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Precision frequency detection has enabled the suspended microchannel resonator (SMR) to weigh
single living cells, single nanoparticles, and adsorbed protein layers in fluid. To date, the SMR
resonance frequency has been determined optically, which requires the use of an external laser and
photodiode and cannot be easily arrayed for multiplexed measurements. Here we demonstrate the first
electronic detection of SMR resonance frequency by fabricating piezoresistive sensors using ion
implantation into single crystal silicon resonators. To validate the piezoresistive SMR, buoyant mass
histograms of budding yeast cells and a mixture of 1.6, 2.0, 2.5, and 3.0 pm diameter polystyrene beads
are measured. For SMRs designed to weigh micron-sized particles and cells, the mass resolution
achieved with piezoresistive detection (~3.4 fg in a 1 kHz bandwidth) is comparable to what can be
achieved by the conventional optical-lever detector. Eliminating the need for expensive and delicate
optical components will enable new uses for the SMR in both multiplexed and field deployable

applications.

1. Introduction

In addition to being central to the field of scanning probe
microscopy, the use of microcantilevers has led to high precision
methods for detecting biomolecules,' viruses,® and cells.”®
Microcantilever deflection is conventionally measured by
a technique known as the optical-lever wherein a laser beam is
reflected off the cantilever onto a position sensitive photo-
diode.>' The optical-lever is sensitive and straightforward to
implement but requires well-aligned external optical compo-
nents. Piezoresistive sensors eliminate the need for external
components by enabling measurement of deflection through the
resistance change of a sensing element integrated onto the
cantilever.'!

In the recently developed suspended microchannel resonator
(SMR), microfluidic channels are incorporated inside a micro-
cantilever resonator, which significantly reduces viscous
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damping from fluid and allows buoyant mass to be measured
with high resolution. Single nanoparticles, single cells, and sub-
monolayers of adsorbed proteins have previously been weighed in
fluid environments using the SMR with optical-lever detection.!>!?
For the laboratory setting wherein only one or two SMRs are used
at the same time, optical-lever detection has not limited overall
performance. Although optical detection schemes have success-
fully been used for parallel readout of micro- and nanocanti-
levers,’*'® our intent here is to evaluate the performance of
piezoresistive detection for measurements that require dense
arrays of SMRs or for field deployable applications wherein
maintaining the alignment would be difficult. In light of this, we
have developed piezoresistive SMRs with single crystal silicon via
ion implantation and have evaluated their performance for
weighing single particles and cells. Two designs were fabricated:
one with a cantilever length of 210 um and a resonance frequency
of ~347 kHz and the other with a cantilever length of 406 um and
a resonance frequency of ~92 kHz (see Table 1 for other dimen-
sions and characteristics). The mass resolution for a particle at the
tip in a 1 kHz bandwidth achieved by the piezoresistive detection
was approximately 3.4 and 18.1 fg for 210 and 406 pm long SMRs,
respectively. Piezoresistive detection was approximately 21% less
and 30% more sensitive than optical detection for the 210 and 406
um long SMRs, respectively.

2. Device fabrication

Many types of transducers have incorporated piezoresistive
detection, including pressure sensors'’!® and accelerometers.'®
Piezoresistors have been previously implemented with doped
semiconducting materials or thin film metals and have been

This journal is © The Royal Society of Chemistry 2011

Lab Chip, 2011, 11, 645-651 | 645


http://dx.doi.org/10.1039/c0lc00447b
http://dx.doi.org/10.1039/c0lc00447b
http://dx.doi.org/10.1039/c0lc00447b
http://dx.doi.org/10.1039/c0lc00447b
http://dx.doi.org/10.1039/c0lc00447b
http://dx.doi.org/10.1039/c0lc00447b
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC011004

Published on 22 December 2010. Downloaded by Max Planck Institut fuer on 06/10/2015 12:12:04.

View Article Online

Table 1 Dimensions, characterization results, and comparison between optical-lever detection and piezoresistive detection

Characteristics 210 um SMR 406 um SMR
Dimensions Resonator width 28.5 um 28.5 um

Resonator thickness 12 um 12 um

Channel width 7.9 um 7.9 pm

Channel height 8 um 8 um

Piezoresistor length 105 pm 105 pm

Piezoresistor width 3.94 um 3.94 um
Common Resonance frequency (wet) 346.6 kHz 92.1 kHz

Quality factor (wet) 3700 10 850

Spring constant (dry)” 190.8 Nm™! 263 Nm™!

Mass sensitivity —5.42 Hz pg™! —0.74 Hz pg™!

Mass sensitivity” —5.62 Hz pg™' —0.79 Hz pg™'
Optical-lever detection Frequency noise (BW = 1 kHz)” 15.3 mHz (44 ppb) 19.1 mHz (207 ppb)

Mass resolution (BW = 1 kHz) 2.8 fg 258 fg

Max. AT (120 uW, 3% of 4 mW)“ 0.80 °C 1.62°C

Avg. AT (120 pW, 3% of 4 mW)* 0.45°C 0.90 °C

Displacement noise 0.2 pm/vHz 0.8 pm/vHz
Piezoresistive detection Frequency noise (BW = 1 kHz)” 18.5 mHz (54 ppb) 13.4 mHz (146 ppb)

Mass resolution (BW = 1 kHz) 3.4 fg 18.1 fg

Max. AT (125 pyW @ 5 V)* 0.33°C 0.33°C

Avg. AT (125 pyW @ 5 V)* 0.27°C 0.30°C

Displacement noise® 72 pm/v/Hz 29 pm/v/Hz

“ From FEA simulation. ” Standard deviation of ~20 000 measurements at 1 kHz. ¢ Measured near the resonance (BW: 0.5 and 2 kHz for 406 and 210

um long SMRs, respectively).

extensively demonstrated on micro- and nanocantilevers through
standard fabrication techniques.’***® Doped single crystal
silicon and polysilicon are advantageous as piezoresistive mate-
rials for micron-scale cantilevers since their gauge factors are
much higher than those of metals which exclusively rely on
geometric effects.? Furthermore, the gauge factor in doped
semiconducting materials can be controlled via doping condi-
tions such as impurity type and concentration.*® Common
fabrication methods for integrating piezoresistors onto silicon
substrates include ion implantation, epitaxial growth, and
diffusion from solid-source. Ion implantation is the preferred
method for doping micrometer thick cantilevers, and is used here
because it provides excellent control over doping concentration
and dopant depth, and the implantation is straightforward to
integrate with existing fabrication procedures.

SMR devices were fabricated at Innovative Micro Technology
(Santa Barbara, CA) with a fusion-bonded silicon wafer with
integrated microchannels, and two borosilicate glass wafers
bonded to the top and bottom of the silicon wafer to form a gas
tight package. Since most fabrication procedures are similar to
those published previously,'* only modified or newly developed
steps are described herein. Prior to release of the cantilever from
the silicon wafer, four ion implantation steps were added to
create piezoresistors in the top silicon layer of the wafer stack
(Innovion, Santa Barbara, CA). Background resistivity of the
silicon wafer was approximately 1-20 Q-cm (n-type). First a pre-
implantation oxidation was performed for 10 minutes at 850 °C.
Phosphorus ions were implanted at 160 keV with a dose of 1.0 x
10" ions cm~2 to ensure consistent and uniform p-n junction
isolation of the piezoresistors from the substrate. Then the wafer
was annealed at 1050 °C for 10 hours under nitrogen. Boron ion
implantations were performed at 50 keV with a dose of 5.0 x 10"
ions cm~? for piezoresistors and at 120 keV with a dose of 5.0 x
10" ions cm~2 for connections between the piezoresistors and the

metal pads for wire-bonding. Finally phosphorus ions were
implanted at 120 keV with a dose of 5.0 x 10'* ions cm~2 to form
ohmic contacts between metal pads and the background silicon.
Next the wafers underwent a second annealing under nitrogen at
950 °C for 1 hour. Junction depths for the piezoresistive and
contact areas are approximately 0.5 and 1.2 pum, both of which
are less than the top silicon layer thickness (~2 pum), ensuring
electrical isolation from the fluid which could be conductive. In
addition, doping levels in the piezoresistor and the surrounding
n-well are sufficiently high to prevent full depletion on either side
when the junction is reverse-biased. Resistivity of the piezor-
esistor becomes 0.04 Q-cm after the second annealing. Besides
bond pads, aluminium was selectively deposited on high boron-
doped traces connecting the piezoresistor with the bond pads to
further decrease the electrical resistance, except on areas for
anodic bonding between the silicon wafer and the top glass wafer
to ensure hermeticity.

Prior to anodic bonding, a 5000 A plasma enhanced chemical
vapor deposition (PECVD) oxide was deposited at 350 °C to
protect the doped piezoresistors and contact areas from ionic
contamination by sodium from the glass wafer.*® The PECVD
oxide was patterned and removed from the cantilever surface
before the anodic bonding to minimize bending due to the
mismatch of thermal expansion. Subsequent fabrication steps are
identical to those for SMRs without piezoresistive readout.'® The
implanted piezoresistors are U-shaped but mostly parallel to the
(110) direction to maximize the gauge factor for p-type dopants.
The total resistor length is approximately 225 pm and measured
electrical resistances are approximately 50 kQ which is only 7%
higher than estimated resistances for both 210 and 406 pm long
SMRs. These two designs allow us to compare sensitivity of
devices with different ratios of resistor length to cantilever length
which are 0.5 and 0.26 for 210 and 406 um long SMRs, respec-
tively (see Table 1).
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3. Experimental setup

Fig. 1 shows our experimental setup. For piezoresistive detec-
tion, a Wheatstone bridge is built with the piezoresistor and three
external resistors. The bias voltage (~5 V) is selected to maximize
the signal while limiting the temperature increase in the piezor-
esistor due to resistive heating. For optical-lever detection,
a diode laser (635 nm) and a segmented photodiode are
employed. The output signal from either the Wheatstone bridge
or the photodiode is amplified, phase-shifted, and fed back to the
actuator. Thus, the SMR always resonates at its resonance
frequency through this feedback. To keep track of the resonance
frequency of the SMR in real time, the output signal is hetero-
dyne-mixed with a reference frequency from a function generator
(33220A, Agilent) which is offset by ~1 kHz from the resonance
frequency. The resulting signal is low-pass filtered (f. = 5 kHz),
converted to transistor—transistor logic levels, and measured with
a frequency counter using a data acquisition card (NI PCI-6259,
National Instruments).’* Particles or cells travel through the
microchannel via pressure-driven flow created by using pressure
regulators and pneumatic valves. Detailed procedures and pres-
sure settings used to control the bulk flow rate can be found
elsewhere'? (see Fig. 1 caption for typical pressure settings in each
bypass channel). As shown in Fig. 1, the resonance frequency of
the SMR decreases when a particle transits the suspended
microchannel since the particle is denser than the surrounding
fluid.

The SMR can either be actuated electrostatically by on-chip
electrodes or acoustically by an off-chip piezoelectric crystal
(PL022.31, Physik Instrument). Although optical-lever detection
can maintain the feedback with either the electrostatic or pie-
zocrystal actuation, piezoresistive detection with this generation
of devices suffers from electrical coupling between the on-chip
drive electrode and the piezoresistor which prevents operation in

~ Photo
! Detector

Bypass Channels
P, M P,

Transimpedance

feedback-mode using electrostatic actuation. In order to make
a meaningful comparison between the two detection schemes,
off-chip piezocrystal actuation was used for all measurements.

4. Sample preparation

For mass sensitivity calibration, 4.17 pm diameter NIST size
standard polystyrene beads (NT21N, Bangs Laboratories) were
diluted with de-ionized water to a concentration of 1 x 107
particles mL~'. For mixed particle measurement, NIST size
standard polystyrene beads with the nominal diameter of 1.6, 2.0,
2.5, and 3.0 pm (4016A, 4202A, 4025A, and 4203A, Thermo
Scientific) were diluted with de-ionized water and mixed to have
a similar final concentration of 1 x 107 particles mL~! for each
bead. Budding yeast cells, Saccharomyces cerevisiae, were grown
overnight at 23 °C in YEP (yeast extract plus peptone) media
containing 2% glucose and 1 mg mL~" adenine. The cultured
yeast cells were then suspended and diluted with the same growth
media to a concentration of approximately 1 x 107 cells mL~".
Both the diluted particles and cells were sonicated for 1 min to
break apart aggregates just before measurement.

5. Results and discussions
5.1 Heat transfer analysis

The SMR resonance frequency is sensitive to temperature which
can be altered by heat produced in piezoresistive and optical-
lever detection. For measurements of living cells, heat transfer
analysis is important for ensuring that heat produced by the
detection scheme does not significantly alter the temperature of
the suspended microchannel. Finite element analyses (FEA) were
used to estimate the temperature increase during SMR operation
(see Table 1). To obtain a conservative estimate, the suspended
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Fig.1 Experimental setup for optical-lever and piezoresistive detection methods and interface to downstream electronics. The dynamic displacement of
the SMR is measured with either the laser/photo-detector or the on-chip piezoresistor, amplified, phase-shifted, and fed back to a piezocrystal actuator.
The resonance frequency is down-mixed to 1-2 kHz and recorded. Pressure settings are Py (15 psi) > P, (0 psi) and P; (15 psi) > P4 (0 psi) for sample
loading and Py (15 psi) = P, (15 psi) = Pz (15 psi) and P, (variable, <15 psi) for population measurements.
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microchannel was assumed empty since any fluid within the
microchannel would only increase the thermal conductance. For
typical experimental settings, the estimated maximum tempera-
ture increases for the piezoresistive detection due to Joule heating
are 0.33 °C for both the 210 and 406 pm long SMRs, and
maximum temperatures resulting from the optical-lever detec-
tion are 0.80 and 1.62 °C for 210 and 406 um long SMRs,
respectively. Since both 210 and 406 pm long SMRs have a pie-
zoresistor with a fixed length located near the base, and the heat
flux toward the tip is negligible due to the vacuum packaging,
their thermal conductances are independent of the resonator
length, and thus identical steady-state solutions are expected. In
contrast, in optical-lever detection, heating occurs from
absorption of the laser which is aligned near the tip of the
resonator for optimal sensitivity. Thus, the thermal conductance
decreases and the temperature estimate increases linearly with
the length of the SMR. Overall, temperature increases resulting
from either optical-lever or piezoresistive detection are not
significant (within a few degrees Celsius).

5.2 Open loop frequency response

The amplitude and phase responses of the SMRs (see Fig. 2) are
acquired by sweeping the frequency applied to the piezocrystal
drive while measuring the sensor output with a lock-in amplifier
(SR844, Stanford Research Systems). The frequency response is
fitted to the model of a damped harmonic oscillator in order
to determine the resonance frequency and quality factor.
The resonance frequencies from optical-lever detection, for the
device shown in Fig. 2, are slightly higher than those from pie-
zoresistive detection by approximately 14 ppm (5.1 Hz) and
13 ppm (1.2 Hz), for 210 and 406 pm long SMRs, respectively. As
expected, we see no significant difference in the quality factor
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Fig.2 Resonance responses for a 210 and a 406 um long SMR measured
with optical-lever and piezoresistive detection when each resonator is
filled with de-ionized water. Parasitic coupling can be observed and is
more apparent in the phase response. The extracted resonance frequen-
cies for 210 and 406 um long SMRs are 346 622.2 + 0.6 Hz and 92 093.0
+ 0.1 Hz with optical-lever detection, and 346 617.3 + 0.3 Hz and
92091.8 + 0.1 Hz with piezoresistive detection, respectively. The
extracted quality factors for 210 and 406 pm long SMRs are 3647 + 61
and 10 839 + 77 with optical-lever detection and 3737 & 14 and 10 872 +
8 with piezoresistive detection, respectively.

measured with the two methods. Q-Values are lower than what
we have observed with previous device generations due to the tall
channel height and variability in the packaging process. Near the
resonance frequency, the amplitude and phase responses are
similar for both detection schemes. At frequencies away from the
resonance frequency, the normalized amplitude and phase
responses differ between optical-lever and piezoresistive detec-
tion for each SMR design. Although coupling exists in both
detection schemes, deviation from the theoretical harmonic
oscillator model is more pronounced using the piezoresistive
detection scheme. This is due to parasitic capacitances between
the piezoelectric actuator and piezoresistor together with its
adjacent readout circuitry. Although these capacitances were
significantly reduced by inserting a low impedance ground plane
between the actuator and SMR, additional isolation will be
necessary for eliminating it completely.

5.3 Weighing particles

We have developed two different approaches for measuring the
buoyant mass of individual particles with the SMR. For situations
where precision is more desirable than throughput, vibrating the
SMR at a large amplitude using strong excitation of the piezo-
electric crystal creates an appreciable centrifugal force on
a particle within the SMR. When the centrifugal force overcomes
the viscous drag force, particles can be trapped near the U-turn of
the SMR.*? Fig. 3 shows the resonance frequency response as
a single polystyrene bead from the 4.17 um diameter NIST sample
is trapped at the free end of the resonator. Alternatively, the
inertial force can be reduced by attenuating the drive amplitude
and particles can be weighed as they continuously flow through
the SMR (see Fig. 4). Although the inertial trapping mode
requires a slower flow velocity than the flow-through mode, which
limits measurement throughput, the trapping mode provides
higher precision because (i) SMR frequency stability in closed
loop improves as the vibration amplitude increases, (ii) position-
dependent error resulting from an uncertain channel crossing at
the U-turn is eliminated, and (iii) longer averaging times are
possible. As can be observed in Fig. 3 and 4, the frequency
response for both detection modes is similar for each SMR design,
demonstrating that the detection scheme does not alter the mass
sensitivity. Approximately 1000 beads were measured using each
device type, and average mass sensitivities were —5.42 and —0.74
Hz pg! for 210 and 406 um long SMRs, respectively (negative
mass sensitivities indicate downshift of the resonance frequency
upon mass loading). These measured sensitivities show good
agreement with theoretical estimates (see Table 1).

In Fig. 5 we demonstrate buoyant mass measurements of
a mixture of polystyrene beads and yeast cells with the piezor-
esistive detection in the flow-through mode. The mean buoyant
mass of each bead extracted from the measured mass histogram
is linear with mean volume from manufacturer specification, as
expected (adjusted R* = 0.99999, inset). Mass density of the
polystyrene extracted from the slope in the linear regression is
1.047 g cm~3 which is comparable to the manufacturer specifi-
cation (1.05 g cm™). Coefficients of variation in buoyant mass
are 3.28, 2.34, 2.27, and 1.86% for 1.6, 2.0, 2.5, and 3.0 um bead
samples, respectively, which are generally better than the coeffi-
cients of variation in volume provided by the manufacturer (3.90,

648 | Lab Chip, 2011, 11, 645-651

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c0lc00447b

Published on 22 December 2010. Downloaded by Max Planck Institut fuer on 06/10/2015 12:12:04.

View Article Online
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Fig. 3 Frequency response during a single particle inertial trapping event (4.17 pm diameter polystyrene bead in deionized water) as measured by
optical-lever and piezoresistive detection. Frequency is measured at a sampling rate of 1 kHz (black dots) and smoothed (red line) with a Savitzky—Golay

filter (3 order, n = 50).

3.00, 3.00, and 3.30% for 1.6, 2.0, 2.5, and 3.0 um bead samples,
respectively). As expected, the buoyant mass histogram for
budding yeast cells is wider than particle mass histograms. The
wider distribution results from budding yeast’s asymmetric

division and consequential variation in growth rate.’*3*

5.4 Frequency noise and mass resolution

Although mass sensitivity, ie. the frequency shift caused by
a given mass change, is independent of the readout method,
piezoresistive and optical detection are expected to provide

Flow-through Mode

Optical-lever Detection

Piezoresistive Detection

N
<
210 pm | 5
12 + + + + + -12+4 + + + + + 1
100 200 300 400 500 600 0 100 200 300 400 500 600
Time (ms) Time (ms)
N N
z z
406 um |5 . =

200 400
Time (ms)

600 800 0 200

400

Time (ms)

600 800

Fig. 4 Frequency response during the passage of a single particle (4.17 um diameter polystyrene bead in deionized water) as measured by optical-lever
and piezoresistive detection. Inertial trapping, as shown in Fig. 3, was eliminated by adding a 20 dB attenuator between the piezoelectric crystal and the
feedback circuit. Frequency is measured at a sampling rate of 1 kHz (black dots) and smoothed (red line) with a Savitzky—Golay filter (3" order, n = 25).
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Fig. 5 Buoyant mass histograms of mixed polystyrene beads (left) and
yeast cells (right) measured with piezoresistive detection. Mixed poly-
styrene beads (1.587 & 0.025, 1.998 + 0.022, 2.504 + 0.025, and 3.005 +
0.027 um diameter beads) are measured with 210 um long SMR and yeast
cells are measured with 406 pm long SMR. Both measurements are made
at room temperature. Inset shows mean buoyant mass is linear to mean
volume. Histogram for bead mixtures is fitted to multi-peak Gaussian
(dashed green line) and histogram for yeast cells is fitted to log-normal
(dashed black line).

different mass resolutions due to the different characteristics of
their frequency noise. To determine mass resolution of the
SMRs, frequency noise was measured and analyzed for each
SMR type with both detection schemes (see Table 1). Standard
deviations of the resonance frequency measured for 20 seconds
at a sampling rate of 1 kHz with the optical-lever were 44 and
207 ppb for the 210 and 406 um long SMRs, respectively. With
the same measurement conditions, standard deviations measured
with the piezoresistive detection were 54 and 146 ppb for the 210
and 406 um long SMRs, respectively. To obtain the above
frequency noise levels, the maximum drive amplitude was
applied to the piezoelectric crystal, causing particles to be trap-
ped via the inertial trapping mode described previously. In
addition, the optical-lever was well aligned and the piezoresistor
operation was optimized relative to the settings used in previous
sections. Specifically, a lower amplifier gain and higher bias
voltage to the Wheatstone bridge (up to ~11 V which increases
the maximum temperature to ~1.60 °C; this temperature is
slightly higher than and comparable to the optical-lever for 210
and 406 um long SMRs, respectively) and the phase shift were
adjusted carefully to obtain maximum frequency stability.
Among these optimization parameters, the effect of phase
adjustment is the most critical. Mass resolution of the 210 um
long SMR with the optical-lever is 2.8 fg, slightly better than
3.4 fg measured with the piezoresistor. However, mass resolution
of the 406 um long SMR with the piezoresistor is 18.1 fg, better
than 25.8 fg measured with the optical-lever.

To investigate the long-term frequency stability, frequency
noise was measured for 1 hour at a sampling rate of 1 kHz and
analyzed with Allan variance.®® Fig. 6 shows mass resolution
derived from mass sensitivity and Allan variance. Mass resolu-
tions at the gate time of 1 ms agree with ones from standard
deviations for short-term (20 s) measurements. More interest-
ingly, mass resolution improves by at least one order of

10°% -
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= ——406 pm Optical
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S
3
=]
[}
[}
(12
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Fig. 6 Mass resolution derived from sensitivity calibration and
measured Allan variance of the SMR resonance frequency of SMRs as
a function of the gate time, which is an averaging window for Allan
variance calculation. Raw data were measured at a sampling rate of 1
kHz for 1 hour.

magnitude from gate times of 1 ms to ~100 ms for each SMR
type and detection scheme. Piezoresistive detection with the 210
um long SMR offers the best mass resolution of 135 ag at ~100
ms which is 3-fold better than optical-lever detection with the
same SMR type. This suggests that piezoresistive detection with
a longer gate time can increase the mass resolution for applica-
tions that can tolerate the reduced temporal resolution. At 1 ms,
Allan variances resulting from thermomechanical noise®® are 6.2
x 107 and 6.1 x 107'8 for the 210 and 406 pm long SMRs both
of which are 4 orders of magnitudes better than the best
measurement for each SMR type. Allan variance due to ther-
momechanical noise monotonically decreases with increasing
gate time as expected. Measured Allan variances, however,
exhibit a crossover between the two detection schemes as well as
minima, after which the variances increase. Low frequency
instabilities observed may result from noise due to the transducer
itself (1/f noise) and downstream feedback electronics.

Since the frequency noise is expected to be related to the
displacement noise, we used a Laser Doppler Vibrometer (LDV)
to calibrate the sensor response. This was accomplished by using
the piezoelectric actuator to resonate the SMR with various drive
voltage amplitudes while the SMR tip amplitude was measured
by the LDV (OFV 511 with OFV 3001, Polytec). Optical and
piezoresistive readouts were recorded at each drive amplitude in
order to obtain a calibration figure. For the optical-lever, the
LDV calibration showed reasonable agreement with calibration
using the thermomechanical spectra.?” Optical-lever sensitivities
from LDV measurements were 49 and 43% lower than those
from thermomechanical spectra for 210 and 406 pm long SMRs,
respectively. However, the piezoresistor could not resolve the
thermomechanical spectra due to the Johnson noise limited
sensitivity. Instead, LDV calibration for the piezoresistor was
validated by theoretical estimates using FEA. When the attenu-
ation due to parasitic impedances originating from the Wheat-
stone bridge and coaxial cables is considered,®” the measured and
estimated sensitivity agreed within a factor of two (Piezoresistor
sensitivities from LDV measurements were 18 and 47% lower
than those from FEA for 210 and 406 pm long SMRs,
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respectively). Using LDV calibration results, the voltage noise
near the resonance of each detection method measured by
a spectrum analyzer (4395A, Agilent) could be converted into
displacement noise (see Table 1). Interestingly, the displacement
noise of piezoresistive detection is two orders of magnitude
higher than that of the optical detection for each SMR type.
Given that the frequency noise is comparable, this unexpected
finding suggests that properties associated with the self-excited
feedback operation may govern the overall performance in our
system.

6. Conclusions and future outlook

We have developed suspended microchannel resonators with
electronic readout by integrating doped silicon piezoresistive
elements with the resonators. The fabricated devices are char-
acterized for both optical-lever and piezoresistive detection using
external piezocrystal actuation. For inertial trapping mass
sensing applications, the piezoresistive detection offers mass
resolution on the order of a few femtograms in a 1 kHz band-
width which is on the same order of magnitude as that of optical-
lever detection. We successfully implemented the piezoresistive
detection scheme to measure buoyant mass histograms of
a mixture of NIST size standard particles and budding yeast
cells. We envision that eliminating the need for optical compo-
nents will enable new uses for the SMR in both multiplexed and
field deployable applications.
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