Evanescent excitation and collection of
spontaneous Raman spectra using silicon nitride
nanophotonic waveguides
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We experimentally demonstrate the use of high contrast, CMOS-compatible integrated photonic waveguides for Raman
spectroscopy. We also derive the dependence of collected Raman power with the waveguide parameters and experimentally
verify the derived relations. Isopropyl alcohol (IPA) is evanescently excited and detected using single-mode silicon-nitride
strip waveguides. We analyze the measured signal strength of pure IPA corresponding to 819 cm™ Raman peak due to in-
phase C-C-O stretch vibration for several waveguide lengths, and deduce a pump power to Raman signal conversion

efficiency on the waveguide to be at least 10" per cm.
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Raman spectroscopy is a key technique for the detection
and analysis of trace substances in applications ranging
from physics and chemistry to biology and environmental
sciences. However, Raman spectroscopic techniques often
require bulky and/or expensive instrumentation to
overcome the inherently weak nature of the Raman
scattering process [1]. Typical spontaneous Raman
spectroscopic systems use a microscopy system or a free
space beam. These systems suffer from a poor conversion
efficiency (defined as the signal to pump power ratio),
mainly due to small interaction volume and poor
efficiency of signal collection. To overcome the difficulties
with these systems, waveguide-based systems have been
demonstrated in the form of hollow fibers for Raman
spectroscopy of gases [2] or liquid core waveguides for
liquids [3]. In this letter, we demonstrate the use of
integrated singlemode silicon nitride (SisNs) waveguides
[4] for excitation, collection, and enhancement of the
Raman signal using the evanescent field of the guided
mode. We envision that using mature photonic
integration technologies [5-6] a complete Raman
spectroscopic system can be integrated on a CMOS-
compatible chip. In addition to the reduction of cost and
size of the instrumentation, the reduced mode area due to
the use of high contrast nanophotonic waveguides also
boosts the Raman signal. Based on our theoretical
calculations [7-8], the use of a singlemode high contrast
waveguide enhances the Raman signal by at least a factor
of 500 per cm of waveguide length compared to the
confocal microscopy systems. The use of cavities and
nanoplasmonic structures defined on the waveguides [9]
can further enhance the signal significantly. In this letter,

we outline the theory of using the evanescent field of
single mode photonic waveguides for Raman sensing and
report the first experimental demonstration thereof.

An emitting molecule can be modelled as a dipole
oscillating at a frequency c/y. We consider that the
molecule is located at the position r, in the neighborhood
of a photonic waveguide. Using Fermi’s golden rule in a
semi classical approach, the power coupled to a waveguide
mode from the dipole can be calculated to be [10]:
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where n, is the group index of the mode, n the
refractive index at the location of the molecule, &(r) is
the relative permittivity, dy is the unit vector along
the dipole, and E is the electric field strength of the
mode. P, = o’|dy|’ (127¢,c’) is the power radiated by
the dipole with dipole strength d, in free space. Now
we assume that the dipole has a scalar polarizability
a, and is excited by a pump travelling in the same
waveguide with power P,,, and a frequency
sufficiently near to ¢/4y. Then, using the normalization of
the guided mode and its power [11],
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where we have used the quadratic relationship between
the polarizability and the scattering cross section o [1].
Note that Eq. (2) describes the overall efficiency, as a
combined efficiency of excitation and collection, whereby
waveguide enhancement effects [7-8] are taken into
account. To arrive at Eq. (2), we have neglected the Stokes
shift between the pump and the Raman signal. This has
no significant impact on the analysis and conclusions that
follow.

We now assume that the scattering molecules are
suspended uniformly in the upper cladding of the
waveguides with a density p. For emitters forming a thin
sheet of thickness dz orthogonal to the waveguide and
covering the entire cladding area (see Fig. 1), the
efficiency is given by the sum of the individual
contributions:
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where no=ll(r)dr is the specific conversion efficiency of the
waveguide. This unitless parameter depends only on the
electromagnetic conditions and the geometry of the
waveguide, which can be solved using mode solvers. Using
the COMSOL finite element mode solver, the value of 7,
for the SisNy4 strip waveguides used for the experiments
[4] in this letter was estimated to be 6.4x1072 for a 785 nm
pump for the TE fundamental mode of the waveguide.
This value leads to a conversion efficiency (por) of 4x10
10/cm [8] for pure IPA. Here, we have taken a cross-section
of 7.9x10%! cm?sr?! for the 819 cm? line due to C-C-O
stretch vibration which is calculated using the value
provided in [12] and using the 1/4y* dependence of the
cross-section[1].
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Fig. 1t Schematic of our analysis applied to the strip waveguide
geometry. The particles are assumed to be embedded with a
uniform density on the upper cladding. Symbols are explained in
the text.
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Although we have assumed that the entire upper cladding
1s covered by the Raman active molecules, a 350 nm thick
layer of analyte is sufficient to produce an equivalent
result, as the interaction takes place with exponentially
decaying evanescent tail of the mode in the cladding with
1/e length less than 250 nm.

We now consider a practical situation, as depicted in Fig.
1. A pump laser with power P, is incident on the input
facet of the waveguides, of which a fraction gets coupled to

the waveguide mode with coupling efficiency v;, and
propagates along the waveguide. During the propagation,
molecules in the cladding are excited, and the scattered
spontaneous Raman signal is collected via evanescent
coupling to the same waveguide, as described by Eq. (3) in
both forward and backward propagating directions. In the
forward propagating configuration, only half of the
collected power is measured at the output facet with an
output coupling efficiency vy, Accounting for coupling
losses and attenuation of the pump and collected signal in
the waveguide, the ratio of signal power collected (P.,) at
the end of the waveguide to the input power (P,) is given
by:
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where a, and o, are the waveguide losses at the pump
wavelength and at the Stokes wavelength respectively
and Aa = a,a, is their difference. The term in brackets
evolves to L when Ao —0.

If we assume that the coupling efficiencies from the
waveguide end to the detector are equal for the pump and
the Stokes signal, the Raman power collected at the end of
the waveguide can be expressed in terms of the
transmitted pump power (P,) at the detector, which can
be directly measured. Thus, for many practical cases, it is
convenient to define a quantity (L) that is independent of
coupling and waveguide losses:
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Along with Eq (2), Eq. (4) and (5) are the main theoretical
results of this letter and express how the collected signal
power depends on the input or transmitted pump power.
In many situations, the quantity &L) is of practical
interest, as the direct measure of the collected power for a
given input power. However, it depends on coupling
efficiencies and waveguide loss, which vary in the
experiments. The quantity {(L) is independent of the
coupling and the waveguide loss and can be used for
purposes of direct analysis of signal strength with respect
to concentration, cross-section, waveguide geometry and
length. We will use both of these quantities to
experimentally investigate the dependence of the Raman
signal with the waveguide length.

The experimental setup is illustrated in Fig 2. A tunable
Ti-Sapphire CW laser was used as the pump source. For
the experiments, a wavelength of 785 nm is coupled to the
waveguide by end-fire coupling using an aspheric lens of
effective focal length 8 mm (NA=0.5). The Raman signal
(Stokes) co-propagating with the pump that is collected by
the waveguide is then collimated via an achromat
objective (50x, NA=0.9) towards an edge filter, with the



edge wavelength at 795 nm to block pump light going into
the spectrometer. The Raman signal is then focused to a
single-mode optical fibre (cutoff =770 nm) using a
parabolic mirror of 15 mm effective focal length (NA=0.2)

and measured wusing a commercial spectrometer
(AvaSpec-ULS2048XL).
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Fig 2: The schematic of experimental setup. A- half-waveplate,
BF: Band-pass filter, LI: Aspheric lens. L2 Objective, EF* Long
pass edge filter, PM: parabolic mirror, SMF: single-mode fibre

We use a SisNs« waveguide (cross section: 700 nm x 220
nm) [4] on top of a 2.4 pum silica cladding on a silicon
substrate as our sensing platform. Several waveguides of
lengths 0.7 cm, 1.6 cm, 2.5 cm, 4.4 cm and 8.1 cm wound
up to form spirals (typical physical widths of the spiral is
200 um and the length of the spiral is about 625 pm per cm
of waveguide length, bend radi of 25, 35, 50, 75 and 100
um were used, bend losses for all of the spirals are
negligible) are used as the sensing region for the
experiment. The laser power is set to 90 mW, the
polarization of the laser is set to couple into the TE mode
of the waveguides. The laser is coupled to the waveguide
with estimated total coupling loss from laser to detector
(hence including both the in-coupling as well as the chip-
fibre coupling) of 14+2 dB. Because of the edge filter, the
pump transmission is measured and optimized at 800 nm
wavelength which was verified to be practically the same
as for the pump wavelength 785 nm without the filter.

A droplet of TPA is used as an analyte and is applied on
top of the waveguides to cover the entire waveguide
region. We ensure that TPA covers the entire waveguide
by visually monitoring the chip with a camera on top. The
spectra were recorded before and after application of TPA,
as shown in Fig. 3. Before application of IPA we see a
broad Raman emission in the range 2100-2400 cm™ with
a peak around 2330 cm?! (960 nm). Based on the
measurements with a confocal Raman microscope
operating with 532 nm pump, this peak is identified as
Raman emission from the SisNs material that forms the
waveguide core. Another feature of the spectrum is the
broad luminescence below 1200 cm from the waveguide
material. Immediately after application of IPA, the
intense Raman peak at 819 cm™ (839 nm) due to the in-
phase C-C-O stretch vibration [13] is readily observed.
The complete spectrum due to IPA is then extracted using
the difference of the normalized spectrum before and after
application of IPA. Since there is a difference in the modal
properties of the waveguide before and after application of
IPA, simply subtracting the spectra will not yield the
desired spectrum of IPA. First, there is an increase in the

transmitted pump and signal power after application of
IPA. This is due to reduced sidewall scattering
contribution to the waveguide losses because the cladding
index has significantly changed (refractive index of IPA
=1.377). Second, the confinement of the mode in the
waveguide core and cladding changes, leading to a
modified background contribution from the corresponding
materials. To account for the change in the intensity due
to decreased waveguide losses, we normalize the two
spectra with the respective intensities corresponding to
the peak due to SisNsat 2330 cm™. This also ensures that
the invariant part of the background contributions from
the waveguide core measured before application of IPA is
removed when we subtract the normalized spectra before
and after application of IPA. The residual background due
to the changes in the cladding conditions is removed by
fitting the remainder spectrum with truncated
polynomials [14]. The resultant spectrum is then
converted back to original units using the corresponding
counts of the 2330 cm™ peak used for normalization. The
resultant spectrum, as we can see in Fig. 3 b), matches
with the spectrum of IPA measured independently [15].
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Fig 3: a) Raw spectrum measured from a 1.6 cm waveguide
without IPA (blue) and with IPA (red). The spectra are shifted
vertically for clarity with respective zeros at 3500 cm. b) The
spectrum of IPA extracted from the spectra in Fig 3(a). The
spectrum measured independently using a commercial
spectrometer is also shown in the inset (from [15]).

Fig. 4 a) shows the measured &L) for the 817 cm-! peak
due to the IPA for several waveguide lengths. Ten
different sets of waveguide samples with different lengths
were used for the measurements. The average and
standard deviation of the measured &L) and the curve for
Eq. (4) that fits the averages with the least squared error
is also shown as a guide to the eye. The results follow the
trend described by Eq. (4), in spite of considerable
standard deviation due to differences in the quality of the



waveguide facets, the particles stuck on the waveguides
during cleaving and imperfections in waveguide
processing. The waveguide loss calculated from the
transmission data using cutback method, 2.1+0.4 dB/cm 1s
very close to the value 2.2 dB/cm obtained from the least
square fit of Eq. (4). We see that the optimal waveguide
leng(tl; for &L) is given by I=1/0, as can be inferred from
Eq. 4
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Fig 4: a) AL) and b) ¢ () for 819 cm™ peak due to IPA measured
using photonic waveguides of several lengths. Red diamond
markers: actual measured data, Blue solid square with error
barss mean and standard deviation, Black dashed Iine
theoretical fit, to respective equations as a guide for the eye.

In Fig. 4 (b) we show the measured ¢ (Z) for the IPA peak
at 819 cm™. As expected from Eq (5), for Aa = 0, we see a
quasi-linear trend. Using the least squared error fit, the
value of pon, for the IPA-waveguide system was extracted
to be 2200 counts/s per mW of transmitted pump power
per cm waveguide. Aa was extracted to be 0.2 dB/cm,
which is equal to the measured value within the limits of
experimental errors. As seen in Fig. 4, unlike the
parameter &L), which depends on coupling and waveguide
losses hence suffers from a large variance, ((Z) has
smaller variance and is suitable for directly assessing the
specific efficiency of Raman scattering with the waveguide
mode as defined by Eq. (5).

Using the measured sensitivity of the spectrometer in our
configuration (in the order of 100 counts/ms/pW), the
value of pon, can be calculated to be in the order of 10
em. Thus, the measured value of conversion efficiency
poryyis about one order of magnitude lower than the value

estimated in the theoretical section. This is a reasonable
correspondence given the combination of uncertainties on
the scattering cross-section and the measurement error.
To conclude, we have experimentally demonstrated
Raman spectroscopy on a chip using single mode
integrated optical waveguides, by exploiting enhanced
light scattering due to the strong confinement in high
index contrast waveguides as well as the long interaction
length of the waveguide mode with the analyte in the
cladding. Further, we have developed a theory for
excitation and collection of spontaneous Raman signal
using the photonic waveguides and identified the relevant
parameters of interest 7, &L) and ¢ (Z). For a given pump
power within a typical single mode nanophotonic SizN4
waveguide discussed in [4], we report a conversion
efficiency in the order of 10Y/ecm for the 819 ecm® Raman
line of TPA.
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