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The two-dimensional photonic crystal cavities employing local three-dimensional structures are investigated. Donor-type
cavities with small and shallow holes are examined as examples of cavities with a local three-dimensional structure. It is
shown that both the far-ﬁeld and near-ﬁeld patterns of the cavities can be controlled by the addition of small and shallow
holes. The fabrication of such structures using a focused ion beam is proposed and investigated. Residual gallium ions, used in
fabrication with a focused ion beam, lead to optical absorption; these gallium ions can be removed by heat treatment at
800  C. The near-ﬁeld pattern of a fabricated three-dimensional cavity is measured, and is shown to be consistent with a
theoretical analysis. [DOI: 10.1143/JJAP.45.6096]
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1.

2.

Introduction

Point-defect cavities introduced in two-dimensional (2D)
photonic crystal (PC) slabs1–4) are attracting much attention.
They are expected to enable the development of novel
devices, such as ultrasmall optical ﬁlters,5,6) single photon
sources,7) low-threshold lasers,8) and applications in the
stopping of light,9,10) and the enhancement of nonlinear
optics.11) In these applications, the characteristics of the
cavities, such as the radiation pattern, Q factor, modal
volume and resonant frequency, should be controlled
appropriately. Therefore, geometries of the cavities have
been modiﬁed for the optimization of these characteristics.
For this purpose, the shift of the lattice points in the cavity,
or the double heterostructure, where the lattice constant of
the PC surrounding the cavity is modiﬁed, has been
investigated.1–3) In these cases, note that the designs of the
cavity have so far been based only on in-plane parameters.
Vertical structural parameters are also available in the
designs of the cavities. Vertical structural parameters include
the introduction of shallow holes into the cavities, or the
addition of another material on the cavities. The formation
of such local three-dimensional (3D) structures allows larger
degrees of freedom in the design of the cavities. Therefore,
the cavity characteristics including radiation pattern and
resonant frequency can be optimized with a higher degree of
freedom.
In this study, we investigate the beneﬁts of introducing
local 3D structures into the cavities. We focus on the
radiation pattern control (both near-ﬁeld and far-ﬁeld) of
point-defect cavies as a demonstration of the eﬀectiveness of
such 3D structures. The fabrication of such local 3D
structures using a focused ion beam (FIB) system is also
discussed. In §2, we present theoretical investigations of the
radiation patterns of the cavities with local 3D structures. In
§3, we describe the fabrication of such cavities. In §4, we
present measurements of fabricated cavities with local 3D
structure, and demonstrate the eﬀect of local 3D structure on
the cavity characteristics. Section 5 summarizes the work
described in this paper.
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Theoretical Analysis of Local 3D Structure in 2D PC
Slabs

We carried out a numerical investigation of local 3D
point-defect cavities. The basic structure of the cavities was
an L3 donor-type defect12,13) introduced into an Si 2D PC
slab formed by a triangular lattice of air holes [Fig. 1(a)],
with a lattice constant of a, a slab thickness of 0:6a and an
air hole radius of 0:29a. The 3D ﬁnite-domain time division
(FDTD) method14) was used in the analysis, and a perfect
matched layer (PML)15,16) was introduced as an absorbing
boundary.
We discuss three cavities in the following section: a
‘‘reference cavity’’ consisting of an L3 cavity with no local
3D structure [Fig. 1(a)]; ‘‘3D cavity A’’ consisting of an L3
cavity with two shallow holes [Fig. 1(b)]; and ‘‘3D cavity B’’ consisting of an L3 cavity with a single shallow hole
[Fig. 1(c)]. The radii of the shallow holes in 3D cavities A
and B were set at 0:29a.
2.1 Investigation of far-ﬁeld pattern
In this section, the far-ﬁeld pattern of each cavity, which
is signiﬁcant for direct coupling with external optical
systems (such as an objective lens and an optical ﬁber), is
investigated.
First, the characteristics of the reference cavity are
discussed. The resonant frequency and Q factor were
calculated as 0.267 c=a and 5,200, respectively. The
calculated Poynting vector, through the cylindrical surface
indicated in Fig. 2(a), is deﬁned as the far-ﬁeld pattern. The
calculated far-ﬁeld pattern of the reference cavity is shown
in Fig. 2(b), normalized by its maximum power. The pattern
contains radiation at an angle of about 60 from vertical, in
addition to vertical radiation. The fraction of the total power
radiated at angles jj > 40 was calculated as 42.0% [ is
deﬁned as shown in Fig. 2(a)].
Second, the characteristics of 3D cavity A are discussed.
The resonant frequency of 3D cavity A, with a shallow hole
depth of 0:1a, was 0.269 c=a; this was approximately 0.5%
higher than that of the reference cavity owing to the smaller
eﬀective refractive index. The Q factor of the cavity was
750, which is much smaller than that of the reference cavity.
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Fig. 1. Schematic diagrams of L3 donor cavities investigated. (a)
Reference cavity with no local 3D structures. (b) 3D cavity A with two
shallow holes. (c) 3D cavity B with single shallow hole.
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Fig. 3. (a) and (c) calculated far-ﬁeld patterns of 3D cavity A and 3D
cavity B, respectively, with shallow hole depth of 0:1a. (b) and (d) power
ratios of the far-ﬁeld components radiated at angles jj > 40 from 3D
cavity A and 3D cavity B, respectively, as functions of shallow hole
depth.
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Fig. 2. (a) Observation surface of Poynting vector for far-ﬁeld pattern. (b)
Calculated far-ﬁeld pattern of reference cavity.

The major origin of the decrease in Q factor is the transverse
electric–transverse magnetic (TE–TM) mode conversion due
to structural vertical asymmetry,17,18) which can be suppressed by the application of a PC structure having photonic
band gap (PBG) for both TE- and TM-like modes.19) The
calculated far-ﬁeld pattern of 3D cavity A is shown in
Fig. 3(a). This clearly illustrates that the radiation at an
angle of about 60 from vertical was suppressed, relative to
the reference cavity, and a single-peak pattern was obtained.
The power ratio of the far-ﬁeld component radiated at angles
jj > 40 as a function of shallow hole depth is shown in
Fig. 3(b). With an increasing hole depth, the radiation in
the vertical direction increases relative to that at angles
jj > 40 and the pattern becomes a single peak. Such a farﬁeld pattern is more useful for connection to optical ﬁbers
and lenses than the multipeak pattern of the reference cavity.
Third, the characteristics of 3D cavity B are investigated.
The resonant frequency and Q factor of 3D cavity B, with a
shallow hole depth of 0:1a, were calculated as 0.268 c=a and

600, respectively. The calculated far-ﬁeld pattern is shown
in Fig. 3(c). The power ratio of the far-ﬁeld component
radiated at angles jj > 40 , plotted as a function of shallow
hole depth, is shown in Fig. 3(d). This indicates that the
radiation at 60 to vertical was enhanced, relative to the
reference cavity, leading to a broader far-ﬁeld pattern.
Fourth, the origin of the changes in the far-ﬁeld patterns is
discussed. The introduction of additional shallow holes
corresponds to the addition of a dielectric constant perturbation, ", to the cavity. " induces coupling between the
cavity and radiation modes, which leads to additional
radiation from the cavity. There is interference between this
additional radiation and the original radiation, which causes
the changes in the patterns discussed above.
The additional radiation due to " can be calculated using
the coupled-mode theory. The coupled-mode coeﬃcient ðkÞ
between the normalized plane wave with wavevector k and
the cavity mode is given by
ZZZ
!"0

ðkÞ ¼
"Ecav Erad
ðkÞ dx dy dz;
ð1Þ
4
where Ecav is the normalized electric ﬁeld of an unperturbed
or reference cavity, and Erad ðkÞ is the electric ﬁeld of a plane
wave with a wavevector of k. Erad ðkÞ is normalized by the
Poynting power per unit area. The electromagnetic ﬁeld
changes, E and H, caused by " are given by
Z
jðkÞErad ðkÞ dk
ð2Þ
E ¼
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direction inclined to the x–z plane, ’ 6¼ 0 , the observable
component in the wave-number region can be given by (see
Appendix)
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Fig. 4. (a) and (b) Electric ﬁeld change E due to the dielectric constant
perturbation " calculated using coupled-mode theory: (a) 3D cavity A;
(b) 3D cavity B. (c) Electric ﬁeld of an unperturbed (reference) cavity.

and

Z
H ¼

jðkÞHrad ðkÞ dk:

ð3Þ

jkj¼k0

E and H were calculated using eqs. (1)–(3), where Ecav
and Hcav are obtained from 3D FDTD calculations.
Figures 4(a) and 4(b) show the Es of 3D cavity A and
3D cavity B, respectively, in the x–z plane through the
center of the cavity. Figure 4(c) shows the Ecav of an
unperturbed or reference cavity in the same x–z plane. The
additional radiation from 3D cavity A is emitted over a
narrow range of angles perpendicular to the slab, whereas
the additional radiation from 3D cavity B is emitted over a
broad range of angles; these diﬀerences lead to the changes
in the far-ﬁeld pattern, relative to that of the reference
cavity, shown in Figs. 3(a) and 3(c).
2.2 Investigation of near-ﬁeld pattern
The control of the near-ﬁeld pattern of a point-defect
cavity is interesting. Here, the near-ﬁeld patterns of cavities
observed through a typical objective lens, with a numerical
aperture (NA) of 0.4, are discussed.
The near-ﬁeld pattern observed through the objective lens
is discussed in the wave-number region. Figure 5(a) shows
the 2D Fourier transform of the electric-ﬁeld distribution of
the cavity mode of the reference cavity on the surface of the
slab obtained by the 3D FDTD method. The solid circle
indicates the light line—only light inside this is radiated to
free space. Furthermore, when the near-ﬁeld pattern is
observed from the vertical direction (’ ¼ 0 ; Fig. 5(b)), the
component observable through the lens can be given by
kx 2 þ ky 2 < ðk0 sin Þ2 ;

ð4Þ

where k0 is the wavenumber in the free space at the cavity
resonant frequency and
is the half angle of the cone of
light accepted by the lens.
satisﬁes sin ¼ NA. The
observable component calculated from eq. (4) corresponds
to the components inside the dashed circle in Fig. 5(a). The
near-ﬁeld pattern observed through the lens can be calculated by the inverse Fourier transformation of the component
inside the red dashed circle. The calculated near-ﬁeld pattern
for ’ ¼ 0 is shown in Fig. 5(c); a single-peak pattern was
obtained. When the near-ﬁeld pattern was observed from a

ð5Þ

The component observed through the lens when ’ ¼ 26 , for
example, is inside the dashed ellipse in Fig. 5(a). The nearﬁeld patterns in the case of ’ 6¼ 0 can be calculated by the
inverse Fourier transformation of the component observed
through the lens. The calculated near-ﬁeld patterns for ’ ¼
10, 20, and 26 are shown in Figs. 5(d)–5(f), respectively.
The ﬁgures show that the near-ﬁeld pattern for ’ ¼ 20 was
elliptical, and that the pattern for ’ ¼ 26 was multipeak.
Similar calculations were carried out for 3D cavity A,
with a shallow hole depth of 0:1a. The 2D Fourier transform
of the electric ﬁeld at the slab surface is shown in Fig. 6(a).
The near-ﬁeld patterns for ’ ¼ 0, 10, 20, and 26 were
calculated by the same method as that used for the reference
cavity. The calculated near-ﬁeld patterns are shown in
Figs. 6(b)–6(e), respectively. The results clearly show that
3D cavity A has a single-peak near-ﬁeld pattern, even for
’ ¼ 26 .
Such changes in the near-ﬁeld pattern are due to changes
in the dielectric constant perturbation ". To demonstrate
this, the electromagnetic-ﬁeld distribution on the slab
surface of the 3D cavity A is calculated from " and the
electromagnetic ﬁeld of the reference cavity using eqs. (1)–
(3). The near-ﬁeld patterns are calculated from the obtained
electromagnetic ﬁeld on the surface obtained from eqs. (1)–
(3) using the Fourier and the inverse Fourier transforms
described before. Figure 7 shows the calculated near-ﬁeld
pattern and is consistent with Fig. 6, which was obtained by
the direct 3D FDTD method. These results show that the
near-ﬁeld pattern of a 2D PC slab cavity can be controlled by
manipulating the local 3D structure.
3.

Fabrication of 2D PC Cavities with Local 3D
Structure

In the previous section, we theoretically analyzed 2D PC
point-defect cavities with local 3D structures, and showed
that both the near-ﬁeld pattern and the far-ﬁeld pattern can
be controlled by the local 3D structure. Several fabrication
processes are available to fabricate 2D PC point-defect
cavities with local 3D structures, such as plasma processes,
FIB and nano-manipulation systems. In this section, we
discuss the fabrication of 2D PC slab cavities with local 3D
structures using FIB.
FIB irradiates a focused gallium ion beam to the sample,
which sputters the surface; FIB can be used to introduce
shallow and small holes. The spot size of the gallium ion
beam is on the order of several nanometers, so structures can
be made with a resolution of 10 nm. The sample surface can
be observed by secondary electron images generated from
the gallium ions in the FIB system, which allows the
positional control of the fabrication process. There have
been several reports on applying FIB to the fabrication of 2D
PCs, such as that of a 2D PC waveguide fabricated by FIB20)
and that of a small 2D PC introduced into a ridge waveguide
by FIB.21) However, one drawback of this process is that the
remaining gallium ions in the PC slab absorb light and lead
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Fig. 5. (a) 2D Fourier transform of electric-ﬁeld distribution of reference cavity mode on slab surface. The solid red circle indicates the
light line and the dashed red circle indicates the component collectable using the objective lens. (b) Schematic of observation of
near-ﬁeld pattern from oblique direction at angle ’. (c)–(f) Calculated near-ﬁeld patterns of reference cavity, with ’ ¼ 0, 10, 20, and
26 , respectively.

to a decrease in Q factor. In particular, if the FIB process is
applied to the cavity, the absorption of the cavity is critical
compared with that of the waveguide, as the light remains
for a longer time in the cavity. Therefore, the inﬂuence of
residual gallium ions was investigated, and is discussed
below.
In the fabrication of 3D cavity A, with shallow hole
depths of 0:1a using FIB, the number of gallium ions
required was estimated to be 6:2  107 . We assumed that all
the irradiated gallium ions remained in the silicon slab. The
cavity volume was approximately 3  1019 cm3 and the
number of silicon atoms in the cavity was 1:2  1010 .
Therefore, the fraction of gallium atoms was estimated to
be 0.5%. The absorption coeﬃcient of metal gallium, , is
4:2  106 cm1 at a wavelength of 1.5 mm.22) The absorption
coeﬃcient of the Si slab with the irradiated gallium ions was
calculated to be 2:1  104 cm1 . The relationship between Q
factor and absorption coeﬃcient  is given by
Q ¼ !n=c;

ð6Þ

as the time evolution of the stored energy in a cavity can be
described as expð!t=QÞ and the propagation loss can be
described as expðzÞ ¼ expðct=nÞ, where z, c, and n are
the mean propagation length, the velocity of light in vacuum
and the refractive index of the slab, respectively. The Q
factor calculated from eq. (6), determined by the optical
absorption of gallium ions, was 7.2; this is much smaller
than the Q factor of the cavity calculated by the 3D FDTD
method assuming that the material has no optical absorption.
Therefore, the Q factors of cavities fabricated using FIB will
be determined by the optical absorption of the residual
gallium ions.
To avoid the inﬂuence of optical absorption by gallium
ions, the sample can be heat treated. The diﬀusion and
evaporation of gallium ions from the cavity during heat
treatment are expected. To evaluate the eﬀect of heat
treatment, silicon-on-insulator (SOI) substrates irradiated
with 8:0  1015 cm2 gallium ions onto a 1  1 mm2 region
were heat treated in vacuum for 2 h at several diﬀerent
temperatures. The number of gallium ions remaining was
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Fig. 7. Calculated near-ﬁeld patterns of 3D cavity A from electric ﬁeld
obtained from coupled-mode theory; (a)–(d) correspond to ’ ¼ 0, 10, 20,
and 26 , respectively.

(b)

Ratio of Ga atoms to Si atoms

5µm

(c)

y

x

(d)

(e)
+
0
Intensity (arb.units)

Fig. 6. (a) 2D Fourier transform of electric-ﬁeld distribution of the cavity
mode of 3D cavity A on slab surface obtained from 3D FDTD
calculation. The solid red circle indicates the light line and the dashed
red circle indicates the collectable angle of the objective lens. (b)–(e)
Calculated near-ﬁeld patterns of 3D cavity A from electric ﬁeld obtained
from 3D FDTD calculations, with ’ ¼ 0, 10, 20, and 26 , respectively.

evaluated by energy dispersive X-ray spectroscopy (EDS).
The ratio of the number of gallium atoms to the number of
silicon atoms as a function of heating temperature is shown
in Fig. 8. The data show that heat treatment at 800  C can
reduce the number of gallium ions to less than one-ﬁftieth
their original concentration (under the measurement limit).
Therefore, with this treatment, optical absorption due to the
remaining gallium ions is expected to be reduced.
Using these results, we fabricated point-defect cavities in
2D PC slabs with local 3D structures using FIB. A 2D PC
pattern with L3 point defects was introduced by electronbeam lithography and induction-coupled plasma (ICP) dry
etching into the silicon layer of the SOI substrate. The lattice
constant and air hole radius were set as 420 and 120 nm,
respectively. Then, local 3D structures were introduced into
the cavity by FIB, followed by heat treatment at 800  C in
vacuum for 2 h. The SiO2 layer under the PC slab was
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0
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Temperature (°C)
Fig. 8. Ratio of gallium atoms to silicon atoms in SOI substrate irradiated
with 8:0  1015 cm2 gallium atoms, as function of heat treatment
temperature; measured by EDS.

removed by HF wet etching after the heating process. A
scanning electron microscopy (SEM) image of fabricated 3D
cavity A is shown in Fig. 9(a), which indicates that shallow
holes with a radius of 120 nm and a depth of 40 nm were
successfully introduced into the L3 cavity. A line defect
waveguide was set near each cavity to introduce light by
evanescent coupling. The spectra of the cavities were
obtained by introducing light from a tunable laser into the
waveguide and by detecting the radiation from the cavity to
free space. The observed spectra of fabricated 3D cavity A,
produced with and without heat treatment, are shown in
Fig. 9(b). The spectra demonstrate that radiation to free
space can be obtained from a cavity with heat treatment, but
not from a cavity without heat treatment. This result clearly
shows that irradiated gallium ions are successfully removed
by heat treatment. These results reveal that cavities with 3D
structures introduced using FIB can be operated after heat
treatment at 800  C in vacuum for 2 h.
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Fig. 9. (a) SEM image of fabricated 3D cavity A. (b) Measured spectra of 3D cavity A with and without heat treatment, and that of
reference cavity.

4.

Experimental Observation of Near-Field Pattern of
Cavity with Local 3D Structure

Infrared camera

As discussed in §2, both the far-ﬁeld patterns and nearﬁeld patterns of point-defect cavities in 2D PC slabs can be
controlled by introducing small and shallow holes into the
cavities. In §3, we discussed the fabrication of shallow holes
into 2D PC slab point-defect cavities using FIB. In this
section, we describe the near-ﬁeld pattern of a fabricated 2D
PC cavity with local 3D structures.
The resonant wavelength of 3D cavity A shown in Fig. 9
was approximately 6 nm shorter than that of the reference
cavity, because the average refractive index of the cavity
was decreased by the shallow holes. The Q factor and
radiation intensity of 3D cavity A were approximately onehalf and one-third of those of the reference cavity,
respectively. These decreases are due to the TE–TM
coupling arising from the structural vertical asymmetry,
and are consistent with the calculations presented in §2.
We observed the near-ﬁeld patterns of the fabricated
reference cavity and fabricated 3D cavity A. We prepared
the point defect cavity and line defect waveguide nearby as
shown in Fig. 9(a) and light from a tunable laser is
introduced into the cavity via the waveguide. A schematic
image of the measurement system is shown in Fig. 10. The
sample is set at an angle of ’ against the optical axis of
lens A in the x–z plane. Figure 11 shows the observed nearﬁeld patterns of the reference cavity through the objective
lens B with NA ¼ 0:4. The patterns became elliptical as ’
was increased and a multipeak pattern was obtained when
’ ¼ 26 . Figure 12 shows the observed near-ﬁeld patterns of
3D cavity A; a single-peak near-ﬁeld pattern was obtained
even when ’ ¼ 26 . These results are consistent with the
theoretical results presented in §2.2 and provide experimental evidence of the eﬀects of 3D structure, produced using
FIB, on point-defect cavities.
5.

Conclusions

We have proposed the introduction of local 3D structures
into a point-defect cavity in a 2D PC slab. In this study, we
have investigated the near-ﬁeld and far-ﬁeld patterns of L3
donor cavities in a 2D PC slab with small and shallow holes,
both theoretically and experimentally. We have revealed that
both near-ﬁeld and far-ﬁeld patterns can be controlled by
local 3D structure in the cavity. In particular, we have shown

Objective lens B
(NA=0.4)
Sample

Wavelength
tunable laser

ϕ

z

x

Objective lens A
y

Fig. 10. Schematic image of measurement system for near-ﬁeld patterns
from inclined direction.

5µm

(a)

(b)

y

(c)
x

(d)
+
0
Intensity (arb.units)

Fig. 11. Measured near-ﬁeld patterns of reference cavity; (a)–(d) correspond to ’ ¼ 0, 10, 20, and 26 , respectively.

that a cavity with two shallow holes (3D cavity A) has a
single-peak near-ﬁeld pattern and a single-peak far-ﬁeld
pattern. We have also discussed the fabrication of such local
3D structures using FIBs. We have revealed that the
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free
space mode
ﬃ with a wave vector of k ¼ ðkx ; ky ;
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k0 2  kx 2  ky 2 Þ when the Fourier component is inside
the light cone, where k0 is the wave vector in the free space
at the cavity resonant frequency. When the free space mode
is accepted in the lens, the angle between the free space
mode k and the unit vector parallel to the optical axis of the
objective lens elens ¼ ðsin ’; 0; cos ’Þ is less than , where
is the half angle of the cone of light accepted by the lens.
satisﬁes sin ¼ NA. Therefore, k and elens satisfy

5µm

(a)

(b)

k  elens
> cos ;
jkjjelens j

ðA:1Þ

and eq. (5) can be derived from eq. (A·1).

y

x

(c)

+
0
Intensity (arb.units)

(d)

Fig. 12. Measured near-ﬁeld patterns of 3D cavity A; (a)–(d) correspond
to ’ ¼ 0, 10, 20, and 26 , respectively.

pollution of PCs by gallium ions in the local 3D structure
fabrication process leads to optical absorption, but that the
gallium ions can be removed by heat treatment. The
experimental near-ﬁeld pattern of 3D cavity A, fabricated
by FIB described in this paper, has a single peak, in
agreement with theoretical results. The methods of theoretical analyses and the fabrication process described in this
paper can be applied not only to the control of the near-ﬁeld
and far-ﬁeld patterns, but also to other designs of point
defect cavity characteristics, such as the radiation ratio in
upward and downward directions, and the local addition of
nonlinear or active materials into 2D PC slab cavities.
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Appendix
The component accepted through the lens in the case of
the observation from a direction inclined to the x–z plane at
an angle of ’ is discussed. A Fourier component of the
cavity mode with a wave vector of ðkx ; ky Þ can couple to the
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