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Abstract. Sensing on the microscale using microelectromechanical systems (MEMS) has established itself commercially as one of the dominant 
world-wide sensing technologies, providing commercialised sensing solutions for pressure, inertia, temperature, as well as for more challenging 
applications in remote infrared imaging and energy harvesting. However, to date MEMS has not delivered any commercially successful chem/bio 
sensor, even though it has been established for some time that microcantilever-based sensing can detect chem/bio agents at the level of single 
molecules or even zeptograms (10-21 g). The widespread application of this class of sensors has been largely impeded by the lack of a technology 
capable of performing high-resolution measurements of large arrays of MEMS devices. We demonstrate a technology capable of filling that need 
that is based on MEMS suspended microcantilevers and an on-chip optical read-out, and show an implementation of an effective toluene sensor. 
 
Streszczenie. Mikroczujniki wykonane w technologii MEMS zdominowały światowe technologie dostarczając rozwiązań komercyjnych do pomiaru 
ciśnienia, bezwładności i temperatury. Pojawiły się również bardziej zaawansowane zastosowania w dziedzinie zobrazowania podczerwieni i 
kumulacji energii. Do dzisiaj jednak nie udało się zademonstrować komercyjnego czujnika chemiczno-biologicznego, chociaż raporty o wysokiej 
czułości mikro-belek umożliwiające rejestrację pojedynczej molekuły (zeptogramy, 10-21g) są już dostępne w literaturze. Głównym problemem 
ograniczającym rozwój tej technologii jest brak metod umożliwiających pomiar odkształcenia matryc mikro-belek z wysoką rozdzielczością. Artykuł 
prezentuje technologię otrzymania wymaganej rozdzielczości dla dużych matryc mikro-belek w technologii MEMS z wykorzystaniem metod 
optycznych. Jako przykład zastosowania przedstawiono rezultaty dla czujnika toluenu. Rozwój czujników MEMS z zintegrowanym systemem 
odczytu 
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Introduction 
Microelectromechanical systems (MEMS) technology 

has established itself globally as a dominant sensing 
technology, providing commercialised sensing solutions for 
pressure, inertia, temperature as well as for more 
challenging applications in remote infrared imaging and 
energy harvesting [1]. However, to date MEMS have not 
delivered any commercially successful chemical or 
biological sensors, even though it has been established for 
some time that microcantilever-based sensing can detect 
chemical or biological agents at the level of single 
molecules [2] or zeptograms (10-21 g) [3]. MEMS cantilever 
based sensors have demonstrated sufficient sensitivity to 
detect melanoma [4] or prostate cancer [5] and can be used 
to weigh biomolecules, single cells and single nanoparticles 
[6, 7]. The widespread application of this class of sensor 
has been largely impeded by the lack of a technology 
capable of performing high-resolution readout of large 
arrays of MEMS devices. We demonstrate a detection 
system based on MEMS suspended microcantilevers and 
an on-chip optical read-out that has the potential to address 
large arrays. 

Contemporary techniques for detecting cantilever 
motion or position include traditional Atomic Force 
Microscopy (AFM) based techniques (such as a laser beam 
reflected from the cantilever tip to a distant quadrant 
photodetector [8]), electrical sensing (such as 
piezoresistive, piezoelectric, capacitive, Lorentz force/emf 
sensing and tunnelling current techniques), optical sensing 
based on optical interference, or the use of diffraction from 
an optical grating formed by a line of cantilevers [3, 9]. To 
monitor cantilever motion and/or position the optical 
methods (based on AFM read-out with quadrant 
photodetector) have high sensitivity but struggle to address 
large cantilever arrays, while the electrical methods 
(piezoresistive, piezoelectric or capacitive) are capable of 
addressing large arrays but are characterized by lower 
sensitivity [10]. The approach presented here combines the 
advantages of both [11]. 

Commercially available gas toluene sensors have 
significant limitations, among which the most important are 

complicated design and quite low sensitivity – minimum 
detectable level is typically around 1 ppm [12], while it is 
often required to detect much lower concentrations of 
toluene. For example, Sick Building Syndrome (SBS) is a 
significant problem in Japan caused by volatile organic 
compounds and aldehydes, where the maximum 
acceptable toluene concentration is specified as 70 ppb 
[13]. Recent studies show significant negative influence of 
toluene exposures on living organisms [14, 15]. 

This work reports on a technique based on the 
combination of integrated silicon photonics and 
microelectromechanical systems (MEMS) to create an 
optically resonant microcavity for monitoring the position of 
microcantilevers. The technique is used to implement a 
toluene sensor. 

 

Sensing technology 
Our sensing and read-out approach is schematically 

shown in Fig. 1 and is based on the suspended cantilever 
modulating light transmission in an underlying optical 
waveguide in a manner similar to a tunable Fabry-Perot 
cavity. An optically resonant cavity is created when a 
microcantilever with a reflective undersurface is suspended 
above a Bragg grating etched into a waveguide. As light 
travels through the silicon waveguide, the grating will couple 
a proportion of the light out of the waveguide towards the 
microcantilever beam. The microcantilever will reflect the 
light back towards the grating, creating a resonant cavity. 
The optical resonance phenomena within the grating-
cantilever cavity causes the re-coupling into the waveguide 
to be dependent on the grating-cantilever separation. Figure 
2 (a) shows finite-difference time-domain (FDTD) 
simulations of the optical field distribution between 
interrogating grating and cantilever with separation of 0.75 
µm. Constructive interference takes place and maximizes 
the output power at this separation. Figure 2 (b) shows the 
same device with a grating to cantilever separation of 1.25 
µm. Destructive interference reduces output signal to 
minimum at this separation. Figure 2 (c) compares 
simulation and measurement results for suspended 
microcantilever as a function of the waveguide-
microcantilever gap [16, 17]. 
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Fig. 1. (a) Isometric view and (b) cross-section of the interrogating structure. Some of the light travelling through an underlying waveguide is 
allowed to diffract and reflect from the underside of the sensing cantilever back into the waveguide resulting in optical interference that is 
dependent on the waveguide-cantilever separation 

 

 

(c)

 
 
Fig. 2. The optical field distributions for propagated 1550nm light simulated using FDTD modeling in MEEP when the cantilever is at the 
height required to create (a) constructive and (b) destructive interference [16]. (c) Measured optical power transmitted through the device 
for two vibration cycles of a suspended cantilever (full circles) compared to 2D FDTD simulation results (dashed line) as a function of the 
waveguide-cantilever gap [17] 
 

The intensity of the light transmitted through the 
waveguide is amplitude modulated by movement of the 
MEMS microcantilever. As the diffraction grating and the 
microcantilever are mechanically connected via the chip 
substrate, common-mode noise is rejected, making this 
read-out technique extremely low noise and compact. The 
integrated nature eliminates mechanical/optical alignment 
issues, and enables scaling to large numbers of 
microcantilevers using wavelength, frequency and/or time 
division multiplexing. 

The silicon photonics component was fabricated using a 
silicon-on-insulator (SOI) substrate via the ePIXfab 
program, on which silicon nitride cantilevers with a gold 
reflecting underlayer were fabricated using surface 
micromachining. Subsequently, the cantilever top surface 
was coated with a toluene functionalization layer of 
polyisobutylene (PIB) by using a drop casting technique. 
PIB expands/contracts with absorption/desorption of 
toluene and induces microcantilever bending [18]. 

Cantilever sensors can operate in static or dynamic 
mode. The static mode involves measurement of the 
cantilever deflection due to changes in functionalization 
layer parameters, while dynamic mode involves excitation 
of microcantilever vibration at mechanical resonant 
frequency and monitoring of the changes in frequency. This 
paper demonstrates the operation of a static mode 
microcantilever sensor. 

 

Sensing Brownian stimulated motion 
To test the experimental detection limits of the presented 
read-out system, and we attempted to detect movement of 

the cantilever due to room temperature stimulated thermal 
Brownian motion [17]. Measurements for the Brownian 
motion were conducted by connecting the signal from the 
optical output grating directly to an Agilent ESA-E Series 
model E4402B spectrum analyzer. These measurements 
were made using a resolution bandwidth (RBW) of 1 kHz. 
As the measurements were performed in an open 
environment, we expected some additional acoustic noise 
from the laboratory environment to also affect the 
cantilever. Figure 3 presents the measured optical power 
transmitted through the read-out device as a function of 
frequency under room ambient conditions. This 
measurement shows two peaks at 13.2 kHz and 82.7 kHz, 
which correspond to the cantilever resonant frequency and 
the first harmonic frequency, respectively. In this 
measurement, these peaks are entirely due to 
environmentally stimulated motion. A noise floor of 1 pm per 
(Hz)−1/2 is seen matching the noise floor as observed when 
the same laser is transmitted through a waveguide without 
an overlying cantilever. Accordingly, since the RBW of the 
spectrum analyser used was 1 kHz, this corresponds to 
cantilever minimum detectable deflection (MDD) of 1 pm 
per (Hz)−1/2 × (1 kHz)−1/2 = 32 pm. Above that noise floor, 
subpm per (Hz)−1/2 resolution is clearly observed. The 
smaller peak at 82.7 kHz can be clearly resolved at 0.3 pm 
per (Hz)−1/2 above the noise floor – corresponding to an 
deflection of 0.3 pm per (Hz)−1/2 × (1 kHz)−1/2 = 9.5 pm when 
above the noise floor. This is an exceptional result. 
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Predicted Brownian Motion: Ref [17]
Measured Laser/Experimental Noise

Measured Optical Transmission

 
 
Fig. 3. Measured optical power modulation of the read-out device compared to the predicted Brownian noise envelope for the cantilever 
[17]. Measurement of the noise of the laser when coupled through the chip without an overlying cantilever is also presented 
 

(a) (b)
 

 
Fig. 4. (a) Set-up of toluene detection experiment. Dilution nitrogen is delivered through mass flow controller (MFC 1) directly to the test 
chamber. During the toluene exposure period, additional nitrogen, controlled by a second mass flow controller (MFC 2) is passed through a 
bubbler in a flask with toluene and mixed with the main flow into the chamber. (b) Optical signal transmitted through the device as a 
function of time before, during, and after toluene exposure 
 
 
Sensing of toluene 

The experimental set-up used to expose the fabricated 
chip to toluene is shown in Fig. 4 (a). Fiber optics and 
input/output gratings are used to couple 1550 nm light in/out 
of the chip. Initially, the fabricated sensor was placed in a 
test chamber filled with pure nitrogen. A small amount of 
toluene gas, diluted by nitrogen was introduced into the 
chamber and, after a period of time, the toluene flow was 
turned off and the chamber was filled with pure nitrogen 
again. Figure 4 (b) shows the amplitude of the optical signal 
transmitted through the device as a function of time, before, 
during, and after toluene exposure. A significant increase 
and subsequent saturation of the transmitted optical signal 
is clearly observable in Fig. 4 (b) and is associated with 
exposure to toluene. This behavior is reversed once the 
toluene source is turned off. 

The ability to perform high-resolution monitoring of large 
arrays of MEMS devices will have a large impact on the 
capabilities of future commercial solutions. To address large 
arrays of sensors on a single chip various multiplexing 
techniques could be used. For example individual sensing 
cantilevers can be connected in a parallel optical circuit by 
coupling a set of waveguides to the output of an on-chip 
wavelength division demultiplexer and using a broadband or 
WDM source, allowing each waveguide containing a 
microcantilever to be interrogated using a separate 
wavelength. The output of all waveguides can be detected 
by separate detectors or combined in a second multiplexer 
and coupled to an output fiber for subsequent off-chip 
processing. This technique is suitable for both static and 
dynamic mode of operation. 

For an array implementation of sensing microcantilevers 
operating in dynamic mode, frequency division multiplexing 
can be utilized by arranging several microcantilevers of 
different length along the same waveguide with each 
cantilever above its own grating. A schematic of how this 
system could operate is shown in Fig. 5. The resonant 
frequency of each microcantilever could be separately 
detected to track analyte adsorption on each 
microcantilever. Alternatively, electrostatic actuation of each 
microcantilever allows time division multiplexing to be used 
by selectively resonating each sensor. A combination of 
these techniques could be used to further increase 
microcantilever density. 

 
 
Fig. 5. Schematic of a possible system based on on-chip WDM to 
address large arrays of cantilevers 
 
Conclusion 

We have demonstrated a toluene sensor based on the 
combination of integrated silicon photonics and 
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microelectromechanical systems (MEMS) to create an 
optically resonant microcavity for monitoring of the position 
of cantilevers. The integrated optical readout approach 
presented here combines the high sensitivity advantages of 
external optical readouts with the ability to address large 
arrays of integrated electronic readouts [11]. The ability to 
perform high-resolution measurements of large arrays of 
MEMS devices is expected to have a large impact on the 
capabilities of future commercial solutions. 
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