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ABSTRACT: The ability to probe the molecular fundamental
or overtone (high harmonics) vibrations is fundamental to
modern healthcare monitoring techniques and sensing
technologies since it provides information about the molecular
structure. However, since the absorption cross section of
molecular vibration overtones is much smaller compared to the
absorption cross section of fundamental vibrations, their
detection is challenging. Here, a silicon nanostrip rib
waveguide structure is proposed for label-free on-chip overtone
spectroscopy in near-infrared (NIR). Utilizing the large
refractive index contrast (Δn > 2) between the silicon core
of the waveguide and the silica substrate, a broadband NIR
lightwave can be eﬃciently guided. We show that the
sensitivity for chemical detection is increased by more than 3
orders of magnitude when compared to the evanescent-wave sensing predicted by the numerical model. This spectrometer
distinguished several common organic liquids such as N-methylaniline and aniline precisely without any surface modiﬁcation to
the waveguide through the waveguide scanning over the absorption dips in the NIR transmission spectra. Planar NIR Si
nanostrip waveguide is a compact sensor that can provide a platform for accurate chemical detection. Our NIR Si nanostrip rib
waveguide device can enable the development of sensors for remote, on-site monitoring of chemicals.
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Optical waveguides platform1 operating in NIR region can be
used for remote and on-site detection in applications such as
monitoring urban pollutants, toxins, volatile industrial elements,
and certain military threats. The major drawback of current
sensors is the speciﬁcity requirement determined by the
functionalization of the sensor’s surface. This additional process
of surface modiﬁcation is aimed at identiﬁcation of speciﬁc
chemicals. For instance, refractometers are sensors, which rely
on a change in refractive index,2−6 and therefore they lack in
identiﬁcation of unlabeled analytes and bioentities since the
refractive index of many of them could be similar. In addition,
many diﬀerent biochemical species coexist in a biological
sample and these species register nearly indistinguishable shifts
of refractive index when adsorbed onto the sensors. This results
in a diﬃculty of multichannel detection of group of analytes
since diﬀerent areas of such sensor have to be diﬀerently
prepared or pretreated with diﬀerent antibodies7−9 or markers.

S

pectroscopy focuses on the interaction between light and
matter. This interaction results in absorption or emission of
radiation due to the change in molecular energy. The energy
appears in diﬀerent regions of the electromagnetic spectrum
and gives distinctive information about the molecular structure
therefore, infrared spectroscopy is certainly one of the most
important analytical techniques available to today’s scientists. In
the mid-infrared (MIR) region of the electromagnetic
spectrum, the fundamental vibrations can be excited, resulting
in well pronounced absorption lines that mitigate the
identiﬁcation of molecular bonds. However, their high
molecular absorption coeﬃcient prevents large penetration
depth and an adjustment of sample thickness. As opposed to
the MIR, near-infrared (NIR) radiation excites overtone and
combination vibrational modes and allows direct analysis of
strongly absorbing and highly scattering samples without
further pretreatments. Albeit, absorption cross section of
molecular vibration overtones is much smaller compared to
the fundamental vibrations and therefore molecular vibration
overtones are challenging to detect.
© 2018 American Chemical Society

Received: November 22, 2017
Accepted: February 13, 2018
Published: February 13, 2018
618

DOI: 10.1021/acssensors.7b00867
ACS Sens. 2018, 3, 618−623

Article

ACS Sensors

Figure 1. (a) Illustration of the experimental setup. Broadband NIR laser source is coupled to the single-mode ﬁber using a microscope objective.
The ﬁber is butt-coupled to the input facet of the waveguide. The output signal is collected by the multimode ﬁber into the optical spectrum
analyzer. The waveguides are imaged on the camera for the inspection, characterization and alignment. The propagation direction of light is indicated
by the arrows. (b) Schematic of a Si nanostrip rib structure. Incident light illuminates the waveguide facet. The liquid is placed on the waveguide
within the interaction length where the optical absorption for spectrum scanning takes place.

Figure 2. Diagrams of an oscillator mechanism described by the energy levels (top) and the corresponding spectral transmittance patterns (bottom)
for (a) harmonic oscillator, (b) harmonic oscillator with the heterogeneity of the medium, and (c) anharmonic oscillator. Dissociation energy and
the equilibrium bond distance are indicated by De and re, respectively.

Microresonator based sensing architectures,10−13 in contrast,
demonstrate high sensitivity at a speciﬁc wavelength. However,
due to the inherent property of the narrow free spectral range
(FSR), these devices cannot provide broadband sensing.14 Midinfrared spectroscopy is an eﬃcient detection method which
allows for label-free sensing.15−17 In contrast to the sensing
techniques mentioned above, mid-infrared radiation is absorbed
by molecular bonds, resulting in well-deﬁned fundamental
vibrations represented by absorption bands in the spectrum.18
Common equipment such as Fourier transform infrared
(FTIR) spectrometers19,20 or wavelength scanning monochromators show mid-infrared spectra but they are bulky and much
larger than a chip-scale sensor. Chip-scale mid-infrared sensors
were reported21,22 for detection of common chemicals such as
N-bromohexane, toluene, and isopropanol. Near-infrared
spectrophotometers are widely used for acquiring near-infrared
spectra using a cuvette as a liquid reservoir. Similar to the FTIR
spectrometer, near-infrared spectrophotometers use benchtop
equipment that is too large for monolithic integration on a chip.
Chalcogenide waveguides23 were proposed to probe molecular

overtones in near-infrared while integrated with microﬂuidic
chip. Glass-based waveguides showed well-deﬁned amine
overtone absorption band around 1.5 μm in the diﬀusive
regime.24 However, these waveguides were pretreated by
negative charge using plasma oxygen which is not suitable for
on-site long-time measurements.
Here, we present a new chip-scale photonic device that
utilizes NIR absorption by molecular vibration overtones for
label-free chemical sensing. We designed a multimode silicon
nanostrip waveguide in such a way, that launching the high
order modes improves the sensitivity of the chip-scale device
for broadband detection. Reducing the height of the nanostrip
will prevent the excitation of high order modes and aﬀect the
sensitivity. We experimentally demonstrate that this NIR onchip sensor can distinguish between diﬀerent organic liquids.
Our NIR Si nanostrip rib waveguide device can enable the
development of sensors for remote, on-site monitoring of
chemicals and more.
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RESULTS AND DISCUSSION
Figure 1a shows an illustration of our experimental setup for
the demonstration of the eﬀect. The broadband laser source
(Fianium WL-SC-400-15) was coupled to a single-mode ﬁber.
The ﬁber was held with a piezoelectric stage which allows for
precise adjustment of the ﬁber to the waveguide. The output
signal was collected via multimode ﬁber into an optical
spectrum analyzer (Yokogawa AQ6370D). The waveguide
surface was imaged onto a camera of the inverted microscope
for the accurate inspection.
The proposed sensor shown in Figure 1b has dimensions of
5 mm (L) × 5 mm (W) × 1 mm (D) and supports nine guided
modes. Due to the large evanescent ﬁeld and increased
interaction with the analyte, high order modes contribute to the
sensitivity of the sensor. We found that, in Si nanostrip
conﬁguration, the sensitivity of the sensor does not change
beyond nine modes. The eﬀect of enhanced NIR absorption
was realized in butt-coupled experiments. To demonstrate the
eﬀect, the sensor was butt-coupled to the single-mode ﬁber and
illuminated by the broadband source. The broadband source
allows for identifying multiple absorption bands and enables
identiﬁcation of multiple bonds in the analyte. Although
sophisticated on-chip spectrometers have been demonstrated in
MIR21 and NIR,1,14,23,24 broadband NIR spectrometers have
never been shown for detection of molecular vibration
overtones for spectral tracing with Si nanostrip.
It is known that the NIR spectroscopy is based on molecular
overtones and combination modes vibrations with transitions
which are forbidden by the selection rules of quantum
mechanics.25 Transition probability Ri,j describes the possibility
of transition from lower i to higher j energy level deﬁned by
R i,j ∝

∫ ψiMψjd

they are the topic of this paper. Due to the lower probability of
the overtone transitions, the ﬁrst overtone is smaller by a factor
of 10 compared to the fundamental transition.26 The
probability of higher order overtones transitions also decreases
as factor 10, therefore, detection of molecular overtones is
challenging.26 As mentioned above, the great advantage of the
NIR spectroscopy is the large penetration depth into the
analyte. Therefore, broadband NIR spectroscopy can be very
useful in probing bulk material without special sample
preparation, surface functionalization or surface treatment.
In this paper, we describe NIR transparent chip-based device
that utilizes an optical nanostrip rib waveguide to guide a
broadband light for eﬃcient monitoring of analytes. We suggest
a new approach that can allow the NIR light to interact with
bulk analyte and eﬃciently excite molecular vibration overtones. This device provides improvements over current
evanescent-wave detection using diﬀused waveguides,24 ring
resonators,14 or channel waveguides1,23 in three ways: (1) the
availability in detection over a broad spectral range (from λ =
1.1 μm to λ = 1.65 μm), (2) eﬃcient coupling to high order
modes signiﬁcantly enhances the interaction between the
evanescent ﬁeld and the analyte and imparts high sensitivity to
this device, and (3) no need of surface treatment.
In Figure 1a, we illustrate the structure of the NIR silicon
nanostrip sensor device. The sensing element is a nanostrip rib
waveguide with two end-facets butt-coupled to optical ﬁbers.
The optical ﬁber is launched into the nanostrip rib waveguide.
The hydrophibicity of the device due to the 2 nm thick layer of
the native oxide on Si, conﬁnes the liquids within the
interaction length. Thus, the Si nanostrip rib structure serves
as (a) an eﬃcient NIR medium for transmitting the NIR light
and (b) ﬂuid conﬁning element. After passing through the
interaction length, the NIR probe light contains the ﬁngerprint
of the analyte as an absorption bands. It is subsequently
recorded by a vis/near-IR optical spectrum analyzer. The
transmitted light contains the absorption spectrum of the
analyte. Each absorption band is related to diﬀerent atomic
bonds in the analyte.
To illustrate the layout of the NIR nanostrip rib waveguides
and their corresponding NIR response, we highlight four
interfaces (Figure 1a): (I) the infacet where the in-coupling
light from the optical ﬁber couples to the waveguide, (II) and
(III) the interfaces between the waveguide and the analyte, and
(IV) the endfacet where the out-coupling light from the
waveguide couples to the optical ﬁber. The waveguide guiding
layer is made of silicon and the substrate is made of silica. The
sensing area is located within the interaction length and
between interface II and III. The guidance is provided by total
internal reﬂection at the interfaces with air and the SiO2
substrate. The total broadband optical transmittance of the
device is deﬁned primarily by the losses of the power within the
interaction length and therefore is obtained as in ref 27:

(1)

with wave function ψ and transition moment operator M. Due
to the selection rule, only transition of Δv = ±1 is allowed in
the harmonic oscillator model. The energy diﬀerences between
the adjacent energy levels are constant, resulting in the
absorption of only a photon with the exact energy that ﬁts
the frequency of the oscillator, ν0, as shown in Figure 2a. The
frequency that leads to the transition from v = 0 to v = 1 is the
fundamental frequency.
Ideally, in the harmonic model, the absorption spectra occur
at a discrete frequency with zero width (Figure 2a). However,
in practice, the absorption has nonzero width along the
spectrum (Figure 2b). This occurs because the harmonic model
describes a single diatomic molecule or identical diatomic
molecules. In practice, the diatomic molecules are not identical
because they are embedded in a heterogeneous solution. For
this reason, a molecule is inﬂuenced slightly diﬀerently by the
surroundings. As a result, the vibration frequency for the same
transition, for example the fundamental frequency, is a little
shifted in diﬀerent molecules, resulting in broadening of the
absorption as shown in Figure 2b. Anharmonic models
inﬂuence the spectra in few ways. First, the energy diﬀerences
between the adjacent energy levels are slightly diﬀerent. This
results in a group of absorptions of the same Δv (for example: 0
→ 1, 1 → 2, and 2 → 3), which results in broadening of the
spectral line. Second, the transition rule of the harmonic model
is not applied in the anharmonic model, which allows vibration
transitions of Δv ≠ 1. Few absorption bands will appear in the
spectrum, as shown in Figure 2c. The frequencies that result in
those transitions are called overtones or higher harmonics and

2

T=

∑
γ1 = 0,1 ,.., 8

Cγ1 exp( −ıαγ1L)
(2)

where Cγ1 = (Iγ0,γ1 + Iγ1,γ0)2/(4Iγ0,γ0Iγ1,γ1) and L is the
interaction length. α is an attenuation coeﬃcient in dB/cm of
modes27 in a region ﬁlled with the analyte 0 < y < L, and γ0 =
0,1,.., 8 are the guided modes in regions I,II and γ1 = 0,1,.., 8 are
the guided modes in regions II,III inﬂuenced by the analyte.
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Figure 3 shows scanning electron microscopy (SEM) images
of the fabricated Si nanostrip rib waveguides. A clearly resolved

Figure 3. Images of the Si nanostrip waveguide. (a) SEM image of the
waveguide cross section. (b) Top view of the rib waveguide showing
the scattering eﬀect of waveguide walls.

Figure 4. Calculated normalized fundamental mode intensity proﬁle of
a Si nanostrip rib waveguide at λ = 1.5 μm of (a) fundamental TE and
(b) fundamental TM. (c) Absorbance of TEγ1,n modes. (d)
Absorbance of TMγ1,n modes. Note: For here γ1 = 0, 1, 2, 3 for
simplicity of visualization. However, the calculations were performed
for all nine γ1 = 0,1.., 8 modes.

400 nm thick nanostrip is etched on the Si forming the Si layer
of 2.4 μm. Then 2 μm silica layer is sandwiched between the
guiding layer and the silicon substrate to fulﬁll the guidance
condition. Figure 3b shows a top view of the rib waveguides of
diﬀerent widths of the strip. The scattered light is due to the
roughness of the waveguide walls.
The chemical sensitivity of our rib nanostrip waveguide28 was
simulated using ﬁnite-diﬀerence time-domain (FDTD) and
ﬁnite-element method (FEM) numerical solvers. We determined sensitivity by calculating the fraction of the evanescent
ﬁeld:
ηevanes =

Panalyte
Ptotal

=

signature of the molecule under investigation. Figure 5 shows
the cross section color maps of the evolution of normalized

∫ ∫analyte : dA
∞

∫ ∫−∞ : dA

(3)

With time varying Poynting vector : deﬁned as
1
: = ℜ{EH *}
(4)
2
The absorption is caused due to the excitation of molecular
vibration overtone, mathematically described by the complex
refractive index of the liquid; therefore, the electric E and
magnetic H ﬁelds in a waveguide evolve as complex.
Using FDTD solver, we studied the modes and their
absorption for rib waveguide at wavelength of 1.5 μm. Higher
order modes have greater absorption here, due to the strong
evanescent ﬁeld. Figure 4a and b shows the predicted optical
ﬁeld proﬁles (TE and TM, respectively) for propagating NIR
radiation, wavelength of λ = 1.5 μm within a rib waveguide with
pure N-methylaniline as analyte. Figure 4c and d shows the
absorption of TE modes and TM modes, respectively.
Figure 4a and b shows that in the silicon rib waveguide the
fundamental mode is highly conﬁned at the center of the
waveguide core and interacts weakly with the analyte for both
TE and TM modes. In addition, it is shown in Figure 4c and d
that the absorbance for a low order modes in the silicon rib
waveguide have very low absorption. Thus, exciting higher
order modes will contribute to the enhancement of the
evanescent ﬁeld, which consequently improves the sensitivity of
the sensor.1
It is important to understand the evolution of the modes due
to the abrupt discontinuity in the medium in which the
nanostrip is embedded. Speciﬁcally, the abrupt change in the
medium aﬀects the guided modes, resulting in a unique spectral

Figure 5. Evolution of the interfered guided modes in the interaction
length with the analyte. Calculated normalized mode proﬁles using
FDTD, with diﬀerent distance d from the beginning of the interaction
region at the point of y = II. d is indicated on each subplot. The
amplitude of normalized electric ﬁeld (EF) is presented in the inset.

mode proﬁles exhibiting interference and guided in the
interaction length of the designed waveguide (Figure 1a). A
Gaussian beam, wavelength of 1.5 μm, radius of 4.75 μm, and
divergence angle of 0.13 rad, was launched into the waveguide.
The analyte was explored at a distance d of y = 10 μm from the
waveguide infacet at the point of y = I. In the simulation y(I) =
0, the cross sections of the calculated normalized mode proﬁles
were performed at distances of y = 20, 22,.., 30 μm with an
interval of 2 μm from the beginning of the interaction length at
the point of y = II as shown in Figure 5.
For the validation of the proposed structure as eﬃcient nearinfrared sensor, we explored N-methylaniline, aniline, and
mixture of N-methylaniline in hexane. These analytes have
absorption bands of the ﬁrst overtone of the amine group N−H
around 1.5 μm.29 During the experiment, the analyte with
volume of 3 μL was dripped into the waveguide surface deﬁning
the interaction length of 2 mm. Figure 6 shows the
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Figure 6. Spectral characterizations using on-chip Si nanostrip rib waveguide NIR spectrometer. (a) Transmittance spectra of pure N-methylaniline
(NMA). As a reference, we measured the transmittance through the waveguide in air. (b) Transmittance spectra of N-methylaniline and aniline. (c)
Transmittance spectra of pure N-methylaniline molecule and mixture ratios of 1:3 and 2:3 of N-methylaniline in hexane, NMA/hex, with indicated
absorption depths of the analytes. In addition, the bars are placed next to each other for clear comparison of absorption depths.

experimental results performed on silicon nanostrip rib
waveguide experiments.
Figure 6a shows absorption bands of N-methylaniline around
1.5 and 1.2 μm which correspond to the molecule vibrational
modes of ﬁrst N−H overtone and second C−H overtone,30
respectively. Figure 6b clearly shows diﬀerences in the
transmission of N-methylaniline and aniline. The absorption
bands of ﬁrst overtone of N−H in N-methylaniline and aniline
was successfully detected around 1.5 μm. The absorption band
of aniline is wider compared to the absorption band of Nmethylaniline. The broadening of aniline absorption on the N−
H ﬁrst overtone can be explained by the excitation of
combination molecular vibrational modes.29,31 Figure 6c
shows the transmission spectra of the pure N-methylaniline
molecule and mixture ratios 1:3 and 2:3 of NMA/hexane. It
demonstrates the ability to detect and study the absorption of
diﬀerent mixtures ratio of NMA/hexane using a silicon rib
waveguide. The waveguide is illuminated by the optical ﬁber
with angular divergence, and therefore with other modes
(orthogonal to each other) coexisting. Each optical mode has a
discrete propagation constant β. The coupling eﬃciencies
(from ﬁber to waveguides) including the insertion and
propagation losses were −30 dB. Even with obtaining such a
high loss, the molecular signature overtones were detected on
the devices reported here.
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MATERIALS AND METHODS

■

AUTHOR INFORMATION

Chemicals. Aniline (C6H5NH2, ≥99.5%), hexane (C6H14, ≥95%),
and N-methylaniline (C6H5NH(CH3), ≥98%) were purchased from
Sigma-Aldrich.
Fabrication. Silicon layer was e-beam evaporated on silicon wafer.
The rib patterns were ﬁrst created with conventional photolithography
and then etched.
Waveguide Characterization. We measured the waveguide
dimension using a Stylus Proﬁlometer, Veeco Dektak-8.
Simulation. The three-dimensional simulation was performed
using a commercial Maxwell solver: Lumerical FDTD (Finite
Diﬀerence Time Domain) solutions.
Spectroscopy on a Waveguide. The broadband laser source
(Fianium WL-SC-400-15), bandwidth from 450 to 2400 nm, was
focused into the single mode ﬁber (1550BHP) using an X10 plan
achromat objective (Olympus) with a numerical aperture of NA =
0.25. The ﬁber was aligned with the waveguide using a stereo
microscope (Zeiss Stemi SV6). The spectra were collected using the
multimode ﬁber into the optical spectrum analyzer (Yokogawa
6370D).
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■

Notes

CONCLUSIONS
In conclusion, we proposed a silicon nanostrip rib waveguide
structure for label-free on-chip overtone spectroscopy in NIR.
We show that, utilizing the large refractive index contrast (Δn >
2) between the Si core of the waveguide and the SiO2 substrate,
a broadband NIR lightwave can be eﬃciently guided. In
addition, we show that the sensitivity for chemical detection is
increased by more than 3 orders of magnitude when compared
to the evanescent-wave sensing predicted by the numerical
model. Our on-chip spectrometer distinguished several
common organic liquids such as N-methylaniline and aniline
precisely without any guide’s surface modiﬁcation through the
spectral scanning over the absorption dips in the NIR
transmission spectra. Planar NIR silicon nanostrip waveguide
is a compact sensor which can provide a platform for accurate
chemical detection. Our NIR silicon nanostrip rib waveguide
device can enable the development of sensors for remote, onsite monitoring of chemicals.
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