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We perform a computational study of confined photonic states that appear in a three-dimensional
(3D) superlattice of coupled cavities, resulting from a superstructure of intentional defects. The
states are isolated from the vacuum by a 3D photonic band gap, using a diamond-like inverse
woodpile crystal structure, and exhibit ’Cartesian’ hopping of photons in high-symmetry directions.
We investigate the confinement dimensionality to verify which states are fully 3D confined, using
a recently developed scaling theory to analyze the influence of the structural parameters of the 3D
crystal. We create confinement maps that trace the frequencies of 3D confined bands for select
combinations of key structural parameters, namely the pore radii of the underlying regular crystal
and of the defect pores. We find that a certain minimum difference between the regular and defect
pore radii is necessary for 3D confined bands to appear, and that an increasing difference between
the defect pore radii from the regular radii supports more 3D confined bands. In our analysis we
find that their symmetries and spatial distributions are more varied than electronic orbitals known
from solid state physics. We surmise that this difference occurs since the confined photonic orbitals
derive from global Bloch states governed by the underlying superlattice structure, whereas single-
atom orbitals are localized. We also discover pairs of degenerate 3D confined bands with p-like orbital
shapes and mirror symmetries matching the symmetry of the superlattice. Finally, we investigate
the enhancement of the local density of optical states (LDOS) for cavity quantum electrodynamics
(cQED) applications. We find that donor-like superlattices, i.e., where the defect pores are smaller
than the regular pores, provide greater enhancement in the air region than acceptor-like structures
with larger defect pores, and thus offer better prospects for doping with quantum dots and ultimately
for 3D networks of single photons steered across strongly-coupled cavities.

I. INTRODUCTION

The confinement of light is a prominent goal of
nanophotonics that is traditionally achieved via a single
resonator storing light for a given time duration before it
leaks away to the surrounding vacuum [1–3]. All over the
world, a large variety of resonator structures has been
realized including micropillars [4, 5], microdisks [6, 7],
rings [8, 9], plasmonic resonators [10, 11] and defects in
a two-dimensional photonic crystal [12–14]. Light con-
finement in a single cavity has been practically utilized
in applications ranging from sensing [15, 16] and en-
hancing absorption [17], to slowing down or trapping of
photons [18, 19], and to enhancing spontaneous emis-
sion [4, 20] and other cavity quantum electrodynamic
(cQED) phenomena [5, 6, 21–24].

Novel physical opportunities arise when multiple cou-
pled cavities are embedded in three-dimensional (3D)
photonic band gap crystals as these are capable of confin-
ing light in all three dimensions simultaneously [25–27].
In a perfect photonic crystal structure, thanks to multiple
wave interference [28] the periodic translational symme-
try gives rise to a 3D photonic bandgap [29–32], that is, a
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range of frequencies for which light is forbidden to propa-
gate inside the crystal irrespective of its wave vector and
polarization. The introduction of intentional defects on
a lattice superperiodic over the crystal lattice disrupts
the local symmetry of the crystal, resulting in the ap-
pearance of a variety of localized states inside the band
gap [25, 26]. Some of these states give rise to so-called
’Cartesian light’, whereby photons confined in one cavity
in all three directions simultaneously, hop to a nearby
cavity, as described by the well-known tight-binding ap-
proximation [33], see Figure 1. As a result, defect bands
arise, analogous to coupled atomic orbitals that may hy-
bridize in an atomic superlattice to semiconductor defect
bands that are pursued for solar photovoltaics [34].

The bandwidth of the photonic band gap is a crucial
factor in order to effectively shield the 3D superlattice
states from the surrounding vacuum states [35], and to
make the photonic cavity superlattice robust with re-
spect to unavoidable fabrication disorder [36]. Excep-
tionally wide band gaps are known to occur in crystals
with diamond-like symmetry [37]. An example of these
are the so-called inverse-woodpile photonic crystals, con-
sisting of two 2D arrays of nanopores [38]. These struc-
tures have been realized using various nanofabrication
techniques and high-index backbones [39]. In the Com-
plex Photonic Systems (COPS) chair at the University of
Twente, we have developed CMOS-compatible nanofabri-
cation methods to fabricate such crystals by etching deep
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FIG. 1. 3D superlattice of defect pores embedded in a 3D in-
verse woodpile photonic band gap crystal. For certain states,
confined light is conceived to hop between neighboring cavi-
ties in Cartesian directions, giving rise to ’Cartesian’ light.

pores into silicon [40–44]. The cavity in these crystals is
realized by altering the radius of two proximate orthog-
onal defect pores, thereby creating an excess of one type
of material in their proximal region [45].

Inverse woodpile photonic crystals with and without
defects have been investigated both theoretically [17,
25, 36, 45–47] and experimentally [27, 39, 48–51]. 3D
confined states in these structures have great potential
for, e.g., cavity QED and Anderson localization of light.
To properly interpret the experimental data and pro-
vide guidance for fabrication, it is crucial to understand
the dependence of the crystal properties on its struc-
tural parameters, namely the regular and defect pore
sizes. Therefore, in this paper, we perform a thorough
computational characterization of light confined in pho-
tonic crystals with respect to both pore sizes. We cre-
ate so-called confinement maps by keeping one of the
radii constant and varying the other one. Simultaneously,
we analyze the symmetry of selected structures and in-
vestigate the enhancement of the local density of states
(LDOS) [52] that is crucial for potential applications in
cQED [23].

II. METHODOLOGY

We study 3D cavity superlattices embedded in 3D in-
verse woodpile photonic band gap crystals. The inverse
woodpile crystal structure consists of two perpendicular
2D arrays of nanopores with radius R in a high-refractive-

FIG. 2. (a) Structure of the perfect inverse woodpile photonic
crystal. We use a tetragonal unit cell with lattice constants b
and a, and the pore radius is denoted by R. The figure shows
a 2×2×2 supercell. (b) Design of a cavity. The radius of two
proximal defect pores (shown in green) is altered, resulting in
a region with excess of either silicon or air, which behaves as
a cavity confining the light (orange glow).

FIG. 3. Band gap frequencies as a function of pore radius R
in an inverse woodpile photonic crystal with ε = 12.1 typical
for a silicon backbone. The 3D photonic band gap exists for
pore radii 0.15 ≤ R/a ≤ 0.29, with the maximum width at
R/a = 0.245.

index medium such as silicon [38], as illustrated in Fig-
ure 2(a). In our computations, we use the relative per-
mittivity of silicon ε = 12.1 [46].

The plane normal to each 2D pore array corresponds
to the (110) crystal face of a conventional diamond struc-
ture. We employ a tetragonal unit cell with lattice pa-
rameters b (in the x- and z- directions) and a (in the
y- direction). We set a/b =

√
2 to ensure a cubic crys-

tal structure. Varying the ratio R/a results in tuning
of both the center frequency and the bandwidth of the
band gap, as shown in Figure 3. It has been found
that the widest band gap is obtained for the ideal ra-
dius R/a = 0.24 [36, 46]. Throughout this paper, we
express the frequency in its reduced form ω̃ = ωa/(2πν),
with ν the speed of light in vacuum.

We introduce a single cavity in an inverse woodpile
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photonic crystal by altering the radius R′ ̸= R of two
proximate perpendicular defect pores [45], as shown in
Figure 2(b). We introduce multiple cavities by introduc-
ing defect pores at every third pore of the underlying
inverse woodpile structure, giving rise to a defect super-
lattice of linear size N = 3 that is commensurate with
the underlying crystal. The introduction of the defect
superlattice causes some of the bands to move into the
band gap of the perfect crystal. The states of these defect
bands are then confined in various dimensions, depend-
ing on the structure of the defect. We denote the number
of dimensions in which a band of states is confined as the
confinement dimensionality c. For more discussion on de-
fect superlattices and wave confinement dimensionalities,
see Ref. [26].

In this paper, we aim to find point-confined (c = 3)
bands and investigate their dependence on the structural
parameters of the inverse woodpile photonic crystal. To
this end, we employ the scaling analysis of Ref. [26], sup-
plemented by the MBC clustering algorithm presented in
Ref. [53]. Specifically, we utilize the scaling to identify
the set of confinement dimensionalities c present in the
structure, which is then supplemented as an input to the
MBC clustering algorithm. Note that for small super-
cells, the scaling analysis tends to identify several bands
as plane-confined (c = 1), which is unphysical since our
superlattice does not contain plane defects. We thus au-
tomatically exclude the c = 1 confinement dimensionality
from the input into the MBC algorithm. We note that,
even though the power of this analysis method exceeds
any other known method of confinement classification, it
is known to be not fully accurate for small supercells [26],
so a few out of many bands may end up being misidenti-
fied.

Our confinement analysis requires knowledge of the
energy-density distribution W (r) in the superlattice. We
have calculated the energy densities as functions of the
crystal pore radius R/a and the defect pore radius R′/R
using the plane-wave expansion method implemented in
the MPB code [54]. We normalize the density for each
band so that

∫
VS

WdV = 1. The band structure of the
crystal with R/a = 0.24 and R′ = 0.5R in Figure 4
has also been computed using the MPB code. In the
isosurface plots, we always chose to plot the isosurface
corresponding to the third of the maximum of the en-
ergy density W (r) = maxVS W (r)/3 as a representative
gauge. For applications in spontaneous emission control,
we also investigate the maximum energy density of each
band, defining Ω := maxVS

W (r). High Ω then corre-
sponds to high concentration of energy in the cavity.

III. PHOTONIC STATES BEYOND
QUASIATOMIC ORBITALS

Here, we investigate the spatial energy-density profiles
of several salient confined bands in the structure with
R = 0.24a, R′ = 0.5R. As we will see, the main re-

FIG. 4. Band structure of an inverse woodpile crystal with
regular pore radius R = 0.24a, and the defect pore radius
R′ = 0.5R. Bands that are identified as confined in c = 3 di-
mensions are colored, with red designating individual bands
and blue pairs of degenerate bands. The bands are also la-
beled by their band number Nb.

sults are readily generalized to photonic superlattices in
general. Some useful properties, such as band degenera-
cies, are best observed from the photonic band structure.
Figure 4 shows the band structure of an inverse woodpile
crystal with R = 0.24a, R′ = 0.5R. The bands that are
identified to have c = 3 confinement (see also Figure 10
below), have been colored to be easily recognizable. For
convenience, we distinguish the bands by their band num-
ber Nb that is assigned in increasing frequency order.

First, we analyze the energy-density profile of band
Nb = 111, which has been investigated in detail by
Refs. [17, 25, 45]. Specifically, Devashish et al., based also
on data of Ref. [45], concluded that this band represents
a quadrupole, analogous to a 3d electronic orbital [17].
Here we discuss that the analogy between inverse wood-
pile photonic crystals and atomic orbitals is misleading
and that the inverse woodpile photonic structure in fact
presents a new challenge in symmetry description.

Figure 5(a) depicts a 3D view of the energy-density
profile of the Nb = 111 band, confined within the cav-
ity created by the crossing defect pores. One can im-
mediately see that the symmetries here are highly in-
fluenced by the defect-pore symmetry in Figure 2(b).
There is a high-energy-density volume centered around
x/b = 1.5, y/a = 1.15, z/b = 1.5. The volume is di-
vided by the plane y/a ≈ 1.15 into two half-spaces,
where it contains a dent in each of these half-spaces. For
y/a < 1.15, the dent is along the x direction and is sur-
rounded in the same half-space by two smaller regions at
both z/b < 1.5 and z/b > 1.5. For y/a > 1.15, the second
dent in the central volume spreads in the z direction and
is surrounded by two smaller regions at both x/b < 1.5
and x/b > 1.5. The energy-density profile exhibits mir-
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FIG. 5. 3D isosurface plot of the energy density in confined
band Nb = 111 in an inverse woodpile crystal with regular
pore radius R = 0.24a, and defect pore radius R′ = 0.5R.
The energy profile exhibits specific symmetries inherited from
the parent defect superlattice. Besides the mirror symme-
tries along the z/b ≈ 1.5 and x/b ≈ 1.5 planes, it is also
symmetric with respect to mirroring with according to the
y/a ≈ 1.15 plane combined with 90◦ rotation about the
(x/b, z/b) ≈ (1.5, 1.5) axis. a) Birds-eye view; b) view of
the y-z plane.

ror symmetries along the z/b ≈ 1.5 and x/b ≈ 1.5 plane,
but not along any plane of constant y/a, similarly to the
parent superlattice.

From the view in Figure 5(a), it is clear that the energy
density does not have the quadrupolar profile as in a 3d
electronic orbital, since it lacks the 90◦ rotational symme-
try required for the 3d electronic orbital [33]. Moreover,
we argue that the actual band symmetry is even more in-
teresting than that of an atomic 3d orbital. Figure 5(b)
depicts the y-z plane view of the energy density for the
same Nb = 111 band. From this view, it becomes clear
that the confined band actually exhibits mirror symme-
try with respect to the plane y/a ≈ 1.15 combined with
a 90◦ rotation about the (x/b, z/b) ≈ (1.5, 1.5) axis. We
attribute this effect to the fact that the photonic orbitals
derive from global Bloch states governed by the underly-
ing superlattice structure, whereas electronic orbitals are

localized.
This discovery brings us to an extremely interesting

fundamental question: Instead of striving for strict analo-
gies in symmetries between the electronic orbitals and
photonic bands, photonic structures could be utilized
to create photonic analogies of “orbitals” with a much
greater variety of geometries and symmetries than fea-
sible in spherical atoms [55], and controllable in more
complicated electronic systems. Since there is a great
diversity of photonic crystals of various structures and
a plethora of options to introduce defects of different
kinds in them (see, e.g., Refs. [31, 37]), it seems highly
plausible that the set of symmetries achievable by “pho-
tonic orbitals” could be much more numerous and varied
than that occurring in electronic orbitals. Since it is well
known from atomic solid-state physics that the symme-
tries of atomic orbitals are closely tied to the appearance
of the band structure and even to the macroscopic behav-
ior of materials, such as their placement in the periodic
table [33], it is exciting to investigate to what extent the
symmetries in “photonic orbitals” translate to the macro-
scopic behavior of “photonic solid-state matter” and how
their great variety can be utilized.

IV. SYMMETRY AND DEGENERACY

Figure 6 depicts the x-z view of all nondegenerate 3D
confined bands in Figure 4. All bands depicted appear
to have unrelated spatial energy-density profiles, which
agrees with the fact that these bands are nondegenerate.
Even though they appear to have 90◦ rotational sym-
metries, this is an optical illusion created by the plane-
view of the plots, as is readily seen by inspecting different
views of the Nb = 111 band in Figs. 6 and 5. Neverthe-
less, it is important to stress that these profiles exhibit
mirror symmetries with respect to the x/b = 1.5 and
z/b = 1.5 planes, hence passing through the axes of each
defect pore, respectively. Note that it also appears that
the Nb = 118 band is degenerate with the Nb = 119
band, which has not been identified as confined. This is
likely due to the decreased accuracy of the employed scal-
ing method for small supercells, as previously described
in detail by us [26, 53].

Figure 7 depicts the two pairs of degenerate bands
Nb = 109, 110 and Nb = 116, 117. These bands are re-
lated to each other by the mirror symmetries along the
planes x/b ≈ 1.5 and z/b ≈ 1.5. In solid-state physics,
atomic orbitals are categorized as different spherical mul-
tipoles [33]. This is possible due to the spherical sym-
metry of the atomic geometry, with each multipole ex-
hibiting a lower symmetry than spherical symmetry. One
thus obtains three mutually orthogonal dipoles, each ex-
hibiting a 180◦ rotational symmetry along every plane.
Whereas the inverse woodpile structure obviously does
not possess spherical symmetry, it possesses lower sym-
metry, namely only the x-z plane is rotationally sym-
metric with respect to 180◦. This symmetry thus only
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FIG. 6. The x-z plane profile of the energy-density distri-
bution of the nondegenerate 3D confined bands in an inverse
woodpile crystal with the regular pore radius R = 0.24a, and
the defect pore radius R′ = 0.5R. The plane view may give an
impression of the 90◦ rotational symmetry of these profiles,
but that is misleading, as is easily verified by looking at the
3D profile of the Nb = 111 band in Figure 5.

allows for two mutually orthogonal dipoles, which are
both symmetric with respect to 180◦ rotation in the x-z
plane. Exactly this property is exhibited by the band
pairs Nb = 109, 110 and Nb = 116, 117. We therefore
interpret these two pairs of degenerate bands as general-
ized dipoles, for the case of the inverse woodpile struc-
tural symmetry. Moreover, within the limited set of the
energy-density profiles that we have visually investigated,
it seems that if the energy-density profile of a band is
not symmetric with respect to both the mirror planes
x/b = 1.5 and z/b = 1.5, the band turns out to be degen-
erate with another band which then complements these
mirror symmetries. This symmetry relation could there-
fore be used to spot or confirm the presence of degenerate
bands in the inverse woodpile photonic band structure
and possibly even be generalized to other situations.

Finally, Figure 8 depicts the evolution of the Nb = 111

FIG. 7. The x-z plane profile of the energy-density distribu-
tion of the degenerate pairs of 3D confined bands in an inverse
woodpile crystal with regular pore radius R = 0.24a, and de-
fect pore radius R′ = 0.5R. The dashed lines indicate the
planes of the mirror symmetry between these bands and the
red circles for the bands Nb = 116, 117 indicate the profile
parts where the mirror symmetries can be easily spotted.

band in structures with increasing pore radii R, while
maintaining the ratio R′/R. The energy-density maxi-
mum of the band changes with increasing R, which makes
it difficult to plot the same isosurface every time. Nev-
ertheless, the mode seems to maintain similar symmetric
profile shape with strongly varying pore radius. This
visualisation confirms the results from Figure 14 below,
that for the radii R = 0.15a and R = 0.27a this band is
not 3D confined, since in both cases the profile extends
throughout the whole supercell, at least in the x-z plane.
It is remarkable that even for R = 0.27a, the shape of the
central volume still resembles the confined profile seen for
lower radii. Overall, Figure 8 offers the interesting obser-
vation that, for a given band, its energy-density profile is
robust to strongly varying structural parameters of the
underlying inverse woodpile structure.

V. ENHANCED LOCAL DENSITY OF STATES
AND CAVITY QED

It is well-known that in thermodynamic equilibrium
the time-averaged energy density Wω of the electromag-
netic field at frequency ω corresponds to the product of
the average energy per mode w(ω, T ) and the local den-
sity of states (LDOS) N(r, ω):

Wω(r, ω) = w(ω, T )N(r, ω), (1)
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FIG. 8. The x-z plane profile of the energy-density distri-
bution of the Nb = 111 band in an inverse woodpile crystal
with varying regular pore radius R, and the defect pore radius
R′ = 0.5R.

where T is the temperature, see, e.g., Ref. [2]. Expres-
sion (1) indicates that by manipulating the energy den-
sity W , we control the LDOS, which is a crucial control
mechanism in cQED [2]. A large LDOS is favorable for
cQED applications, initially for enhanced spontaneous
emission and eventually, at even larger LDOS, for cQED
strong coupling whereby quantum matter states are hy-
bridized with photonic states [5, 6, 20, 22, 24, 56, 57].
By positioning quantum dots within the pores of inverse
woodpile photonic crystal superlattices [58] and coupling
them at the correct electromagnetic frequencies, it will be
feasible to observe these cQED phenomena. It is there-
fore important to investigate the energy-density enhance-
ment properties of the inverse woodpile photonic crystals
with respect to their structural parameters.

As discussed below in Section VI in Figs. 10-14, it
appears that larger pore radii R are generally more fa-
vorable towards confining light with large local enhance-
ments of the optical energy density. Out of all investi-
gated bands, Nb = 108 in the case of the R = 0.27a,R′ =

1.2a structure has the largest maximum energy density
Ω = 29.6. We therefore investigate the energy profile of
this acceptor-like band in greater detail.

Figure 9(a) shows the cross-section of the permittivity
of the investigated structure in the plane y/a = 1. Fig-
ure 9(c) then depicts the energy density distribution W
of the band Nb = 108. To investigate the energy density
more quantitatively, we plot W along the red line in the
figure, corresponding to (x/b, y/a) = (0.87, 1), resulting
in the plot in Figure 9(e). Figure 9(e) also contains an
extended band Nb = 54 for reference, to help us establish
the vacuum energy density level by looking at its value
of W in the air regions. This vacuum energy density
turns out to be around W = 0.03. From this graph, it
is clear that the band Nb = 108 has large energy-density
peaks but these are restricted to the regions of high per-
mittivity. In the central cavity region, the distribution
of W within the large pore varies considerably and is
an order of magnitude greater at the pore walls than at
the pore center. Taking into account that quantum dots
embedded in a crystal usually stick to the silicon walls,
this structure could provide an LDOS enhancement of
around one order of magnitude compared to the vacuum
level. Nevertheless, overall, it appears that the lack of
silicon and air regions that are too large significantly re-
strict the energy density distribution in the acceptor-like
structure, thus making it a sub-par candidate for cQED
applications.

To observe the influence of donor-like structures with
R′ < R on the energy density enhancement, we inves-
tigate the band Nb = 209 in the superlattice with reg-
ular pore radius R = 0.26a and R′ = 0.5R, which ex-
hibits the maximum of the energy density Ω = 25.7
that is the largest among the donor-like structures we
researched. The permittivity distribution of this struc-
ture in the plane y/a = 1.13 is depicted in Figure 9(b)
and the energy density profile of the band Nb = 209 in
the same plane is in Figure 9(d). Figure 9(f) shows the
energy density profile along the red line in Figure 9(d),
given by (x/b, y/a) = (1.60, 1). Again, we depict also an
extended band Nb = 54 for reference. In this case, since
the air volume is much smaller compared to the amount
of silicon around the cavity, the energy density within
the central defect pore drops only slightly compared to
its values in the surrounding silicon. Overall, even in
the center of the defect pore where W is the smallest,
the energy-density enhancement compared to the vac-
uum level at W = 0.01, and therefore also the LDOS
enhancement, is more than two orders of magnitude.

To conclude this section, we observed three competing
phenomena with regard to cQED applications: Firstly,
donor-like cavities are preferable for cQED due to larger
silicon and smaller air regions. Secondly, as explained
below in more detail, larger defect pore deviations, i.e.,
smaller defect pore radii R′ for donor-like structures, fa-
vor the appearance of more confined bands. Thirdly,
larger defect pore radii R′, appear to favor more concen-
trated energy density. From our investigation it therefore
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FIG. 9. Energy enhancement in two different inverse woodpile
structures. (a), (c), (e) Acceptor-like structure with the regu-
lar pore radius R = 0.27a, defect pore radius R′ = 1.2R, band
number Nb = 108. (b), (d), (f) Donor-like structure with the
regular pore radius R = 0.26a, defect pore radius R′ = 0.5R,
band number Nb = 109. (a) Permittivity distribution of the
acceptor-like structure in the y/a = 1 plane. (b) Permittiv-
ity distribution of the donor-like structure in the y/a = 1.13
plane. (c) Energy density distribution of the acceptor-like
band Nb = 108 in the y/a = 1 plane. (d) Energy density dis-
tribution of the donor-like band Nb = 109 in the y/a = 1.13
plane. (e) Cross-section of the energy density distribution for
the (x/b, y/a) = (0.87, 1) line, denoted by the red line in (c).
Depicted is the confined band Nb = 108 and a reference ex-
tended band Nb = 54. (f) Cross-section of the energy density
distribution for the (x/b, y/a) = (1.60, 1) line, denoted by the
red line in (d). Depicted is the confined band Nb = 109 and
a reference extended band Nb = 54.

seems that a good balance between these three require-
ments could be around the defect pore radius R′ ≈ 0.6R
slightly above half the regular pore radius R.

VI. CONFINEMENT MAPS

A. Confinement versus defect pore radius

Figure 10 depicts the confinement map of c = 3 point-
confined bands in an inverse woodpile superlattice with
regular pore radius R = 0.24a, while varying radius R′ of

FIG. 10. Confinement map of point-confined c = 3 bands
in an inverse woodpile superlattice with regular pore radius
R = 0.24a and varying radius R′ of the defect pores. The
perfect crystal case corresponds to R′/R = 1 and is denoted
by the dashed vertical line. Each point represents the average
reduced frequency of a point-confined band and the dashed
red lines represent the edges of the band gap of a perfect
crystal. The color and shape of the symbols correspond to
their maximum energy densities Ω, as given in the legend.

the defect pore. We observe four salient features. Firstly,
there is threshold in the defect pore radius, that is, a
certain minimal deviation of the defect pore radius from
the regular one necessary for the 3D confined bands to
be present. In this case this threshold appears to be
R′ ≤ 0.8R or R′ ≥ 1.2R.

Secondly, we observe that for R′ < R, the confined
bands descend into the band gap from its upper band
edge, while for R′ > R, the confined bands ascend from
the lower band edge. This notion agrees with the analysis
of Ref. [59] and with the semiconductor analogy, where
R′ < R corresponds to donor doping, while R′ > R is
analogous to acceptor doping [33]. In the photonic case,
we interpret this behavior using the energy functional

U(Ek) =

∫
VS

|∇k ×Ek|2dV∫
VS

ε|Ek|2dV
, (2)

where ∇k := ∇+ ik, VS denotes the superlattice volume
and Ek is the periodic part of a specific mode correspond-
ing to the wave-vector k. It is known that each higher-
frequency mode Ek minimizes the functional U(Ek) in
the space orthogonal to all the lower-frequency modes,
see Ref. [31]. The band gap appears if there is a large
frequency difference between two consecutive bands. De-
creasing the size of the defect pores R′ < R, results in
additional high-index silicon in the crystal, which pro-
vides more opportunity to concentrate the electromag-
netic energy in the high-index material, and thus allows
for the minimum of the energy functional at lower fre-



8

quency, pushing the bands from the top of the band gap
downwards. On the other hand, increasing the size of the
defect pores R′ > R results in more air in the structure
and thus restricts the freedom of concentrating the en-
ergy in the high-index material for the bands below the
band gap, thereby pushing them upwards into the gap.
In this regard, it is also relevant that larger deviations of
the defect pore radius R′ from the regular pore radius R
provide more 3D confined bands.

Thirdly, the confined bands exhibit a clear upward
moving trend with increasing R′/R, until they disappear
in the top edge of the band gap, creating groups sepa-
rated by frequency gaps. It is worth noting that even
though there are more confined bands for small defect
pore sizes, only the large enough defect radii R′ ≥ 0.3R
provide the value of Ω > 10, corresponding to large en-
ergy concentration.

Fourthly and finally, these defect bands do not
abruptly disappear at the edges of the band gap, but
sometimes extend slightly beyond them, specifically,
some confined bands cross the bottom edge of the gap
for R′ < R, whereas certain bands cross the top gap
edge for R′ > R. This is because the decrease of the
defect pore radius increases the total silicon volume frac-
tion of the medium, thus effectively shifting the whole
band structure slightly downwards for R′ < R, whereas
the opposite happens for R′ > R, where the lower sil-
icon volume fraction shifts the band structure slightly
upwards.

We note that the specific case of R = 0.24a,R′ = 0.5R
has been previously investigated by means of a somewhat
naive band structure analysis by Refs. [17, 25, 45], all of
which found only five 3D confined bands. Using our novel
confinement identification method from Ref. [26, 53], we
discovered in total 10 3D confined bands for the same
physical conditions.

Figure 11 depicts the confinement map of c = 3 point-
confined bands in an inverse woodpile superlattice with
larger regular pore radius R = 0.27a, while varying the
radius R′ of the defect pore. The behavior of bands
here is similar to that for R = 0.24a in Figure 10, with
groups of bands moving from the bottom edge of the
band gap upwards and disappearing at the top edge, as
R′/R increases. There are, however, three qualitative
differences compared to the R = 0.24a case. Firstly, in
this case, c = 3 defect bands are observed already for
R′ = 1.1R, thus reducing the pore radius threshold com-
pared to R = 0.24a. Secondly, the bands with high en-
ergy concentration Ω > 10 are now sprinkled across the
whole plot, suggesting that energy concentration prefers
larger pore radii R.

Thirdly, we see here several bands exceeding the top of
the band gap for R′ < R, which cannot be explained by
the differences in silicon volume fraction. These bands
are indeed 3D confined, as confirmed by visually inspect-
ing their energy density distribution, so this is not an
artifact of the employed method. This observation con-
firms what has been already hinted at by the results of

FIG. 11. Confinement map of point-confined c = 3 bands in
an inverse woodpile superlattice with regular pore radius R =
0.27a and varying radius R′ of the crossing defect pores. The
case of the unperturbed crystal corresponds to R′/R = 1 and
is denoted by the dashed vertical line. Each point represents
the average reduced frequency of a point-confined band and
the dashed red lines represent the edges of the band gap of
an unperturbed crystal. The color and shape of the symbols
correspond to their values of maximum energy density Ω, as
described in the legend.

Ref. [53], namely that the confinement does not suddenly
stop at the top edge of the band gap, for R′ < R. At
frequencies above the point-confined c = 3 bands, lin-
early confined c = 2 bands appear, as seen in Ref. [53].
It follows from this observation that the bands at the
top of the band gap only seem to lose their confinement
properties gradually, transitioning from c = 3 through
c = 2 until they become extended c = 0 bands. Such
(partially) confined bands outside of the band gap could
then possibly correspond to symmetry-protected bound
states in continuum, see Ref. [60]. In contrast, the bot-
tom edge appears to be a much stricter boundary, even
when the slight shift with respect to the change in the sil-
icon volume fraction is accounted for. This has been also
observed in experiments, where the position of this edge
provided great help when analyzing the wave confinement
and connecting the experiments with the theory [27].
Analogously, the role of the band edges is exchanged,
and for R′ > R, the top edge of the band gap acts as
a hard boundary, only slightly shifted by the change in
the silicon volume fraction, while at the bottom edge,
the bands seem to lose their confinement properties only
gradually.

Figure 12 depicts the map of c = 3 point-confined
bands in an inverse woodpile superlattice with small reg-
ular pores of the radius R = 0.18a, while varying the ra-
dius R′ of the defect pore. Once again, we observe groups
of bands emerging from the top of the band gap and de-
scending into the gap with decreasing pore radius. A cru-
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FIG. 12. Confinement map of point-confined c = 3 bands in
an inverse woodpile superlattice with regular pore radius R =
0.18a and varying radius R′ of the crossing defect pores. The
case of the unperturbed crystal corresponds to R′/R = 1 and
is denoted by the dashed vertical line. Each point represents
the average reduced frequency of a point-confined band and
the dashed red lines represent the edges of the band gap of
an unperturbed crystal. The color and shape of the symbols
correspond to their values of maximum energy density Ω, as
described in the legend.

cial observation here is that no 3D confined bands have
been found for the defect pore radii R′ > 0.6R, includ-
ing no confined acceptor-like bands for R′ > R. Notably,
there is also a lack of bands with Ω > 10, which means
that for R = 0.18a the energy concentration is in gen-
eral weaker than in the case of larger pores. There seems
to be a significant preference for both the existence and
the strength of 3D confinement in structures with larger
regular pores. This discovery is of considerable practical
importance, since in photonic crystal fabrication it is eas-
ier to fabricate high-quality pores when they have smaller
radii [44]. Our research thus offers important guidelines
for manufacturing inverse woodpile superlattices for con-
finement experiments and applications.

B. Confinement versus regular pore radius

Figure 13 depicts the map of c = 3 point-confined
bands in an inverse woodpile superlattice from an alter-
native point of view, where the ratio between the defect
and the regular pore radius R′/R = 0.5 is kept constant,
whereas the radius of the crystal pores R is tuned. For
viewing convenience, we also replotted this data in Fig-
ure 14, where we subtract the band gap center frequency
ωc at each R from the band frequencies.

First of all, it is remarkable that even though the band
gap has nonzero width, there are no 3D confined bands
for crystal pore radii R = 0.15a and R = 0.16a. This is

FIG. 13. Confinement map of point-confined c = 3 bands in
an inverse woodpile superlattice with varying regular crystal
pore radius R and constant ratio R′/R = 0.5. Each data
point represents the average reduced frequency of a point-
confined band and the dashed red lines represent the edges of
the band gap of an unperturbed crystal. The color and shape
of the symbols correspond to their values of maximum energy
density Ω, as described in the legend.

not the case at the opposite side of the band gap, where
3D confined bands appear even very close to its closing
at R = 0.29a. Similarly to the other studied cases, we
observe that high energy densities Ω > 10 appear only in
structures with larger pore radii R ≥ 0.20a. All these ob-
servations together agree with our statement above that
the strongly confined bands are more abundant in struc-
tures with larger pores. There is also a visible movement
of the confined bands from the top of the band gap to-
wards its bottom, as R/a increases. These bands again
form groups, which get more separated in frequency from
each other as the band gap becomes wider.

VII. CONCLUSIONS

In this paper, we have performed a computational
study of optical waves confined in 3D inverse woodpile
photonic band gap cavity superlattices, with respect to
their main structural parameters, namely the regular and
the defect pore radii. We have created maps of 3D con-
fined bands via various cross sections through the param-
eter space of the two pore radii, and used these maps to
analyze the influence of the superlattice structure on the
confinement. We find that larger regular pore radii favor
more confined bands and these bands also tend to have
higher concentrated energy densities.

Simultaneously, we have analyzed the symmetries of
salient 3D confined bands in 3D inverse woodpile pho-
tonic band gap cavity superlattices. We conclude that
the photonic band gap cavity superlattice bands exhibit
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FIG. 14. Confinement map of point-confined c = 3 bands
in an inverse woodpile superlattice with varying regular pore
radius R and constant ratio R′/R = 0.5. This plot shows the
same data as Figure 13, but the frequency of each structure
has been adjusted by subtracting the center of the band gap
for each regular pore radius R. Each point represents the
average relative frequency of a point-confined band and the
dashed red lines represent the edges of the band gap of an
unperturbed crystal. The color and shape of the symbols
correspond to their values of maximum energy density Ω, as
described in the legend.

very different symmetries compared to electronic orbitals
known from solid-state physics, which is caused by the
underlying crystal geometry and facilitated by the fact
that our states here derive from global Bloch states,
whereas atomic orbitals are localized. We propose that
attention should be given to confined band symmetries in
“photonic solid-state matter” and their influence on the
properties of these materials.

We have analyzed the potential of the inverse wood-

pile photonic band gap cavity superlattices for cavity
QED applications. To this end, large concentration of
energy density, proportional to LDOS, must be present
in the defect-pore region. We find that even though the
acceptor-like structures with defect pores larger than the
regular pores may offer higher energy concentration, this
energy is mostly concentrated in small regions of silicon
and decays rapidly in air. On the other hand, the inves-
tigated donor-like structure, despite exhibiting less con-
centrated energy density, provides overall higher values of
energy density within the cavity due to larger silicon and
smaller air volumes inside. Therefore, donor-like struc-
tures seem to be more favorable for spontaneous emission
control.

In future, more data should be gathered and analyzed
to obtain even deeper understanding of the confinement
behavior of inverse woodpile superlattices. Such a study
should be extended to encompass not only 3D confined
bands, but also 2D confined ones, which have been
previously shown to exist in these structures as well.
Finally, this type of investigation should be extended
to other classes of photonic superlattices that are being
pursued in other labs worldwide.
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