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Abstract-Ultra-sensitive mass sensor is in demand for
bio/chemical molecular detection. A piezoresistive resonant
cantilever sensor is developed with an optimized electro-
magnetic excitation for high-mode flexure resonance. In our
experiments, it has been proved that the quality factor of the
resonant cantilever can be improved by this optimized high-
mode resonance exciting technique. Experimental results show
that the optimized excitation for the 2" mode resonant sensor
can effectively improve the mass-sensing resolution (in air) to

0.2pg, thereby, improving the bio/chemical sensor performance.

BACKGROUND

Micromechanical resonant cantilever sensors with ultrahigh
mass senditivity and pictogram-level (or better) resolution have
attracted intensive interests for detection and recognition of single
cel and individua bio/chemica molecules [1]. With precise
optica deflection system, a single cell [2] and even a virus [3]
has been detected in air. In ultrahigh vacuum the cantilevers
showed atto-gram mass resol ution [4], which almost approach the
ultimate limit [5]. In the aforementioned investigations, effective
mass and quality factor of the cantilever are main factors to
determine the mass resolution. From another viewpoint, the mass
resolution can be improved by enhancing the resonance
frequency stability with feedback loop control [6]. A promising
prospect has been preliminarily demonstrated that operating the
cantilever in high resonant mode facilitates enhancement of Q
factor and sensitivity [7]. However, this experiment was done by
AFM mode with off-sensor optical position sensing detection
(PSD). For portable bio/chemical sensing applications, it is
important to integrate the signal read-out elements into the
resonant cantilever [8].

In present work, we develop a sub-picogram resoluble mass
sensor by using a high-mode resonant cantilever. With a
vibration-peak localized electromagnetic excitation technique
for 2™ flexure resonant mode, The resonant frequency signal is
obtained by on-chip integrated piezoresistors and a close
feedback electric close-loop. 0.2pg mass resolution is measured.

CURRENT RESULTS

Shown in Fig. 1, both conventional 1% mode resonant
cantilever (denoted as No.1) and optimal-excited 2™ mode
cantilever (No.2) are designed and fabricated for comparison.
NdFeB magnet is mounted in the sensor package to generate
magnetic field for excitation. When sineewave AC electric
current is fed through the auminum loop, the cantilevers
vibrate under Lorentz force. The driving force for the No.1
cantilever is located a the cantilever-end, i.e. the 1% mode
resonant peak location. For the No.2 cantilever, however, a
paper-clip shaped aluminum loop is designed with two driving
locations at the middle point and the end point, respectively.
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Shown in Fig. 1, the two resonant peaks in the 2™ mode shape
function are 180° out of phase each other. Accordingly, the two
driving forces are always opposite in direction that match the 2™
mode shape. The optimized excitation is expected with a improved
performance. The piezoresistors are put near the roots of the
cantilevers, where the vibration induced stress is with maxim value
(see Fig. 2). Identical dimension of 300x75x3um? is designed for
both the No.1 and No.2 cantilevers. The processis shownin Fig. 3.

In air, the resonance performances of the cantilevers are
measured with an Agilent 4385A network analyzer. Shown in Fig. 4,
the No.1 cantilever is with the 1% mode resonance frequency as
41.91kHz and the Q factor as 50. In the 2™ mode, the resonant
frequency and the Q factor is 252.58kHz and 161, respectively. The
No.2 cantilever’s resonant frequency and Q factor are measured as
40.65kHz and 45 for the 1¥ mode, as well as, 227.21kHz and 322 for
the 2" mode. By analysis, compared to the 1% mode, the mass
sensitivity of the 2™ mode can be improved by 5.584 and 6.265
times for No.1 cantilever and No.2 cantilever, respectively. On
another hand, it is proved that Q factor can be enhanced by exciting
the 2™ resonant mode for both the No.1 and No.2 cantilevers. More
important, in the 2" resonant mode, No.2 cantilever shows
significant higher Q factor than the No.1 cantilever. This significant
improvement of the No.2 cantilever is attributed to the optimized
excitation for the 2™ mode resonance. For evaluating the mass
resol ution, the noise limited resonant-frequency stability is measured
with a close-looped resonance-maintaining interface circuit shown in
Fig. 5. The frequency stability is evaluated by using Allan variance
analysis [9]. With the measured data shown in Fig. 6, the calculated
mass resolutions are listed in Table 1. The No.2 cantilever
resonating in the 2 mode shows the minimum Allan variance and
the highest mass-sensing resolution of 0.2pg. Therefore, the
performance of the resonant cantilever sensor is improved by the
optimized 2™ mode excitation. With the sub-picogram resolution in
air, the integrated piezoresistive cantilever is promising to be used
for ultra-sensitive detection of bio/chemical molecules.
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Fig. 2. The 1% and the 2™ mode-shape functions, ¢,(x/l), and
0.0 0.2 0.4 0.6 0.8 1.0 . N . .
00 02 04 06 08 10 Forentz force stress distributions, ¢''y(x/1), of a resonant cantilever under
the boundary condition of cos(xl)cosh(xil) = -1. The eigen-
value w, is determined by x31=1.875 and «,1=4.694.
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Fig. 1. (8) and (b), the SEM images showing the piezoresisiteve resonant cantilevers © @

of No.1 and No.2, respectively. The aluminum loops for electromagnetic excitation
are also shown. (c) and (d), the 1% flexure mode shape driven by the corresponding [ 1ns [ so, al I p-si
Lorentz forces on No.1 and No.2 cantilevers. (€) and (f): the 2™ mode shape for the ) ) )

No.1 cantilever and the No.2 cantilever excited by the Lorentz forces. Fig. 3. Process flow for the integrated cantilever sensors.

10

210

:
T y Current Variable Automatic Gain Band-Pass Pre-Amplif :
@ 20l No.2 cantilever o |l R Ll i Ll X L] i :
5 Amplifier Phase Shifter Control amplifier Filter ier i
5 ‘ 1
g ----------- (a) -----------
3 w0l -

£ T

<

Figure not clear.

210

No.1 cantilever

20 F

! ! ! ! !
0.0 50.0k 100.0k 150.0k 200.0k 250.0k 300.0k

Frequency (Hz) -
. nance cir cuit
Fig. 4. Measured amplitude-frequency responses for the two cantilevers. ®) B
The No.1 cantilever's resonance frequency and Q factor are 40.45kHz o — . .
and 50 in the 1% resonant mode; 252.15kHz and 161 in the 2 mode. The Fig. 5. (&), schematic diagram of Ce_majritaining circuit with a
No.2 cantilever's resonance frequency and Q factor are 40.75kHz and 46 fgedt_)ack close-loop. (b), photograph of the measured sensor with the interface
in the 1% mode; and 227.21kHz and 332 in the 2" mode, respectively. circuit PCB connected.
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piezoresistive cantilevers for both the 1% and the 2™ resonant modes. By Allan variance
analysis, the No.2 cantilever show the highest mass-sensing resolution of 0.2pg in the 2™
resonant mode. This is due to the paper-clip shaped aluminum loop for two-position

Fig. 6. Measured frequency stability for 1200 seconds. Both | grentz force excitation. The two driving positions match the two deflection pesks of the
the No.1 and the No. 2 cantilevers are measured for both the 20 e shape.

1% and the 2™ resonant modes.
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