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Abstract

Rapid, sensitive and reliable detection of aromatic amines - toxic manufacturing

byproducts - have been previously achieved with molecular vibrations in Mid-infrared

(Mid-IR) region. However, Mid-IR spectroscopic tools are hampered by a need to pre-

pare the samples and the sensor cost. Here we develop an affordable label-free sensor on

a chip, operating in near-infrared (NIR) for ultra-sensitive detection of absorption line

signatures based on molecular vibrations overtones of aromatic amine N -Methylanilne

probe molecule. We design a perforated silicon rib waveguide and fabricate it by milling

cylindrical inclusions through the waveguide core. The molecular signatures were mon-

itored when waveguides are embedded in toxic N -Methylanilne, experiencing deflected

Talbot effect. We observed that when the Talbot effect is deflected, the absorption

lines in NIR are enhanced despite the weakly absorbing nature of the probe molecules.

This new spectroscopic strategy can potentially be extended to detect other common
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toxic byproducts in a chip-scale label-free manner and to enhance the functionality of

chemical monitoring.

Keywords

Molecular overtones, optical waveguide, multi-mode interference, near-infrared spectroscopy,

integrated photonics

Multi-Mode Interference (MMI) devices have a growing interest in integrated optics1,2

widely used for variety of applications such as communication,3,4 sensing5 and integrated

photonics.6,7 MMI devices has a characteristic Talbot pattern. This pattern was discovered

in 1836 by Henry Fox Talbot8 in a periodic structure such as diffraction grating which creates

a self-imaging effect. By illuminating a diffraction grating, Talbot observed repetition of color

bands. Later, in 1881, this effect was rediscovered and explained by Lord Rayleigh.9 When

the light passes through the periodic diffraction grating it creates an image of the grating

at distance zT which is named the Talbot length. Talbot effect also occurs in multimode

(MM) waveguides.10–12 However, in the MM waveguides the Talbot effect is related to the

different propagation constants of the guided modes but not to the periodicity of the input

source. When a guided wave is transmitted through a multimode optical waveguide, it creates

wavefront replicates of a periodic perturbation pattern along the propagation direction of

the guided wave.13 This occurs due to the multimode interference effect. The MMI effect is

used to minimize and improve the optical devices, such as Mach-Zehnder switches14,15 and

modulators,16 and to enhance the functionality of integrated photonic circuits.

Our sensor is based on the MMI effect. It is important to note that MMI-based devices

such as optical couplers have low propagation losses and allow for small device dimensions13

which make them ideal for Mach-Zehnder interferometers17 and other integrated photonic

components. In addition, the multimode interference effect in a waveguide can be used

for sensing applications. A sensor based on MMI can achieve a resolution of 5.41 × 10−5
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RIU.18 Instead of using the MMI effect on a slab waveguide, the MMI structure can be also

created out of slot waveguides. Due to the changes in the refractive index inside the slot,

the output then is changed leading to the resolution of 9.8 × 10−5 RIU.19 However, those

structures behave as refractometers which is essentially lacks in specificity. In contrary,

spectrometers operating in low energies in infra-red are specific since they able to identify

molecular structure from the unique absorption lines. Despite the fundamental interest to

understand the mechanism of absorption by molecular vibrations overtones, the probability

of the overtone transition of ∆v > 1 (v is the number of the energy level), is very small. The

overtone absorption is order of magnitude smaller compared to the fundamental vibration

absorption20 which make the detection of the overtones absorption challenging.21–23

Here, we study the deflected Talbot effect realized in a weakly absorbing molecular

medium. To understand the mechanism underlying the deflected Talbot effect in a weakly

absorbing medium, we combined several disciplines, namely, the physics of guided wave

optics, the waveguide with inclusions fabrication routines, the surface chemistry and the

molecular overtone spectroscopy. We explore the overtone absorption by multimode inter-

ference (MMI) in multimode silicon rib waveguides and reveal that the deflected Talbot

effect increases the probability of overtone transitions. Next, we investigate the influence of

cylindrical inclusions in the guiding layer on the Talbot effect.

Experimental Section

Lumerical simulation. 3D simulations were performed using a commercial Maxwell solver:

Lumerical - FDTD (Finite Difference Time Domain) solutions. A Gaussian beam, wave-

length of 1.5 µm, radius of 4.75 µm, and divergence angle of 0.13 rad, was launched into a

Silicon-On-Insulator (SOI) rib waveguide with slab height of 1.6 µm, strip height of 0.4 µm

and width of 8 µm and waveguide length of 30 µm. The refractive indices of the silicon and

silica are nSi(1.5 µm) = 3.48 and nSiO2(1.5 µm) = 1.444. The waveguide was embedded in
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N -methylaniline (nNMA(1.5 µm) = 1.5712+ i8.931E-5) in a distance of 10 µm from the input

facet. The cross-section of the electric field in x-y and x-z plane was taken in the middle of

the waveguide, y = 0 and z = 1 µm, respectively.

Waveguide fabrication. The rib waveguide was fabricated on Silicon-On-Insulator (SOI)

wafer (Si Carrier 2 µm SiO2 and 200 nm of Si). For the fabrication process, we used e-beam

resist poly-methyl metacrylate (PMMA) 950K for writing the waveguides. After writing and

developing the resist, we evaporated hard mask of aluminum with thickness of 50 nm via

Electron Gun evaporator. Next, we soaked of the sample in acetone for 4 hours as lift off

process, and we cleaned the sample with isopropanol (IPA). Eventually, we dry etched the

sample with SF6+Ar and O2 which enable us to get a straight line and 90 degree waveguide

wall. We removed the residue of the Al by a 400K developer.

Inclusion cluster fabrication. The inclusions of cylindrical shape were milled into the

silicon guiding layer using a Helios focused ion beam (FIB). The holes were fabricated with

depth of 2 µm and radius of 0.58 µm.

Spectroscopy on a waveguide. A broadband laser source (Fianium WL-SC-400-15),

bandwidth of 450 nm to 2400 nm, was focused into a single mode fiber (1550BHP) using a

X10 plan achromat objective (Olympus) with a numerical aperture of NA=0.25. The single-

mode fiber was aligned to the waveguide using a 3D stage (3-Axis NanoMax Stage) and

monitored by a Stereo Microscope (Zeiss Stemi SV6) for precise alignment. The transmitted

spectra were collected using a multimode fiber into a optical spectrum analyzer (Yokogawa

6370D) at wavelength range of 1-1.7 µm and resolution of 1 nm.

Results and discussion

Molecular Overtone Transitions. Molecular vibrations overtones transitions can be

excited in near-IR. Each molecular vibration transition has a different probability to occur

4
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which is expressed by the oscillator strength. The oscillator strength f is proportional to

the square of electric dipole transition moment:24

f =

(
4πmeνij

3e2h̄

)∣∣µij∣∣2 (1)

where me is the mass of an electron, h̄ is the reduced Planck constant, νij is the frequency

for transition from state i to state j and µij is the electric dipole transition moment which

is defined as:

µij =< i|µ|j >=

∫
ψiµψj dr (2)

where ψ is the wave function. The electric dipole moment µ is defined as:

µ = µ0 +

(
∂µ

∂r

)
0

r +
1

2

(
∂2µ

∂r2

)
0

r2 + ... (3)

where µ0 is the dipole moment at r = 0 where r is the displacement and 0 indicates that the

derivatives are at the equilibrium bond length (Detailed description of oscillator strength

can be found in the Supplementary Materials file). From Eq. S-10 in the Supplementary

Materials, one can see that the probability of the overtone vibration is order of magnitude

smaller compared to the probability fundamental vibration20 which makes it hard to identify.

For this reason, here we propose to enhance the overtone transition probability by induced

deflected Talbot effect on perforated optical waveguides with inclusions of cylindrical shape.

In order to investigate the influence of the inclusions on Talbot effect, we study a Silicon-

On-Insulator (SOI) nanostrip rib waveguide with 5 nm Ta2O5 overlayer, which acts as a

capping layer, having cluster made of cylindrical inclusions in the guiding layer which is

shown in Fig. 1. We choose a square configuration for the holes cluster due to the grow-

ing interest of quadrumers for different fundamental phenomena.25 A cylindrical shape was

chosen for the inclusions due to the easy fabrication process compared to other shapes. To

observe Talbot effect by a multimode interference, we modeled the waveguide with height of

5
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1.6 µm and nanostrip height of 400 nm and inclusion diameter of 1.12 µm as shown in Fig.1.

Inclusions

1.6 �m

0.4 �m

SubstrateGuiding layer

-
k

Figure 1: Schematic of the dielectric rib waveguide with silicon guiding layer on silica sub-
strate with cluster of inclusions of cylindrical shape.

Using Lumerical - FDTD software, we modeled the waveguide when the inclusions are

embedded in different media: air and weakly absorbing media of N -methylaniline (NMA)

molecule.26 A Gaussian beam, with wavelength of 1.5 µm, radius of 4.75 µm and divergence

angle of 0.13 rad, was launched into the waveguide. The inclusions were engraved at a

distance of 20 µm from the input facet. We explored the conditions for the deflected Talbot

regime in x-y and x-z waveguide planes and its influence on molecular overtone transitions.

Due to the propagation of number of modes in a multimode waveguide, a wavefront replicates

the periodic perturbation pattern along the propagation. When the dielectric perturbation

occurs in a waveguide, some of the power transfers to other modes which creates the deflected

Talbot effect.

First, we investigated the influence of the inclusions at the x-z plane of the waveguide.

Figure 2a shows a schematic cross-section in the center of the waveguide at x-z plane. Due to

the multimode interference, a self-imaging Talbot effect occurs in the silicon rib waveguide

(Fig. 2b). When the cylindrical inclusions cluster placed inside the core, the deflected Talbot

effect (Figs 2c-d) occurs when the guiding layer is embedded in air and in weakly absorbing

medium with dispersion of N -methylaniline,22,26 respectively, which creates perturbation

along the propagation direction of the waveguide. Next, we investigated the influence of the
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Figure 2: (a) Schematic of the cross-section in the center of the waveguide, x-z plane (y =
0 µm). Evolution of the electric field when waveguide embedded in (b) air without inclusions,
(c) air with inclusions and (d) N -methylaniline, nNMA = 1.5712 + i8.931E-5, with inclusions.
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Figure 3: (a) Schematic of the cross-section in the center of the waveguide, x-y plane (z =
1 µm). Evolution of the electric field when waveguide embedded in (b) air without inclusions,
(c) air with inclusions and (d) N -methylaniline, nNMA = 1.5712 + i8.931E-5, with inclusions.
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inclusions at the x-y plane of the waveguide. Figure 3a shows a schematic cross-section in

the center of the waveguide at x-y plane. Figure 3b shows the Talbot effect in the silicon

rib waveguide as a deformation of the field along the propagation. A perturbation appears

along the propagation direction in the waveguide (Figs. 3c-d) caused by the introduced

inclusions cluster in the guiding layer embedded in air and in N -methylaniline, respectively.

We notice a leakage beyond the waveguide strip confinement. Figures 2-3 show that some

power transfers to the other modes and the Talbot effect becomes deflected due to the

dielectric perturbation of cylindrical shape (The evolution of the guided modes are shown in

Supplementary materials).

For the experiment, we first fabricated and characterized the silicon rib waveguides.

Figure 4a shows a scanning electron micrograph image of fabricated rib waveguides (top

view) without inclusions. Next, the Talbot effect was deflected by cylindrical inclusions

cluster milled into the guiding layer with focused ion beam (FIB) with a depth of 2 µm

and a radius of 580 nm. Figure 4b shows a scanning electron micrograph image of the

zoomed area on fabricated inclusions cluster (top view). The waveguides were characterized

and tested using the inline waveguide measurement set-up, as described in the experimental

section. Figure 4c shows photograph of the inline set-up with fiber in-coupled rib waveguide

aligned on 3D stage. Fiber-out is collecting the output signal from the waveguide into the

optical sepctrum analyser (OSA) - not shown.

To further explore the influence of the deflected Talbot regime on the overtone molecular

absorption on the waveguide, we constructed the experimental set-up shown in Fig. 5a. We

used a red light of 80 mW. Therefore, partially such a high-power light can be guided in the

waveguide. It allows for the visualization of the waveguide lines and facilitates the alignment.

Next, a broadband laser source was coupled to a single-mode fiber (SMF1550). The fiber was

placed on a piezo-electric stage for precise and accurate inspection. The output signal was

collected by a multi-mode fiber into an optical spectrum analyzer (OSA). We dropped 12

µL of N -methylaniline onto the inclusions cluster shown in Fig. 4c resulting in the spectra

8
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1.16 �m

1.5 �m 3 �m

(a) (b)

(c)

20 �m

Waveguide

Fiber in

Fiber out

Figure 4: (a) Scanning electron microscope (SEM) image of the rib waveguide. (b) Scanning
electron microscope (SEM) image of the fabricated inclusions on the rib waveguide. (c)
Photograph of the in-line experimental set-up.

shown in Fig. 5b (blue curve). For comparison, the laser was coupled to the reference

waveguide (with no inclusions) with N -methylaniline resulting in spectra shown in Fig. 5b

(red curve). Figures 5c-d show upper view of the illuminated waveguide.

Figure 5b shows transmittance spectrum of N -methylaniline on rib waveguide with and

without inclusions at broad wavelengths range of 1.3-1.6 µm. The absorption of the N-H

bond in N -methylaniline is clearly see around 1.5 µm on the waveguide with the inclusions.

The absorption of N -methylaniline when dripped onto the waveguide surface and filled in

the inclusions is approximately 3.5 dB compared to dripped N -methylaniline on a waveguide

without the inclusions. It shows that in deflected Talbot regime caused by the inclusions

we enhance the absorption effect of N -methylaniline probe molecule. Figure 5d shows the

far-field scattering effect caused by the cylindrical inclusions compared to the scattering in

the reference waveguide, shown in Fig. 5c which fit the simulation results shown in Fig. 3b

and Fig. 3d.

We noticed that dielectric perturbations such as cylindrical holes, enhance the absorption

when the hole diameter is comparable to the incident wavelength. This can be explained by

the scattering effect.
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Figure 5: (a) Artistic impression of the experimental set-up. (b) Measured transmittance
spectra with OSA on reference waveguide (red curve) and on waveguide with cylindrical
inclusions cluster (blue curve). Note, both waveguides were embedded in N -Methylaniline
medium. Top view of the waveguides captured with an optical microscope (c) The reference
waveguide. (d) The waveguide with fabricated inclusions.

2D Scattering from Cylinder Embedded in the Waveguide Core. The en-

hanced absorption of N -methylaniline overtones can be explained by the multiple scattering

events.26,27 One can explain the resonant elastic scattering of light by a chain of coherent

absorption and re-emission events. Simply put, the photons are re-emitted in random direc-

tions because the wave-vector is not conserved by the system for the lack of translational

symmetry. The resonant scattering results in a significant increase of the mean trajectory of

photons travelling through the guide. However, the actual scattering of a waveguide mode by

a finite cylinder with height of H ∼ λ and diameter of D ∼ λ cannot be solved analytically.

Therefore, for describing the scattering effect by cylinders in waveguide core, we will ignore

the height restriction of the cylinder and illuminate it with a planar wave.

In case of TE mode when the electric field is parallel to the xz plane, the scattered fields

of a single cylinder (shown in Fig. 6a) is defined as:28

Es = −
∞∑

n=−∞

En

[
bnIN(3)

n + ianIM(3)
n

]
(4)
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Figure 6: (a) A long cylinder illuminated by a plane wave. (b) Top view of the cylindrical
hole.

Hs = i
k

ωµ

∞∑
n=−∞

En

[
bnIM(3)

n + ianIN(3)
n

]
(5)

where En = E0(−i)n/(k sin ζ) and M(3)
n ,N(3)

n are the proper cylindrical vector harmonics28

which are given by:

M(3)
n = ∇× (ẑψn) (6)

N(3)
n =

∇×Mn

k
(7)

where ψn is the generation function which is defined as:

ψn = H(1)
n (kr sin ζ)einϕe−ikz cos ζ (8)

where k is the wavenumber and H(1)
n is the Hankel function of the first kind - H(1)

n = Jn+iYn.

Using the continuity equations for E and H at the cylinder boundary (r = a), we obtain

the two coefficients:

anI =
CnVn −BnDn

WnVn + iDn
2

bnI =
WnBn + iCnDn

WnVn + iDn
2 .
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where the auxiliary functions are defined as:

Bn = ξ

[
m2ξJ ′n(η)Jn(ξ)− ηJn(η)J ′n(ξ)

]
Cn = n cos(ζ)Jn(η)Jn(ξ)

(
ξ2

η2
− 1

)
Dn = n cos(ζ)ηJn(η)H(1)

n (ξ)

(
ξ2

η2
− 1

)
Wn = iξ

[
ηJn(η)H(1)

n
′(ξ)− ηH(1)

n (ξ)J ′n(η)

]
Vn = ξ

[
m2ξJ ′n(η)H(1)

n
′(ξ)− ηH(1)

n
′(ξ)Jn(η)

]

and

ξ = ka sin ζ η = ka
√
m2 − cos(ζ2)

where m is the relative refractive index of the medium filling the cylinder (m = na+iκa
nwg

) and

a is the cylinder radius.

In case of a waveguide, the incident illumination is at normal incident to the inclusions

(ζ = 90), hence anI is equal to zero. Therefore, bnI can be calculated as:

bnI =
Jn(mx)J ′n(x)−mJ ′n(mx)Jn(x)

Jn(mx)H
(1)
n
′(x)−mJ ′n(mx)H

(1)
n (x)

(9)

For a finite cylinder, the correction factor is given by29 fc = 2 sin(kLA)
kLA

where A = cos ζ +

sin θ cosφ and L is half of the cylinder length. This factor provides the spectral correction

which depend on the cylinder length. However, it does not consider a space dependence of

the field along the cylinder axes.

Using this simplified model, we can estimate the effect of the inclusion cluster. Using a

single scattering model, the scattered field at an arbitrary point O is described as the sum

of scattered field of each hole.

Es(t) =
4∑

n=1

Esn(γn, |rO − rn|) (10)

12

Page 12 of 18

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



where n is the hole number and γn is the angle from hole to point O.

The scattered field Es(t) from the whole cluster of inclusions leads to the enhanced ab-

sorption when the hole diameter is comparable to the incident wavelength. The scattering

transfers an energy to the high order modes which have larger interaction with the surround-

ing. The scattering enhances the sensitivity of the waveguide, allowing us the identify the

unique absorption lines of the molecule.

Conclusions

In conclusion, we have presented a waveguide system experiencing deflected Talbot effect

due to the appearance of perturbations of cylindrical shape in waveguide core embedded in

weakly absorbing medium N -Methylaniline.26 We fabricated the waveguides on SOI platform

and milled inclusions in them using FIB technique. We found that the deflected Talbot effect

on a waveguide enhances the absorption of molecular transitions overtones. Specifically, the

absorption line of N-H bond of N -Methylaniline excited around 1.5 µm experienced a drop

of 3.5 dB as compared to unperturbed by inclusions waveguide. In addition, we noticed

that dielectric perturbations such as cylindrical holes, enhance the absorption when the hole

diameter is comparable to the incident wavelength , due to the scattering effect. This paves

the way for integrated spectrometers in which the enhancement of the weak absorption occurs

due to the perturbation in waveguide core.
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