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We experimentally study the dispersion relation of waves in a thin quasi-two-dimensional (2D) defect layer
with periodic nanopores that sits on a 3D photonic band-gap crystal made from silicon by CMOS-compatible
methods. The nanostructures are probed by momentum-resolved broadband near-infrared imaging of p-polarized
reflected light as a function of off-axis wave vectors. We identify surface defect modes at frequencies inside the
3D photonic band gap with a narrow relative linewidth (Aw/w = 0.028), which are absent in defect-free 3D
photonic band-gap crystals. We calculate the dispersion of the states with relevant mode symmetries using a
plane-wave-expansion supercell method, with structural parameters directly extracted from scanning electron
microscope images. The calculated bands match very well with the measured data. The slope of the dispersion
curves of the surface defect states is negative in one off-axis direction, corresponding to backward-propagating
waves in that direction where the phase velocity and the group velocity point in opposite directions, as confirmed
by finite-difference time-domain simulations. We also present a didactic and analytic model of a 2D grating
sandwiched between vacuum and a negative real effective ¢’ < 0 that mimics the 3D photonic band gap. The
model’s dispersion agrees with the experiments and with the full theory and shows that the backward propagation
is caused by the surface grating. We discuss possible applications, including a device that senses the output

direction of photons emitted by embedded quantum emitters in response to their emission frequency.
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I. INTRODUCTION

There is a worldwide interest in completely controlling the
propagation and emission of photons, a major goal of the
field of nanophotonics [1-6]. An intriguing kind of control
is the opportunity to have photons propagate preferentially
in a thin quasi-two-dimensional (2D) sheet in space, where
propagation in the third dimension is exponentially attenuated
or otherwise somehow impeded. Such peculiar “flattened”
light propagation is well known on a single interface between
a dielectric (with ¢/, > 0) and a metal (with ¢, < 0) [7],
where surface plasmon polaritons occur [8—11], and on their
double-interfaced counterparts [12]. A second way to confine
light to 2D occurs on the surface of a 3D photonic band-
gap crystal [13], where surface states occur [2,14] that have
been observed in pioneering studies by Ishizaki et al. [15,16].
A third approach is to confine light to a thin single-mode
waveguide formed by a line defect in a 2D slab photonic
crystal, such as the famous W1 waveguide [17-19]. In these
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platforms, light has wave vectors exceeding those in free
space (|k| = ko > |Kkyacl), i.e., outside the light cone, so that
special in or outcoupling methods are needed to overcome the
momentum mismatch, such as gratings or prisms.
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FIG. 1. Schematic cross section showing (left) the reflection of
wave vector K;, | to K0 and higher-order diffraction K5 —; by the
3D photonic band-gap crystal (pitches a and ¢ and pore diameter
d) and (right) the excitation of waves in a planar surface defect
(thickness dger). The surface defect wave (SDW) has a group velocity
vspw pointing in the opposite direction as the z component of kj, 5.
The x and z directions correspond to the directions I'Sy and I'M of
the irreducible Brillouin zone, respectively.
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FIG. 2. Three-dimensional photonic band-gap crystals [(a)—(c)]
without and [(b)—(d)] with surface defect. (a) Model of a periodic
crystal which is periodic up to the crystal-to-air interface. (b) Model
of the same structure, missing half-pores at the red arrows, creating
a surface defect. (c) SEM image of the real photonic crystal after the
surface was sliced off, similarly to (a). (d) SEM image of the mask of
the same structure as (c) before the surface was sliced off, therefore
having the surface defect, similarly to (b). Scale bars shown are 2 um
wide.

Here we study waves that propagate in a thin dielectric
photonic layer on the surface of a 3D photonic band-gap crys-
tal, as illustrated in the schematic in Fig. 1 (right). Such a thin
layer may be viewed as a 2D surface defect on a 3D photonic
band-gap crystal, which was recently proposed by our group
as an effective absorber [20]. Since a 3D photonic band gap
may be viewed as an effective medium with a negative real
dielectric constant (¢’ < 0), the light in the dielectric layer
is exponentially attenuated into the lower half-space. In our
case, the thin dielectric layer has a periodic array of pores.
Therefore, our surface defect layer is structured, which may be
conceived as a 2D slab photonic crystal, which plays the role
of an incoupling or outcoupling grating for the light propagat-
ing inside the layer. Thus, our system operates inside the light
cone, and the light in the surface defect layer is not strictly
confined from free space [11], i.e., the modes are leaky. Our
system may be compared to 2D slab photonic crystals, where
leaky guided resonant modes are excited inside the light cone
since they radiate in the third dimension [21,22]. The photonic
crystal with a surface defect layer is shown in Figs. 2(b) and
2(d). For comparison, we also investigate a defect-free crystal
where the surface defect is removed such that the structure is
periodic up to the surface; see Figs. 2(a) and 2(c).

We probe the dispersion of the surface defect waves using
momentum-resolved imaging [23-25] of the reflected light.
Although the defect-free photonic crystal shows only high
reflectivity at frequencies in the photonic band gap, the re-
flected light on the crystal with surface defect reveals narrow

minima inside the high reflectivity of the band gap, indi-
cating good confinement from free space. In addition, the
minima are deep, indicating an efficient incoupling (~90%)
from free space. These properties are distinct from those of
the approaches listed above that—in the visible part of the
spectrum—often possess rather broad minima when excited
within the light cone. In contrast to metal-based plasmonics,
our system has a vanishing ¢”, so we expect minimal non-
radiative damping due to absorption. A second remarkable
feature of our hybrid 2D + 3D system is that the waves reveal
backward propagation [14,26-31], where the group velocity
Vspw 1S opposite to ki, ., see Fig. 1, as confirmed by simu-
lations. The backward propagation results from the scattering
of incident light by the periodically structured surface layer, as
borne out by an analytic model that involves a surface grating
on top of a negative ¢ band-gap medium.

To interpret our experiments, we performed plane-wave
expansion calculations with supercells and find that the
surface defect allows for predominantly p-polarized light
to excite a surface defect wave that propagates inside the
added dielectric material at frequencies matching the pho-
tonic band gap. The calculated dispersion agrees very well
with the measured dispersion, which is exhilarating because
all parameters are directly extracted from SEM images. We
conclude our paper by discussing a few potential device
applications.

II. DESIGN UNDER STUDY

A. Crystal structure in real space

Our 3D photonic band-gap crystals have the inverse wood-
pile crystal structure [32]. Inverse woodpile crystals have a
broad 3D photonic band gap because of their cubic diamond-
like structure [33]. We wish to find the smallest unit cell that
describes the inverse woodpile structure. In previous work
[34-39], an orthorhombic unit cell was used for convenience,
but this unit cell is not primitive; hence, spurious artifacts
occur in the band structures, such as the folding of bands.
Instead, we here use the primitive unit cell, specifically a
body-centered tetragonal (BCT) unit cell with conventional
unit vectors. The unit cell is shown in Fig. 3(a), and the unit
vectors are given by
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The 3D structure has pores in the x and y directions [40].
The space group of the structure is 141 [41]; see the Bilbao
crystallographic server [42]. To have the same basis for sym-
metry operations as the Bilbao server, we position the pore
along the x direction at y = ﬁi and z = 7, the pore along
the y direction at x = z = 0, and repeat the pores at other
positions inside the unit cell using the lattice vectors given
in Eq. (1).
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FIG. 3. (a) Unit cell of the inverse-woodpile structure. In dark
gray, the silicon structure is shown. The pore’s material, air, is not
shown here. The unit vectors and pores’ positions are defined in the
text. (b) Green dotted: Irreducible Brillouin zone for a 3D photonic
band-gap crystal with the inverse-woodpile structure. Gray: First
Brillouin zone. Blue and red: Trajectories in k-space along which
we computed bands to compare to the experiment. The trajectories
extend until k,/|k| = k./|k| = NA = 0.85 for ¥ = 10* cm~.

B. Reciprocal lattice

From the unit vectors in 3D real space, we obtain the
reciprocal lattice vectors that span 3D reciprocal space,

27

b, = 7[\/594-2],
2

b, = 7[~/§§;+2],

2
b; = 7[\@2 + /231 )
A general reciprocal lattice vector is given by
G = fby + gb, + hbs, 3

where f, g, h € Z. The component parallel to the yz surface
determines the reflected orders in Fig. 1(a) [43,44] and is
given by

2, 2
G =p—y+m—1, 4)
c a

where p,m € Z,and c = a/ﬁ.

The commonly used irreducible Brillouin zone (IBZ) of
the BCT lattice is shown in Fig. 3(b). It is instructive to rotate
the IBZ 180° around the NP line. The rotated IBZ is one
of the IBZs next to the nonrotated one, the unit cells together
forming a triangular prism. The procedure maps Sy to S, R to
G, and M to My, the latter positioned at ;—‘So. The coordinates
of the high-symmetry points of the IBZ and a calculated band
structure are provided in Appendix A.

III. EXPERIMENTAL SECTION
A. Samples

Our photonic crystals are made of silicon by CMOS-
compatible means. The inverse woodpile structure consists
of two identical arrays of pores with radius R running in the
perpendicular x and y directions. Each array of pores has a
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FIG. 4. Optical setup to measure spectrally resolved reflectivity
both in real space and in wave vector space at the detector plane
(vertical dashed line, top right). The incident beam has a tunable
wavelength between 1000 and 1700 nm. The blue beam path pertains
to real-space imaging of the sample. The red beam path pertains to
imaging in wave-vector space (k-space). Components shown: a flip
lens (L), a beam splitter (BS), an objective (OBJ), a sample (S),
a mirror (M), a half-wave plate (HWP), a polarizer (P), and a tube
lens (L,).

centered-rectangular structure with lattice constants a and ¢ in
aratio a/c = +/2 to ensure a cubic crystal structure. Here we
use @ = 680 nm and a pore diameter d = 300 nm to produce
a photonic band gap in the near infrared and telecom ranges
[35,36,38,39]. The pore arrays on the yz surface have an
offset Az = a/4 = 170 nm in the z direction compared to the
xz surface, see Fig. 2.

The 3D silicon photonic crystals are made by etching deep
cylindrical pores on the edge of a silicon beam in the x and
y directions. We made the nanostructures using techniques
we have described before [35,45,46]. In our standard mask-
making procedure [45] we came to realize that we introduce a
peculiar surface termination: from half of the pores at the xz
and yz surfaces, the lower half of the pore is missing compared
to a perfectly periodic structure that is terminated halfway
through the pore, as in, e.g., Refs. [36,47]. Therefore, our
fabricated structures have from the outset a surface defect;
see Figs. 2(b) and 2(d). The thickness of the surface defect in
Fig. 2(d) is dgef = 320 £ 10 nm, where dgf is defined as the
distance from the surface to the centers of the pores closest to
the surface. After experiments on the structure with a surface
defect are completed, we carefully removed part of the sur-
face of the photonic crystal with a focused ion beam (FIB)
to realize the defect-free structure; see Figs. 2(a) and 2(c).
Similar measurements were repeated on a second photonic
crystal both with and without surface defect, see Appendix D,
and were found to reproduce very well.

B. Optical setup

Although band gaps and surface defects are typically stud-
ied by scanning the angle of incident light [15,16,24,48-54],
we chose to scan the frequency while directly imaging the
reflectivity as a function of k;, a method called momentum-
resolved imaging or Fourier imaging [24,24,25,55-57].
Figure 4 schematically shows our setup to collect spec-
trally resolved reflectivity in both real and wave-vector space.
Our setup is based upon that used in Refs. [38,58]. Briefly,

155305-3



TIMON J. VREMAN et al.

PHYSICAL REVIEW B 112, 155305 (2025)

linearly polarized light from a supercontinuum white light
source (Fianium SC-400-2) is spectrally filtered by a
monochromator with spectral resolution AX = 0.6 nm (Oriel
MS257), collimated, and set to p-polarized light by a half-
wave plate. Waves traveling in the x direction are labeled as
p-polarized if the E field is oscillating parallel to the pores
along the y axis. The beam is focused (¢ <2 um) on the
samples with an objective (Olympus LCPLN100XIR) with a
numerical aperture NA = 0.85. Reflected light is collected in
backscatter geometry by the same objective and directed via
a beam splitter through a p-polarized polarizer to an InGaAs
camera (Photonic Sciences). To collect spectral information in
k-space, light collected with the objective is collimated, and
the back focal plane is imaged by two lenses (flip lens and
tube lens, 300 and 500 mm, respectively) onto a camera. A
frequency scan in k-space of 160 data points takes 5 min per
sample.

C. Experimental details

The reflectivity is normalized relative to the reflectivity
measured with a gold mirror, assuming R, = 96% reflec-
tivity. The maximum accessible k, and k;, also known as the
light cone, is equal to the NA times the magnitude of the wave
vector in air ko, 1.e., K|, max = (NA)ko.

Each measurement run yields a 3D dataset—two dimen-
sions are spatial (k, and k;) and one is the frequency (V).
Videos in the Supplemental Material show whole datasets
Refs. [59,60], also for a second photonic crystal with the same
design parameters [61,62]. For simplicity, here we will focus
on either one frequency (two spatial dimensions) or we will set
ky, = 0 or k;, = 0 (one spatial and one frequency dimension).

D. Photonic band-structure calculations

We determine the edges of the 3D photonic band gap of
the crystal without defect as a function of k for p-polarized
light as follows: The band structures for Bloch modes are cal-
culated for wave vectors on the boundary of the first Brillouin
zone, see Fig. 3(b), as those wave vectors typically determine
the frequency edges of the band gap [63]. The I'Sy direction
corresponds to waves incident from the normal x direction.
By setting k, = 0 or k; = 0, two paths are defined along the
first Brillouin zone boundary; see the red and blue lines in
Fig. 3(b), respectively. Modes with k vectors along the red
and blue lines are calculated using the MIT Photonic Bands
(MPB) open-source software [64], using a pore diameter d =
300 nm and lattice parameter a = 680 nm (reduced pore radius
r/a =0.22).

Bloch modes in a photonic crystal have symmetry prop-
erties [1], which we also calculate using the MPB software.
The symmetry properties of modes with wave vectors along
the T'Sy path are categorized into four types, namely X; to
>4 [42,65], as elaborated on in Appendix B. These wave vec-
tors correspond to plane waves incident from the x direction.
Due to the symmetry properties of polarized plane waves,
s-polarized and p-polarized waves excite only modes from X3
and X4, respectively. In the band structures, we only show the
modes with the symmetry corresponding to the polarization

of that measurement. We also do this for the off-axis modes,
as the symmetry properties are expected to still dominate.

E. Angle of reflection off photonic crystals

For a planar mirror, the angle of incidence equals the angle
of reflection due to the conservation of the parallel component
of the wave vector: The incoming k;, ; (¥) equals the outgoing
k(D) at a certain wave number ¥ [66]. Furthermore, a mirror
reflects all angles (almost) equally.

The interface between air and a 3D photonic band-gap
crystal is more complex [2,43,44,67]. If an incident wave
with K, (D) excites a Bloch mode, then the reflection of that
incident wave will be low; see Fig. 1 (right). And if such
an incident wave does not excite a Bloch mode, then it is
reflected by the 3D band gap, see Fig. 1 (left). In addition
to the specularly reflected light, diffraction orders may occur
due to the periodicity at the surface of a photonic crystal, as
described by G in Eq. (4). Analysis of the reflected waves is
easiest in the regime where only the specularly reflected light
is collected by the objective’s acceptance cone. The boundary
of this regime is calculated as follows: the (p =0, m = —1)
diffraction order is illustrated in Fig. 1 (gray arrow). Together
with the (p =0, m = 1) order, this is the diffraction order
that the objective collects soonest because it has the lowest
|Gy|. We start collecting diffraction orders when ki, and the
reflected k_; both overlap with the maximum angle of the
objective. In other words, only specularly reflected light is
collected when ki, ; = —k; = min(|Gy|)/2 = % > ko(NA) =
279(NA), i.e., when ¥ < 8650 cm™!. For modes on the axis
ky = k; = 0, no higher diffraction orders are collected when
< 17300 cm™!. Hence, in the frequency region of the band
gap and below, we collect no reflection from higher diffraction
orders.

We interpret our experimental observations with Bloch
modes calculated for the infinite crystal as follows [68]. The
Bloch modes calculated inside the photonic crystal are re-
fracted at the crystal-to-air interface, possibly with multiple
diffraction orders in air. Given the periodicity at the surface is
the same [see Eq. (4)], the analysis of the refraction orders
is the same as for the reflected diffraction orders, i.e., we
only collect the zeroth order in the frequency region of the
band gap and below. Therefore, the calculated band structures
are plotted directly onto the experimentally obtained wave
number versus k; graphs. Due to the periodicity, only bands
inside the first Brillouin zone need to be considered [44].

F. Finite-difference time-domain simulation

The excitation of the surface defect mode is simulated
on an ideal 3D photonic crystal of 6¢ x 5¢ x 40a
with a surface defect with thickness dgf =320 nm.
In finite-difference time-domain simulations (FDTD)
using open-source package Meep [69], a p-polarized
quasimonochromatic plane wave with k, = +2.0 um™!
and ¥ = 6500 cm™~! is incident on the photonic crystal, which
corresponds to the k;, that excites the surface defect mode.
The simulation domain is surrounded by 1.5 um of perfectly
matched layer to absorb outgoing waves. Cross sections of the
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FIG. 5. Momentum-resolved image of the reflectivity of the pho-
tonic crystal (left) without and (right) with defect at = 6850 cm™!
(A = 1460 nm; a/A = 0.4657) for p-polarized light. We observe high
reflectivity from the band gap with strong linelike troughs from the
defect mode. The NA of the objective determines the maximum
|ky|/ko < 0.85.

electric field in the xz plane are extracted from the simulation
to show the propagation of the guided wave.

G. Supercell calculation of the surface defect mode

To calculate the dispersion of the surface defect mode,
we apply the supercell method [70]. For this calculation,
the orthorhombic unit cell is used, as previously used
[34,36,38,39,71], with the pores at the same position as in
Sec. IT A. Six unit cells of 3D photonic crystal are alternated
with six unit cells of air in the x direction, with a resolution of
192 x 16 x 23. Of the outer two unit cells, one has a surface
defect with thickness dger = 320 nm, and the other has proper
surface termination halfway through the pores. A schematic
of the supercell is shown in Fig. 14(a) of Appendix C.

Modes are calculated at k vectors with either k, = 0, or
k. = 0 while keeping k, constant. Next to the surface defect
mode and bulk crystal modes, the supercell method also finds
modes in the air unit cells, which interact with and obscure the
surface mode. The confinement of the surface defect modes
near the surface and the dominant polarization of the defect
mode are used to isolate the surface defect mode, as elaborated
on in Appendix C.

IV. RESULTS

A. Reflectivity at a single frequency

The momentum-resolved reflectivity of p-polarized light is
shown in Fig. 5 at a frequency (¥ = 6850 cm™') deep inside
the band gap. Without the surface defect, the reflectivity is
high, as expected from a complete 3D band gap. In the k, di-
rection, the reflectivity is high everywhere; in the k, direction,
the reflectivity is greater than 100% near k, = 0 and lower at
|ky| > 0. We discuss the reason for the directional reflectivity
exceeding 100% in Sec. V. The reflectivity is centered slightly
towards positive ky, as the surface removal process by the
FIB results in a small angular offset. Other than that, the
reflectivity is symmetric around both k, = 0 and k, = 0, as
expected from a symmetric structure.

For the crystal with the surface defect, we also observe high
reflectivity, and the reflectivity is mostly symmetric around
ky = 0 and k; = 0. Remarkably, we observe two deep troughs,

Wavelength (nm)

1550 1250 1000
100 T T
o s-pol
<
2 i '
5] - by
@ ' . . BFER
= ! v e
o ! !

0
6000 7000 8000

Wave number (cm'1)

9000 10000

FIG. 6. Total reflectivity of the 3D photonic band-gap crystal
without surface defect, as shown in Fig. 2(c). Blue data are for
s-polarization, red data for p-polarization. Horizontal dashed line
indicates the half height and vertical dashed lines indicate the full
width at half maximum. Wave number ¥ = w/2m ¢y.

tending to a minimum reflectivity as low as ~10%, resulting
from the surface defect. The troughs are shaped like two
lines: They extend along all probed k,, and they are sharp
along k, appearing at |k,| = 0.4ky. As a function of increasing
frequency, the troughs from Fig. 5 approach each other, as
is observed in the video of the whole momentum-resolved
dataset in the Supplemental Material Ref. [60].

Since the minima are absent in the reflectivity acquired
from the sample without a defect, we conclude that they
correspond to new states from the surface defect. The minima
correspond to the excitation of waves that travel between the
band gap and air, as illustrated in Fig. 1. Because the wave is
excited with light inside the light cone, radiation into the air is
expected. We further investigate and discuss the radiation in
Secs. IVD and V.

B. Frequency-resolved reflectivity of 3D band gap

By integrating the reflectivity over k;, we obtain real-
space reflectivity spectra, similarly to previous studies in our
group [38,39], and elsewhere [53,72,73]. The total reflec-
tivity spectra measured on the structure without defect in
Fig. 6 reveal broad and intense peaks centered at ¥, = 7200
cm~! for both polarizations with maxima up to 70-80%,
confirming the high quality of our crystal structures. The
peaks are broad with widths (full width at half maximum) of
about AP, = 1800 cm™!, corresponding to a relative band-
width of AD./D. = 25% and thus confirming the expected
high photonic strength of these high-index-contrast silicon-air
nanostructures [38,39]. The reflectivity spectra are smooth
for both polarizations. The band gap is expected to extend
until 8200 cm™! (see the band structure in Fig. 11), but we
observe that the reflectivity starts to decrease at 7800 cm™ !,
which we attribute to minor manufacturing defects, such as
noncylindrically shaped pores.

We now turn to the frequency- and momentum-resolved
reflectivity spectra for p-polarized light. To keep the represen-
tation of the large datasets tractable, we plot in Fig. 7(a) cross
sections through the momentum-resolved data at k, = 0 (left)
and k, = 0 (right). In the k;, = O plane, the reflectivity is high
for all probed k, and symmetric about k, = 0. With increasing
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FIG. 7. Momentum-resolved reflectivity R for p-polarized light
of a 3D photonic crystal (a) without and (b) with a surface defect.
Samples without and with a surface defect are shown in Fig. 2.
Gray area: Outside the objective’s illumination cone. Cyan, dashed:
Symmetry-selected bands calculated along the red and blue lines in
Fig. 3(b) for pore diameter d = 300 nm. The region between these
regular bands shows high reflectivity from the band gap, where the
troughs inside the high reflectivity represent the defect mode.

frequency to about 8000 cm™!, low reflectivity appears at |k, |
=3 um~! that we attribute to the upper edges of the band gap,
also referred to as “air” bands [2]. Furthermore, decreased
reflectivity appears at even higher frequencies, which we in-
terpret as higher bands above the gap.

In the k&, = O plane in Fig. 7(a) (right), we observe a
high reflectivity for momenta central near k, = 0, whereas the
reflectivity decreases for |k,| > 1 um~'. A directional reflec-
tivity that apparently exceeds 100% is discussed in Sec. V.

Figure 7 also shows (dashed cyan) bands calculated at the
boundary of the first Brillouin zone; see the red and blue lines
in Fig. 3(b). The bands shown here are selected according to
whether they can be excited with incident p-polarized light
based on their dominant symmetry type. Below the gap, the
bands and reflectivity match well. Above the gap, the shapes
of the calculated modes match the shape of the measured
band gap well, but the frequency of the calculated modes is
greater than in the experiment for a straightforward reason:
The lowest frequency of the first mode above the band gap
occurs not at Sy but slightly inside the FBZ, as is seen by the
frequencies of the modes calculated along I'M, in Fig. 13.

N
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FIG. 8. Two-dimensional slice of a 3D FDTD simulation, with
the real part of the electric field in the y direction (Re{E,}). At the
rectangular source (black horizontal bar), a continuous wave with
wave number ¥ = 6500 cm™! is created at the defect frequency and
with wave vector k;,. The wave is incident on the photonic crystal
with surface defect layer (black curves, layer at x = —1 um). The
incident wave excites a surface defect wave in the —z direction, which
radiates in the direction K,q. The incident wave is also reflected by
the 3D band gap to Kpq.

C. Frequency-resolved reflectivity of 3D band
gap with surface defect

In Fig. 7(b), we plot the cross sections of momentum-
resolved reflectivity for a 3D photonic band-gap crystal with
a surface defect [see Figs. 2(b) and 2(d)]. The left panel is
a k, =0 cross section and the right panel a k; =0 cross
section. Similarly to the crystal without a defect, the spectra
are symmetric in k; = 0 and k, = 0, respectively. They are
even more symmetric than without defect since fewer manu-
facturing steps are involved.

A striking feature in Fig. 7(b) is a deep
trough inside the band gap. In the k,=0 -cross
section (left), the trough runs from 6500 to 7050 cm™!,
whereas the k, = 0 cross section (right) is nearly constant at
7050 cm~!. The width of the mode is about AD = 200 cm™~!,
which corresponds to a relative bandwidth AD/D = 0.028.
The surface defect mode’s dispersion is directly given by
the shape of the troughs in these plots and is very different
between k, and k,: k, strongly impacts the energy required
to excite a surface defect mode, while k, hardly does. The
group velocity is given by Viw [2], where w = 2w ¢yD. Given
that the frequency of the surface defect mode decreases as a
function of increasing |k, |, we expect the wave to travel in the
opposite direction as ki, ;. Since the dispersion as a function
of k, is relatively flat, we expect slow propagation in the y
direction.

D. Simulations of the surface defect waves

Figure 8 shows one snapshot of the FDTD simulations to
visualize waves in the surface defect in real space, taken after
55 wave periods. The simulations show that a plane wave at
+30° incidence is partly reflected towards K. = k by the 3D
band gap and partly excites a wave that travels between on one
side the band gap and on the other air. From the decay of the E
field as a function of x, we estimate the penetration depth due
to the band gap, also known as the Bragg length, to be I, =
700 +50 nm, which corresponds to an effective permittivity
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of the photonic crystal at frequencies in the band gap of about
e =—0.12.

The wave travels in the —z direction, which is consistent
with the measured dispersion in Sec. IVC. It is strik-
ing that ki, , is positive (like in Fig. 1) while the wave’s
energy travels to the left, i.e., the group velocity of the
wave is negative [2,74]. We then conclude that we observe
a backward-propagating wave on the surface of a 3D photonic
band-gap crystal along the k, direction. In the video in the
Supplemental Material Ref. [75], we observe that the group
velocity of the surface defect wave is slow compared to that
of the reflected wave.

The surface defect wave radiates, and from the simulations
we find it has a propagation length of ~3 um. This is a useful
start for applications, especially since various improvements
can be envisaged; see Sec. V. The radiation travels in the
+z direction, in (almost) the same direction as k. That is
expected: In Sec. IV B we found that ki, ; = k;, and due to
conservation of parallel momentum kspw ; = kin; + m%” =
kiad,- + pZ=, where {m, p} € Z. For k and ki, to both be
in the light cone, ki, , = k.4 ;. Therefore, we conclude that
kz = krad,z~

The 7Vspw that excites a surface defect mode at
k. =2.0 um~! in the simulation is 270 cm~! lower than in
the experiment, which we attribute to the absence of manu-
facturing defects in Ref. [76] and the limited resolution of the
simulation.

While not shown here, in the y direction, the wave hardly
propagates near |k,| = 0, as expected from the measured dis-
persion along k,. Additional simulations show that at normal
incidence (k, = k, = 0), the wave propagates in both %z di-
rections.

E. Calculated dispersion via supercell method

Using the supercell method, we calculate the dispersion of
the surface defect mode for the inverse woodpile with surface
defect of dgf = 320 nm. Next to surface modes, the super-
cell method also provides bulk crystal and air modes, which
are undesired here. By setting requirements on the symmetry
properties and confinement of the mode at the defect interface,
we were able to isolate and reconstruct the dispersion of the
defect mode, as further elaborated on in Appendix C. We
directly plot the (green dashed) calculated dispersion onto the
measured data in Fig. 9 (see Sec. IIIE). The shape of the
calculated dispersion matches very well with the measured
dispersion, confirming the experimental results and theoretical
analysis. The defect mode is remarkably sensitive to the defect
thickness dges: A change of dger from 320 to 240 nm shifts
the calculated defect frequency at k; = k, = 0 from 7060 to
7800 cm™! (Fig. 14).

V. DISCUSSION
A. Didactic model

The dispersion of the waves in the surface defect of
the photonic crystal corresponds very well to the mea-
sured dispersion, but the good agreement in itself does not
yet provide a physical argument as to why the waves are
backward-propagating. To address this question, we propose
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FIG. 9. Zoom-in of Fig. 7(b) showing the momentum-resolved
reflectivity R (colors in the color bar in the center) with (in green)
the surface defect mode calculated with the supercell method.

an analytic model of Fresnel reflectivity of unstructured media
for p-polarized light. The model simplifies our experimental
configuration by considering only three media, namely:

(1) An upper half-space consisting of air, with a real dielec-
tric constant &} = 1,

(ii) A defect layer with a real dielectric constant ¢} and a
thickness dger = 320 nm,

(iii) A lower half-space consisting of a photonic band gap
described by a negative real dielectric constant [2,28,37] equal
to &5 = —0.12 [77].

For the defect layer, we estimate the effective dielectric
constant from a volume average of the refractive indices of
air and silicon to be &, = ngff = 2.4, The 3D photonic band
gap is modeled with an effective dielectric constant that we
take to be negative and real. The defect layer acts like a core
in a low-¢ cladding of a waveguide. The (black) waveguide
modes exist outside the (m = 0) light cone.

Subsequently, we incorporate the effects of periodicity
from the pores at the surface (illustrated in Fig. 1) using
a grating with spacing a such that kj, , also creates cones
at m%” =m x 9.24 um~! for m € Z, see the blue lines in
Fig. 10 for m = %1. The off-shell modes of m = +1 represent
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FIG. 10. Calculated dispersion of modes in a didactic Fresnel
model of three media and a grating with orders m = —1,0, 1.
Parameters of the model are defined in the text. Diagonal striped fill:
Light cones of m = 0 and m = =£1. Solid lines: Calculated modes for
(black) m = 0 and (blue) m = %1. The calculated modes start from
the edge of a light cone. Green dotted: Supercell computations along
k, from Fig. 9 (left). Red: Hyperbola originating from an avoided
crossing of the blue m = 1 modes.
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backward waves below ¥ < 8600 cm~! inside the light cone

of m =0, as can be seen from their negative slope of the
dispersion curve in the k, direction.

In the model, the m = £1 modes cross without interaction,
but in reality, an avoided crossing is expected, which is taken
into account by plotting a hyperbola with as asymptotes the
m = %1 modes; see the red line. The opening AD at k, = 0 is
estimated using Eq. 2.11 of Ref. [78] for a 2D structure with
G = 4m /cZ. Given the simplicity of the model, the hyperbola
matches well with the supercell calculations at low |k;|. At
high |k, | the model’s derivative does not tend to zero and thus
the agreement with the supercell calculation is worse, which
is reasonable as the effective medium approach of the defect
layer is poorer for increasing |k;|.

Along the y direction, the grating spacing is a/~/2, which
means the light cones are further apart and no grating effects
are visible inside the frequency region of the band gap ex-
plored here. Indeed, we do not observe a backward wave along
the y direction in our simulations.

B. Further discussion

First, let us discuss the trade-off between ease of excitation
of and amount of radiation by the surface defect wave. Using
waves inside the light cone, we excite waves that radiate back
into the air more readily than fully confined waves. For certain
applications, less radiation and more confinement may be
desired. By increasing the confinement threshold to 80% in
the supercell computations, we find two strategies to improve
the confinement: (1) Confinement is enhanced by exciting (the

same or other) bands at a vk, + kZ outside the light cone,
e.g., by using a prism [11,15], and (2) by exciting surface
modes with symmetry ¥, and X,, which do not couple easily
to outside waves.

Second, the question arises as to why we do not observe
any defects in Fig. 7(a), where despite dger = O there is still
a surface termination. The reason is that there are no surface
defect states in the band gap, which follows from the same
calculations as in Sec. IV E with a confinement restriction at
the bottom surface (which has defect width dg.s = 0).

Third, let us consider the observation of more than 100%
reflectivity in Fig. 5 (left) and Fig. 7(a) (right). Detection
of more than 100% directional reflectivity at particular K is
not against conservation of energys; it is the toral reflectivity
integrated over all k that must stay below 100%, which it
does (see Fig. 6). More than 100% directional reflectivity
implies that multiple kj, are reflected toward the same Kk,
even at frequencies in the band gap. However, such redi-
rection is unexpected from Refs. [1,2,44,67] because they
only find redirection in the form of diffraction orders with a
discrete G that, for our sample and surface, only occurs at
frequencies above the band gap, see Sec. IIIE. A stark dif-
ference between our experiment and the situations described
in Refs. [1,2,44,67] is that we consider focused light while
they consider plane waves. While plane waves probe an in
theory infinite surface, our sharp focus only probes a few
square micrometers. It is known that the k; provided by
diffraction gratings—also periodic structures—is not as well
defined when probing only a few lines [79]. Therefore, and
potentially due to other yet unknown reasons, the previous

theoretical work and simulations on the reflection of plane
waves may not directly be applicable to our experiment. To
study the reflectivity with a sharp focus outside the labora-
tory, we perform a momentum-resolved FDTD simulations in
Appendix E. The results of the simulations corroborate our
experiments.

Fourth, we remark that we have not studied cross-
polarization coupling from p- to s-polarized light since
the polarizer in front of the camera filters out s-polarized
light.

Fifth, we discuss potential applications of a photonic crys-
tal with such a surface defect. Our hybrid system between a
waveguide and a surface wave may not only have the usual
“flat light” applications in (bio)sensing and photonic com-
munication but also completely new applications that profit
from the 3D band gap (cavity quantum electrodynamics in-
cluding spontaneous emission inhibition) combined with a
tunable wave vector (hence: tunable directionality) that is
set by the emission frequency. For example, say we put a
quantum dot that emits between 6700 and 7100 cm™! inside
our photonic crystal roughly 1.5 um below the surface. Due
to the dispersion, when the quantum emitter emits in the
surface defect light, the frequency sets the wave vector, and
hence the direction of the light. In other words, the emis-
sion frequency determines the direction: At 7100 cm™!, the
angle with the x axis at k, = 0 is 0°, while at 6700 cm~! it
is +28°.

VI. CONCLUSIONS AND OUTLOOK

In this paper, we investigated the effect of a planar defect
at the surface of a 3D photonic band-gap crystal on its optical
properties. Using momentum-resolved reflectivity spectra of
p-polarized light, we probed the surface defect waves that
show up as a deep minimum inside the high reflectivity of the
3D band gap. By tracking the troughs versus optical frequency
and reflected wave vectors, we mapped out the dispersion
relations of the defect states. To further interpret our exper-
iments, we theoretically calculated the dispersion relations
using a supercell method in the plane-wave expansion, for
which we selected modes based on symmetry and confine-
ment properties expected for this Bloch mode inside a surface
defect excited with p-polarized plane waves. The supercell
calculations and experiments match very well and show a dis-
persion curve that decreases as a function of |k, |, indicative of
a backward-propagating wave, confirmed by finite-difference
time-domain computer simulations.

We anticipate that our experimental methods may be read-
ily applied to 2D photonic crystals, 2D photonic quasicrystals,
other 3D photonic crystals, and other nanostructures, such
as superlattices [80]. Momentum-resolved imaging provides
a large dataset in a short amount of time, similarly to, e.g.,
hyperspectral imaging, and it highlights the effect of defects
very clearly.
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APPENDIX A: MORE INFORMATION
ON THE RECIPROCAL SPACE

The coordinates of the high-symmetry points in the irre-
ducible Brillouin zone of the body-centered tetragonal lattice
are tabulated in Table I. The band structure for the photonic
crystal is calculated along these high-symmetry points using
the parameters from our experiments and is shown in Fig. 11.

TABLE 1. Labels and corresponding positions along the irre-
ducible Brillouin zone. The first set of positions are in the units of the
lattice vectors, Eq. (2). The second set is coordinates in the Cartesian
plane, for clarity divided by 27 /a. The band structure is calculated
along these points in this order.

Label b, b, bs kx ky ky,
1 1 1
r 0 0 0 0 0 0
3 3 3 3V2
So —3 3 § e 0 0
3 5 3 V2
S § 5 ~3 T 0 1
1 1 1
1 1 1 V2 V2
G 2 2 —i e T 1
3 5 3 V2
S § 3 —3 T 0 1
1 V2 1
1 1 1 V2 V2 1
P i i i 5 5 3
1 V2 V2
1 1 1 32 V2
R ~i i 2 =y r 0
r 0 0 0 0 0 0
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FIG. 11. Band structure (dispersion diagram) of a 3D photonic
crystal with an inverse-woodpile structure. For this structure, the
pore radius (2r = d = 300 nm) divided by the pitch (a = 680 nm) is
equal to r/a = 0.22.

APPENDIX B: SYMMETRY ALONG THE PORES

To excite a Bloch mode with a certain incident wave, their
symmetry properties must match [1]. There are many differ-
ent Bloch modes with various symmetry properties. Here we
restrict ourselves to waves with k vectors along I'SyMy, i.e.,
plane waves in the x direction.

As for the symmetry properties [82] of the Bloch modes,
there are four symmetry possibilities, ¥; to X4, along the
I'SoMp line [42]. As for the incident wave, s- and p-polarized
plane waves are used in the laboratory. We will elaborate on
which symmetries (X to X4) we can excite using s- and
p-polarized plane waves.

Three symmetry operations determine the symmetry of a
Bloch mode along I'SoMj. To start with, take the symmetry
operation {2,900, 0, 0}, which rotates the electric field 180°
around the x axis. From symmetry tables, we find that X,
and X, states are symmetric for this operation, while X,
and X, states are antisymmetric. Next imagine a plane wave
with k = k,X and the E field somewhere in the yz plane; see
Fig. 12(a). The symmetry operation {2,90|0, 0, 0} effectively
flips the sign of the E field. Therefore, plane waves are always

(a) (b) (c)
E
\k ® Rotate
_______ Mirror
® S Ao ——
Translate

FIG. 12. (a) A plane wave with k = k,X, and an electric field
perpendicular to that. E’ is the result of the symmetry operation
{210010,0,0} on E. (b) An s- and p-polarized plane wave with
k = k. X. E’ is the result of the symmetry operation {mg, |0, % 0},
which first mirrors in a z plane and then translates in the posi-
tive y direction. (c) The crystal maps to itself under the symmetry
operations {2,00]0, 0, 0} and {mgg |0, £, 0}. The black dot denotes

LR
x=y=2z=0.
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FIG. 13. Bands calculated along I'SoM, with symmetry prop-
erties (blue diamonds) X3, (red squares) X4, (gray downwards
triangles) X, and (gray upwards triangles) X,. Calculated for pore
diameter 300 nm. s-Polarized waves only excite X3 modes, and
p-polarized waves X, modes.

antisymmetric for the {210|0, 0, 0} operation, which means
they can only excite X3 or X, states.

The second symmetry operation of Bloch modes along
the I'SoMy line is {mgg; |O, 5. 0}, which is a mirror operation
in the z plane, followed by a translation of half a unit cell
in the y direction. According to the symmetry tables, X3
is antisymmetric for this operation, while X4 is symmetric.
Whether a plane wave is symmetric or antisymmetric for
this operation depends on the polarization of the plane wave.
Take a plane wave with k = k,X and the E field pointing
in the +z direction (s-polarized). Performing the operation
{mgo; |0, 1 5. 0} on this wave results in a E field that is pointing
in the -z direction, see Fig. 12(b), and thus the s-polarized
wave is antisymmetric for this symmetry operation, just like
¥3. On the contrary, a p-polarized wave has an E field in
the y direction, which is symmetric for this symmetry oper-
ation, just like 4. Note that the translation does not matter
for the plane wave because k = k,X is orthogonal to the
translation.

The third symmetry operation, {m010|0, 3 0}, does not
provide additional constraints, and is therefore not detailed
further.

As an example, in Fig. 12(c) the first and second sym-
metry operations are performed on one point, namely x = 0,
y =a/(4~/2),and z = a/4.

In summary, along the x direction, s-polarized
(p-polarized) plane waves only excite modes in the X3
(X4) symmetry group. Besides, modes in the X; and X,
groups cannot be excited with plane waves due to symmetry
constraints. The bands along the I'SoM, path are shown with
their symmetry properties in Fig. 13.

APPENDIX C: SUPERCELL CALCULATION RESULTS

Using the supercell method, we calculate the frequency of
the surface defect mode as a function of k, and k,. However,
we also obtain the frequency of the spurious air and photonic
crystal modes, which we wish to remove. The strategy of
Ref. [70] to keep only the modes that do not shift when adjust-
ing the number of cells requires many calculations and does
not provide enough information here, so we use a different
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FIG. 14. (a) Schematic of the supercell in the xz plane. The
pores along the x direction are omitted for clarity. There are six air
blocks and six photonic crystal blocks. The leftmost photonic crystal
block has dgr = 320 nm while the rightmost has proper surface
termination. The red outline denotes that all boundaries are periodic.
[(b)—(d)] Bloch modes calculated along the k, and k, directions using
the supercell method. Gray: Calculated band gap. Black: Spurious air
and bulk photonic crystal Bloch modes. Color: Modes in the surface
defect layer. Downwards triangles, upwards triangles, diamonds, and
squares correspond to X, to X4, respectively. Circles have no cat-
egorized symmetry type. Red and blue arrows: Examples of points
where the air modes interfere with the surface defect mode. Red to
green arrow: Modes becoming less excitable by p-polarized plane
waves, eventually below the threshold defined in the text.

approach based on confinement and symmetry, which we will
explain.

A surface mode represents energy confined near the sur-
face. Therefore, we calculate the energy density of each
mode and consider a mode to be confined near the sur-
face if at least 50% of the mode’s energy density is located
within one unit cell about the surface. Additionally, as we
only experimentally probe the crystal with p-polarized light,
the symmetries of the calculated modes are also important.
Although symmetry types are only defined for waves with
exactly k = kX, we define a most-dominant symmetry type
for off-axis modes if their field is at least 50% symmetric or
antisymmetric for all three symmetry operations described in
Appendix B [83].

The Bloch modes from the supercell method calculated
for a structure with dges = 320 nm are shown in Figs. 14(b)
and 14(c), where the red squares pertain to surface defect
modes excited with predominantly p-polarized light, i.e., the
modes that we can excite in our experiment. The calculated
dispersion as a function of &, is mostly smooth, but there is
disturbance by the air modes between k, € [2.31,2.60] um ™!
and between k, € [3.18, 3.46] um’l; see the red arrows in
Fig. 14(b). We therefore disregard the states in those regions
to obtain a good estimate of the dispersion as a function of k;.

The disturbance is much stronger against k,, where the
surface mode is pushed up by a p-polarized air mode near
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ky =2 um~! at the red arrow in Fig. 14(c). Near the same

point, the mode becomes less excitable with incident p-
polarized plane waves, eventually below the threshold defined
earlier, i.e., it becomes uncategorized (green circles). As there
are no confined modes between 7200 cm~!' < ¥ < 7800
cm~!, we know that the mode should follow the uncategorized
mode to ¥ = 6860 cm™~'. The calculated modes excitable by
p-polarized light between 1 um™' <k, < 5 um~' do not
accurately describe the dispersion of the surface defect mode
[84] (blue diamonds). The hybridization of the defect mode
with the air mode is especially visible for dges = 240 nm near
ky =1 um~! (blue arrow). To obtain the shape of the mode,
the same calculation is performed with dgef = 240 nm, where
the defect mode excitable by p-polarized light is hardly dis-
turbed by p-polarized air modes; see Fig. 14(d). Besides, the
red squared data points clearly continue in the green circular
data points. To obtain a good estimate of the dispersion of
the surface mode as a function of k,, we linearly scale the
dispersion of the mode of dg = 240 nm to the beginning
and end point of the mode of dger = 320 nm. The resulting
dispersion as a function of k; and k, are shown in Fig. 9.

APPENDIX D: LIST OF MEASUREMENTS

In our study, we collected momentum-resolved reflectivity
on two different structures, which were etched simultaneously
on the same beam. All measurements are listed in Table IT. We
only show the first and second sets of measurements in this
document, and of those, except for Fig. 6, only p-polarized
light for the following reasons: (1) Crystal number 3 has
smaller pores by design, leading to a band gap 100 cm ™! lower
than that of crystal 2 for p-polarized light, which is closer
to the lower edge of our detection regime. The dispersion
of crystal 3’s surface defect has the same shape as crystal
2’s, as is observed in the additional Supplemental Material
videos Refs. [60,62]. (2) Waves incident from the x direction
(v direction) are incident perpendicular to the first (second)
etch direction. As the first etch step is less complex, the
dispersion of the surface defect mode is more symmetric
for momentum-resolved imaging from the x direction than
the y direction. (3) The surface defect mode excitable with
s-polarized light (blue diamonds in Fig. 14) is not as clear
in experiment as the mode excitable with p-polarized light,

TABLE II. List of measurements performed for this paper.

Crystal Incidence Surface Maximum R
Beam number axis defect (%)
15F 2 X Present 75
15F 2 X Absent 80
15F 2 y Present 60
15F 2 y Absent 64
15F 3 X Present 79
15F 3 X Absent 75
15F 3 y Present 65
15F 3 Absent 68

probably because the frequency of the s-polarized mode is
almost at the bottom of the band gap.

APPENDIX E: MOMENTUM-RESOLVED SIMULATION

We provide a proof-of-principle simulation for the redirec-
tion of incident light toward the normal. The FDTD package
MEEP [69] is used to simulate the momentum-resolved re-
flectivity of a 3D photonic crystal with an inverse woodpile
structure without surface defect and, as a reference sample,
the reflectivity of an empty space. The crystal has a size of
6¢ x 6¢ x 6a rectangular unit cells with @ = 680 nm, dpore =
300 nm, and a resolution of 29 pixels per um. To enhance
spatial resolution and increase the maximum source size, we
add 4 um of free space padding in the +y and +z directions.

A p-polarized Gaussian pulse, centered at ¥ = 7500 cm™
with a full width at half maximum of AD = 5000 cm™', is
directed at the sample. The fields are recorded at a distance
of 0.25 wm above the surface and then Fourier transformed as
a function of ¥, k,, and k; to obtain the momentum-resolved
amplitudes F{Apnc} and F{Acmpiy}. The reflectivity as a func-
tion of wave number ¥ and transverse momenta k, and k; is
computed as

1

|]:{Aphc} - ]:{Aempty”2
|f{Aempty}|2

As a source for the pulse, we use MEEP’s default
GaussianBeam3DSource. The intensity distribution of the
source in this simulation does not resemble the experiment
perfectly: In the experiment, each k vector has the same inten-
sity up to a sharp cutoff by the objective’s numerical aperture,
whereas here the intensity has necessarily a Gaussian distribu-
tion. Therefore, the simulated results will differ quantitatively
from the experiments. However, just like in the experiment,
reflection of the simulated light from oblique angles to close
to normal k vectors can lead to directional reflectivities Rppe
into the normal direction of more 100%.

The simulated momentum-resolved reflectivity of the 3D
photonic band-gap crystal is shown in Fig. 15, where we show

Rone = 100% (E)
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= >
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FIG. 15. Simulated momentum-resolved reflectivity R for
p-polarized light of a 3D photonic band-gap crystal without surface
defect dges = 0. Gray area: Data are excluded because of numerical
noise. Cyan dashed: Symmetry-selected bands calculated along the
red and blue lines in Fig. 2(b) for pore diameter d = 300 nm.

155305-11



TIMON J. VREMAN et al.

PHYSICAL REVIEW B 112, 155305 (2025)

cross sections at k, = 0 and k, = 0. We find high reflectivity in
the band gap (red), which is bounded by the (cyan) calculated
bands. In addition, we observe that the directional reflectivity
towards the normal reaches values higher than 100% (yellow)
at the lower side of the band gap ¥ = 6500 cm™!. This proof-

of-principle simulation shows that this 3D photonic band-gap
crystal reflects certain k vectors of a sharply focused incident
beam toward the normal direction, such that in the normal
direction, the directional reflectivity is higher than 100%. The
results corroborate our observations in experiments.
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