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An electrostatic micromechanical biosensor is demonstrated for the label-free electrical detection

of DNA, based on electrostatic actuation of a double-clamped micromechanical cantilever by

driving gate electrodes to establish a current path through drain and source electrodes. Intrinsic

charges in DNA alter surface charges on the gate by pre-charging concept and change the pull-in

voltage (VPI), the voltage required to bring the suspended cantilever into contact with the drain

electrode by induced electrostatic force. Its operation principle is verified by a numerical

simulation and a capacitive model. The proposed biosensor represents a breakthrough for practical

exploitation of electro-mechanical based sensors. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3703764]

Advances in the field of mechanical biosensors have

notably accelerated recently.1–3 The mechanical biosensors

developed to date can be categorized as surface-stress sen-

sors or dynamic-mode sensors. Surface-stress sensors mea-

sure the tiny deflection of a miniaturized mechanical device,

whereas dynamic-mode sensors measure change of the oscil-

lation resonance frequency. The predominant method for

biomolecule detection in both categories of mechanical sen-

sors is to employ an optical technique, whereby subtle

deflection can be measured or the dynamic characteristics

can be analyzed with the aid of a laser-assisted optical read-

out system.4–8 The optical systems are advantageous in terms

of high sensitivity as well as detection accuracy. However,

the large size of the optical detection system induces con-

straints on the mechanical sensors when monolithic integra-

tion and implementation to portable sensors are considered.

In addition, massive and multiplexed detection is also chal-

lenging owing to difficulties in the laser alignment.

To circumvent the aforementioned difficulties, capaci-

tance9 and piezoresistance10–12 detection technologies have

been investigated for mechanical biosensors as alternatives

to optical detection. Since these methods do not require huge

equipment such as a laser system, they mitigate the difficul-

ties of monolithic integration for the readout system and

external transducer, and they also enable electrical detection.

Accordingly, these approaches are applicable to portable

sensors. However, the resultant sensors are known to be

susceptible to environmental interference and noise. A field-

effect transistor (FET) embedded micromechanical biosen-

sor13 has also been developed. Although this sensor offers

low noise, high sensitivity, and direct electric readout, the

device was built on a silicon-on-insulator wafer, thus

precluding the possibility of low-cost mass production.

Electrostatic micro-actuators based on micro-

electromechanical system (MEMS) technology have also

been applied for electronic and optical devices.14 An electro-

static actuator is primarily composed of a cantilever-like sus-

pended plate (movable), which is pulled in or out by the

electrostatic force induced by an adjacent electrode (fixed).

Here, a pull-in state refers to condition where the cantilever

makes contact with a counter-electrode while a pull-out state

implies that the cantilever pushes away from the counter-

electrode. It has recently been verified that the pull-in

voltage (VPI) of an electrostatic actuator can be altered by

additional pre-charging of the counter-electrode.15,16 In the

same manner, it is plausible that VPI can be changed when

intrinsically charged particles such as biomolecules are im-

mobilized on the counter-electrode.17 By tracing the change

of VPI, electrostatic micro-actuators can be used as biosen-

sors that combine an electronic and a mechanical switch, and

consequently they can fully exploit the benefits of both elec-

trical and mechanical detection. In this paper, applying this

concept uniquely, we propose an innovative structured bio-

sensor based on an electrostatic micro-actuator for electrical

label-free DNA detection. Its operation is enabled by first

bending the cantilever mechanically driven by the pull-in

operation and then tracing and reading a signal electrically

from the mechanical bending. The highly negative-charged

phosphate backbones of the introduced DNA at a pre-

designed area of the biosensor can produce a shift in the

current-voltage (I-V) transfer characteristics via the afore-

mentioned pre-charging mechanism. This concept was

experimentally demonstrated and verified by numerical sim-

ulations. Its operating principle is comprehensively expli-

cated by a simple capacitive model.

Figure 1(a) shows a schematic of the electrostatic micro-

mechanical biosensor (referred to here as the sensor). A

double-clamped cantilever (suspended beam), which is a

structure supported by two anchors, has improved mechani-

cal robustness against stiction, torsion, and deflection
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compared with a single-clamped cantilever. In addition, a

dimple structure is introduced to avoid physical contact

between the gate electrode (G) and the cantilever, especially

when the dimple of the cantilever touches the drain electrode

(D). One of the electrodes of the micromechanical actuator

structure is comprised of a plate micromechanically actuated

by external voltage for pull-in or pull-out operation. The can-

tilever connected to the source electrode (S) is electrostati-

cally pulled in toward D by application of voltage to G (VG).

At a certain applied bias known as the pull-in voltage (VPI),

the electrostatic force between the cantilever and G becomes

great enough to bring the dimple of the cantilever into con-

tact with D. A direct electric current path through D and S is

thereupon established. Drain current (ID) is therefore con-

trolled by the amount of the applied bias to the gate

electrode.

Several previous works have reported that the electrical

characteristics of an electrostatic micro-actuator can be

modified by employing an electrode pre-charging step.15,16

Externally induced charges on a targeted electrode can then

be detected by monitoring the change of the I-V plot of the

micro-actuator. Figure 1(b) shows a schematic of the sensor

device with oligonucleotides immobilized on G. It is worth-

while to note that DNA can also be immobilized onto D.

However, DNA on G leads to variation of VPI, because driv-

ing bias is applied to G rather than to D. Thus, DNA on D is

not displayed in Fig. 1(b) for simplification. The intrinsic

negative charges of oligonucleotides that are immobilized on

G will alter I-V characteristics of the sensor. Thus, VPI to

contact the cantilever onto D is accordingly changed by the

amount of charges and charge polarity. When pull-in occurs,

a conduction path between S and D is created, whereby ID

suddenly increases at the applied bias of VPI as shown in Fig.

3(b). Because of the abrupt increment of ID by “switching”

behavior in the electrical characteristics, there is no reading

error in tracing the change of VPI at the proposed biosensor,

whereas error or noise arises in reading the threshold voltage

when using electrical-only FETs such as ion-sensitive field-

effect transistors (ISFETs),18,19 nanowire-based FETs,20,21

etc.

The sensor is fabricated according to the process flow

shown in the supplemental material.22 Figure 1(c) shows

bird’s eye view SEM images of the fabricated sensor device.

A rigid and reliable electrostatic micromechanical actuator

was realized; negligible change in the pull-in voltage was

observed during 20 successive measurements. A nominal

cantilever has a length, width, and thickness of 150, 50, and

1.2 lm (nickel thickness), respectively. The length and a

width of G are 50 and 60 lm, respectively. The measured

gap displacement (gG) between the cantilever and G and the

height of the dimple from SEM data (Figs. 1(d) and 1(e)) are

approximately 1 and 0.7 lm, respectively.

Conceptual demonstration of the proposed sensor is

verified by the CoventWare
TM

simulation tool, as shown in

Fig. 2. The dimensions of the simulated sensor are the same

as those of the fabricated device. The 3-dimensional sche-

matic model is designed as shown in Fig. 2(a). The simula-

tion results are monitored by the change in the displacement

(d) of the cantilever toward D. Figure 2(b) displays d as a

function of VG. In the simulation, negative electric bias is

applied for device actuation, and consequently the external

negative charges (jQBj) from DNA lead to a reduction of the

absolute value of the pull-in voltage (jVPIj) compared with

the case of no external charges (QB¼ 0 C/cm2). jVPIj is read

as the extrapolated d reaches 0.3 lm (the value of the initial

gap displacement gD between the dimple and D), which

means the dimple touches D, i.e., pull-in occurs. As jQBj
increases, jVPIj tends to decrease as expected. Note that it

works in the case when positive electric bias is applied,

where VPI tends to increase as the external negative charges

(jQBj) increases. This ambipolar behavior is attractive to

improve the signal-to-noise ratio and confirm stability

against the possible deformation of biomolecules during

electrical biasing, through ambipolar biasing. Additionally, it

is also inferred that there is a linear relationship between

jVPIj and jQBj, which is of importance in the calibration

between a sensing metric such as VPI and the quantity of bio-

molecules QB. These behaviors can be comprehensively

understood by the simple capacitor models illustrated in Fig.

2(c). The conventional mechanical actuator can be consid-

ered as a capacitor with an air dielectric between two parallel

FIG. 1. (a) Illustration of the electrostatic micromechanical actuator device

structure utilized for the biosensor. The suspended beam can be electrostati-

cally pulled down (or pulled in) by the applied gate (G) bias. At the pull-in

voltage (VPI), the dimple of the beam contacts the drain (D), thereby estab-

lishing a direct current path through between the drain and source (S). (b) A

schematic illustration of the sensor where the oligonucleotides are immobi-

lized on the gate electrodes. The intrinsic negative charges from oligonu-

cleotides on the gate surface alter the amount of electrostatic force acting on

the cantilever in accordance with a pre-charging mechanism, thereby chang-

ing VPI. (c)-(e) SEM images of the fabricated sensor: (c) a bird’s-eye-view,

(d) a close-up side view at the gap between the suspended beam and the

electrodes, (e) a magnified side view at the gap between the dimple of the

beam and the drain electrode.

163701-2 Choi et al. Appl. Phys. Lett. 100, 163701 (2012)
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plates; one plate is a movable cantilever and the other is a

fixed electrode with applied voltage. When charged mole-

cules are bound to one of the two parallel plates, it can be

considered as an additional floating plate with an external

charge (QB) introduced between the two plates. Therefore,

this consideration can be modeled as two capacitors con-

nected in series, CA¼ eAir/tAir and CB¼ eBio/tBio, where CA

and CB are the normalized capacitance by the unit area for

the air and the biomolecule dielectric, respectively. Here,

eAir and eBio are the permittivity of the air and the biomole-

cules, and tAir and tBio are thickness of the air and the biomo-

lecules, respectively. When VG is applied to G, the amount

of charges in the floating plate (QF) is (CAþCB)VF�CBVG.

Since QB and QF are the same, the voltage of the floating

plate (VF), which causes the cantilever to be pulled in, is

expressed as

VF ¼
QB

CA þ CB
þ CB

CA þ CB
VG

� QB

CA þ CB
þ VGð*CB � CAÞ: (1)

It is inferred that jVFj is increased when polarities of QB and

VG are the same, thereby decreasing jVPIj. Moreover, it is

apparent from Eq. (1) that jVPIj is increased when the polar-

ities of QB and VG are opposite. The simulation results, the

trend of the shift in jVPIj and the linear relationship between

VPI and QB, are directly deduced from the above equation.

For the experimental demonstration, thiolated-probe oli-

gonucleotides are introduced to be immobilized on the Au

surface of G to function as a DNA sensor. It is worthwhile to

note that the Au electrodes in the sensor are connected to

probing pads, which have a large parasitic area (approxi-

mately �0.2 mm2) including the interconnection area. Hence

a tiny amount of DNA from the introduced solution can be

effectively immobilized onto the area of G (the effective

sensing area) compared with the parasitic area, owing to the

small fraction ratio of G relative to the parasitic area

(approximately �0.01). This effect undesirably hinders the

sensor from lowering the detection limit of DNA concentra-

tion on the sensor. Although not on par with the most sensi-

tive sensors developed to date, DNA detection sensitivity of

nM level is achieved in this study. However, by covering the

parasitic area with a protective layer to prevent the DNA

from being immobilized onto an unintended area, i.e., the

parasitic area, the proposed sensor could feasibly detect even

lower DNA concentrations. The detailed procedures of

FIG. 2. Simulation results for a concep-

tual demonstration of the sensor. (a)

3-dimensional schematic model

designed for the computational simula-

tion. (b) The displacement of the sus-

pended beam towards the drain is

plotted as a function of the applied gate

voltage. VPI is the voltage when the dim-

ple of the beam contacts the drain

(d¼ 0.3 lm). (c) Simplified capacitance

model for a comprehensive analysis of

the detection mechanism.

FIG. 3. (a) The experimental setup for electrical measurement of the sensor.

(b) Typical measured transfer characteristics of the sensor for each step of

the oligonucleotide binding process. The plot shifts to the right hand side

(VPI is increased) under negative and positive voltage domains due to the

intrinsic negative charges of the oligonucleotides.

163701-3 Choi et al. Appl. Phys. Lett. 100, 163701 (2012)
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immobilization and hybridization of oligonucleotides are

shown in the supplementary material.22

Figure 3(a) illustrates the measurement setup for evalua-

tion of the sensor device in this work. The gate voltage (VG)

is applied to G underneath the cantilever for electrostatic

pull-in actuation. Electrical measurements for DNA detection

were carried out by monitoring the change of the transfer

characteristics (ID-VG) before and after each step of immobi-

lization of the probe oligonucleotides and hybridization with

the complementary oligonucleotides. Figure 3(b) shows typi-

cal experimental results for label-free DNA detection. ID and

VPI are traced before any biological treatments (black), after

immobilization of the probe oligonucleotide (blue), and after

hybridization of the target oligonucleotide (green). As

expected, VPI sequentially increased after each procedure,

i.e., immobilization of the thiol-terminated probe oligonu-

cleotide (1 lM) and hybridization of the target oligonucleo-

tide (1 lM). It should be noted that the proposed sensor

works for ambipolar gate voltage, i.e., voltage ranging from

negative to positive bias. The shift of jVPIj, even at both nega-

tive and positive biasing, is in accordance with the aforemen-

tioned equations derived from simple capacitor models.

Figure 4 displays results of a statistical analysis of the

DNA hybridization detection. All the data sets for one condi-

tion are obtained from 12 devices. There are two possible

detection monitoring schemes: both polarities of the applied

bias are investigated. A solid bar denotes the positive bias,

while a lined bar represents the negative bias. Figure 4(a)

shows the statistical analysis results of DVPI (¼VPI,final

�VPI,initial) after each experimental procedure. First, the effect

of deionized water on the initial device is investigated by dip-

ping the device in a solution without any oligonucleotides.

Negligible change in VPI is observed, confirming the mechani-

cal stability of the sensor structure; i.e., it is stiction-free. The

device with the probe immobilized on G results in increment of

VPI. After hybridization of the complementary oligonucleotides

to the immobilized probe oligonucleotides, VPI is additionally

increased compared to the device immobilized with probe oli-

gonucleotides alone. This VPI increment arises from the

increased negative charges of the hybridized oligonucleotides,

as expected. Furthermore, non-complementary target oligonu-

cleotides are used as a control experiment to investigate the

specificity of the DNA hybridization as a proof-of-concept of

the functionality of the proposed sensor. No significant change

is observed upon the introduction of the non-complementary ol-

igonucleotides, although the feasibility of detecting of single-

mismatched DNA pairs has not been established. This remains

as further work. The detection capability is also investigated for

various concentrations of the target oligonucleotide, as shown

in Fig. 4(b). The concentration of the probe DNA is fixed at

1 lM, while that of the target DNA is in a range of 1 nM to

1 lM. The change of VPI increases as the concentration

increases and there is a linear relationship for both polarities of

the applied bias, as verified by the abovementioned numerical

simulations and the capacitance model.

In summary, an innovative structured biosensor based

on electrostatic micromechanical behaviors was demon-

strated for label-free DNA detection. The biosensor is com-

posed of a suspended micromechanical cantilever that is

electrostatically actuated by a driving gate electrode. At the

pull-in voltage, which is the applied voltage to contact the

cantilever and the drain, a direct electric current path through

the drain and source is established. The intrinsic negative

charges arising from DNA on the gate surface were observed

to alter the degree of influence of the electrostatic force on

the cantilever by a pre-charging mechanism, thereby chang-

ing the pull-in voltage. The operational mechanism was veri-

fied by numerical simulations, and the underlying physics

was comprehensively understood by a simple capacitive

model developed. Experimental results demonstrated that the

change in the pull-in voltage was induced by electrode pre-

charging due to the intrinsic negative charges held by DNA.

The proposed biosensor is expected to open an exploratory

breakthrough for the detection of biomolecules.
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