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Nanophotonics Sensor Based on Microcantilever
for Chemical Analysis

Wenfeng Xiang and Chengkuo Lee, Member, IEEE

Abstract—A Si-based cantilever sensor with photonic crystal
(PC) resonator as readout for chemical sensing and analysis has
been developed. The resonant wavelength shift of PC resonator
is resulted from PC deformation induced by cantilever bending,
in which this optical readout scheme facilitates cantilever deflec-
tion measurements in liquid. Through numerical simulation, we
demonstrate that the detection capability of this micromechanical
sensor operated in water is better than that of sensor operated in
air. The minimum detectable Z-displacement and strain of Si/SiO2
cantilever sensor are derived as 0.6 µm and 0.0098% in water and
0.812 µm and 0.0144% in air, respectively. This novel microme-
chanical sensor shows its promising future in applications such as
detection of proteins and DNA in solution.

Index Terms—MEMS, microcantilever, nanomechanical sensor,
NEMS, photonic crystal resonator.

I. INTRODUCTION

IN THE development of novel chemical and biologi-
cal sensors, micro/nanoelectromechanical systems (MEMS/

NEMS) have received a lot of attention because of the superior
detection capability for chemical analytes like cells, virus, DNA
molecules, and proteins. Cantilever beam with dimension in mi-
cro/nanometer scale is a well-adopted sensor structure. The main
feature distinguishing it from other sensor structures is its high
sensitivity to cantilever deflection, i.e., strain. When molecular
adsorption is confined to one side of a microcantilever, it under-
goes deflection due to a differential surface stress caused by the
forces involved in the adsorption process [1]. By monitoring the
variation of cantilever deflection resulted from the adsorption-
induced stress, the chemical analytes can be measured with high
sensitivity. The detection schemes of cantilever deflection could
be mainly categorized as electrical [2]–[8] and optical [9]–[11]
approaches. Compared to the electrical detection schemes, the
so-called optical level method has been commercialized with
many advantages, such as linear response, simplicity, and ex-
cellent reliability.

Photonic crystals (PCs) have found important applications
ranging from lasers, waveguides, filters, and modulators to
sensors [12]–[15]. In two-dimensional (2-D) PCs, the electro-
magnetic field is localized in the low refractive index region,
i.e., air holes. The resonant cavity structures can be created by
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introducing point and/or line defects into 2-D PC periodic holes
array in which it supports field localization in photonic bandgap.
Thus, PC resonators exhibit resonant wavelength peak, which
is a function of the surface state of the defects or the shape and
dimension of defects in the PC resonant cavity structures. In our
previous study, the detected mechanism of microcantilever sen-
sor with PC nanocavity resonator has been reported [16], [17].
In this paper, we investigate the influence of the effective refrac-
tive index on the performance of the microcantilever sensors by
analyzing the different kinds of sensors and different detected
environment.

II. DEVICE DESIGN

As shown in Fig. 1(a), in this paper, we describe a micro-
cantilever sensor with an integrated PC resonator at the edge
of silicon-on-insulator (SOI) chip as a strain sensor, i.e., an op-
tical readout. In PCs, defect cavities give rise to a defect state
in the photonic bandgap. By varying the spacing of these de-
fect cavities, we can tune the resonant wavelength of this state
across the bandgap of the PC resonator. In our design, this PC
resonator consists of a U-shaped Si waveguide encompassed
by air holes and four-hole along the input waveguide, i.e., the
resonant cavity (shown in inset). Defect length Ad is defined as
the distance between the second and third hole of said four-hole
in the resonant cavity and is given by

Ad = 2a − 2r (1)

where a is the lattice constant of PC and r is the radius of
air holes in PC. Fig. 1(b) shows that the two microcantilevers
of different dimensions can be fabricated in a fluidic channel.
Solution containing molecules flow through this channel such
that the targeted molecules are bound on to cantilever surface
due to the biomolecule selective binding, e.g., antigens to an-
tibodies. The induced cantilever deflection is characterized in
terms of the resonant wavelength shift due to deformation of
PC resonator. Moreover, optical fibers can be easily coupled
to the input and output waveguide terminals outside the fluidic
channel. Each one of the plural microcantilevers is designed
for detection of a specific molecule, while multiple unknown
molecules could be tested in the same fluidic channels accord-
ing to coated counterpart probes on one of these cantilevers. The
primary advantage of proposed device is that it can be operated
in a broad range of environments such as gas and solution. Ad-
ditionally, these structures can be fabricated by using deep UV
lithography, dry and wet etching, and photosensitive polymers
as the fluidic channel walls. Thus, it allows easy integration of
microelectronics, microfluidics, or other photonic elements in
one device.
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Fig. 1. (a) 3-D illustration of a microcantilever sensor using PC resonator as
a strain sensor located at the edge of SOI chip. Inset shows the 3-D illustration
of the PC resonator. (b) Conceptual drawing of two microcantilevers packaged
inside a fluidic channel. These two microcantilevers consist of PC resonator
as the readout, such that these novel microcantilever sensors could be densely
arranged in fluidic channel for detection of various types of biomolecules due
to selective binding.

III. RESULTS

In this study, we investigated two kinds of microcantilevers.
They are the Si/SiO2 bilayer microcantilever and Si microcan-
tilever. The length and width of cantilevers are 50 µm and 15 µm,
respectively. The layer thicknesses of Si and SiO2 layers are 0.25
µm and 0.6 µm, respectively. We deploy the device layer and
insulating oxide layer of SOI substrate as the aforementioned
Si and SiO2 layers. The PC resonator comprises periodic holes
array etched down to SiO2 layer. The hexagonally arranged air
holes with radius and pitch of 0.22 µm and 0.54 µm and the Ad

of 0.64 µm are selected based on the bandgap diagram simula-
tion result by using 2-D finite-difference time-domain (FDTD)
method. The finite-element method (FEM) is deployed to get
the deformation contour of holes of PC resonator under force
loads. The Young’s modulus and Poisson’s ratio of Si and SiO2
are 130 GPa, 70 GPa, 0.3 and 0.17, respectively. The refrac-
tive indices of Si, SiO2 , air, and water are 3.46, 1.46, 1, and
1.33, respectively. The deformation data of PC resonator under
different loading force are provided in the FDTD simulation.

Fig. 2(a) shows the simulated various resonant peaks of the
Si/SiO2 cantilever sensor operated in water under different force

Fig. 2. (a), (b) Output resonant peaks of the Si/SiO2 cantilever sensor and Si
cantilever sensor operated in water under different loading force; (c) the resonant
wavelength of the Si/SiO2 cantilever and Si cantilever operated in air/water as
a function of loading force (inset).

loads at the cantilever end from 0 to 5 µN. Fig. 2(b) shows the
same trend of resonant peak shift of the Si cantilever sensor op-
erated in water with the loading force from 0 to 0.8 µN. Fig. 2(c)
shows the wavelength of resonant peaks of these two kinds of
microcantilevers operated in air/water as a function of the load-
ing force. Linear relationship is observed for the variation of
resonant peaks regarding the loading force. The resonant peaks
of both kinds of cantilever sensors have a blue shift with the
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Fig. 3. Quality factor change of the resonant peaks of the Si/SiO2 cantilever
sensor operated in air/water under different loading force.

loading force increasing, corresponding to the increase of Ad in
the PC resonator. The resonant peaks of the Si/SiO2 cantilever
sensor and Si cantilever sensor without loading force in air and
in water are derived as 1405.8 nm, 1603.1 nm, and 1399.9 nm,
1601.1 nm, respectively. In comparison to the initial peaks of
the sensors operated in air and in water, peaks shift to longer
wavelength region, i.e., the red shift is observed. Moreover,
the initial wavelength of resonant peaks of Si cantilever sensor
are shorter than that of the Si/SiO2 cantilever sensor. These
results indicate that the resonant wavelength increases with the
effective refractive index of the PC resonator increasing. Fig. 3
shows the variation of quality factor of resonant peaks of the
Si/SiO2 cantilever sensor operated in air/water as the function
of the loading force. As shown in Fig. 3, the loading force
has no significant influence on the quality factor. However, the
quality factor of the Si/SiO2 cantilever sensor operated in air
is larger than that of the Si/SiO2 cantilever sensor operated
in water. It indicated that the increment of effective refractive
index decreases the quality factor of resonant peaks.

By combining the FEM results under various force loads with
the FDTD data, the resonant wavelength shift is plotted as the
function of the Z-displacement at the end of cantilever as shown
in Fig. 4, where the Z-displacement means the vertical displace-
ment of cantilever end. The linear relation between the resonant
wavelength shift and the Z-displacement is observed. Regarding
the 0.1 nm wavelength shift resolution, the minimum detectable
Z-displacement is about 0.97 µm and 0.795 µm for the Si mi-
crocantilever operated in air/water and 0.812 µm and 0.6 µm for
the Si/SiO2 microcantilever operated in air/water, respectively.
It shows that the better detection limit of Z-displacement can be
achieved in water than in air for both kinds of microcantilever
sensors. Moreover, the minimum detectable Z-displacement of
the Si/SiO2 cantilever sensor is smaller than that of Si cantilever
sensor operated in the same environment. These results indi-
cated that the minimum detectable Z-displacement of sensors
is improved when we compare Si/SiO2 bilayer cantilever with
Si single cantilever.

We have reported that the resonant wavelength shift is mainly
attributed to the change of Ad [15]. Thus, the Ad is the most
critical parameter in the proposed PC resonator. The strain of PC

Fig. 4. Resonant wavelength shift versus the Z -displacement at the cantilever
end of various cantilevers operated in water/air.

Fig. 5. Resonant wavelength shift versus the strain of PC resonator of various
cantilevers operated in water/air.

resonator was defined as a ratio of the change in defect length
(∆Ad ) to the initial Ad . As shown in Fig. 5, the resonant wave-
length shift follows the ∆Ad linearly. Again, in terms of 0.1-nm
wavelength shift resolution, the minimum detectable strain is
about 0.0144% (in air) and 0.0098% (in water) for the Si/SiO2
cantilever, respectively, while the minimum detectable strain is
slightly decreased to 0.0094% and 0.0069% in the cases of Si
cantilever operated in air/water, respectively. It can be seen that
the strain sensitivity of Si cantilever sensor is better than that of
the Si/SiO2 cantilever sensor under the same environment. Gen-
erally speaking, the softer cantilever gives better strain sensitiv-
ity since the strain is inversely proportional to Young’s modulus
and the square of layer thickness. The Si/SiO2 bilayer cantilever
shows higher stiffness, while it exhibits higher effective refrac-
tive index as well. Under the same strain, PC resonator of higher
effective refractive index leads to larger wavelength shift. We
observed that the enlarged wavelength shift cannot overcome
the reduction of strain change when we compare Si/SiO2 bi-
layer cantilever to Si cantilever in Fig. 5.
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IV. CONCLUSION

We designed the novel Si nanophotonics sensors based on
microcantilever. The deformation of PC resonator induced by
microcantilever bending can be detected by measuring the reso-
nant wavelength shift in PC resonator. Integrating these micro-
cantilever sensors with PC resonators in a fluidic channel, the
targeted molecules can be detected synchronously. The Si/SiO2
cantilever sensor and Si cantilever sensor operated in air/water
are characterized with respect to the various force loads. With
the increase in loading force, the resonant peaks of both kinds
of cantilever sensors have a blue shift. For the PC resonator, the
effective refractive index has a crucial influence on the variation
of resonant wavelength. Therefore, the initial wavelength of res-
onant peaks of both kinds of sensors operated in water are longer
than that operated in air, and the initial wavelength of resonant
peaks of Si cantilever sensor operated in air/water are shorter
than that of Si/SiO2 cantilever sensor operated in air/water. In ad-
dition, the force and strain sensing capability are increased when
the microcantilever sensors operated in water. The minimum de-
tectable Z-displacement and strain for Si/SiO2 cantilever are 0.6
µm and 0.0098% operated in water and 0.812 µm and 0.0144%
operated in air. In addition, 0.795 µm and 0.0069% and 0.97 µm
and 0.0094% are derived for the Si cantilever sensor operated in
water and in air, respectively. For these two kinds of microcan-
tilever sensors, the stiffer one, i.e., the Si/SiO2 bilayer cantilever,
shows the better performance in detection of the smallest ver-
tical displacement (or force), while the softer one, i.e., the Si
cantilever, shows the higher sensitivity in strain detection.
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