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Abstract 
Butt coupled optical waveguides are well known in integrated optics by high sensitivity of energy 
transfer to their misalignment with respect to each other. This might be detrimental if efficient and 
firm coupling from one light guide to another is needed, for example, coupling from a fiber to a 
waveguide on chip. However, this phenomena is efficiently used for sensing applications, where 
small misalignment between two objects provided with the waveguides can be detected. In this work 
we studied the abilities of this method to detection of ultrasmall displacements of microcantilevers 
frequently used in biological research. In the proposed design the cantilever itself acts as a 
waveguide operated in visible range. The simulations demonstrated ability to detect cantilever 
deflections with sensitivity of 18 fm/Hz1/2. The capability of detection with subangstrom resolution 
in the dynamic mode was demonstrated experimentally in air. The preliminary experiments in 
liquids are presented. The technique can be considered as an alternative to the known methods used 
for read-out of response of microcantilevers to external nanomechanical forces exerted on them. 
Keywords: microcantilevers, butt coupled optical waveguides, biosensors. 
 
Introduction 
Ultra thin microcantilevers became widely used in a number of applications, where the detection of 
ultra weak forces is needed [1-8]. The detection is carried out by measuring the displacement of a 
cantilever subject either to force exerted on it or to intrinsic stress generated on its surface. 
Deflection can be measured with sub angstrom accuracy using various methods [3-9]. Each method 
has advantages and disadvantages depending generally on application. For example: optical levers 
[3] being the most popular technique and used in Atomic Force Microscopy (AFM) are characterised 
by high sensitivity (the typical sensitivity, defined as fractional change in the output signal per unit 
cantilever displacement, is about 10-3 nm-1 ), however, low integration level complicates 
performance of the experiments in series. Cantilevers with piezoresistive readout [4] are highly 
integrated devices able to work in non transparent liquids and requiring less alignment and 
adjustment. Low sensitivity (10-6 nm-1) is the drawback of the piezocantilevers. Interferometric 
methods [5] demonstrated the best sensitivity, 6 Hz/fm  (expressed in terms of the deflection noise 
density), but so far were not commercialised. Further integration of the devices and necessity for 
using the reference channels in the experiments resulted in development of cantilevers arrays [10, 
11] where the question of accurate readout of the information from the cantilever transducers 
depends a lot on the detection method.  
All the methods are based on detection of the cantilever free end displacement, which can be 
registered also using two butt-coupled waveguides if the cantilever is one of them. In our previous 
work [12] we presented analysis of the sensitivity of the method, assuming that the shot noise of the 
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photodetector is the major factor limiting the sensitivity of the device. The presented work is focused 
on some aspects related with the design, fabrication technology, and performance of the fabricated 
device. 
 
Design 
The sensor, schematic view of which is presented in Fig. 1, can be operated both in visible and in 
infrared ranges. The cantilever located in a cavity is a symmetrical waveguide butt coupled with an 
output waveguide, called receptor, through a short gap. After exiting the cantilever light diverges 
very quickly in transversal direction and after a few microns its intensity distribution is getting much 
larger compared to the distribution of the waveguide propagation modes. Thus the near field of the 
cantilever is probed by the receptor, which is a single mode asymmetrical waveguide. The analysis 
of the sensitivity carried out on the basis of finite difference beam propagation method (FDBPM) 
has shown that the sensitivity can reach a value of 18 fm Hz-1/2 if a silicon oxide cantilever 
waveguide is used together with a silicon nitride receptor and the gap is fixed to 1 µm [12]. The gap 
width between the waveguides is a trade-off: a short gap allows for high sensitivity and efficiency 
whereas a wide gap makes tolerance limits of the initial misalignment less strict which facilitates 
fabrication of the sensors. 

The major difficulty experienced in fabrication of the device was to make the cantilever 
aligned with the output waveguide (OW). To overcome the problem thermally grown SiO2 film was 
used as a starting material for fabrication of cantilever beams. The cantilevers fabricated from this 
material demonstrated no stress gradient if the bottom layer of a few hundred nanometers was 
eliminated. This allowed to fabricate straight cantilever beams of 200-µm-long and 600-nm-thick. 
The gap between the cantilever and the receptor was fixed to 3 µm.  

As the refractive index of the silicon dioxide is low and the film is grown on silicon substrate, 
it can not form a TIR waveguide over the substrate, unlike SiO2 cantilever in air. Therefore, over the 
substrate light was delivered to the cantilever along a silicon nitride waveguide, called the input 
waveguide (IWG). At the anchoring area the IWG being deposited over the silica buffer forms a 
junction with the cantilever beam, and the latter is an extension of the buffer (see Fig. 1). Generally 
speaking, nearly 100 % of light could be coupled from Si3N4 to the cantilever if the IWG was 
tapered at the junction. If no taper is provided light partially radiates in air at the point where the 
IWG ends. However, relatively low radiation loss can be achieved without taper, because a big part 
of the fundamental mode of a thin Si3N4 waveguide is concentrated in the buffer. The efficiency of 
coupling, calculated using the 2-D FDBPM, depends on the thickness of the Si3N4 layer and may 
reach 75% value when the thickness approaches the 70 nm value corresponding to the cut-off 
condition of the fundamental mode. Coupling efficiency increases with decreasing Si3N4 thickness, 
because, the mode drops further into the SiO2 layer. This coupling method is less effective when the 
device is immersed in water solutions, because light is no more that much concentrated in the buffer 
layer.  

The electric field of the transversal fundamental mode of the input waveguide is located off 
the cantilever symmetry axis, whereas the waveguide cantilever is a symmetrical structure with the 
modes distributed symmetrically. This results in a fact that light from the IWG couples in all the 
modes existing in the cantilever. Multimode operation is actually a problem: orthogonality of the 
modes implies their independent propagation with different velocities depending on the parameters 
of the cantilever. This leads to an unpredictable distribution of light intensity both in transversal and 
longitudinal directions due to small variations in the cantilever parameters or due to non uniform 
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changes of the refractive index over the cantilever surfaces. Therefore, multimode operation is best 
avoided in both lateral and transversal directions either by fabricating a single mode cantilever or by 
filtering the unwanted modes in some way.  

The external facets of the input and output waveguides were made at the very edge of the 
chip. This helped to avoid waveguide facets polishing and to provide relatively efficient coupling 
using direct focusing into the chip and to collect light exiting the receptor using the full numerical 
aperture. The facets formed by conventional reactive ion etching allowed to obtain coupling 
efficiency comparable with the one achieved on polished waveguides.  

 
Fabrication 
As it was mentioned in the previous section, thermally grown silicon dioxide was the material found 
to fit the requirements for cantilever fabrication. The film is perfectly transparent and demonstrates 
low stress gradient if the bottom layer of a few hundred nanometres is eliminated. The last step is 
important. Without that the cantilevers are bended by about 10 µm after fabrication. Etching 400 nm 
from the bottom decreases misalignment between the cantilever end and the output waveguide to 
less than 1 µm.  
 The technology (See Fig. 2) was started with 300-µm-thick silicon <100> wafers, polished on 
both sides. Thermal silicon dioxide layer with thickness of 1.0 µm was grown by wet oxidation of 
the wafer at 1100 ºC. PECVD silicon dioxide layer with thickness of 1.5 µm was deposited on the 
back side of the wafer. Then 180 nm thick silicon nitride layer was deposited using LPCVD 
technique on both sides. The silicon dioxide layer on the back side was used later as a mask material 
for etching the cavities by deep reactive ion etching (DRIE). Two photolithographic steps followed 
by reactive ion etching were applied to the components side, first to form the waveguides in silicon 
nitride and the second to form the cantilevers. The silicon nitride beside the waveguides was etched 
down to 40 nm, so that thin Si3N4 film covered the cantilevers. Cavities under the cantilevers were 
defined by standard photolithography and dry etching on the back side. DRIE was applied from both 
the components side and from the backside. Double side DRIE was carried out to remove 5 µm and 
290 µm of silicon from the components side and from the backside respectively. This was done in 
order to maintain the dimensions of the cavities on the components side with precision of 2 µm, that 
would be impossible due to the undercut if only DRIE from the backside was applied. The rests of 
the silicon under the cantilevers were removed by wet etching in TMAH solution (25 % w. at 80 ºC). 
Then the cantilevers were thinned to 600 nm from the bottom by wet etching in SiO-etch solution. 
Finally, 40 nm of silicon nitride were removed in hot orthophosphoric acid (80 % at 160ºC) from the 
whole wafer, including the input and output waveguides. The technology allows for near 100 % 
yield.  

Dicing the wafers with fragile micromachined devices can not be performed using 
conventional sawing frequently used in microelectronics. For the dicing, a method, known as snap-
apart and using the DRIE of silicon, was applied. 200 µm wide trenches were etched around the 
chips simultaneously with the cavities under the cantilevers. The chips fully formed after the 
fabrication procedure stay attached to the wafer by thin hinges. Slight push of the chip out of the 
wafer plane causes separation of a die from the wafer without formation of many debris and makes 
no harm to fragile structures. 
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Fabricated device. 
The fabricated device, presented in Fig. 3, contains an array of 20 waveguide cantilevers. Samples 
with 200 µm long cantilever beams were produced. According to the simulations, the cantilevers 
supported up to 3 guiding modes in air and 2 modes in water. Silicon nitride input and output 
waveguides were 140 nm thick. The cantilevers on chip were located in a common cavity. Both the 
cantilevers and the waveguides were 40 µm wide. The cantilever has low stress gradient and is 
practically flat, however there is a misalignment of about 2.5 µm between the output waveguide and 
the cantilever end (see Fig.3 b). The undercut formed during DRIE from top made the input 
waveguides to extend over the cantilevers by about 2 µm and this resulted in the deflection of the 
beam. The reason for the whole cantilever beam was deflected at the anchoring area by the input 
waveguide was high residual stress of the latter. 
 
Characterisation 
The schematic view of the experimental setup is presented in Fig. 4. Light from He-Ne laser (632.8 
nm, 10 mW) was coupled into the chip using direct focusing with an objective lens (10x, NA 0.25) 
and was collected upon exiting by another objective (40x, NA 0.65) before being directed to a 
silicon photodetector (PD, Hamamatsu S1337-33BR) connected to an acquisition system for signal 
readout and for further signal analysis. Light from another He-Ne laser was focused by a lens with a 
focal distance of 75 mm on the cantilever. A spot with diameter of about 30 µm was positioned at 
the cantilever end. The reflected beam was projected on to a two-sectional position sensitive 
photodetector (PSD) to monitor the displacement of the cantilever. Assuming the reflected beam 
having Gaussian profile (distortion due to the cantilever bending was neglected) the difference in 
voltage generated by the PSD sections can be represented by the expression  
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where P0 is the total intensity of the beam illuminating PSD, maxL Θσ ⋅=  is the size of the beam, L  
is the distance between the cantilever and the PSD, maxΘ  is the divergence angle of the reflected 
beam defined by the focusing lens, d is half of the gap width between the photodetector sections, Rs 
is the responsivity of the PSD, RPSD is the load resistors in the PSD circuitry, erf  is the error 

function, L
L

Za
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⋅
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=
∆3  is the displacement of the spot at the PSD defined by the cantilever length 

Lcant and by the cantilever displacement ∆Z. Cantilever profile corresponding to the fundamental 
resonance mode and expressed in rectangular coordinates by the formula 2

3
xkz ⋅=  was considered, 

where k is a coefficient. 
The distribution of intensity was measured using the air flux exerted on cantilevers. For this 

purpose the chip was mounted on a holder with an internal micro-channel (see Fig. 4). A 
pressure/vacuum line was connected to the channel so that the cantilever could be deflected by a 
certain distance depending on the air flow rate. In Fig. 5 there are presented the output signals from 
the optical waveguide and PSD read simultaneously as a function of time. There is a good 
correlation between the curves. However, it can be observed that some slopes of the PSD curve 
coincide with two peaks in the signal obtained from the optical waveguide sensor. That implies more 
than one peak in the distribution of the intensity of light exiting the cantilever. The typical intensity 
distribution measured by this technique is shown in Fig. 6a. The distribution has more than two 
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peaks, which is the result of multi-modal behaviour of the cantilever waveguide both in transversal 
and lateral directions. However, despite multi modal behaviour, the distributions were repeatable 
from one cantilever to another on one chip. The sensitivity to misalignment between the cantilever 
and the output waveguide can be calculated taking a derivative of the curve. Experimentally it was 
characterised measuring the amplitude of the cantilever intrinsic noise, caused by thermal drift and 
external noise sources, at its resonant frequency. An example of spectrum of the output signal is 
presented in Fig. 6b. There is a clear resonance behaviour around 13 kHz with a Q-factor of 12. The 
amplitude of the output signal at 13 kHz taken at four different cantilever positions is plotted in Fig. 
6a. Naturally, the amplitude of the output signal at the resonant frequency reaches its maximum at 
the points where the intensity distribution has the maximum of the slope and it is very low at the 
peaks and the valleys of the distribution. It is worth mentioning that the sensitivity of the optical 
lever technique used in the experiment was 10-3 nm-1 (in terms of fractional change of the output 
signal). Meanwhile, as it can be figured out from Fig. 6 a, the amplitude of the spectral component at 
the resonant frequency divided by the output signal gives sensitivity of the OWC sensor equal to 0.5 
10-3 nm-1, which is comparable to the sensitivity of optical lever method.  

To demonstrate the sensitivity of the sensor to external noise a piezoelectric actuator 
(Piezomechanik PST150/10x10/18) connected to a sine waveform synthesizer was placed beside the 
chip on top of the holder without clamping (see Fig. 7a). Ac voltage (500 mV) applied to the 
piezoactuator produced oscillation of the piezo with the amplitude of half a micron and 
corresponding periodical change in the output signal at the excitation frequency which was observed 
in the spectrum of the signal read from the output waveguide (OW). In vicinity of resonance the 
amplitude of cantilever vibration increased by a factor of 10 and reached 0.6 nm, while out of the 
resonance the amplitude, although increased, was a fraction of angstrom (see Fig. 7b)  

In fig. 8 the chip is shown encapsulated into a fluid header. After encapsulation the total 
losses of the waveguides increased. The intensity dropped down by a factor of ten, which was 
attributed to scattering on the laminate adhesive tape used for encapsulation and applied directly 
onto the waveguides. The cantilevers demonstrated high sensitivity to watery flux changes. It was 
possible to perform only qualitative analysis of the distribution of the intensity. PSD calibration was 
not applied because of the problems with light focusing on the cantilevers through the lid of the 
header. In Fig. 9 it is shown how the light intensity exiting the output waveguide was changing in 
time due to the changes in the flux passing through the header. The first peak corresponds to the 
increase of the flux from zero to maximum pushing the cantilever down, the second peak 
corresponds to the relaxation of the cantilever after the flux was stopped. There is observed 
relatively homogeneous behaviour, compared to the case with the distribution of intensity in air (see 
Fig. 5), where return of the cantilever to initial position was accompanied by non homogeneous 
behaviour of the output signal. 
 
Conclusions  
The presented technique posses high sensitivity which makes it compared to the conventional 
methods used for registration of ultra small cantilever deflections with subangstrom resolution. 
Design, technology of fabrication, and experimental characterisation of a sensor based on butt 
coupled microcantilever waveguide was presented. The characterisation of the device was carried 
out both in air and in liquid. As it was expected distributions of the intensity are different in water 
and in air.  
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Initial alignment of the waveguides still is not a trivial problem. Several technological 
experiments should be performed to achieve designed misalignment, such that the cantilever would 
be placed in a position of maximum sensitivity. A further search for the methods of correction of the 
initial cantilever displacement is required for successful application of the sensor.  
Acknowledgements 
The work has been done within the Optonanogen project supported by EC, IST-2001-37239.  

 

References.  
1. R. McKendry, J. Zhang, Y. Arntz, T. Strunz, M. Hegner, H.P. Lang, M. K. Baller, U. Certa, 

E. Meyer, H.-J. Güntherodt, and C.Gerber, “Multiple label free biodetection and quantitative 
DNA-binding assays on a nanomechanical cantilever array,” PNAS, vol. 99, no. 15, pp. 9783-
9788, 2002.  

2. J. Tamayo, A. D. L. Humphris, A. M. Malloy and M. J. Miles. “Chemical sensors and 
biosensors in liquid environment based on microcantilevers with amplified quality factor,” 
Ultramicroscopy, vol. 86, pp. 167-173, Jan. 2001. 

3. T. Fukuma, M. Kimura, K. Kobayashi, K. Matsushige, H. Yamada, Development of low 
noise cantilever deflection sensor for multienvironment frequency-modulation atomic force 
microscopy, Rev. Sci. Instrum. vol. 76, no. 5, pp. 053704, May 2005.  

4. J. Thaysen A. Boisen, O. Hansen, S. Bouwstra, “Atomic force microscopy probe with 
piezoresistive read-out and a highly symmetrical Wheatstone bridge arrangement,” Sensors 
and actuators A: Physical, vol. 83, no. 1-3, pp. 47-53, May 2000.  

5. C. Schonenberger and S. F. Alvarado, “A differential interferometer for force microscopy,” 
Rev. Sci. Instrum. vol. 60, no. 10, pp. 3131-3134, Oct. 1989 

6. C. Kocabas, A. Aydinli, “Design and analysis of an integrated optical sensor for scanning 
force microscopies”, IEEE Sensor J. vol. 5, no. 3, pp. 411-418, June 2005. 

7. G. G. Yaralioglu, A. Atatar, S. R. Manalis, and C. F. Quate, “Analysis and design of an 
interdigital cantilever as a displacement sensor,” J. Appl. Phys., vol.83, no. 12, pp.7405-7415, 
June 1998. 

8. P. A. Rasmussen, J. Thaysen, S. Bouwstra and A. Boisen, “Modular design of AFM probe 
with spattered silicon tip,” Sensors and actuators A: Physical, vol. 92, no.1-3, pp. 96-101, 
Aug. 2001. 

9. R. Budakian and S. J. Putterman, “Force detection using a fiber-optic cantilever,” Appl. Phys. 
Lett. vol. 81, no. 11, pp. 2100-2102, Sep. 2002. 

10. M. Alvarez, J. Tamayo. “Optical sequential readout of microcantilever arrays for biological 
detection,” Sensors and Actuators B, vol. 106, pp. 687-690, May 2005. 

11. M. Yue, H. Lin, D. E. Dedrick, S. Satyanarayana, A. Majumdar, A. S. Bedekar, J. W. 
Jenkins, S. Sundaram, “A 2-D microcantilever array for multiplexed biomolecular analysis,” 
J. Microelectromech. Syst., vol. 13, no. 2, pp. 290-299, Apr. 2004. 

12. K. Zinoviev, C. Dominguez, J.A. Plaza, V. Cadarso L.M. Lechuga, “A novel optical 
waveguide microcantilever sensor for the detection of nanomechanical forces”, J. Lightwave 
Technol., Accepted for publication. 

 

Proc. of SPIE Vol. 6186  618607-6

Downloaded from SPIE Digital Library on 23 Sep 2010 to 161.111.180.191. Terms of Use:  http://spiedl.org/terms



 

 

 
 
 
 

light in

light out

cantilever
gap

input waveguide 
(IWG)

output
waveguide
(receptor)

PD

 
Fig. 1. Schematic view of the sensor. 
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Fig. 2. Technology of fabrication of the optical waveguide cantilever (OWC) sensor 

Proc. of SPIE Vol. 6186  618607-7

Downloaded from SPIE Digital Library on 23 Sep 2010 to 161.111.180.191. Terms of Use:  http://spiedl.org/terms



 

 

 
a) 

  

0 50 100 150 200 250

0,0

1,5

3,0

 

 

C
an

til
ev

er
 d

ef
le

ct
io

n,
 µ

m

Distance, µm
 

 
b) 

 
 
Fig. 3. a) A photograph of the fabricated chip, b) A cantilever profile obtained with confocal 
microscope 
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Fig. 4. Schematic view of the experimental set-up for characterisation of the sensor. In the inset: 
light passing through one of the channels. 
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Fig. 5. Time diagram of the signals obtained from the output waveguide (OW) and from the PSD 
and recorded simultaneously. 
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Fig. 6. a) Distribution of the intensity of light exiting the cantilever and the amplitude of the spectral 
component of the output signal at 13 kHz taken at four different cantilever positions. b) Spectrum of 
the output signal taken at the position of maximum sensitivity. 
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Fig. 7. a) A photo of a the chip mounted in a microfluidic header without lid. The base of the header 
where the chip is fixed has a micro channel. The piezoelectric actuator is placed on the base beside 
the chip. b) The spectrum of the output signal of the sensor excited by external piezoelectric 
actuator. 
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Fig. 8. a) The chip encapsulated into a microfluidic header. b) the schematics of the microchannels. 
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Fig. 9. Time diagram of the signal from the sensor encapsulated into the header. The changes in the 
signal were produced by changes of watery flow through the microchannel. 
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