
Raman spectroscopy with an integrated
arrayed-waveguide grating

N. Ismail,1,* L.-P. Choo-Smith,2 K. Wörhoff,1 A. Driessen,1 A. C. Baclig,3 P. J. Caspers,3 G. J. Puppels,3

R. M. de Ridder,1 and M. Pollnau1

1Integrated Optical MicroSystems Group, MESA+ Institute for Nanotechnology, University of Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands

2Institute for Biodiagnostics, National Research Council Canada, Winnipeg, Manitoba, Canada
3Center for Optical Diagnostics and Therapy, Department of Dermatology, Erasmus-University Medical Center Rotterdam

*Corresponding author: N.Ismail@ewi.utwente.nl

Received August 1, 2011; revised September 23, 2011; accepted October 20, 2011;
posted October 27, 2011 (Doc. ID 151976); published November 28, 2011

An integrated arrayed-waveguide grating fabricated in silicon-oxynitride technology is applied to Raman spectro-
scopy. After its validation by reproducing the well-known spectrum of cyclohexane, polarized Raman spectra are
measured of extracted human teeth containing localized initial carious lesions. Excellent agreement is obtained
between the spectra of healthy and carious tooth enamel measured with our integrated device and spectra recorded
using a conventional Raman spectrometer. Our results represent a step toward the realization of compact, hand-
held, integrated spectrometers, e.g. for the detection of dental caries at an early stage. © 2011 Optical Society of
America
OCIS codes: 130.7408, 170.5660, 300.6190.

In numerous applications, Raman spectroscopy is utilized
to monitor unique (“fingerprint”) Raman scattering in or-
der to identify specific molecules or structures. We aim at
developing a low-cost, compact, hand-held apparatus for
polarized Raman spectroscopy. A critical function of this
system is spectral separation of the Raman-scattered sig-
nals. In our case, the core element of such a device is an
arrayed-waveguide grating (AWG) [1]. It couples light via
a free-propagation region (FPR) to an array of channel
waveguides with a defined optical-path-length difference
between adjacent channels, such that the wavelength-
dependent phase distribution at the array output causes
different wavelengths to be diffracted to different loca-
tions, at which either output channels or the pixels of a
detector array can be positioned. Compared to conven-
tional spectrometers, the AWG has a small size (∼cm2)
and can be integrated in a handheld device. A potential
disadvantage, the limited free spectral range (FSR)
achievable for a given device size, can be overcome by
a technology platform providing larger refractive index
contrast, e.g. silicon photonics, or by accepting spectrally
folded, yet nonoverlapping peaks, as demonstrated in one
of the two examples presented in this Letter.
Recent studies have demonstrated the possibility of

using Raman spectroscopy as a noninvasive tool for
the detection of dental caries [2] and more accurate tech-
niques such as polarized Raman spectroscopy have been
proposed for detecting dental caries at an early stage [3].
These methods rely on measuring the Raman signals
from tooth enamel within the fingerprint region, which
extends from approximately 375 cm−1 to 1175 cm−1. In
this spectral region the strongest band is the symmetric
P-O stretching vibration of the phosphate ions (ðPO4Þ3−
located near 959 cm−1, which arises from hydroxyapatite
crystals of tooth enamel. Changes in the intensity of the
hydroxyapatite peak with respect to the luminescent
background at 930 cm−1 have been used as a measure
of the state of the disease [2]. Alternatively, in the case
of polarized Raman spectroscopy, information on the

state of the disease is provided by the ratio of the inten-
sities of two orthogonal polarization states of the
959 cm−1 hydroxyapatite peak. The relevant polarization
states are perpendicular and parallel to the polarization
of the excitation laser and their intensity ratio will be
referred to as the depolarization ratio, ρ959 ¼ I959ð⊥Þ=
I959ð∥Þ. In sound enamel the hydroxyapatite signal is
highly polarized in the direction parallel to that of the ex-
citation laser and the value of the depolarization ratio is
approximately ρ959 ¼ 0:10� 0:04 [3]. As the carious le-
sion develops, there is a gradual structural modification
of the tooth enamel, which also affects its optical proper-
ties, causing ρ959 to increase to ∼0:4� 0:12 [3].

Our AWG has been designed with this particular appli-
cation in mind. For the Raman measurements we choose
an excitation wavelength of λ0 ¼ 830 nm (as in [3]), be-
cause it induces less fluorescence background in tissue
than shorter wavelengths, consequently positioning the
hydroxyapatite peak at ∼901 nm. To completely resolve
this peak, as well as part of any fluorescent background
surrounding it, we design the wavelength-selective AWG
to have a central wavelength of λc ¼ 901 nm and a FSR of
∼22 nm between 890 and 912 nm, with a resolution of
0:2 nm. The AWG is fabricated using single-mode silicon
oxynitride (SiON) channel waveguides with 2:2 μmwidth
and 0:52 μm height. The waveguide core and cladding re-
fractive indices are 1.509 and 1.445 at 830 nm, respec-
tively. The center-to-center spacing between the 271
arrayed waveguides at the FPR interface is 6 μm and so
is the spacing between the output channels of the AWG.
From these parameters it is possible to calculate the dis-
persion angle of the AWG from well-established equa-
tions [4] and determine the length R of the FPR (see
inset to Fig. 1), which results in approximately 4mm.
The AWG layout is drawn by imposing a minimum bend-
ing radius of 1700 μm to guarantee bending losses below
0:1 dB=cm when taking into account fabrication
tolerances.
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