Invited Paper

Slow-Light Enhanced Spectrometers on Chip
Zhimin Shia , and Robert W. Boyda,b
a The

Institute of Optics, University of Rochester, Rochester, New York 14627 USA;
of Physics, University of Ottawa, Ottawa ON K1N 6N5 Canada

b Department

ABSTRACT
We propose using slow light structures to greatly enhance the spectral performance of on-chip spectrometers.
We design a calzone photonic crystal line-defect waveguide which can have large group index over a certain
wavelength range. An arrayed waveguide gratings (AWGs) is studied as an example, and the performance of
such a slow-light AWG is analyzed numerically.
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1. INTRODUCTION
Interferometric spectrometers are used in research and industry for a wide range of applications. The ability of
an interferometric spectrometer to resolve closely spaced spectral components can prove extremely important
for applications in analytic chemistry and biology. Meanwhile, integrated photonic devices are becoming more
and more important because of their small footprints and easy integration of various functional modules to form
various types of systems-on-a-chip. Thus, a miniaturized spectrometer with unprecedented spectral performance
becomes desirable and can lead to molecular and biological substance recognition on a chip.
Slow- and fast-light technology1 has recently attracted a great deal of interest, both in terms of fundamental
and practical aspects.2–6 It has recently been shown that slow light can be used to enhance the performance of
various types of spectroscopic interferometers.7–11 It has also been recently shown that by changing the width
of a channel waveguide, one can enhance the group index by a factor of approximately 30%, which can be used
for integrated dispersive elements such as arrayed waveguide gratings.12
In this work, we study the use of slow light to build on-chip miniaturized spectroscopic interferometers with
very high spectral sensitivity or resolution. We ﬁrst propose a new type of slow-light waveguide based on calzone
photonic crystal (PhC) W1 line-defect waveguide structures. We show that by optimizing the geometry of our
calzone PhC W1 waveguide, one can achieve uniform and large group index over a certain wavelength range. We
further illustrate the performance of various types of on-chip spectroscopic interferometers, including an arrayed
waveguide grating, incorporated with our slow-light medium.

2. DESIGN OF A FLAT-BAND SLOW-LIGHT CALZONE PHOTONIC CRYSTAL
WAVEGUIDE
An on-chip slow-light medium that is suitable for spectroscopic applications has to meet a number of criteria,13
including a large wavelength range over which the group index maintains approximately constant, and a large
ratio between the group index and associate loss .
Among other types on-chip slow-light mechanisms, photonic bandgap structures are very promising on-chip
slow light mechanisms,14–19 and have been used for on-chip delay lines as well as for nonlinear optical processing.
In this work, we propose a new geometry of a ﬂat-band, slow-light photonic crystal line-defect waveguide. Our
geometry is based on a hexagonal lattice W1 line defect waveguide, in which one row of holes is removed to
serve as the core of the waveguide. Besides that, the ﬁrst rows on each side of the defect line are truncated into
semicircles. Due to the shape of the ﬁrst rows, we name our proposed structure “a calzone line-defect waveguide”
following Ref.20 A schematic diagram of the waveguide structure is plotted in Fig. 1. The design parameters
include the width of the line defect w, the radius of the holes r, and the lattice constant a.
√
As an example, we choose the parameters a = 403 nm, r = 0.3, and w = 0.7 × 3a = 488.6 nm. Planewave
expansion analysis21 is used to calculate the dispersion relation, the calculation result over the wavelength range
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Figure 1. Two-dimensional schematics of a slab photonic crystal calzone line-defect waveguide with lattice constant a and
hole radius r. The inset shows a scanning microscope micrograph of a fabricated calzone PhC waveguide.
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near 1550 nm is shown in Fig. 2(a). The corresponding eﬀective mode index neﬀ and reduced group index ng as
functions of wavelength are plotted in Fig. 2(b) and (c), respectively. One sees that for this design, there is a
plateau near λ = 1551 nm over which the group index is approximately 60. If one deﬁnes the working bandwidth
by requiring that the group index does not change by more than 10% within the bandwidth, this example calzone
waveguide structure has a working bandwidth of 3.2 nm.
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Figure 2. (a) dispersion relations of the fundamental guided Bloch modes of a ﬂat-band calzone line-defect waveguide
with a = 403 nm, r = 0.3, and w = 488.6 nm; corresponding eﬀective mode index (b) and reduced group index ng (c) as
functions of wavelength for such a waveguide structure.

We have also analyzed the eﬀect of any changes of the values of r and w on the mode dispersion. Generally
speaking, an increasing r leads to a higher but narrower group index plateau with a shift towards shorter
wavelengths. Meanwhile, as w increases, on the other hand, the group index plateau shifts towards longer
wavelengths (lower frequency), and the height of the plateau deceases while its width increases. With optimizing
other geometrical parameters of the waveguide structure, one can possibly further increase the group index of
the waveguide with an adequate bandwidth over a few nanometers.

3. DESIGN OF THE GEOMETRY OF AN ON-CHIP SPECTROMETER
There are many diﬀerent geometries that can be applied to construct an on-chip spectrometer, such as Mach–
Zehnder interferometer, etched diﬀraction grating,22, 23 arrayed waveguide grating,24 and so on. Here, we study
the case of an arrayed waveguide grating (AWG) as an illustrating example.
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Figure 3. Schematic diagram of a slow-light arrayed waveguide grating spectrometer.

A conventional AWG is typically comprised of three parts as shown in Fig. 3. The input signal ﬁeld ﬁrst
propagates through a free-propagation region (FPR) to expand its beam width. The ﬁeld is then coupled into a
series of waveguides. The waveguides are designed such that the lengths of neighboring waveguides diﬀer by a
ﬁxed amount Δl = mλ0 /neﬀ where λ0 is the designed central (vacuum) wavelength of the device, and neﬀ is the
eﬀective refractive index (i.e., mode index) of the waveguides. The output ports of these waveguides are spaced
periodically (with a period of Λ) at the entrance to a second FPR, and the ﬁelds exiting from the waveguides
array will constructively interfere and focus at the other side of the second FPR. The diﬀraction equation of such
an AWG is given by
nwg Δl + nFPR Λ(sin θinc + sin θdiﬀ,m ) = mλ,

(1)

where nwg and nFPR are the eﬀective mode indices for the waveguides and the FPR, respectively.
When the dispersion of nwg and nFPR are negligible, the angular dispersion of such an AWG is given by
m
dθdiﬀ,m
=
dλ
neﬀ Λ cos θdiﬀ,m

(2)

Since m is independent of Λ in this case, an AWG can, in principle, can have arbitrarily large angular dispersion.
However, a large angular dispersion indicates that Δl must be large, which leads to an increased footprint of the
device.
If the dispersion of nwg and nFPR are taken into account, the diﬀraction equation becomes modiﬁed as follows:
dθdiﬀ,m
dλ

mng,FPR
2
nFPR Λ cos θdiﬀ,m

dnwg
Δl
nFPR Λ cos θdiﬀ,m dλ
dnFPR
nwg Δl
+ 2
nFPR Λ cos θdiﬀ,m dλ
mng,FPR
=
2
nFPR Λ cos θdiﬀ,m
 

ng,FPR
ng,wg
nwg Δl
+
−
.
nFPR λΛ cos θdiﬀ,m
nwg
nFPR

=

−

(3)

Here, we consider the case in which the waveguide has large modal dispersion (i.e., large dispersion on the
eﬀective index), but the dispersion of the FPR is negligible. In such a case, the angular dispersion becomes
dθdiﬀ,m
dλ

=

m
nFPR Λ cos θdiﬀ,m
ng,wg Δl
+
.
nFPR λΛ cos θdiﬀ,m
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(4)

One sees that in such a case, the angular dispersion of the AWG comes from two contributions, one containing
the non-slow-light contribution and one containing the slow-light contribution from the waveguide.
In practice, an AWG can work in a conﬁguration such that the diﬀraction angle for the central wavelength
is zero degree to minimize the inﬂuence of aberrations, etc. In such cases, the diﬀraction order m of the AWG
depends primarily on the waveguide increment Δl such that m ≈ nwg Δl/λ, and the angular dispersion is given
by
dθdiﬀ,m
dλ

≈
=

ng,wg Δl
nFPR λΛ cos θdiﬀ,m
ng,wg m
.
nFPR nwg Λ cos θdiﬀ,m

(5)
(6)

One sees that by using a slow-light waveguide array, the angular dispersion of an AWG can be enhanced by a
factor of ng,wg /nwg , and therefore one can enhance the spectral resolution by the same factor.
Here, we demonstrate our design using a numerical example based on the Silicon-On-Insulator (SOI) platform.
We assume the center wavelength to be 1.55 μm. The refractive indices for Si and SiO2 are nSi = 3.476 and
nSiO2 = 1.5, respectively. We assume the spacing between the output of neighboring waveguides to be 3 μm, the
diﬀraction angle θdiﬀ = 0◦ at the center wavelength, and the length of the FPR to be RFPR 1.5 mm.
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Figure 4. Linear transverse dispersion at the focal plane of the output FPR as a function of the group index of the
waveguide of a slow-light AWG with ΔL = 10, 20 and 40 µm, respectively.

Figure.4 shows the calculated transverse dispersion at the focal plane of the output FPR of a slow-light
AWG as a function of the group index ng,wg of the waveguides. Here the transverse dispersion dx/dλ =
RF SR dθdiﬀ,m /dλ, where the angular dispersion dθdiﬀ,m /dλ is given by Eq. 5. When the ng,wg = 3 and ΔL = 10
μm, the transverse dispersion is approximately 2.8 μm/nm, which is just adequate to separate two wavelength
diﬀering 1 nm as two spectral channels in a wavelength division multiplexing system. When ng,wg = 100, the
transverse dispersion increases to 94 μm/nm. If we let ΔL = 40 μm, the transverse dispersion is 375 μm/nm. If
the distance between neighboring output waveguide is 3 μm, this indicates a spectral resolution of 1 GHz. Note
that the group index in photonic crystal waveguides can be as large as 23016, 25 or even more, which indicates
the possibility of a further increase in the spectral resolution.

4. SUMMARY
We have proposed building on-chip spectroscopic interferometers using calzone photonic crystal line-defect waveguides. By optimizing its geometrical parameters, we have shown that such a waveguide can have a large group
index over a certain wavelength range, and therefore is suitable to be used in on-chip spectroscopic interferometers. We have also analyzed the potentials of on-chip slow-light spectroscopic interferometers using an arrayed
waveguide grating as an example. Our numerical simulation shows that spectral resolution of the order of GHz
can be achieved, and therefore our approach opens the possibility of on-chip system for chemical and biological
substance recognition.
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