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Enhanced spectral sensitivity of a chip-scale
photonic-crystal slow-light interferometer

OMAR S. MaGaNA-Loaiza,"* BosHeN Gao,' SEBasTIAN A. ScHuLz,? KasHiF M. Awan,® JEREMY UPHAM,?

Ksenia DoLGALEvA,>® AND RoBert W. Boyp'*®

"The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
2Department of Physics and Max Planck Centre for Extreme and Quantum Photonics, University of Ottawa, 25 Templeton, Ottawa, ON, K1N 6N5,

Canada

3School of Electrical Engineering and Computer Science, University of Ottawa, 25 Templeton, Ottawa, ON, K1N 6N5, Canada

*Corresponding author: omar.maganaloaiza@rochester.edu

Received 29 January 2016; revised 19 February 2016; accepted 23 February 2016; posted 26 February 2016 (Doc. ID 256749);

published 21 March 2016

We experimentally demonstrate that the spectral sensitivity
of a Mach—Zehnder (MZ) interferometer can be enhanced
through structural slow light. We observe a 20-fold resolu-
tion enhancement by placing a dispersion-engineered,
slow-light, photonic-crystal waveguide in one arm of a
fiber-based MZ interferometer. The spectral sensitivity of
the interferometer increases roughly linearly with the group
index, and we have quantified the resolution in terms of the
spectral density of interference fringes. These results show
promise for the use of slow-light methods for developing
novel tools for optical metrology and, specifically, for com-
pact high-resolution spectrometers. ~© 2016 Optical Society
of America

OCIS codes: (120.0120) Instrumentation, measurement, and metrol-
ogy; (120.3180) Interferometry; (050.5298) Photonic crystals.
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Slow light has fascinated the physics community for over two
decades [1,2]. The slowdown of light has been observed in a
diverse range of media, including atomic vapors, optical fibers,
and photonic crystals (PhCs) [3]. The ability to manipulate the
speed of light has led to a wide variety of technological
applications, for example, optical buffers, optical memories,
optical modulators, laser radars, and enhanced spectrometers
[1,2,4-9].

Optical interferometry has benefited greatly from the use of
highly dispersive materials [10—-17]. For instance, it has been
predicted that a Mach-Zehnder (MZ) interferometer with a
slow-light medium in one of the arms will greatly enhance spec-
tral sensitivity with respect to its conventional (non-slow light)
version [10,14,15]. This result holds promise for compact and
efficient spectrometers [1,9]. Nevertheless, up to this date, the
improvement of the spectral sensitivity of interferometers has
been demonstrated only in bulk optical setups, such as shearing
and free-space interferometers, with highly dispersive crystals
and atomic vapors [14-16].
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While not achieving the same extreme slowdown values as
material slow light, slow light in nanophotonic devices, particu-
larly in photonic-crystal (PhC) waveguides, has many key advan-
tages. Nanophotonic slow-light structures are extremely
compact, with low footprint and high mechanical stability, com-
pared to material slow-light systems [3]. Furthermore, the avail-
ability of high-precision fabrication techniques and the use of
common materials, e.g., silicon, makes nanophotonic slow light
particularly interesting for applications [3-5,7]. Here we dem-
onstrate that structural slow light can dramatically improve the
spectral sensitivity of an interferometer. Thus, we combine the
enhancement to the spectral sensitivity with the advantages of
nanophotonics. Specifically, we place a silicon PhC slow-light
waveguide within a compact fiber-based MZ interferometer;
see Fig. 1. Our results show an enhancement of a factor of
20 in the spectral sensitivity of the interferometer, without in-
creasing its physical size. This sensitivity is on par with that of
previous implementations of material slow-light interferometers
[14], using a much more compact slow-light structure (the total
PhC footprint is on the order of 0.015 mm?) [14-16]. To dem-
onstrate the advantage of adding a slow-light medium into a
spectral interferometer, we discuss the phase difference A¢
between two light beams passing through the two arms of a
MZ interferometer. We assume that the phase difference is solely

caused by propagation through a length L of slow-light material.
The phase difference is defined as

Ap = %n(a})L, (1)

where w is the frequency of the propagating light, ¢ is the speed
of light in vacuum, and n(®) is the refractive index of the
medium. In practice, A¢g is determined by performing intensity
measurements of the interference pattern produced at one of the
output ports of the interferometer:

1

I = 20 (1 + cos Ag), (2)

where / is the input intensity. The spectral resolution of the
interferometer is determined by the minimum resolvable change
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Fig. 1. Slow-light waveguide and measurement setup. (a) Scanning
electron microscope (SEM) photograph of the fabricated PhC wave-
guide and its access channel. (b) Fiber-based Mach—Zehnder interfer-
ometer containing a PhC slow-light waveguide in one of the arms. In
addition, we utilize a broadband amplified spontaneous emission
(ASE) source and an optical spectrum analyzer (OSA). The difference
in optical path length achieved through the imbalance between the two
arms produced by the slow-light region is indicated by Ag.

in intensity due to a shift in frequency [18]. This change is quan-
tified by the first derivative of the intensity with respect to the
frequency:

A _1dsh o DL( L
0= do mnAd)—ZC(n—l—wdw)smAgb. (3)

We note that # + @ dn/dw is the definition of the group

index, 7. Thus, Eq. (3) can be rewritten as
ﬁ = &% sin Ag. (4)

do 2 ¢

We see that a larger group index leads to denser fringes
which, in turn, leads to the enhancement of the spectral sensi-
tivity of the interferometer [18]. This enhancement depends on
the product 7, L. Thus, using a slow-light medium with a high
n, reduces the physical size of the interferometer needed to
achieve a given spectral sensitivity. The group index, 7,, can
be significantly higher than the refractive index, 7, of a material
and, therefore, slow-light materials can significantly enhance
the spectral sensitivity of interferometers [1,2,9]. In our experi-
ment, we measure the interference pattern formed at the output
of the MZ interferometer as a function of wavelength A. This
measurement allows us to quantify the enhancement in reso-
lution and sensitivity through an experimental parameter, the
density of fringes per unit wavelength interval, V. An approxi-
mate expression for the local density of fringes over a small fre-
quency range Aw can be derived by describing the refractive
index of the dispersive material as 7~ 1y + (1,(1) - n9) Aw,
where it is assumed that 7, remains approximately constant
over the narrow frequency range being considered. Since
one fringe represents a net change of phase difference of 27,
the period of one fringe in frequency domain, Aw, is deter-
mined by solving L/c(nyAwy + (n, - ng) Awg) = 2. This,
together with the relation between wavenumber and frequency,

allows us to define the local fringe density as
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\/n%Lz + 8{n,(4) - ny}meL + nyL

7 )
For a non-dispersive medium (7, = ), this equation re-
covers the result for a traditional free-space interferometer,
N; = nyL/2*. For a slow-light medium, where n, > n, the
fringe density is increased. Thus, from Eq. (5), we expect a
reduction in the fringe density with increasing wavelength
and an increase in the fringe density with increasing group
index. We recall that the group index itself is strongly wave-
length dependent and increases monotonically with wavelength
in the spectral region considered here.

We engineered the dispersive properties of our W1-based
PhC waveguides through a shift of the first and second rows
of holes perpendicular to the waveguide direction [19]. We also
include coupling interfaces to maximize the transmission [20].
The waveguide has a lattice constant of 416 nm and a hole
radius of 124 nm. The silicon slab is 210 nm thick, and
the first and second rows are shifted by 46 nm outward and
16 nm inward, respectively. The waveguide was fabricated ac-
cording to the procedure described in [21]. A scanning electron
microscope (SEM) image of the device is shown in Fig. 1(a).

The slow-light characteristics of the device were determined
through Fourier transform spectral interferometry [22]. Due to
the nature of our slow-light material and its mechanical stability,
we chose a fiber-based MZ interferometer with the slow-light
waveguide in one of the arms. This setup is used as a proof-
of-principle experiment to demonstrate the enhancement of
the sensitivity due to structural slow light; see Fig. 1(b).
Light is coupled into and out of the waveguide using grating
couplers that were etched at the same time as the PhC wave-
guide; see Fig. 1(a). The optical output of the slow-light MZ
interferometer is measured as a function of wavelength through
the use of an optical spectrum analyzer (OSA). We use a broad-
band, amplified spontaneous emission (ASE) source spanning
the wavelength range from 1525 to 1575 nm. The obtained in-
terference pattern is shown in Figs. 2(a)—2(d). The modulation
of the fringe height is due to a resonant effect caused by reflec-
tions from the grating couplers of the PhC sample and is not
intrinsic to a slow-light interferometer. The increase in fringe
density with wavelength is a consequence of the slow-light
effect in the PhC waveguide. The experimental measurement,
Fig. 2(e), shows the increase in group index as a function of
wavelength. As predicted by Eqs. 4 and 5, when the dispersive
properties of the material become significant, they lead to an
enhancement of the resolution and sensitivity of the device.

In Fig. 3(a), we show the experimental characterization of
the enhancement in sensitivity of our interferometer. We plot
the fringe density of the slow-light MZ interferometer as a
function of wavelength. The increased density at longer wave-
length leads to an increase in the spectral resolution of the de-
vice. The red curve in Fig. 3(a) shows the fringe density
predicted by our numerical simulation using a plane wave ex-
pansion approach (MPB [23]). Further, the expected fringe
density of a traditional (7, ~ 7) MZ interferometer is plotted
in green. Cleatly, there is a dramatic improvement in the fringe
density and, therefore, in the sensitivity of the interferometer,
when a slow-light structure is incorporated within it.

For this particular PhC waveguide, our proof-of-principle
experiment shows an increase of 20 times in the sensitivity.
This number is taken from Fig. 3(a) by calculating the ratio
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(a) Intensity of one of the outputs of the MZ interferometer plotted as a function of wavelength. Note that the fringe density increases with

increasing wavelength. Insets (b)—(d) show three different 1 nm spans with significantly different fringe spacings. (¢) Wavelength dependence of the

group index.

between the fringe density for the interferometer with (curve in
red) and without (curve in green) the dispersive medium at a
wavelength of 1556 nm. Further evidence of the role of the
group index in determining the sensitivity of the interferometer
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Fig. 3. (a) Experimental measurements and theoretical predictions
of the density of interference fringes plotted as a function of wave-
length for the slow-light MZ interferometer of Fig. 1(a).
(b) Dependence of fringe density on group index 7, for the same wave-
guide. We see that the fringe density and, consequently, the spectral
sensitivity, increases with the group index of the slow-light waveguide.

is shown in Fig. 3(b). In this case, the increased resolution of
the device, quantified by its fringe density, exhibits a direct re-
lationship with the group index, as described by Egs. 3—5. This
group index dependence allows one to keep the physical size of
interferometers small, creating the potential for compact spec-
trometers. The spectral sensitivity could be optimized for differ-
ent applications by engineering the PhC waveguide properties.
For instance, further increasing the resolution or creating spec-
tral ranges with a constant enhancement.

In summary, we have demonstrated an enhancement of the
spectral resolution, accompanied by enhanced sensitivity, of a
MZ interferometer by incorporating a structural slow-light
component, in our case, a PhC waveguide. This enhancement,
which reached a factor of 20 in our experiment, can be further
improved through careful waveguide design. We demonstrated
the increased sensitivity through a significant increase in the
density of interference fringes. Enhanced-sensitivity interfer-
ometers have been an important subject of interest in the pho-
tonics community for the last 10 years [1,2,4,5,7,9,10,14-17].
Therefore, we believe that our experimental results are an
important starting point for further studies, including on-chip
implementations of our device. A monolithic device of this sort
would reduce losses and imperfections in our proof-of-principle
design. These results provide a path toward a new generation of
compact sensitive devices and sensors utilizing light.
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