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1 Introduction

Photonic crystal (PhC) [1] is a class of dielectric material having refractive
index modulation of the order of sub-wavelength scale. From the early years
of PhC research, major trend has been to make use of photonic bandgap [2],
such as the creation of waveguides and nanocavities.

On the other hand, another trend is emerging to utilize its diffraction and
dispersion characteristics. In this paper we review recent progress of PhC’s
application to spectrum analysis, in which the above effects play a key role.

This paper consists of five sections. In section 2, planar optical circuit-
type spectrometers and wavelength demultiplexers (DEMUX) will be intro-
duced. All of the waveguide separation process is done in the waveguiding
layer. We will call this “in-plane type” device for convenience.

In section 3, out-of-plane type devices will be explained. Grating couplers
and PhC nanocavities are building blocks for this type. Signal light from a
waveguide is directed out of the plane. In the following section, spectrometers
utilizing guided-mode resonance (GMR) of sub-wavelength gratings (SWGs)
and PhCs will be reviewed. Here, both input and output waves propagate
normally to the plane of substrate. In the final section surface-normal type
wavelength filters are dealt with. Both GMR type and Bragg reflection type
filters will be described.

2 In-plane type dispersion components/devices

2.1 Integrated spectrometer utilizing diffraction grating
There is a large demand for small-size integrated spectrometers in the fields
of biology and chemical sensing [3, 4], where online and field measurement
are sometimes required. A trial to integrate spectrometer functions on a
planar optical circuit has begun in 1990 in accordance with the progress of
fabrication process. Typical device is the integrated spectrometer consist-
ing of an etched diffraction grating (EDG) and a concave mirror on a slab
waveguide. For example, Sanders et al. demonstrated sidewall gratings andc© IEICE 2013
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Fig. 1. Three kinds of abnormal refraction at PhC bound-
ary. (a) superprism effect. (b) diffraction sup-
pressed propagation. (c) negative refraction.

focusing function of wavelength-demultiplexed light on a SiON waveguide [5].
EDG type DEMUX was also fabricated in InGaAsP [6] and Si platforms [7].

Early application of PhC to the above EDG spectrometer was to use it
as a part of concave mirror. Momeni and others embedded an array of holes
(1-D PhC) inside the mirror section to increase the reflectivity [8].

2.2 Superprism effect and negative refraction in photonic
crystals

Dispersion relation of PhC depends not only on constituent material but
also on the ambient refractive index. A group of Agilent Co. Ltd. proposed a
simple refractive index sensor based on this property. Their sensor consisted
of a finite PhC slab and detected the index change of the cap layer (analyte)
through the shift of transmission spectrum [9].

Device concept that makes full use of PhC’s dispersion characteristics
will be the one using superprism or negative refraction effects. Similar kind
of abnormal refraction phenomena at the boundary of periodic waveguide
has been theoretically predicted and experimentally demonstrated by Rus-
sell et al. [10] before the superprism was widely known. As the fabrication
of multi-dimensional PhC has been made possible by the improvement of
nano-fabrication technology, the above beam deflection phenomena was soon
widely recognized among PhC community. The trigger of the following re-
search was the experimental demonstration of superprism effect by Kosaka
et al. [11, 12]. They observed highly wavelength sensitive refraction [11] on
a multilayer type PhC fabricated by the autocloning method [13]. They
also observed diffraction-free propagation and negative refraction [12]. Fig. 1
shows three representative effects of superprism.

Later, the boundary between PhC and input/output space was found to
be critical for the shaping of output beams. To reduce unwanted crosstalk
and the formation of stray light, Wu et al. made semicircular type PhC
superprism [14].

Superprism phenomenon was explained as the result of the deformation
c© IEICE 2013
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Fig. 2. Typical configuration for spectral analysis using
superprism.

of equi-frequency surface (EFS) of dispersion relation. Near the photonic
band gap the EFS shows partially negative curvature, leading to abnormal
diffraction. If the EFS is highly deformed and becomes almost circular with
negative curvature, negative refraction occurs at such frequency [15]. By
properly incorporating negative refraction, the distortion and aberration due
to superprism can be compensated. DEMUX having high beam quality and
low insertion losses have been demonstrated on such composite prism lay-
out [16, 17, 18].

2.3 Spectrometer and DEMUX utilizing superprism effect
Fig. 2 shows a typical layout of superprism DEMUX. The signal light is
expanded (if necessary) before incident on PhC. The beam is deflected with
wavelength dependent angle. PhC is designed so that the beam degradation
by abberation becomes minimum.

Bakhtazad et al. demonstrated spectrum separation using the most funda-
mental geometry: triangular superprism made of 1-D PhC [19]. Matsumoto
et al. demonstrated DEMUX for WDM by combining superprism and super-
lens [20]. By optimizing lattice geometry and anti-reflective structure, they
realized low insertion loss and low aberration. Combination of S-vector and
k-vector superprisms were also proposed [21]. Bernier reported 4-ch DEMUX
for 1.55μm CWDM using rhombohedral type large area PhC [22]. Visible
spectrometer (center λ ∼650 nm, 7ch, wavelength spacing ∼1 nm) has been
demonstrated using SiN [23]. In Ref. [24] beam diffraction was compensated
by cascading a pair of triangular superprisms.

All of the above devices were realized in 2-D PhC slab waveguides. On
the other hand, Kim et al. demonstrated 20-ch spectrometer component using
3D-PhC in the form of free-standing plastic plate. Their PhC was colloidal
silica in polymer [25].
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3 Out-of-plane type spectrometer

3.1 Grating coupler-type devices
Periodic waveguides support leaky modes for wavelengths shorter than its
period. This mode radiates power out of the waveguide. The angle of ra-
diation is a function of the pitch and wavelength. This kind of waveguide
has been called grating coupler (GC) and utilized to guide external wave
into the slab and vice versa [26]. GC is still regarded as a key component in
modern optics: in the silicon photonics field, it is used to connect external
fibers and waveguide, and to transmit signal between waveguides in different
layers [27, 28]. A number of design theories have been reported. Especially,
spatial profile of radiated beam can now be tailored [29, 30]. This is one of
the important technology for out-of-plane type spectrometers.

Fundamental concept of GC as a sensor is to detect the change of re-
fractive index above the grating region through the shift of loss or radiation
spectra [31, 32]. Out-of-plane type PhC spectrometers and sensors are based
on this principle. The group at Columbia University demonstrated 9-ch spec-
trometer at visible wavelength [33]. They created 2-D PhC GC with different
lattice constant and extracted signal light of different wavelengths as shown
in Fig. 3. As the number of channels is small compared to EDG-type spec-
trometer, direct acquisition of spectrum is usually difficult: instead, they
estimated the spectrum by considering both spectral response of each PhC-
GC and measured channel intensities.

Fig. 3. Schematic of spatially resolved, wavelength-
selective outcoupling of waveguided light using an
array of PhCs [33]. Copyright: 2010 Optical So-
ciety of America.

3.2 Spectrometer utilizing photonic crystal nanocavities
Nanocavities created in 2-D PhC slab can also be used to emit light with a
specified wavelength. The relationship between the geometry of the nanocav-
ity and the resonance mode, radiation pattern was systematically analyzed
by a number of groups [34]. A 100ch spectrometer for a wavelength range of
804 nm∼840 nm (spacing: 0.35 nm) was demonstrated by a group in Columbia
university [35]. They formed L3 cavity of Q=2000∼3000 in GaP PhC slab,
and observed sharp radiation spectrum from each cavity region.
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4 Spectrum measurement devices utilizing Guided-mode res-
onance

4.1 Guided-mode resonance
When a sub-wavelength grating (SWG) is illuminated by a plane wave, the
reflectivity of 0th order wave reaches as high as 100% at a specific wavelength.
This phenomenon has been called guided-mode resonance (GMR) and uti-
lized as a key mechanism for sharp wavelength selective filters [36]. GMR is
nothing but the reverse process of GC; i.e., plane wave excites leaky modes,
and diffracted back to the incident space at a resonant wavelength [37]. It
was also shown that GMR also occurs in PhC slab [38]. The narrow-band,
100% reflectivity has been experimentally demonstrated [39].

Recent improvements of semiconductor manufacturing process made it
possible to fabricate SWGs made of high index materials such as Si. These
materials have extremely large index contrast with substrate (typically
Δn∼2.0). Therefore they are sometimes called HCG (High Contrast Grat-
ing) [40]. Reflection spectrum of HCG is highly modificated from that of
slab structure. This property is used to design a broadband reflection mir-
ror, which was difficult in conventional low index contrast SWGs. Almost all
the spectrometers described in the following section employ HCG or PhC.

4.2 Sensor application of GMR
Several groups demonstrated biosensors that detect the adhesion of protein
molecule on the SWG or PhC, through the change of resonance wavelength
of reflection by GMR. Schmid at NRC reported large area PhC sensor region
using SOI wafer [41]. Block et al. fabricated TiO2 periodic structures on an
epoxy [42] and porous SiO2 undercladding [43] and reported the sensitivity
of Δλ/Δn =306.7 nm/RIU (refractive index unit).

Recently Cunningham et al. in Univ. Illinois established fabrication pro-
cess of multichannel PhC sensor plate on a plastic well which is commonly
used in chemical/biological experiments. Typical reflection spectrum from
each PhC region [45] and the picture of the plates [44] are shown in Fig. 4.
In their system the analyte can be directly put on the plate. Reflection
characteristics of each well were measured by scanning an array of fiber
probes [45, 46].

4.3 Sub-wavelength grating (SWG) filters
In this section some of the wavelength filters made of SWG and PhC are
reviewed. As shown in the previous part major advantage of such micro-
structured filters is the parallel integration capability. By fabricating a num-
ber of microfilters with different spectral characteristics on a common sub-
strate, it can be directly applied to a spectral sensing device.

The simplest function is the coarse separation of broadband signal. In
Ref. [47] and [48] RGB color separation using GMR filters were reported. The
wavelength range of operation can be extended from conventional visible/NIR
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Fig. 4. Multichannel PhC biosensors. (a) Typical reflec-
tion spectrum of PhC part, (b) Picture of PhC
biosensors on 96, 384, and 1536-well microplates.
See [45] and [44] for detail. (figures by courtesy of
Prof. B. T. Cunningham)

to UV [49] and mid-IR [50] by an appropriate choise of materials and grating
design.

Tunability of the reflection wavelength is another important functions
from a practical viewpoint. Kanamori et al. fabricated MEMS-driven SWG
filters using SOI substrate. Changing the resonance wavelength was achieved
by the control of applied voltage [51]. Usage of liquid crystal overclad layers
was also found effective to get tunability [52].

Conventionally, a single high index film has been used for SWG. On
the other hand, the feasibility of multilayer or multilevel structures were in-
vestigated to improve filter performances [53, 54, 55]. SWGs with spatially
graded structure have also been studied to obtain contiguous reflection spec-
trum [56, 57].

5 Multilayer photonic crystal filters (ML-PhCF) and its appli-
cation to spectral imaging

In this section another type of PhC filters that mainly make use of Bragg
reflection are introduced. We have been investigating the fabrication process
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Fig. 5. Multilayer type PhC filter. (a) Exterior view.
Each square region has different grating pitch and
therefore passes different wavelength band. (b)
measuret transmission spectra.

for multilayer on grating, and exploring its filter functions. The advantage of
using such a structure is its broadband reflection/transmission characteristics
and parallel integration capability. To date, multichannel filters for visible,
near infrared [58] and short wave infrared [59] were demonstrated.

Fig. 5 shows an example of Si/SiO2 multilayer PhC filters for NIR range.
We fabricated this filter using bias sputtering based process (autocloning
method [13]). By balancing the effect of simple deposition and sputter etch-
ing, stable wavy interface was automatically replicated. Each square region
of 2.4×2.4 mm functions as a bandpass filter. Transmission band linearly
shifted corresponding to the grating pitch. Total shift of the center wave-
length was measured as >250 nm.

We found that this kind of multilayer exhibited extremely sharp cutoff
characteristics [60] when it is used as an edge filter. Origin of this charac-
teristics was explained by the coupling between plane-wave like modes that
proagate normally to the layers, and obliquely propagating mode that is
diffracted by the grating structure [61].

We also fabricated 4-ch Bayer pattern filters for visible wavelength us-
ing Nb2O5/SiO2. The filter was directly mounted on a CCD image sen-
sor. Pictures of the PhC-integrated CCD and the camera are shown in
Fig. 6. Main application of this camera system is the non-invasive mon-
itoring of hemoglobin concentration for biomedical targets. Therefore the
transmission bands of the filters were optimized to detect the absorption
bands of hemoglobin. In Fig. 6 test targets ((c), blood sample dispersed in a
gelatin with graded thickness) and the result of measurement (d). The images
through PhC filters were passed to de-mosaicing process, and four pairs of
images corresponding to each wavelength band was created. From these im-
ages we reconstructed spatial distribution of the total amount of hemoglobin.
In this process we employed principal component analysis (PCA) [62]. As

c© IEICE 2013
DOI: 10.1587/elex.10.20132001
Received February 08, 2013
Accepted April 01, 2013
Published April 25, 2013

11



IEICE Electronics Express, Vol.10, No.8, 1–13

Fig. 6. Multilayer PhC filters and its application to spec-
tral imaging. (a) Picture of an image sensor.
4ch PhC filter was mounted on CCD. (b) exte-
rior view of the CCD camera. (c) hemoglobin-
dispersed gelatin sample with various thickness.
(d) hemoglobin concentration map reconstructed
from 4ch spectral images.

can be seen, dynamic range of the total hemoglobin contents (dillution ratio
to the reference blood sample) was found to be quite high.

This kind of PCA-assisted imaging was also appricable to NIR. We fab-
ricated Si/SiO2 9ch PhC multilayer filters and carried out spectral imaging
of liquid samples. Measurement of the mixture ratio of water and ethanol
were successfully achieved with good accuracy [63].

6 Conclusion

The application of sub-wavelength gratings and photonic crystals to spec-
trometers and wavelength filters were reviewed. Three types of spectrometers
were described: (1) in-plane type, which mainly utilizes superprism effect of
PhC. (2) out-of-plane type, which uses grating coupler or photonic crystal
nanocavities. (3) full surface-normal reflection type sensors. In the last part
we introduced several examples of SWGs and multilayer PhCs as spectral
filtering components.
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