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Abstract This paper presents a theoretical investigation
of the optical properties of a three missing holes point-
defect cavity implemented in a planar photonic crystal with
various low refractive index cladding materials. To describe
the cavity operation, we analyze how the refractive index
(RI) of the cladding material depends on the Q factor and
resonant wavelength for both asymmetric and symmetric
structures. The results show that the radiation losses of the
structures increase for decreasing RI contrast and that the
Q factor drops dramatically. We show that the periodicity
of the RI of the cladding material is a critical considera-
tion for realizing symmetric structures with high-Q factors.
Furthermore, we fine-tune the radius and position of the
lateral-, upper-, and lower-boundary holes near the cav-
ity edges, which allows us to increase the Q factor of the
planar photonic crystal cavity by a factor as large as 25
(Q > 10%). These findings provide useful design rules for
applications involving mechanically stable photonic crystal
cavities with high-Q factors.

1 Introduction
Photonic crystals (PhCs) have attracted significant inter-

est because of their many applications in integrated optics.
One well-known class of PhC structure is two-dimensional
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(2D) planar PhCs, which have 2D periodicity in the mem-
brane plane [1]. Such structures feature in-plane optical
confinement, which is based on the 2D photonic bandgap
(PBG) effect and on vertical confinement resulting from the
high contrast between the refractive index (RI) of the die-
lectric membrane and that of the surrounding (bottom and
top) claddings. Although air-bridge structures are effective
for making advanced integrated optical components, such
as single-photon emitters [2, 3], low-threshold nanolasers
[4-6], ultrasmall filters [7], ultralow-power and ultrafast
switches [8], and highly efficient single-quantum-dot emit-
ters [9-12], their poor mechanical stability, high thermal
resistance, complex fabrication requirements, and vulner-
ability to contamination are major obstacles to heat man-
agement and heterogeneous integration. Furthermore, when
2D PhCs are fully cladded by air, continuous oxidation and
unavoidable contamination can affect the structural char-
acteristics of the photonic device [13]. To address these
problems, various investigations have focused on planar
PhC nanocavities partially or fully clad by low-RI materials
[14-23].

In particular, cavities made of planar PhCs with three
missing holes linearly arranged (L3) are attracting con-
siderable interest for applications involving high-quality-
factor (high-Q) nanocavities because these structures can
selectively confine light of various wavelengths. PhC L3
nanocavities with high-Q factors and a small cubic-wave-
length volume are used for all-optical switching [8], low-
threshold lasing [4—6], cavity quantum electrodynamics [7,
10], and to control ultrafast laser pulses [24]. Their higher-
order modes are important to efficiently pump nanocavity
lasers [4] and to selectively excite quantum dots embedded
within the cavity [25]. Recently, work on L3 PhC cavities
surrounded by low-RI material cladding has mainly con-
centrated on maximizing the Q factor of the fundamental
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mode, with the specific aim of optimizing the ratio of
Q factor to modal volume. To achieve mechanical stabil-
ity of L3 cavities in 2D PhCs with low-RI cladding, some
papers have reported the Q factors of structures with full
and asymmetric cladding [15, 16, 22, 23]. By using organic
polymer cladding, a resonant mode with a Q factor of
14,000 was designed in PhC L3 cavity with low-RI mate-
rial cladding on a silicon wafer substrate [15]. A fully clad
PhC L3 nanocavity completely embedded in glass (with
all holes infiltrated by the glass) was numerically ana-
lyzed and a Q factor of 1100 was obtained [16]. In order
to improve the Q factor of the cavities further, PhC cavities
with symmetric solid and periodic low-RI cladding layers
have recently emerged as a potential alternative to the cavi-
ties covered with low-RI material cladding [22]. For some
applications may need SiO, or organic polymer clad PhC
cavities, the Q factor of the designed cavities is higher than
10*. While cavities with symmetric cladding have been
studied, our previous work [23] presented an example of a
L3 cavity with asymmetric low-RI material cladding. The
designed hybrid L3 nanocavity is formed by infiltrating the
air-hole array of the Si PhC with a polymer and depositing
a polymer layer on top of the PhC membrane. This design
resulted in a very high-Q factor due to the gentle confine-
ment of the mode.

Asymmetric clad structures are inferior to fully clad
structures in terms of vertical integration and protection
against contamination because the asymmetric cladding
breaks the symmetry of the structure around the device
midplane, thereby adversely affecting its ability to classify
modes as either even or odd and destroying the bandgap
in the guided modes of the membrane [26]. Moreover, the
vertical asymmetry degrades the performance of such pho-
tonic devices by decreasing the coupling between the trans-
verse electric (TE) and transverse magnetic (TM) modes
[14]. Finally, although PhC L3 cavities have been fully
and partially clad with low-RI materials, ultrahigh-Q (i.e.,
comparable with air-bridge PhC nanocavities) nanocavities
have yet to be realized in material-clad 2D PhCs.

In this paper, to improve heterogeneous integration and
optimize the nonlinear properties, we analyze numeri-
cally a L3 cavity with various low-RI material claddings.
The structures consist of a semiconductor membrane sur-
rounded by low-RI material cladding for vertical confine-
ment and 2D PhC for in-plane confinement. Because of the
complex geometry of the structure and the large difference
in RI, the calculations involve both full three-dimensional
(3D) plane-wave expansion and 3D finite-difference time-
domain (3D-FDTD) calculations. We compute the band
diagram of 2D planar PhCs composed of a triangular lat-
tice of air holes and investigate how the Q factors and reso-
nant wavelengths depend on the RI of the cladding. Finally,
by fine-tuning the radius and position of the air holes near
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the cavity edges, we analyze the optical properties of the
proposed structures and modify their geometrical structure
accordingly.

2 Cavity model and numerical method

Figure la shows the structure of interest, which is com-
posed of a triangular lattice of air holes in a silicon mem-
brane surrounded by air cladding. This structure was
selected because of the high RI contrast of the air-bridge
structure; the triangular lattice is used because a large
bandgap appears for both the TE and TM polarizations
for an infinitely thick membrane. A membrane with finite
thickness supports guided resonances, which are strongly
confined in the membrane and yet couple to free-space
radiation through coherent Bragg scattering [26].

The optical characteristics of the proposed structure are
studied by determining the characteristic photonic band
structure. Toward this goal, the dispersion diagram, which
shows the normalized frequency versus wave vector for
TE- and TM-like modes, is given in Fig. 1b. The membrane
thickness of the geometric structure is A/a = 0.6, and the
hole radius is #/a = 0.3 (where a is the lattice constant of the
PhC structure). The RI of the silicon membrane at 1.55 pm
is ng; = 3.48. The dispersion diagram was calculated for
the I'-K-M-I" edge of the Brillouin zone. With a freely
available software package [27], we computed the fully
vectoral eigenmodes of Maxwell’s equations with periodic
boundary conditions by using preconditioned conjugate-
gradient minimization of the block Rayleigh quotient in a
plane-wave basis. For the chosen RI and a relatively small
hole radius r, the band diagrams show a single-frequency
bandgap for TE-polarized modes (even modes) but no gap
for TM modes (odd modes). Also, in the dispersion dia-
gram of Fig. 1b the fundamental bandgap is centered near a
normalized frequency of 0.30 (a/A). It extends between the
normalized frequencies w; = 0.254 (a/A) and w, = 0.333
(a/r) for the waves with TE polarization.

The proposed donor-type point-defect cavity is made of
triangular 2D PhC L-type cavities surrounded by two low-
RI (n,4) material claddings, which are formed by omitting
three holes (L3) in a single row, as shown in Fig. 1c. This
structure provides index guiding by total internal reflec-
tion in a direction normal to the plane of the crystal, as in
a planar waveguide. We focus on 2D cavities with low-RI
material cladding, which are more suitable for heteroge-
neous integration than those with air cladding. Suspended
structures are considered symmetric, whereas 2D PhCs
with a single-sided dielectric cladding are considered
asymmetric. This type of structure was first realized as an
air-bridge-type 2D PhC [28]: It offers very high-Q factors
(Q factors of 45,000 and 88,000 were already demonstrated
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Fig. 1 a Photonic crystal mem-
brane structure patterned with

a triangular lattice of air holes
with its parameters defined. b
Dispersion diagram for TE-like
(even modes) and TM-like (odd
modes) modes in a 2D planar
photonic crystal composed of

a triangular lattice of air holes
with r/a = 0.30, h/a = 0.6,
where a is the lattice con-

stant of the 2D PhC. The PhC
membrane has a bandgap in

the TE-like mode. ¢ Schematic
illustration of a semiconductor
2D PhC L3 cavity surrounded
by cladding layers made of low-
RI material

Photonic Crystal
membrane (ng > n,4)

Bottom cladding (n,,)

(c)

experimentally [28, 29], and lately, Lai et al. [30] meas-
ured that Q is approximately 2 x 10° and by varying the
positions of few holes next to the defect, Minkov et al. [31]
demonstrated that it is possible to systematically optimize
L3 cavities to values of Q well above 10%), and it is of
great interest for applications requiring strong interactions
between cavity and source, for quantum information pro-
cessing, and for making low-threshold nanosource lasers,
ultrasmall filters, or photonic chips.

To investigate the optical properties (i.e., Q factor and
resonant wavelength) of cavities, we simulated electromag-
netic waves by using a 3D-FDTD algorithm [32] imple-
mented in a freely available software package with subpixel
smoothing for increased accuracy [33]. To extract the reso-
nance frequency and the cavity Q factor of the simulated
structures, we used a filter diagonalization method [34]. In
our 3D-FDTD calculation, the structure was illuminated at
normal incidence by a Gaussian pulse with a TE-polarized
mode. The simulated zone was surrounded by a perfectly
matched layer of unit thickness, which absorbed the fields
leaving the simulated region to prevent reflections. To accu-
rately estimate the Q factor, the convergence of the solu-
tion was analyzed as a function of the size of the spatial
domain. The Q factor, thus obtained, was used to determine
the energy loss per cycle versus the energy stored and also
the reflection loss at the interface between the interior and
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exterior of the cavity for a material cavity with no absorp-
tion. All calculations were restricted to TE-like modes
with significant electric-field components along the x and z
directions (see Fig. 1a).

3 Results and discussion

3.1 Dependence of 2D PhC L3 cavity on refractive
index of cladding

A number of key parameters have a significant impact on
the optical properties of cavities made in planar PhCs, such
as the holes radius, membrane thickness, and RI of both
the membrane and cladding materials. Furthermore, 2D
PhC structures should be supported by a low-RI material
(as opposed to air). In practice, better mechanical stabil-
ity and thermal management are obtained by covering the
structure with a low-RI material cladding [35]. In addition,
the dependence of the bandgap on the membrane thick-
ness was investigated for three membrane structures with
different claddings [36], with the results suggesting that,
when deeply drilled oxide is used as the bottom cladding
of a PhC, the bandgap frequencies are almost the same as
for a PhC suspended in air. Thus, an air-bridge-type PhC
can be converted to a low-RI cladding PhC without losing
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Fig. 2 Side view of various
designs proposed for a planar
photonic crystal L3 cavity
with various low-RI cladding
for analysis and simulation. a
Design A uses solid-symmetric
cladding. b Design B uses fully
symmetric cladding. ¢ Design
C uses periodic-symmetric
cladding. d Design D uses
asymmetric cladding
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its frequency properties. However, if the membrane is on
a uniform cladding, the bandgap frequencies may decrease
significantly. Yet, for high-Q cavity modes, the presence
of a low-RI cladding inevitably increases the vertical loss
toward the cladding because the low-RI cladding layer pro-
duces an enlarged light cone in k space for the 2D PhC,
thereby enhancing the coupling from resonant modes to
radiation modes. Consequently, with low-RI cladding,
the O value is still expected to decrease. To minimize this
effect, we consider in this section 2D PhC L3 cavities with
different low-RI claddings. These structures are expected to
have more desirable thermal and mechanical properties.
Figure 2 shows a schematic side view of four designs for
PhC-based structures (designs A-D) that we analyzed and
simulated. These designs are being implemented experimen-
tally. In design A (Fig. 2a), the cladding materials above and
below the membrane consist of a uniform low-RI material,
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thus forming a symmetric cladding or “sandwich” (i.e., a
symmetrically solid-clad cavity). The holes in design A are
air filled. In design B (Fig. 2b), the silicon membrane is
completely buried in a low-RI material cladding, so the low-
RI material extends through the cladding and array of holes
(i.e., a symmetrically fully clad cavity). Design C consists
of a heterostructure; the effective index above and below the
membrane is less than that of designs A and B because of
the “extruded,” low-RI membrane, as shown in Fig. 2c. In
this structure, the holes extend through the low-RI cladding
and through the membrane (i.e., a symmetric periodic-clad
cavity). In addition, the index contrast between the core and
cladding is high, and the mode profiles are quite extended.
To maintain mirror symmetry, we focus on having the same
low-RI material above and below the membrane. Finally,
design D is a hybrid often found in silicon-on-insulator—
based systems. The lower cladding usually consists of an
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Fig. 3 a Q factor and b resonant wavelength of the various simulated 2D PhC L3 cavity modes (i.e., designs A-D) as a function of RI of the

cladding

oxide layer, not necessarily structured, and the upper clad-
ding usually consists of air (i.e., an asymmetrically clad
cavity). The asymmetry of the mode profile within the struc-
ture may lead to additional losses. Due to limitations associ-
ated with fabrication, this structure usually has only a very
thin upper cladding, yielding an asymmetrical mode profile.
To avoid strong additional losses, this mode-profile asym-
metry is often partly compensated for by choosing a lower
cladding material with a dielectric constant smaller than that
of the upper cladding.

These structures (i.e., designs A-D) can be integrated
onto a chip more easily than can an air-bridge structure.
For an oxide layer, the effective RI in the cladding is close
to unity, so the associated structure may be easily inte-
grated. As elaborated in the preceding section, the PhC is
composed of silicon, and claddings are composed of low-
RI material. Studying these designs should lead to a better
understanding of the significant variation of Q factors with
respect to the Q factor of the air-cladding structure. These
structures are analyzed and compared in the next section.
Moreover, from the viewpoint of fabrication, these designs
can be easily fabricated [14, 16, 18, 20, 21]. An asymmet-
ric PhC structure with L3 point-defect cavities was fabri-
cated using SOI substrates [14]. The PhC structure was first
formed in the Si membrane by electron-beam lithography
and induction-coupled plasma reactive ion etching tech-
niques. Then, in the case of the air-bridge structure, the
lower SiO, layer was removed by HF wet etching, whereas
the lower SiO, layer was left in the case of the SOI struc-
ture. A glass-embedded silicon photonic crystal device
consisting of a broad bandwidth waveguide and a nano-
cavity with a high-quality (Q) factor was fabricated on a
SOI wafer using spin-on glass (SOG) [16]. The photonic

crystal patterns were formed in the silicon layer using elec-
tron-beam lithography and plasma etching. Subsequently,
a SOG of hydrogen silsesquioxane with tunable and low
refractive indices was coated on the fabricated structure
and cured at a temperature of 400 °C for 1 h under nitro-
gen atmosphere. Consequently, the SOG uniformly coats
the surface and infiltrates the holes up to a depth of 530 nm
from the silicon surface. Further, a symmetrically glass-
clad Si 2D PhC nanocavity was fabricated using Si on the
insulator wafer and SOG of hydrogen silsesquioxane [18].
To estimate the functionality of the proposed designs, the
RI of the cladding materials, n,q, is assumed to be low. In
the simulation, this is done by changing the RI of the clad-
ding from 1 (i.e., air) to 1.6 (i.e., organic polymer). Figure 3
plots the Q factor and resonant wavelength as a function
of cladding RI. This plot clearly indicates that a maximum
Q factor occurs at RI = 1.0 for all designs (air-bridge-type
structure). Moreover, with the claddings, Q still decreases
dramatically from that of an air-bridge-type structure (i.e.,
the cladding RI increases from 1 to 1.6, and the low-RI clad-
ding goes close to the membrane), optical confinement by
total internal reflection weakens, and Q decreases greatly.
For example, Q is about 7.5 times lower for a low-RI value
of n = 1.54 (corresponding to a polymer material). Recalling
that Q for the L3 mode is highly sensitive to the cladding RI
(considering the loss introduced by claddings), we see that
design C has the highest Q of the four designs. Specifically,
Q for the fundamental resonant mode of design C increases
by a factor of approximately 1.5 relative to that for designs
A, B, and D. Design A has the lowest Q because the cladding
above and below the membrane consists of a uniform low-
RI material. Q for design D is of the same order of magni-
tude as that for design A. Because Q is more sensitive to the
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cladding RI, the cladding RI must remain less than the effec-
tive index of the membrane to retain an ultrahigh Q, so index
guiding still produces high Q. Therefore, high Q can be
achieved using a symmetrically periodic cladding. Figure 3b
shows the variation of the resonant wavelength for the vari-
ous designs as a function cladding RI. For the in-plane direc-
tion, 2D PhCs confine light via the PBG effect, so the slopes
of the resonant wavelength curves are not equal; this sug-
gests that the resonant wavelengths of the different designs
do not have the same sensitivity to the RI of the cladding.

3.2 Adjustment of hole positions and radius in PhC L3
cavities with different low-RI material cladding

L3 cavities with low-RI material cladding offer the
advantages of passivation, vertical stacking, mechanical
strength, and heterogeneous integration. Although optical

°
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Fig. 4 L3 cavity structure designed by displacing the holes through
a distance d and reducing their radius to 7 at both edges of the defect
to obtain a high Q factor. Additionally, the radius »’ of the upper and
lower holes is reduced
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confinement in the vertical direction is weak and the Q fac-
tor of the fundamental resonant mode decreases dramati-
cally, the latter can be increased by using a momentum-
space design, which allows the radiative component of
the confined photonic mode to be reduced and minimizes
propagation losses [28, 29]. In real space, this corresponds
to changing the position or size of the nearby holes. There-
fore, in this section, we discuss geometrical optimizations
of the proposed designs with SiO, cladding (n.,q = 1.44)
in which we fine-tune the positions and radius of air holes
at both edges of the cavity.

First, the radius r’ of the left- and right-boundary air
hole is reduced, and then they are shifted outward by a dis-
tance d (see Fig. 4). It was found that, upon decreasing the
radius of the single hole, the Q factor does not improve sig-
nificantly. However, upon increasing the hole displacement,
the Q factor increases. Thus, the dependence of the reso-
nant-mode properties (i.e., the Q factor and resonant wave-
length) on the displacement d for hole radii ¥ = 80 nm
are shown in Fig. 5 for designs A-D. The calculated vari-
ations in Q factor as the air holes are displaced are quali-
tatively similar for all designs. In other words, the Q factor
increases considerably with hole displacement, reaches a
maximum, and then decreases, in agreement with theoreti-
cal and experimental results [28, 29]. This figure show that
a high-Q factor is obtained by using design C, which results
in Q as large as 8500. When the hole radius # = 80 mm
and the hole displacement d = 90 nm, the calculated Q fac-
tor of design C is greater than that for designs A, B, and
D (the Q factor is increased by a factor of 2.5 to approxi-
mately a value of 8832). The increase in the Q factor for
the symmetrically periodic-clad cavity with displaced
holes is explained as follows: If the holes were displaced
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Fig. 5 a Q factor and b resonant wavelength for L3 cavity mode (designs A—D) versus displacement d of single air holes for reduced air-hole

radii ¥ = 80 nm
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Fig. 6 Q factor and resonant wavelength for L3 cavity mode (designs A-D) versus radius r’ of upper- and lower-boundary air holes

to a great extent, then the electric field would reach farther
outside the displaced holes. In this case, the optical con-
finement would be more gradual around the holes, whereas
the electric field distribution would decay abruptly outside
the holes. However, the envelope of the cavity electric field
approaches a Gaussian function.

Second, the geometry of the cavity is modified by reduc-
ing the radius '’ of the upper- and lower-boundary holes
of the defect while fixing the displacement d of the edge
air holes and their radius 7 at the optimum values for each
design. The resulting Q factor and resonant wavelength for
designs A-D are shown in Fig. 6, and the corresponding
Q factors are displayed in a bar graph in Fig. 7. Figure 6a
clearly indicates that, upon reducing the hole radius »”,
the cavity Q factor increases significantly to a maximum
and then decreases for a small cavity volume. This result
clearly indicates that the Q factor for the designed cavi-
ties increases by a factor as large as 25 (Q > 10%) relative
to the Q factor for a cavity with air holes in their original
position and with their original size. The Q factor increases
by a factor of 39 (Q = 29 300) for design A and 25 for
designs B—-C (Q = 17,087, 31,100, and 21,700, respec-
tively). Figure 7 shows that design C results in the highest
Q factor of the various designs: For /' = 88 nm, a maxi-
mum of Q = 3 x 10* occurs at the resonant wavelength
A = 1557 nm. This large Q factor is most likely due to the
fluctuations in the geometrical structures, including sym-
metric cladding and extended holes, which lead to less
scattering and coupling losses to TE-like membrane modes.
Although displacing holes is thought to disturb the electro-
magnetic field and cause radiation loss, the disturbance and
radiation loss are sufficiently small for design C. Moreo-
ver, the wavelength of the fundamental resonant mode in
the various optimized designs also decreases upon finely
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Fig. 7 Q factor for the various optimized designs

reducing the hole radius r’ (see Fig. 6b). The resonant
wavelength for design A is slightly greater than the those
for designs B and C, which indicates clearly that the cav-
ity Q factor is further increased by tailoring the position
and radius of air holes closest to the defect while keeping
the cavity volume small. Thus, adjusting the position and
radius of air holes is an effective technique for optimizing
the Q factor of 2D PhC cavities with air-cladding and with
low-RI materials. As shown by Fig. 7, design C has a rea-
sonably high-Q factor and thus is suitable for integration
with other photonic integrated circuits.

The proposed designs generally have an index con-
trast between membrane and cladding that is obtained by
using cladding material different from the core material.
The ideal structure would be a system with periodic-sym-
metric low-RI claddings (design B), which simultaneously
leads to strong light confinement, simple integration, and
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perfectly symmetrical mode profiles. From an experimental
point of view, the periodic low-RI claddings should lead to
low scattering losses. In the cladding, the air-filling fraction
is greater, which lowers the effective RI. Therefore, design
C (Fig. 2c¢) is the most promising design for future applica-
tions because it allows the PhC to be integrated onto a chip
and simultaneously offers a high-Q factor and limited radia-
tion losses. Furthermore, this design could be implemented
at low cost by standard silicon technology. The advantages
arise both from ease of fabrication (i.e., both membrane
and cladding can be etched at the same time) and from
the confinement of resonant cavity modes, because local-
ized modes do not couple that strongly with lower-RI clad-
ding [26]. The periodicity of the cladding, however, does
not produce useful PhC membrane effects by itself. Even
if a bandgap appears in the cladding modes, it would lie
at frequencies above the bandgap of the guided modes and
would therefore not provide additional confinement. Thus,
to obtain high-Q cavities when using low-RI cladding,
design considerations may need to include optimizing Q
factors; simply migrating from air-bridge-type designs may
give undesirable results. Finally, because design C offers
a superior Q factor and thermal and mechanical proper-
ties (with respect to the previously studied design), it may
also be a promising structure for implementing planar PhC
devices.

4 Conclusion

To enhance the mechanical stability and the nonlinear
properties of PhC cavities and maintain their excellent
performance, we investigated how different low refractive
index claddings affect planar high-Q PhC L3 cavities. We
have shown theoretically that the Q factor of the fundamen-
tal resonant mode in the designed L3 cavity decreases sig-
nificantly when the RI of the material cladding approaches
that of the membrane (i.e., when the RI of the cladding is
increased from 1 to 1.6). In addition, we have shown by
numerical simulation that a periodic-symmetric distribu-
tion of the cladding material (i.e., design C) is critical for
obtaining high-Q factors in a 2D planar PhC structure.

The higher Q factor enhances the coupling between res-
onant membrane modes and guided or radiation modes of
the cladding, which lie outside the light cone of the planar
PhC. We further improve the Q factor of PhC L3 cavities
with low-RI material cladding by fine-tuning the position
and radius of the lateral-, upper-, and lower-boundary holes
near the cavity edges; this approach allows us to increase
Q by a factor as large as 25. Although the resonant mode is
considered to be derived from the leaky line-defect mode
above the light line, a resonant mode with a high-Q factor
(0 > 10% and small modal volume can be achieved. These

@ Springer

design rules can be used to fine-tune the optical properties
of PhC cavities with low-RI material, which would be ben-
eficial for applications requiring heterogeneous integration
and nonlinear enhancement.
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