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ABSTRACT 

A novel ultrasensitive integrated nanomechanical optical sensor for the detection of vapour explosive is 
proposed. The photonic device consists of a silicon nitride disk resonator formed by a horizontal slot-
waveguide acting as a circular cantilever. The overall device sensitivity is enhanced by the combined 
sensitivities of the slot-waveguide and the disk resonator. A detection level of 0.27 ppq for pentaerythritol 
tetranitrate (PETN) is predicted, representing an enhancement of 4 orders of magnitude as compared to 
state-of-the-art microcantilever explosive sensors. 

1. INTRODUCTION 

Some of the current techniques for the detection of explosives are ion mobility spectroscopy (IMS) [1], 
negative-ion atmospheric pressure chemical ionization mass spectrometry [2] and laser induced 
fluorescence [3]. Limits of detection of 80 pg and 300 pg for common explosives used in terrorist 
bombings such as pentaerythritol tetranitrate (PETN) and hexahydro-1,3,5-triazine (RDX), respectively, 
have been reported. Although extremely sensitivity can be achieved with these detection schemes, they are 
bulky and expensive and cannot be miniaturized. It is desirable to develop extremely sensitive and 
inexpensive sensors than can be mass produced so that the cost of detection by law enforcement will be 
less than the cost of deployment by terrorists.  

Micro-opto-electro-mechanical (MOEM) devices based on the principles of integrated optics and 
micromachining technology on silicon are good candidates for such miniature detectors. In particular, 
selective-coated microcantilevers can be used as ultrasensitive nanomechanical sensors for explosive 
vapor detection [4,5]. Differential surface stress due to vapor recognition leads to bending of the cantilever 
and a laser beam reflected off the cantilever surface is monitored with a position-sensitive photodetector.  
Thus, detection levels of 100 ppt for DNT have been obtained by using polymer-coated cantilevers.  

Integrated optical microresonators have been also shown to be efficient sensing devices [6].  Optical 
enhancement produced in disk and ring resonators makes the response of these photonic structures very 
sensitive to small variations of its optical length, which can be originated by, for example, chemical 
reactions on its surface, pressure changes, mechanical stress or temperature variations. 
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A sensor combining the advantages of both of the aforementioned devices (microcantilever and optical 
microresonator), would benefit from the high sensitivity of both structures leading to an overall enhanced 
deflection sensitivity.  In this paper, I propose a novel configuration consisting of a recently invented 
photonic structure called slot-waveguide [7] integrated in a disk resonator in order to implement such a 
sensor.  A slot-waveguide consists of two stripes or slabs of a high index material separated by a thin low-
index region (slot region).  In such a structure, the electric (E)-field discontinuity at the interface between 
high-index-contrast materials enables to guide and to confine light inside a nanometer-size area of low-
index material.  This discontinuity is such that the field is much more intense in the low-refractive-index 
slot region than in the high-index regions. Given that the width of the slot is comparable to the decay 
length of the field, the electrical field remains high across the slot, resulting in a power density in the slot 
that is much higher than that in the high index regions. Due to the high field concentration in the slot 
region, the slot-waveguide is very sensitive to small variations of the slot distance. 
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a) 

b) 

Fig. 1. Schematic top view (a) and cross-section (b) of a horizontal slot-waveguide disk 
resonator for the detection of nanomechanical forces. 
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2. DEVICE STRUCTURE 

Figs. 1(a) and 1(b) show schematic top view and cross-section of the proposed device, respectively.  It 
consists of a disk resonator of radius R formed by a Si3N4 horizontal slot-waveguide on a SiO2 cladding 
layer. The horizontal slot-waveguide consists of a top Si3N4 disk of thickness tt and a bottom Si3N4 disk of 
thickness tb separated by an air gap (slot) of thickness tslot.  The top Si3N4 disk acts as a circular cantilever 
supported by an inner Si3N4 disk of radius (R-L).  The sensing area of the device is the top surface of the 
Si3N4 disk cantilever. 

 
Fig. 2. Schematic process flow for the fabrication of the proposed device. 

A practical realization of the proposed device is schematically illustrated and described in the abbreviated 
diagram of a process flow shown in Fig. 2.  Conventional CMOS processing techniques such as chemical 
vapor deposition (CVD), lithography, reactive ion etching (RIE) and selective wet chemical etching can be 
employed. The sensing top surface can be functionalized so that a given molecular species will be 
preferentially bound to that surface upon exposure of the device to a vapour stream.  For example, a 
monolayer coating of 4-mercaptobenzoic acid self-assembled (4-MBA SAM) could be formed on the 
sensing surface of the device in order to detect PETN and RDX. 
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Fig. 3.  Sensor device operation.  Cantilever deflection (d) due to vapour molecules adsorption 
varies the distance tslot, which in its turn changes the optical properties of the disk resonator. 

3. PRINCIPLE OF OPERATION AND MODEL 

The mechanical response of a sensitive layer applied onto the Si3N4 cantilever upper surface to the 
adsorption or recognition of explosive vapour molecules from the environment produces a surface stress 
that results in a static bending of the cantilever as shown schematically in Fig. 3.  This bending 
corresponds to a deflection given by: 
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where ν is the Poisson coefficient, E is the Young´s modulus, tt is the cantilever thickness and ∆σu and ∆σl 
are the surface stress changes of the upper and lower sides of the cantilever, respectively.   The deflection 
of the disk cantilever in response to an external force modifies the distance between the Si3N4 slabs, that 
is, it changes the slot distance tslot, which in its turn changes the effective refractive index of the optical 
mode circulating in the disk resonator. This index (phase) variation can be read out as a resonant 
wavelength shift of the disk resonator, showed as an output intensity (Iout) variation at a given probe 
wavelength λprobe. 
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SiO refractive index (λ=1.3 µm) 1.46 

Si3N4 refractive index (λ=1.3 µm) 2.0 

Air refractive index (λ=1.3 µm) 1.0 

tb (nm) 200 

tt (nm) 200 

tslot (nm) at zero defection (d=0) 100 

R (µm) 150 

L (µm) 125 

Table 1. Materials parameters and dimensions used in the simulations. 

 

The modal characteristics of the slot disk resonator were calculated by using the finite difference beam-
propagation method (BPM). The material parameters and dimensions used in the simulations are shown in 
Table 1. The operation wavelength is 1.3 µm. It is also assumed that the deflection is the same along the 
whole perimeter of the circular cantilever.   

4. RESULTS AND DISCUSSION 

Figs. 4(a) and 4(b) show de optical field distribution for the transverse-magnetic (TM) and transverse-
electric (TE) polarization modes, respectively, for the lowest order disk resonator modes.  In both cases, a 
percentage of the optical field is observed in the slot region between the two SiN layers.  This percentage 
is particularly significant for the TM mode polarization due to the slot effect (electric field discontinuity). 

Fig. 5 shows the calculated effective index change (∆neff) for the TM and TE polarization modes as a 
function of the deflection, d, for the simulation parameters given in Table 1.  For both TM and TE, ∆neff 
varies linearly for d≤ 20 nm, with a slope (slot-waveguide sensitivity) of Sslot= 1.15×10-3 RIU/nm 
(RIU=refractive index unit).  Note that for d>20 nm, ∆neff for TM changes more dramatically than that for 
TE.  This occurs because of the higher optical field confinement in the slot region for the former mode 
polarization (slot effect). 

The deflection sensitivity (Sdef) of the studied sensor, defined as the variation of the normalized detected 
output intensity (Iout) per unit displacement of the cantilever, is given by the expression: 
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where Sdisk is the refractive index sensitivity of the disk resonator defined as the variation of the 
normalized detected output intensity signal per RIU. 
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a) 

b) 

Fig. 4.  Optical distribution of the lowest TM (a) and TE (b) modes of the horizontal slot-
waveguide disk resonator.  
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Fig. 5.  Variation of the effective refractive index of the disk TM (squares) and TE (circles) optical 
modes as a function of the deflection d. 

Si3N4/SiO2/Si horizontal slot-waveguide disk resonators have been demonstrated to exhibit quality factor 
(Q) as high as 30,000 for 250 µm-diameter disks [8]. Resonators with such a Q values have been shown to 
be able to detect effective index variations of ∆neff,min=10-6 RIU [9].  Assuming that the minimum output 
intensity (Iout) that can be detected is 1% of the normalized maximum output power (a conventional 
photodetector can easily detect 1 µW over 100 µW of maximum power), the index sensitivity of the 
considered disk resonator would be Sdisk= 104 RIU-1. 

Therefore, the deflection sensitivity, Sdef, of the proposed device is (1): Sdef = 104 (RIU-1) × 1.15×10-3 (RIU 
nm-1) = 11.5 nm-1. This value is 4 orders of magnitude higher than the typical sensitivity exhibited by 
state-of-the-art microcantilever sensors [10,11]. The estimated deflection detection limit of the slot-
waveguide disk resonator sensor would be ∆dmin=∆neff,min / Sslot = 10-6 (RIU) / 1.15×10-3 (RIU/nm) = 
8.7×10-4 nm, which is two orders of magnitude smaller than that shown by waveguide microcantilever 
sensors [11]. 

As a particular application we can consider the detection of PETN.  The detection sensitivity for PETN of 
a conventional Si microcantilever is 14 ppt, which corresponds to a minimum detectable surface stress of 
3.7 mJ/m2 [4]. The stress sensitivity of the proposed device can be calculated from Eq.1 by using E=96 
GPa and ν=0.27 for Si3N4; thus, Sstress= 11.9 nm/(mJ/m2).  That is, the minimum surface stress that can be 
detected is ∆σmin=∆dmin / Sstress= 8.7×10-4 (nm) / 11.9 [nm/(mJ/m2)] = 7.3×10-5 mJ/m2.  This means that the 
PETN limit of detection of the proposed sensor would be 0.27 ppq, that is, 4 orders of magnitude smaller 
than that estimated for a conventional Si microcantilever sensor [4]. 
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5. SUMMARY 

A CMOS-compatible novel ultrasensitive integrated nanomechanical photonic microsensor for the 
detection of vapour explosives is presented. The device consists of a microdisk optical resonator formed 
by a slot-waveguide containing a mechanical sensing element (cantilever).  The overall sensitivity of the 
device results from the product of the high sensitivity of the effective index of the waveguide to small 
cantilever deflections and the high sensitivity of a disk resonator to small effective refractive index 
variations. Calculations indicate a deflection sensitivity of 11.5 nm-1 and a limit of detection for PETN of 
0.27 ppq, which represents an improvement of 4 orders of magnitude as compared to state-of-the-art 
nanomechanical explosive sensors based on microcantilevers.  

REFERENCES 

[1] T. Khayamian, M. Tabrizchi, and M.T. Jafari, Talanta 59, 327 (2003). 

[2] D. Heflinger, T. Arusi-Parpar, Y. Ron, and R. Lavi, Opt. Commun. 204, 327 (2002). 

[3] E.J. Houser, T.E. Mlsna, V.K. Nguyen, R. Chung, R.L. Mowery, and R.A. McGill, Talanta 54, 469 
(2002). 

[4] L.A. Pinnaduwage, V. Boiadjiev, J.E. Hawk, and T. Thundat, “Sensitive detection of plastic 
explosives with self-assembled monolayer-coated microcantilevers,” Applied Physics Letters, 83(7), 
p. 1471 (2003). 

[5] H.P. Lang, M. Hegner and C. Gerber, “Cantilever array sensors,” Materials Today, 8(4), 30-36 
(2005). 

[6] R.W. Boyd and J.E. Heebner, “Sensitive disk resonator photonic biosensor,” Applied Optics, 40(31), 
5742-5747 (2001). 

[7] V.R. Almeida, Q. Xu, C.A. Barrios and M. Lipson “Guiding and confining light in void 
nanostructure,” Optics Letters, 29(1), 1209-1211 (2004). 

[8] B. Schmidt, C.A. Barrios, and M. Lipson, “Si3N4-SiO2-Si slot-waveguide disk resonators in a 
silicon photonic platform,” Proceedings of the MRS Fall Meeting, Paper L2.8, Boston (USA), 2007. 

[9] A. Yalcin, K.C. Popat, J.C. Aldridge, T.A. Desai, J. Hryniewicz, N. Chbouki, B.E. Little, O. King, 
V. Van, S. Chu, D. Gill, M. Anthes-Washburn, M. Selim ¨ Unlu, and B.B. Goldberg, “Optical 
sensing of biomolecules using microring resonators,” IEEE J. Selected Topics Quantum Electron., 
12(1), 148-155 (2006). 

[10] C. Kocabas and A. Aydinli, “Design and analysis of an integrated optical sensor for scanning force 
microscopies,” IEEE Sens. J., 5(3), 411-418 (2005). 

[11] K. Zinoviev, C. Dominguez, J.A. Plaza, V.J. Cadalso Busto, and L.M. Lechuga, “A novel optical 
waveguide microcantilever sensor for the detection of nanomechanical forces,” J. Lightw. Technol. 
24(5), 2133-2138 (2006). 

RTO-MP-SET-117 6 - 9 

UNCLASSIFIED/UNLIMITED 



Nanomechanical Photonic Microsensor 
for Ultrasensitive Explosive Detection  

UNCLASSIFIED/UNLIMITED 

 

6 - 10 RTO-MP-SET-117 

UNCLASSIFIED/UNLIMITED 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


