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Our recent research on surface mode optical microcavities based on two-dimensional photonic crystals

(PhCs) was reviewed in this paper. We presented the design, fabrication and characterization of

high quality (Q) factor surface mode microcavities. Realizations of these PhCs were based on both

amorphous silicon-on-insulator (SOI) structures and crystalline SOI structures.
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1 Introduction

Photonic crystals are artificial electromagnetic materials
that have periodic refractive index modulations [1, 2]. A
photonic band gap can exist in a photonic crystal (PhC)
for certain frequency ranges, where the light prorogations
are forbidden, due to the diffraction of electromagnetic
waves by the periodic structures [3–7]. This important
property leads to many new physical phenomena and the
potential applications in optoelectronics.

Kossel in 1969 demonstrated that surface waves can
exist in the interface between a periodic structure and a

homogenous material [8]. For PhC surface waves, their
frequencies are within the photonic band gap of the PhC,
and light propagates along the interface between air (or
other dielectric materials) and the PhC [3, 9]. Confine-
ment of the surface waves at the interface is due to the
PhC’s photonic band gap which prevents light from pen-
etrating into the PhC, and also due to the fact that the
dispersion of light is below the light line of the material
in the other half domain.

High Q microcavities are of great interest in many
applications in optical communications, bio-photonics,
quantum optics, etc. Most of the high Q PhC micro-
cavities are realized in PhC slab structures, which are
two-dimensional (2-D) PhCs but truncated in the third
(invariant) dimension. If such a slab has an effective
index higher than that of the background material, the
index guiding mechanism will provide light confinement
in the third dimension. Many research works have been
devoted to the designs and experimental demonstrations
of high-Q factor PhC microcavities in silicon-based PhC
slab structures. The standard microelectronic (silicon)
fabrication technologies provide the possibility of achiev-
ing extremely high-Q factor PhC microcavities (e.g., see
Refs. [7, 9]). Among many designs of microcavities, PhC
surface mode cavities have attracted certain attention
due to their special optical properties, in particular, as
open cavities, where one of the in-plane boundaries is
exposed to the exterior. Here, we present our recent re-
search efforts, theoretically and experimentally, on the
properties of surface wave microcavities.

The paper is organized as follows. In Section 2 we
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show the designs of high-Q surface mode microcavities
based on PhCs with a square and a triangular lattice. In
Section 3 experimental results of surface mode microcav-
ities realized on both the amorphous and the crystalline
silicon-on-insulator (SOI) substrate are presented. The
resonate frequencies and Q factors as a function of the
cavities lengths are investigated. In Section 4 the con-
clusions are presented.

2 Design for the PhC surface mode microcav-
ities

Because of the existence of photonic band gaps, surface
modes can propagate in the interface between a PhC
and air. If we terminate the surface edges by reflecting
mirrors, a cavity is formed for the surface modes [10, 11].
Our designs for surface mode microcavities are shown in
Fig. 1. For a 2-D square PhC slab, the edge rods act
as reflecting mirrors in the y direction, while the edge air

Fig. 1 Top views of the microcavities composed by (a) a 2-D
square PhC slab and (b) a 2-D triangular PhC slab.

holes in a 2-D triangular PhC slab act as the mirrors. We
denote the lengths of the cavities as L. The surface mode
cavities in PhCs can be considered as the conventional
Fabry–Péot cavities, i.e., the phase accumulated in the
round trip Φ = 2kL + 2Δφ, Where k is the wave vector,
Δφ is the phase shift due to the reflecting mirror. For
the finite-size PhC surface mode cavities, only the modes
satisfying the resonant conditions, i.e. Φ = 2π · N , can
survive, becoming the surface resonant modes.

2.1 Surface mode microcavities in a square PhC slab

We employ the 3-D FDTD method with the perfectly
matched layer boundaries to investigate the behaviors
of surface resonant modes. First, we take the PhC slab
with square lattice as an example. The radius of the di-
electric rods is R = 0.2a, where a is the lattice constant,
and the slab thickness is 2a. The dielectric constant is
set to ε = 11.56. The surface mode cavity is formed
by slightly reducing the radius of the rods (Rd = 0.15a)
at the boundaries. The dispersion characteristic of the
surface mode is plotted on the band diagram as in
Fig. 2(a). The shadow regions in the figure are the pro-
jected band structure for the TM modes. There is only
one mode that has the group velocity υg zero when wave
vector k = π/a. Based on our simulations, the Q factor
of the resonant mode at k = π/a is much larger than
other cavity modes [12]. In Fig. 3(a) the z component of
the electric field of a high-Q resonant mode in a cavity
with length L = 11a is shown. The horizontal and verti-
cal cross sections of the electric field z component at the
center plane of third axis (z= 0) and at the plane center
of the surface defects are depicted. The high mode has
an angular frequency of 0.3599(a/λ) and a quality factor
Q = 1.24×104. As shown in Fig. 3(a), the z components
of the electric field in horizontal and vertical cross sec-
tion of the surface defect are almost completely confined
in the center of the cavity.

Fig. 2 The surface mode band structures for (a) a square PhCs slab with dielectric rods in air, and (b) a 2-D triangular
PhC of air holes. Reprinted with permission from Ref. [10]. Copyright c© 2003 American Institute of Physics.
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Fig. 3 (a) Ez field cross sections of the surface resonant mode in the square PhC slab. (b) and (c) Hz field cross sections
of two resonant modes corresponding to ωb = 0.2816(a/λ) and ωc = 0.2841(a/λ) in the triangular PhC slab. Solid lines are
outlines of the rods/holes/slabs. Reprinted with permission from Ref. [10]. Copyright c© 2003 American Institute of Physics.

The calculated Q factor corresponding to the wave vector
k = π/a as a function of cavity lengths (L) is present in
Fig. 4(a). For the square-lattice PhC microcavity case,
with the increase of the cavity lengths, the Q factor be-
comes larger. While the cavity length increases from 4a

to 12a, the Q factor increases significantly, from the order
of 102 to the order of 104. Furthermore, as our simula-
tions reveal, with the increase of the cavity length, the
resonant frequency converges to ω0, which corresponds
to the zero group velocity surface mode in the PhC slab.

Fig. 4 Quality factors as a function of the cavities length (L) for
surface mode microcavities in (a) a square PhC slab and (b) a
triangular PhC slab. Reprinted with permission from Ref. [10].
Copyright c© 2003 American Institute of Physics.

2.2 Surface mode microcavities in a triangular PhC slab

Figure 1 (b) shows a surface mode microcavity in a PhC
slab whose air holes are in a triangular lattice. Similar
structures are subsequently fabricated and characterized,
as will be presented in Section 3. In order to describe the
shape of the truncated slab, we introduce the truncated
parameter d, which is the distance between the first line
hole center to the boundary of the slab, as shown in Fig.
1(b). As an example, the hole radius is set to be 0.3a,
and the slab thickness being 0.6a. The dielectric con-
stant is ε = 11.56 and the truncated parameter is set
to d =

√
3a

/
2. Based on our simulations, the Q factor

is quite sensitive to the truncated parameter d. Figure
2(b) shows the dispersion relations of the transverse elec-

tric (TE) surface modes. There are three surface modes
in the band gap. For simplicity, we only discuss the
surface mode in the frequency range between 0.26(a/λ)
and 0.30(a/λ). From our 3-D FDTD simulation results,
there are two high Q surface modes, corresponding to
the zero group velocity modes for the cavity length of
L = 11a, i.e., mode A and mode B. Mode A has the res-
onant frequency of ωa = 0.2816(a/λ) with a wave vector
ka = π/a, while mode B has ωb = 0.2841(a/λ) with a
wave vector kb = 0.71π/a. We present the cross sec-
tions of the magnetic fields z component for mode A and
mode B in Fig. 3(b) and (c), respectively. The upper
and bottom figures are magnetic fields at the horizontal
and vertical cross sections at the plane of z = 0 and at
the vertical y–z plane.

The Q factors and the resonant frequencies are plotted
as a function of the cavity length L for both modes in
Fig. 4 (b). As L increases, the Q factors for both two
modes fluctuate. The reason is due to the complicated
reflective interfaces, and for the Fabry–Perot condition
Φ = 2kL + 2Δφ, the phase shift Δφ is no longer close
to π for both modes. This is different from the situation
for the square PhC surface mode microcavities. From
the simulation results, the highest Q factor for mode A
is 9.78×104 when L = 18a, while the highest Q factor is
5.73×104 for mode B when L = 16a.

3 Experimental demonstration of surface
mode microcavities

In this section, we present the fabrication and the char-
acterization of surface mode microcavities in triangular-
lattice PhC slab structures, realized on both amorphous
and crystalline SOI substrates.

3.1 Surface mode PhC microcavities on an amorphous
SOI substrate

The schematic of the experimentally demonstrated PhC
surface mode microcavity is shown in Fig. 5. The micro-
cavity is side coupled to a silicon wire waveguide, which
have a wide end initially and is taped down to a single-
mode dimension close to the cavity. For the amorphous
SOI substrate, the silica buffer layer has the thickness of
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6 μm, which can efficiently prevent the light from leaking
to the bottom silicon layer. The silicon layer on top has
a thickness of 280 nm. PhC microcavities are patterned
on the silicon layer.

Fig. 5 Schematic of a PhC surface mode cavity side coupled to
a silicon waveguide in the SOI structure.

The devices are fabricated as the following three steps
[13]. First, the low temperature (300◦C) plasma en-
hanced chemical vapor deposition (PECVD) is utilized
to deposit a 6 μm silica buffer layer on a silicon wafer. A
280-nm-thick hydrogenated amorphous silicon (α-Si:H)
is then deposited on its top. The measured root-mean-
square surface roughness of the amorphous silicon is be-
low 2 nm. A ZEP520A resist is then coated on the amor-
phous SOI substrate and PhC surface mode cavities are
patterned with electron-beam (e-beam) lithography. We
do a series of dose tests to reduce the design and target
size differences and proximity effect. After the dose test,
the lattice constant a of PhC is 380 nm and the regular
air holes diameter of PhC is 228 nm. The Fabry–Pérot
cavity length is estimated as L ≈ 26a = 9.88 μm. The
reflecting mirrors along the PhC edge are introduced by
slightly enlarging the radii of six surface holes at both
ends. The air gap between the PhC and the waveguide
is 200 nm, and the truncated parameter d is controlled
as 180 nm. The silicon wire is initially 2 μm and grad-
ually tapered down to single-mode dimension of 425 nm
when coupled to the PhC microcavities. After coupling
to the microcavities, the silicon wire is tapered back to
2 μm. In the last step, the patterns on the resist are
transferred to the top amorphous silicon layer in an in-
ductively coupled plasma reactor. The SEM photo of
a fabricated PhC surface mode microcavity is shown in
Fig. 6.

Fig. 6 SEM photo of a surface mode microcavity on an amor-
phous SOI structure.

After cleaving, the fabricated samples are character-
ized by the end-fire coupling setup. The light source is
amplified spontaneous emission source with the infrared
signal between 1.52 μm and 1.61 μm. The light is cou-
pled into the waveguide from a polarization maintaining
fiber through the graded-index lens. The output signal is
collected by a multimode fiber, which is connected to an
optical spectrum analyzer. In this measurement method,
a Glan–Thompson polarizing prism is placed in front of
the sample so that only the TE mode of the signal is in-
cident to the waveguide. The resolution of the spectrum
analyzer is set to 0.2 nm and the average time of the
measurement is 10 to obtain the stable signal.

The measured spectrum of the PhC surface mode mi-
crocavity is shown in Fig. 7. The transmission spectrum
is normalized with respect to the transmission spectrum
of the same waveguide but without a side-coupled PhC
microcavity. The transmission dip in the spectrum is
around 1580 nm. From the full width at half maximum
Δλ and the central drop wavelength λ0, we obtain the to-
tal Q factor of the microcavity by Qtot = λ0/Δλ ≈ 600.
The extinction ratio Er is more than 10 dB. From the
couple mode theory [14], Er is given by the equation

Er = −10 log10

Pout(λ0)
Pin(λ0)

= −10 log10

∣∣∣∣ Qc

Qi + Qc

∣∣∣∣
2

(1)

where Qi is the intrinsic quality factor of the cavity and
Qc is the coupling quality factor between the cavity and
the waveguide. The total quality factor of the device is
related to Qi and Qc by

1
Qtot

=
1
Qi

+
1

Qc
(2)

From Eqs. (1) and (2), the intrinsic quality factor is
estimated to be Qi ≈ 2000.

Fig. 7 Normalized transmission spectrum for the surface mode
microcavity fabricated on an amorphous SOI substrate. Reprinted
with permission from Ref. [13]. Copyright c© 2007 American In-
stitute of Physics.

The quality factors of PhC surface mode microcavity
are thus very low on an amorphous SOI substrate. There
are three main reasons behind the low Q factors. One



264 Jing WANG, Min YAN, and Min QIU, Front. Phys. China, 2010, 5(3)

is the inherent high loss possessed by amorphous silicon.
Fabrication imperfection also contributes to the loss of
the device. The other major reason is the multiple modes
present in the drop frequencies region, as one can see in
the measurement spectrum.

3.2 Surface mode microcavities on a crystalline SOI
substrate

In order to improve the Q factors, we also fabricated PhC
surface mode microcavities on crystalline SOI structures.
The PhC microcavities and waveguides are fabricated on
a crystalline SOI wafer with a top crystalline silicon layer
of thickness 250 nm and a buried oxide layer of thickness
3 μm. Samples with microcavity lengths of L = 24a

and L = 28a are fabricated by standard electron-beam
lithography similar to the surface mode cavity in Sec-
tion 3.1. The truncated parameter d for both PhCs is
380 nm. The lattice constant a of the PhC slab is 380 nm
for L = 24a, and a=390 nm for L = 28a, respectively.
The regular air hole radius r=120 nm for L = 24a, and
r=122 nm for L = 28a, respectively. The reflecting mi-
rrors along the PhC edge are again introduced by slightly
enlarging the radii of six first line holes at both ends, the
radius of 125 nm for L = 24a and 128 nm for L = 28a,
respectively.

To characterize the PhCs microcavities, we measure
the transmission through the waveguides by the vertical

fiber-grating coupling method [15]. Light from a tunable
laser with a wavelength range from 1530 nm to 1580 nm
is first coupled to a polarizer so that only the TE mode
is collected. Through the polarizer, the light is coupled
into the wide waveguide via a gold grating coupler. The
waveguide is initially 10 μm and taped down to 420 nm
to ensure the single mode propagation when in coupling
with the cavity. At the output side, another taper guides
the light back to 10 μm and a fiber connected to the opti-
cal spectrum analyzer collects the light from the waveg-
uide through another gold grating coupler. The trans-
mission spectrum is then normalized with respect to the
transmission spectrum of the same waveguide but with-
out a side-coupled PhC microcavity.

Figure 8 shows the normalized transmission spectra for
these two devices. The coupled-mode theory is applied
to such two port systems to fit the curves. The trans-
mission spectrum is in general of the Lorentzian shape
and the transmission is given by the equation

|T |2 =
(ω − ω0)2 +

(
ω0

2Qi

)2

(ω − ω0)2 +
(

ω0

2Qtot

)2 (3)

where T is the transmission function; ω and ω0 are the
incident light frequency and resonant frequency, respec-
tively. Qi and Qtot fulfill the relations as specified by

Fig. 8 Normalized transmission spectra of (a) broad transmission spectrum corresponding to the cavity length of 24a,
(b) transmission spectrum and fitting curve for one of the peaks in (a), (c) broad transmission spectrum with the cavity
length of 28a and (d) transmission spectrum and fitting curve for one of the peaks in (c).
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Eqs. (1) and (2). Through curve fitting, for the cav-
ity length of 24a, the maximal value of the system Q is
about 5000 and the intrinsic Q is 11 600 at 1570.8 nm.
The cavity with the length of 28a shows the maximal
system Q of 6200 and intrinsic Q of 13 400 at 1537.8
nm.

4 Conclusions

In this paper, we have systematically studied the op-
tical microcavities based on the surface modes in 2-D
PhC slabs. According to our simulations, high Q surface
mode microcavities can be obtained for silicon based with
either a square or a triangular lattice. We have also ex-
perimentally fabricated the designed microcavities based
on PhC slabs with a triangular air hole arrangement, us-
ing both amorphous and crystalline SOI substrates. The
results show that the highest intrinsic Q factor obtained
is 13 400 on a crystalline SOI structure.
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