control via Vdc voltage, the change of the
effective spring constant due to the charge deposition can be
canceled and the resonant frequency change is negligible.
Therefore, from the feedback voltage Vdc the deposited
charges can be simply estimated.

III. EXPERIMENTAL SETUP

Figure 1 shows the schematic figure of the experimental
setup.25 A single-crystalline silicon cantilever26,27 was
placed in a vacuum chamber and self-oscillated at a constant
vibration amplitude. The rectangular single-crystalline sili-
con cantilevers were made from �100�-oriented silicon wa-
fers. One cantilever �sample No. 1� as a resonator has a
length, width, and thickness of 545, 163, and 0.50 �m, re-
spectively. The calculated spring constant of the cantilever is
0.0053 N/m. The other cantilever �sample No. 2� has a
length, width, and thickness of 60, 10, and 0.146 �m, re-
spectively. The spring constant of the cantilever is calculated
to be 0.006 N/m. An aluminum electrode for electrostatic
actuation was placed near the cantilever. The cantilever was
electrostatically oscillated by applying an ac voltage between
the electrode and the cantilever, and its vibration was mea-

sured using a laser Doppler vibrometer via an optical win-
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dow of the chamber.7,23 The output signal of the laser Dop-
pler vibrometer was sent to the metal electrode via a phase
shifter, filter, and wave converter, which self-oscillates the
cantilever. In order to oscillate the cantilever at a constant
amplitude, an amplitude adjuster consisting of a lock-in am-
plifier and a differential amplifier was employed in the feed-
back loop. The Q factor of the cantilever was measured from
the decay curve of the vibration amplitude when the feed-
back loop was turned off and the amplitude was ringing
down.23 The oscillation frequency was measured using a fre-
quency counter, and the vibration amplitude and ring-down
curve were measured using a lock-in amplifier.

The cantilever was exposed to low-energy ions that were
generated using an ionizer, in which electrons from a hot
filament are accelerated by a grid electrode and ionized re-
sidual gases resulting from electron bombardment in a
vacuum chamber. The vacuum chamber was pumped to a
pressure of approximately 2�10−2 Pa using a turbomolecu-
lar pump. The generated ions are accelerated to the quadru-
pole electrodes with an acceleration voltage of 12 V, which
acts as a mass filter. Depending on the frequency of the rf
applied to the quadrupole electrodes, specific ions are filtered
and attached to the cantilever. The ion flux density was
monitored using an ion collector, and the value was cali-
brated to flux density at the cantilever. In front of the canti-
lever, an electrically shielded mesh electrode was placed in
order to confirm that there was no electric field influence on
the cantilever. Altering the current provided to the hot fila-
ment varied the ion density flux.

IV. EXPERIMENTS AND DISCUSSIONS

Low-energy pulsed ions through the quadrupole mass
filter were attached on the self-oscillated cantilever �sample
No. 1� and the mechanical responses were measured. Figure
2 shows the typical experimental result of the cantilever re-
sponse when irradiating pulsed N2 ions �N2

+� with a peak
height of 300 pA/cm2 for a period of approximately 3 s.
Figures 2�a�–2�d� show the oscillation frequency, amplitude
of vibration, ion flux density, and driving gain, respectively.
During the measurement, as shown in Fig. 2�b�, the vibration
amplitude was kept at a constant of 2.3 �m with the feed-

FIG. 1. Experimental setup for the measurement of mechanical response to
ion attachment.
back control of the actuation voltage to the driving gain in

 AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



093107-3 Stress-induced mass detection Rev. Sci. Instrum. 76, 093107 �2005�
order to avoid the frequency changes that originated in the
nonlinearity of the spring. Periodical frequency response ac-
cording to the irradiation of the ion pulse could be observed
as shown in Fig. 2�a�. During exposure to the ion pulse, the
resonant frequency was decreased due to ion attachment. In
contrast, during pulse-off, the resonant frequency was mono-
tonically increased due to the desorption of ion species. The
value in Fig. 2�d� corresponds to the feedback gain, which
exhibits a constant value. As discussed above, this feedback
gain corresponds to the deposited charges on the native oxide
of the silicon cantilever. Therefore, the surface charge den-
sity in the cycle of the ion attachment is considered to be a
constant value.

Figure 3 shows the measurement result of hydrogen ion
�H2

+� attachment to the cantilever. In this measurement, the
vibration amplitude was kept at 8 �m and ion pulses with
peak heights of 4 pA/cm2, as shown in Fig. 3�b�, were irra-
diated to the cantilever. No remarkable periodic response
could be found in the resonant frequency change. However,
periodic behavior corresponding to ion pulses could be ob-
served in the feedback gain. When hydrogen ions were at-

FIG. 2. Mechanical response to irradiation of N2 ion pulses on the 500-nm-
thick cantilever. �a� Frequency response. �b� Vibration amplitude during the
measurement. �c� Irradiated ion pulses. �d� Driving gain of electrostatic
actuation for keeping the amplitude a constant.
tached on the cantilever, positive charges were deposited and
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increased the driving force according to Eq. �7�, thus the
feedback gain decreased to keep the amplitude at a constant.

Next, a sequential experiment of different kinds of ion
attachments was performed. Prior to this experiment, the
cantilever surface was exposed to oxygen ions, which forms
a Si-O-Si termination on the surface. Water ions �H2O+� with
a flux density of 5–7 pA/cm2 were irradiated to the silicon
cantilever for 500 s. After a 1000-s interval, hydrogen ions
�H2

+� with a flux density of approximately 18 pA/cm2 were
irradiated to the cantilever for 450 s. The attachment of water
ions decreased the resonant frequency by a 0.23 Hz due to
mass loading of the water molecule. The oxidized surface
�SiO2� will be hydroxylated by a reaction with OH and H
radials generated from water ions, on which water molecules
will be adsorbed. In this experiment, the Q factor of the
cantilever was measured simultaneously, as shown in Fig.
4�c�. It is interesting that the Q factor depends on the surface
state created by attaching different ion species. The oxidized
surface �Si-O� exhibits a high Q factor of approximately
20 000, and hydroxylation to �SiOH� lowers the Q factor
down to 13 000. Details of the ion attachment effect on the Q
factor will be published in elsewhere.25

Next, the 146-nm-thick Si cantilever �cantilever No. 2�
was employed to demonstrate the ion detection as well. This
cantilever is thinner and smaller than that of cantilever No. 1
described above, and its spring constant of 0.006 N/m is
comparable to that of cantilever No. 1, which self-oscillated
with a vibration amplitude of 0.3 �m. The cantilever was
exposed to the pulses of hydrogen ions �H2

+� with a peak ion
2

FIG. 3. Mechanical response to irradiation of hydrogen ion pulses on the
500-nm-thick cantilever. �a� Frequency response. �b� Irradiated ion pulses.
�d� Driving gain of electrostatic actuation for keeping the amplitude a
constant.
flux density of 65 pA/cm , as shown in Fig. 5. We could
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observe the periodic responses in frequency and feedback
gain according to the pulse, as shown in Figs 5�a� and 5�c�.
Attachment of the ion pulse lowers the resonant frequency as
well as the feedback gain.

In the following, we discuss the factor that causes the
above response in ion attachment. In N2 ion exposure, shown
in Fig. 2, a frequency decrease of approximately 0.09 Hz was
observed in a pulse irradiation with a peak ion density of
300 pA/cm2 on the 0.5-�m-thick cantilever �sample No. 1�.
Supposing that mass loading decreases the frequency, the
loaded mass can be calculated to be 2�10−12 g from Eq. �2�.
However, this calculated mass is unattainable due to the low
ion flux density. The number of the irradiated N2 ions is
estimated to be approximately 1.7�106 ions/s. If all ions
were attached on the surface, the surface density of adsorbed
ions reaches 1.9�10−5 ions/nm. The mass loading speed is
estimated to be only 7.7�10−17 g /s, which is too small to
explain the above experimental result. Therefore, the mass
loading cannot be considered to be the main source of the
resonant frequency change.

Another possibility is the frequency change due to the
surface stress when ions are adsorbed on the surface. From
Eq. �4� the stress variation due to the adsorption is calculated
to be 1.3�10−6 N/m in the case where the resonant fre-
quency decreased by 0.09 Hz. In these cantilevers, a thin
native silicon dioxide exists on the surface, which exhibits
compressive stress. Nitridation of silicon dioxide relaxes the
compressive stress by approximately 0.3 N/m due to the for-
mation of N-Si2O bonding on the entire surface.28 The
change of the observed frequency is qualitatively consistent

FIG. 4. Sequential irradiation of two kinds of ions: water ions and hydrogen
ions, and its mechanical response on the 500-nm-thick cantilever. �a� Fre-
quency response to ion attachment. �b� Ion pulse density. �c� Q factor of the
resonator.
with stress-induced frequency change.
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In contrast to the experiments on N2 ion attachments, no
resonant frequency response was observed on hydrogen ion
attachment, as shown in Fig. 3�a�. The influence of both
loaded mass and surface stress on the frequency change was
below the minimum limit of the detection. However, the
driving gain to keep the amplitude a constant was varied
according to ion irradiation, therefore, the positive charges
are considered to deposit on the cantilever surface in hydro-
gen ion irradiation.

The attachment of water ions will hydroxylate the sur-
face on the cantilever,29 which relaxes the surface stress and
reduces the resonant frequency, as can be seen in Fig. 4. The
decrease of frequency due to water attachment is approxi-
mately 0.23 Hz. If the mass loading is dominant, the ad-
sorbed mass is calculated to be 5.2 pg. However, this is much
lager than that of irradiated ions as well. Meanwhile, if the
surface stress is dominant, its value is calculated to be
0.016 N/m. The surface stress is considered as the main rea-
son for the frequency change in either case. The mechanical
Q factor is influenced by the surface state, as shown in Fig.
4�c�. The creation and deactivation of energy dissipation sites
on the surface causes the variation in the Q factor. In such
cases, the change of the feedback control for the constant
amplitude is influenced by both the deposited charges and
the changes of the Q factor, which makes the estimation of
the deposited charges difficult.

FIG. 5. Mechanical response to irradiation of hydrogen ion pulses on the
146-nm-thick cantilever. �a� Frequency response. �b� Irradiated ion pulses.
�c� Driving gain of electrostatic actuation for keeping the amplitude a
constant.
The smaller cantilever with a thickness of 146 nm
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�sample No. 2� with a spring constant of 0.006 N/m exhibits
a higher sensitivity to ion attachment, as the experiment on
hydrogen ion attachment is shown in Fig. 5. In this case, the
periodic frequency response to hydrogen attachment due to
the surface stress could be observed as well, in which the
cantilever was exposed to approximately 20 000 hydrogen
ions per pulse. The mass of the 20 000 hydrogen ions is
6.9�10−20 g �69 Zg�. The hydrogen ion attachment was
found to deposit charges from the periodic response of the
driving gain, and also slightly decreases the frequency by 0.8
Hz. The induced stress change is calculated to be 9.7
�10−7 N/m.
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