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MOSFET-Embedded Microcantilevers
for Measuring Deflection
in Biomolecular Sensors

Gajendra Shekhawat,>* Soo-Hyun Tark, Vinayak P. Dravid“*

A promising approach for detecting biomolecules follows their binding to immobilized probe
molecules on microfabricated cantilevers; binding causes surface stresses that bend the cantilever.
We measured this deflection, which is on the order of tens of nanometers, by embedding a
metal-oxide semiconductor field-effect transistor (WOSFET) into the base of the cantilever and
recording decreases in drain current with deflections as small as 5 nanometers. The gate region of
the MOSFET responds to surface stresses and thus is embedded in silicon nitride so as to avoid
direct contact with the sample solution. This approach, which offers low noise, high sensitivity,
and direct readout, was used to detect specific binding events with biotin and antibodies.

he microcantilever detection approach

has attracted considerable attention as a

means of label-free detection of biomol-
ecules (/—6) in recent years. The specific bio-
molecular binding between ligands and receptors
on the surface of a microcantilever beam results
in physical bending of the beam by some tens of
nanometers (2—6). The origin of this nano-
mechanical bending of such a hybrid structure
is driven by a change in the surface stress caused
when ligands bind to receptors, which leads to a
differential bending moment.

The prevailing methods for measuring the
microcantilever bending involve optical (/-6),
piezoresistive (7—13), and capacitance (/4) de-
tection technologies, but each method has some
limitations. For example, Majumdar and co-
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workers (6) have developed a microcantilever
array for multiplexed biomolecular analysis
based on a two-dimensional (2D) charge-coupled
device (CCD) optical readout to monitor the mi-
crocantilever deflection. Optical detection sys-
tems are less amenable to monolithic integration
and are not readily amenable to massively par-
allel and highly multiplexed detection because of
difficulties in laser alignment and power manage-
ment. Also, optical detection systems have limited
use in situations of turbid or opaque fluidic and
smoky environment where light scattering can
compromise detection.

Recently, piezoresistive detection (7—13) has
emerged as an alternative to optical detection
because it is compatible with aqueous media
and allows parallel microcantilever arrays to be
implemented for detecting multiple analytes at
the same time. However, because the piezoresis-
tors cover a large length of the cantilever and
high doping levels are required, the stress mea-
surement is not localized. Thus, piezoresistive
detection suffers from inevitable thermal and

electronic noise, thermal drifts, nonlinearity in
piezo-response, conductance fluctuation noise
(usually called flicker or 1/f noise), cycle fa-
tigue, and inadequate sensitivity to very small
cantilever deflections. Moreover, microcantilever
bending of more than 50 nm is required to detect
measurable and reproducible piezoresistance, so
this method is insensitive to low concentrations
of bimolecular species. Capacitance readout (/4)
is based on change in the gap due to microcanti-
lever deflection, which results in the change in
the capacitance between two conductor plates.
Capacitance readout suffers from inevitable
interference with the variations in the dielectric
constant of the fluidic media.

Here, we report the use of 2D microcantilever
arrays with geometrically configured metal-oxide
semiconductor field-effect transistors (MOSFETs)
embedded in the high-stress region of the mi-
crocantilevers to measure deflections induced by
biomolecular binding. Finite-element modeling
was used to optimize the change in the drain
current of the MOSFETSs buried in the micro-
cantilevers.

FET-based stress sensors are widely reported
for micromechanical devices such as acceler-
ometers, resonators, and parallel cantilevers for
scanning probe microscopy, as well as for resid-
ual stress measurements (/5—20). When a micro-
cantilever bends as a result of adsorption-induced
surface stress, modulation of the channel current
underneath the gate region results from altered
channel mobility of the transistor due to increased
channel resistance. As fixed biased voltages are
applied on the gate and source-drain region of the
transistor, any change in channel mobility will
result in change in the drain current of the
transistor. Apart from a decrease in channel
conductivity, the channel mobility is also affected
by the generation of trap states and band structure
alteration. However, these stress sensors have not
been configured for high sensitivity for small
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changes in the drain current, nor used for nano-
mechanical biomolecular sensor applications.
Because MOSFETs and contact pads are pas-
sivated with a thin coating of silicon nitride, they
are inherently protected from any environmental
influence; thus, their performance is not compro-
mised by contact with gases or corrosive liquids
such as saline solution.

The MOSFET-embedded microcantilever
detection approach is illustrated in Fig. 1. To
achieve high sensitivity, we must detect deflec-
tions as small as 5 to 10 nm (Table 1). The
MOSFETs were engineered for optimal source-
drain doping concentration and depth, channel
doping, and transistor width/length ratio, taking
into account their location at a high-stress region
(the cantilever base) (21) and their geometrical
configuration (i.e., thickness and length of the
cantilever). The optimized design minimizes the
electronic noise by (i) selecting localized doping
regions on moderately resistive Si cantilevers (10
to 15 ohmrem) to reduce unwanted noise due to
carriers; (ii) precisely controlling the doping re-
gion thickness, width, and carriers to optimize the
mobility; (iii) having a sharp dopant step profile;
and (iv) using a large gate area to suppress 1/f
noise. The optimized MOSFET-embedded mi-
crocantilevers exhibit measurable, consistent,
and reproducible change in the drain current,
even for deflections as small as 5 nm.

The microcantilevers were fabricated from SOI
(silicon-on-insulator) wafers with a buried oxide
etch-stop layer (2.5 pwm) and an epitaxial silicon
layer (1.5 pm). Initially, 50 x 1 cantilever arrays
were fabricated with the standard microelectro-
mechanical systems (MEMS) technology (22).

Embedded n-type MOSFET transistors were
fabricated on each individual microcantilever by
the standard complementary MOS (CMOS) ap-
proach, wherein the transistors were located at the
rear part of the cantilever where surface stress is
the highest (27). Once the process was completed
and the MOSFETs were tested for their function-
ality, microcantilever shapes were defined. Metal
contacts to the gate, source, and drain of indi-
vidual microcantilevers were then made by con-
tact lithography. Finally, the 2.5-um oxide layer
was etched to release the microcantilevers from
the top. The transistor design process was sim-
plified with only four masks and minimal process
steps for ease of fabrication.

Scanning electron microscopy (SEM) im-
ages of one pair of identical cantilevers from
an initial 50 x 1 microcantilever array are shown
in Fig. 2A. The pair consists of one microcanti-
lever coated with a thin film of gold for im-
mobilization of probe molecules, typically with
thiol chemistry, and the other is uncoated and acts
as the reference. The differential drain current
between the sensing and the reference micro-
cantilevers, which further minimizes systematic
noise and environmental perturbations, forms the
basis for the MOSFET electronic detection
(Fig. 1). The differential signal can be fed into a
CMOS-based differential amplifier for electronic

readout at the chip level for future development.
A magnified view (Fig. 2B) shows the contact
leads and the physical separation of the Cr/Au
layer and the contacts. MOSFET-embedded
microcantilevers with thickness of 1.5 to 2 um
and length ranging from 200 to 300 pm were
fabricated. In each case, the separation between
the reference and sensing microcantilevers was
about 250 um for simplicity, the transistor was
located about 2 to 4 um from the cantilever base,
and the width/length ratio of source and drain
was around 10 to allow for high transconduct-
ance. The resonance frequency of the MOSFET-
embedded microcantilevers was around 100 to
150 kHz. Each array was designed to have iden-
tical sensor (i.e., Cr/Au-coated) and SiN, refer-
ence microcantilevers for differential output to
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minimize systematic noise and possible false pos-
itives. The residual stress that may be introduced
by applying a thin layer (30 nm) of gold coating
on one side of the cantilever does not create a
notable difference in MOSFET current-voltage
characteristics when compared with those of SiN_
reference cantilevers.

We validated the drain current sensitivity of
MOSFET-embedded microcantilevers to bend-
ing with the use of a high-resolution nanomanip-
ulator with a vertical (z-axis) resolution of <5
nm. As the nanomanipulator bent the cantilever
downward in steps of 5 nm, the corresponding
current-voltage (/-)) characteristics were ac-
quired at a fixed gate bias of 5 V in air. We
observed (Fig. 3A) a decrease in drain current of
0.1 to 0.2 mA per nanometer of microcantilever

A

Gold-coated
silicon nitride cantilever

Embedded MOSFET cross-section

Reference

Probe-Target binding

Drain Current (mA)

Drain voltage (V)

Channel under stress

Cc

<+— Target injection

Drain Current (mA)

Time (min)

Fig. 1. (A) Schematic of the interaction between probe and target molecules on an embedded-MOSFET
cantilever system. The silicon nitride cantilever is a reference, and the gold-coated one is used as a
sensing cantilever. Specific biomolecular interactions between receptor and target bend the cantilever.
Magnified view of embedded MOSFET in cross section shows stressed gate region when cantilever
bends, resulting in change of drain current due to conductivity modulation of the channel underneath
the gate. (B) Schematic of change in @ MOSFET drain current upon probe-target binding. (C) Change in
drain current over time due to deflection of a microcantilever.

Table 1. A few examples showing conversion of the probe-target biomolecular interactions into
nanomechanical responses of microcantilevers (ssDNA, single-stranded DNA; fPSA, free prostate-

specific antigen).

Probe-target system  Target molecule concentration  Deflection magnitude (nm)  References

Biotin-streptavidin 100 nM (6 pg/ml) 50 (2)

Biotin-neutravidin 25 pg/ml 20 2

ssDNA hybridization 40 pg/ml (3 pM) 15 2

ssDNA hybridization 500 nM 10 (2)

PSA antibody—fPSA 6 ng/ml 20 (3
www.sciencemag.org SCIENCE VOL 311 17 MARCH 2006
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deflection. We note that the drain current changes
by almost one order of magnitude between a few
nanometers and 150 nm of microcantilever
bending. The bending results indicate that the
MOSFET deflection sensitivity is of the same
order as that of optical detection, as inferred from
the prior literature [shown in Table 1 and (3-6)],
and is higher than that of existing active and pas-
sive detection technologies by one to two orders
of magnitude (7-14).

Moreover, MOSFETs have large signal-to-
noise (S/N) ratios caused by the large change in
drain current relative to the concomitant small
noise density (Fig. 3B). The three curves show
1/f or flicker noise—the dominant source of
noise in MOSFETs at low frequencies—at three
different voltages (23, 24). The current noise
of 40 to 60 nA, which is calculated by integrat-
ing the spectral power density over 1/f band-
width for different gate voltages, is lower than
the reported value of 2.7 1V for a piezoresistance-
based microcantilever-type sensor (25). Given
that MOSFET current sensitivity is around 0.1 to
0.2 mA per nanometer of cantilever deflection, a
low detection limit can be readily achieved with a
large S/N ratio. The noise density could likely be
further reduced in future generations of these
devices by standard processing steps that would
optimize doping concentration and minimize the
interface traps.

SiNx Layer

Au Layer

Source

Silicon

Fig. 2. (A) SEM image of two identical canti-
levers (from a 50 x 1 array) displaying embedded
MOSFET and geometry of the gold-coated and SiN,
cantilever beam pair; each cantilever is about 250
um long, 1.5 pm thick, and 50 pm wide. (B)
Details of MOSFET location on cantilever beam,
which is released by etching a 2.5-pum sacrificial
oxide layer.
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Electronic measurements of the transistor
characteristics revealed that the observed changes
in the drain current at gate bias and while sweep-
ing the drain voltage demonstrate the modulation
of channel current with surface stress due to mi-
crocantilever bending. The large change in drain
current results from the modulation of channel
mobility because of surface stress, which increases
the channel resistance. The mobility change may
also arise from the changes in the interface charge
densities, generation of trap states, band structure
alteration, and generation of shallow defects due
to localized bending stress.

For biomolecular binding experiments, the
MOSFET-embedded microcantilevers were
cleaned sequentially in acetone, isopropanol-2,
and methanol for 10 min each, followed by
ultraviolet cleaning for 25 min. They were
then functionalized with DTSSP [3,3'-dithiobis
(sulfosuccinimidylpropionate), Pierce Chemical
Co.], a linker molecule involved in immobilizing
streptavidin and antibodies to the gold-coated
microcantilever surface. Streptavidin (Pierce) was
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Fig. 3. (A) Plot of embedded MOSFET drain current
with physical bending of a microcantilever by a
nanomanipulator, in step size intervals of 5 nm. The
decrease in drain current was 0.1 to 0.2 mA/nm of
cantilever deflection. (B) Current noise power spec-
tral densities measured from an embedded MOSFET
at different gate voltages and at constant current
level, which is inversely proportional to frequency.
Current noise power spectral density was measured
using a previously described setup (24) with a cur-
rent preamplifier (DL Instruments, model 1211).The
spectra show very low noise level in drain current,
supporting high current sensitivity of the device. The
drain voltage was fixed at 1 V.

later immobilized on the microcantilever surface
by incubating overnight in a streptavidin solution
(10 pg/ml) prepared with phosphate-buffered sa-

K i
704

T 601

E 50

£ 40- —a— SiNx

5 —e— Au

e 304 —a— Au-Streptavidin

‘E —v— Au-Strep-Biotin (100 fa/ml)

o 201 —e— Au-Strep-Biotin (100 pg/ml)
10- —4— Au-Strep-Biotin (100 ng/ml)
01, ~»— SiNx-Strep-Biotin (100 ng/ml)
0+ T T T T T g

0 1 2 3 4 5 5]
Drain voltage (V)

401
€ —a— Fleferenc_e
S 504 —e— Au-Rabbit IgG
E —a— Au-Rabbit IgG-Goat anti-rabbit IgG
o L —w— SiNx-Rabbit |gG-Goat anti-rabbit IgG

T

£ 0.8] i B

o 1 2 3 4 5 6
Drain voltage (V)

CBQ.
704

A
@
=]

OO0 wawm
W o oo
i S =

Drain current (mA)

0.2
0.14
0.0 T T T T 1
0 2 4 6 8 10
Time (min)

Fig. 4. (A) /, versus V, characteristics of gold-
coated cantilever immobilized with streptavidin (10
pg/ml) immersed in PBS. The experiment was
carried out to check whether the presence of ions
caused any bending of the cantilever beam. Neg-
ligible change in drain current is observed on the
cantilever coated with streptavidin (10 pg/ml) in
absence of ligands (biotin). When biotin (100 fg/ml
to 100 ng/ml) is added, current decreases as con-
centration increases; this is indicative of cantilever
bending. No drain current decrease is observed in
the silicon nitride reference cantilever, indicating
no probe-target binding. (B) Measured /, versus V,,
characteristics for embedded n-MOSFET transistor
at V; = 5 V. There is negligible change in drain
current on a cantilever coated with rabbit 1gG (0.1
mg/ml) in absence of secondary antibody. When
goat antibody to rabbit IgG (0.1 mg/ml) is added,
a change in drain current of almost two orders of
magnitude is observed, indicative of cantilever
bending. (C) Interaction of rabbit IgG and goat
antibody to rabbit IgG over time at a fixed drain
voltage of 2 V.
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line (PBS, pH = 7.4). This immobilization meth-
od provides a tight streptavidin layer with uniform
density on gold for efficient binding of biotin. All
of the nonspecific binding sites were blocked with
bovine serum albumin (BSA). For detection ex-
periments, the functionalized microcantilevers
were exposed to target biotin concentrations (in
PBS) of 100 fg/ml, 100 pg/ml, and 100 ng/ml.

MOSFET transistors were passivated with
a thin coating of silicon nitride (30 nm), and
electrical contacts were isolated for the binding
measurements in the fluidic environment. The
measured drain current (/) versus drain volt-
age (V},) characteristics for the n-MOSFET-
embedded transistor, at gate voltage V; =5V,
show a negligible change in 7, (Fig. 4A) when
the streptavidin-immobilized gold microcanti-
levers are immersed in PBS. Microcantilever
bending as a result of streptavidin-biotin binding
leads to decreases in I, as the concentration of
biotin increases from 100 fg/ml to 100 ng/ml. The
bending results from an increase in compressive
stress, which in turn results from the repulsive
electrostatic or steric intermolecular interactions
(2-6) or from changes of the hydrophobicity of
the surface (/-6). No drain current change was
seen in SiN_ cantilevers with biotin, where no
binding events occurred.

Similar experiments were performed for de-
tection of goat antibodies [secondary immuno-
globulin G (IgG)] by rabbit antibodies (primary
IgG) with the embedded MOSFET. After the
cleaning procedure, the MOSFET-embedded mi-
crocantilevers were first functionalized with
DTSSP as a linker and then incubated overnight
in rabbit IgG (0.1 mg/ml, Pierce) prepared in PBS
for immobilization. BSA was again used as an
agent to block nonspecific binding sites. The
functionalized microcantilevers were exposed to
goat antibody to rabbit IgG (0.1 mg/ml in PBS)
for binding experiments.

The measured I, versus V, characteristics
for V=5V (Fig. 4B) again showed no change
in the drain current for the SiN_ cantilever and
negligible change for the gold-coated cantilever
with rabbit IgG immersed in PBS. When goat
antibody to rabbit IgG (0.1 mg/ml) was intro-
duced, a change in I, of almost two orders of
magnitude was observed, which is indicative of
microcantilever bending as a result of antibody—
secondary antibody binding. The SiN_ reference
cantilever remained the same after injecting the
target. The large change in I, with time is shown
in Fig. 4C; steady-state saturation is achieved
when molecular and surface interactions are
completed.

The MOSFET detection method offers a num-
ber of advantages over traditional piezoresistive or
capacitive sensor elements because of its small
size, high sensitivity, and uncomplicated current
measurement as well as its full and seamless com-
patibility with direct monolithic integration for
application-specific integrated circuits. Moreover,
the small channel lengths of MOSFET devices
provide more localized stress measurements.

www.sciencemag.org SCIENCE VOL 311

MOSFET-embedded microcantilever detection
should allow for massively parallel on-chip signal
sensing, multiplexing, and remote addressability
via on-chip integration of radio-frequency ele-
ments as well as photovoltaics for local power
supply.
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Broadband Cavity Ringdown
Spectroscopy for Sensitive and Rapid
Molecular Detection

Michael ]. Thorpe, Kevin D. Moll, R. Jason Jones, Benjamin Safdi, Jun Ye*

We demonstrate highly efficient cavity ringdown spectroscopy in which a broad-bandwidth optical
frequency comb is coherently coupled to a high-finesse optical cavity that acts as the sample
chamber. 125,000 optical comb components, each coupled into a specific longitudinal cavity
mode, undergo ringdown decays when the cavity input is shut off. Sensitive intracavity absorption
information is simultaneously available across 100 nanometers in the visible and near-infrared
spectral regions. Real-time, quantitative measurements were made of the trace presence, the
transition strengths and linewidths, and the population redistributions due to collisions and the

temperature changes for molecules such as C,H,,

he real-time detection of trace amounts

I of molecular species is needed for ap-
plications that range from detection of
explosives or biologically hazardous mate-
rials to analysis of a patient’s breath to mon-

itor diseases such as renal failure (/) and
cystic fibrosis (2). Spectroscopic systems ca-
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0,, H,0, and NH,.

pable of making the next generation of atomic
and molecular measurements will require the
following: (i) a large spectral bandwidth,
allowing for the observation of the global
energy level structure of many different atomic
and molecular species; (ii) high spectral reso-
lution for the identification and quantitative
analysis of individual spectral features; (iii)
high sensitivity for the detection of trace
amounts of atoms or molecules and for the
recovery of weak spectral features; and (iv) a fast
spectral acquisition time, which takes advantage
of high sensitivity, for the study of dynamics.
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