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The effects of unintended deviations from ideal inverse woodpile photonic crystals on the photonic
band gap are discussed. Such deviations occur during the nanofabrication of the crystal. By
computational analyses it is shown that the band gap of this type of crystal is robust to most types
of deviations that relate to the radii, position, and angular alignment of the pores. However, the
photonic band gap is very sensitive to tapering of the pores, i.e., conically shaped pores instead of
cylindrical pores. To obtain three-dimensional inverse woodpile photonic crystals with a large
volume, our work shows that with modern fabrication performances, reduction in tapering
contributes most significantly to a high photonic strength. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3103777]

I. INTRODUCTION

Three-dimensional photonic band gap crystals can be
considered as supreme devices to control light. It is predicted
that spontaneous emission of light is inhibited in these
structures' or that light is localized.” Another intriguing as-
pect of photonic crystals is that an embedded point defect
acts as a microcavity wherein photons can be stored or
slowed down.’ Furthermore, photonic crystal waveguides
can be used to “mold the flow of light.”4

A photonic crystal is a periodic structure made from two
different materials that are periodically alternated over length
scales of the order of the wavelength of light. Typically one
material is air and the other a semiconductor with a high
index of refraction. Light with certain wavelengths and di-
rections cannot propagate in such a structure because of
Bragg diffraction.” In three-dimensional photonic band gap
crystals, certain frequencies of light are forbidden from
propagating in any direction. For this to occur, the photonic
strength of the crystal must be high enough.6

Different types of three-dimensional photonic crystals
have been conceived,® but of particular interest are those
that potentially provide large three-dimensional photonic
band gaps. Such structures offer ultimate control of light in
all three dimensions simultaneously and therefore many re-
search groups are studying their fabrication.” ™

A promising class of three-dimensional photonic crystals
has diamondlike symmetry, in particular, with an inverse
woodpile structure.”” Inverse woodpile photonic crystals are
very interesting because of their conceptual ease of fabrica-
tion and a broad photonic band gap that is robust to disorder
and fabrication imperfections. These crystals consist of two
perpendicular arrays of cylindrical pores of air in a high re-
fractive index material, see Fig. 1(a). We consider silicon as

“Electronic mail: l.a.woldering @alumnus.utwente.nl.

0021-8979/2009/105(9)/093108/10/$25.00

105, 093108-1

a high refractive index material since it is conveniently avail-
able with high purity. Advanced nanofabrication methods ex-
ist for silicon and it is used in electronic circuits, which
promises integration.

The calculated band gap of inverse woodpile photonic
crystals has a large relative band width of more than
(Aw/ ®)=25%.""'® In practice the applied fabrication meth-
ods impose restrictions on the quality of the crystals. To
elaborate, all fabrication techniques induce undesired devia-
tions from the intended ideal crystal structure. The occur-
rence of these unintended deviations during fabrication is
unavoidable. These deviations influence the interaction of
light with the structures and typically reduce the width of the
band gap, as was shown, for example, for a woodpile photo-
nic crystal.17 Therefore it is important to know what the ex-
pected effect of these deviations from an ideal inverse wood-
pile crystal geometry. We discuss the effect of several types

FIG. 1. (a) Three-dimensional representation of a cubic inverse woodpile
photonic crystal. The alignment of the pores between the pores of the other
set can be clearly seen, as well as the overlap of the pores. (b) Face-on view
of the pores in the inverse woodpile photonic crystal. The centers of the
perpendicular cylinders are aligned exactly between rows of cylinders of the
other set. The individual pore sets have a centered rectangular lattice sym-
metry, with lattice parameters (a/c)=\2. An optimal photonic crystal is
achieved when the ratio of radius R to lattice parameter a equals 0.24.

© 2009 American Institute of Physics
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of deviations that most frequently occur as a result of the
manufacturing process. These deviations are investigated by
calculations. The obtained knowledge aids process selection
and process optimization such that fabricating the desired
inverse woodpile structures can be performed more effi-
ciently.

Il. IDEAL STRUCTURE

Figure 1 shows an “ideal” cubic inverse woodpile crys-
tal. This crystal consists of two perpendicular, geometrically
identical, sets of cylindrical pores, as first proposed by Ho et
al.,” see Fig. 1(a). The important crystal dimensions pore
radius R, and lattice parameters a and c are indicated in Fig.
1(b). The individual pore sets have a centered rectangular
lattice symmetry,18 with (a/c)=\5. The combination of the
two sets results in a three-dimensional structure with a face-
centered-cubic lattice. The centers of one perpendicular pore
set are exactly aligned between rows of pores of the other
set. The pores of the two sets overlap, as is clearly visible in
Fig. 1(a). When the ratio of (R/a) is equal to 0.24, a crystal
has a photonic band gap with a maximum relative width of
more than (Aw/w)=25%.">"'® Furthermore the pores should
be perfectly cylindrical and not tapered, i.e., not conical. The
pore walls should be smooth to avoid any unwanted scatter-
ing of light.19

We calculated photonic band structures of such an ideal
crystal with the MIT photonic bands package.20 This pro-
gram calculates eigenstates and eigenvalues of Maxwell’s
equations in periodic, infinite structures. The program uses a
planewave basis. For these calculations the structure is con-
sidered to have a orthorhombic lattice symmetry. The band
structures were calculated with a grid resolution of (c¢/Ax)
X(alAy)X(c/Az)=70X 100X 70 and 73 k-points. In the
Appendix we show that such a grid resolution offers enough
accuracy for our calculations. In all calculations the mesh
size is kept at the default value of 3, which means that the
dielectric tensor is averaged over 27 points (33) for each grid
cell. The dielectric constant of silicon that we used is &g;
=12.1.

In Fig. 2(a) calculated bands 1-8 are shown. Figure 2(b)
shows the Brillouin zone Qf the orthorhombic lattice. For
(R/a)=0.24 and (a/c)=v2, our calculations confirmed a
relative width of the band gap of (Aw/w)=25.3%, centered
around frequency=0.564[wa/2mc] (here ¢ is the speed of
light), which is equal to the results by Hillebrand ez al.'®

lll. OVERVIEW OF DEVIATIONS

Various techniques can be used to etch the two separate
pore sets 1 and 2. Examples are photoelectrochemical
etching,lo’ﬂ’22 reactive ion etching,12’23 and focused ion
beam milling.()’]4 Fabrication of the second set of pores is
challenging, as it is difficult to obtain two sets of pores with
equal radii and to correctly align the second set exactly be-
tween the first set of pores. Furthermore, it is necessary that
the pores are perpendicular to each other, which imposes
further challenges to the alignment of the second pore set to
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FIG. 2. (a) Calculated band structure of an ideal inverse woodpile photonic
crystal, with the radii R of the two perpendicular pore sets equal to 0.24
times the lattice parameter a, and (a/c)=12. The band gap (gray bar) has a
relative  width of (Aw/w)=253%, centered around frequency
=0.564[wa/2mc]. (b) Brillouin zone of the orthorhombic lattice. Eight high
symmetry points are indicated, where I" corresponds to (0,0,0), X to (%00)

Y to (0,%,0), and Z to (0,0,%). The I'-X and I'-Z directions correspond to
the directions parallel to the two sets of pores in the crystal.

the first. Finally, it is important to maintain the homogeneity
of the photonic crystal throughout its entire volume. There-
fore the fabricated pores must be cylindrical.

We discuss several types of deviations that occur when a
nanostructure is made from two sets of pores:

(a) The ratio radius R to lattice parameter a ratio is differ-
ent from 0.24.

(b) The two sets of pores have different cylinder radii.

(c) The two sets of pores are slightly displaced.

(d) The pores are not perpendicularly aligned with respect
to each other.

(e) Tapered, i.e., conical pores versus the desired cylindri-
cal ones.

Furthermore we calculated the relative width of the band gap
resulting from combinations of (1) the ratio of radius R to
lattice parameter a and (2) the ratio of lattice parameters a/c.

IV. RESULTS AND DISCUSSION
A. Radius R to lattice parameter a different from 0.24

When the radii of the etched pores deviate from the in-
tended radius, the ratio of radius R to lattice parameter a is
different from the optimal value of (R/a)=0.24. This is dis-
cussed by Ho et al.”® and Hillebrand et al.'® They showed
already that at (R/a) ratios of around 0.18 and 0.28 the rela-
tive width of the band gap is reduced by half. At (R/a)
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FIG. 3. Calculated relative width of the band gap (right ordinate) and fre-
quencies of band gap edges (left ordinate) vs varying radii of the two sets of
pores. (R/a) was varied from 0.14 to 0.30, with 0.005 increments. We find
a maximum relative width of the band gap of (Aw/w)=25.4% at a central
frequency of 0.581[wa/2c] for (R/a)=0.245. For (R/a) values increas-
ingly further away from the optimal value, the relative band gap width is
reduced (dashed line). The band gap edges (solid lines) move to larger
frequencies with increasing (R/a).

<0.14 and (R/a)>0.29, there is no longer a band gap
present. In order to obtain data with known increments of
(R/a) and to check our computation method, we calculated
the band structures for the region 0.14<(R/a)<0.30; see
Fig. 3.

The maximum relative width of the band gap of
(Aw/ w)=25.4% is found for (R/a)=0.245. Here the central
frequency of the band gap equals 0.581[ wa/2c]. For (R/a)
values away from the optimal value, the relative band gap
width is reduced. The band gap moves to higher central fre-
quencies with increasing (R/a). When comparing our results
to values reported in literature'® we find good agreement to
within (Aw/w)= = 1.8% point in the entire calculated range
(not shown in Fig. 3). Thus, we conclude that our calcula-
tions are accurate.

The ratio (R/a) directly relates to the volume fraction of
silicon ¢y, i.e., increasing (R/a) results in lower ¢g;. At
(R/a)=0.245, the volume fraction of silicon ¢g=19.8%,
which means that the amount of high refractive index mate-
rial is lower than the amount of low refractive index mate-
rial. This is consistent with the heuristic rule that “The opti-
cal path lengths in the high and low index materials should
be equal, to enhance interference” that generally applies to
photonic crystals.4

B. A Ay displacement between the two sets of pores

One of the alignment errors that may occur during fab-
rication is that the pores in the second set are not positioned
exactly in between the pores of the first pore set. This results
in a Ay displacement as illustrated in Fig. 4, where the sec-
ond set is misaligned to the left or the right from its ideal
position. The first set of pores is pointing “into” the paper
and the second set of pores runs parallel to the z-axis. Due to
symmetry reasons, a misalignment to the left will have the
same effect on the photonic band gap as a misalignment to
the right. Such a Ay displacement typically results from the
lithographic process by which the second pore set is defined.
Alternatively, it results from a misalignment during focused
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2" pore set

FIG. 4. Representation of the Ay displacement that may occur as a result of
misalignment of the second set of pores. The first set of pores points “into”
the paper and the second set of pores runs parallel to the z-direction. The
ideal position for pores in the second set is exactly in the middle of two rows
of pores of the first set, indicated by the dashed line. Misalignment of the
second set to the left or the right from its ideal position (Ay) results in
reduced relative photonic band gap widths.

ion beam milling of the structures. It is impossible to obtain
perfect alignment and a small deviation from the ideal geom-
etry is inevitable. In literature the effect of this deviation on
the band gap is discussed.*** A displacement of up to
around 10% of the lattice constant results in a slight reduc-
tion in the relative photonic band width to >90% of the
original value. This means that the relative width of the band
gap that remains is more than (Aw/w)=22.8%. When the Ay
displacement exceeds 10% of the lattice constant, the relative
width of the band gap decreases rapidly. Since contemporary
alignment processes perform much better than this required
precision, we do not expect this deviation to contribute sig-
nificantly to a reduced relative width of the band gap.

C. Different cylinder radii of the two sets of pores

When two separate processes are used to obtain the two
perpendicular pore sets, it is very challenging to obtain two
sets of pores with equal cylinder radii. Many scenarios can
be distinguished on how the radii of the two pore sets differ,
two of which will be discussed here:

(a) The radius of the first pore set is according to specifi-
cation ((R,/a)=0.24), but the radius of the second pore
set is varied ((R,/a) #0.24).

(b) The first and second pore sets both differ from ideal
(R/a)=0.24, with (R,/a) larger and (R,/a) equally
smaller than specified for an ideal structure.

With the MIT photonic bands package we calculated the ef-
fects of these deviations on the relative width and central
frequency of the band gap. By analyzing the calculated data
while choosing as a criterion that a photonic band gap width
of (Aw/w)>20% is acceptable, we can quantify the robust-
ness of the crystal structure toward these geometrical devia-
tions. In both scenarios lattice parameters a and ¢ are con-
stant.

(a) Figure 5 shows the band gap edges and the relative
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FIG. 5. Calculated relative width of the band gap (dashed line) and band gap
edges (solid lines) plotted against A(R/a), for crystals with (R,/a)=0.24
and (R,/a) varied from 0.18 to 0.30. The relative width of the band gap
decreases as the difference between (R,/a) and (R,/a) gets larger. If
A(R/a), is changed by *0.024, a relative width of the photonic band gap of
more than (Aw/w)=20% remains. When A(R/a),=+0.048, the relative
width of the band gap is decreased to less than 30% of the maximum value.
For A(R/a),=-0.048, around 60% of the maximum relative width of the
band gap remains. The band gap edges are lowest at small A(R/a), and
increase as A(R/a), increases.

width of the band gap versus A(R/a),. Difference
A(R/a), is defined as:

()5

The central frequency of the band gap is lowest at
small A(R/a), and increases with increasing A(R/a),.
A maximum relative width of the band gap is found for
A(R/a),=0. The relative width of the band gap de-
creases as A(R/a), differs from zero. The band gap is
most sensitive to an increasing ratio (R,/a). When
A(R/a),=+0.048, the relative width of the band gap
decreases to less than 5%. In contrast, when A(R/a),
=-0.048, the relative band gap width remains 15%. We
conclude that our criterion of a minimal relative width
of the band gap of (Aw/w)=20% is found for
A(R/a),= *=0.024. This corresponds to a large differ-
ence in the etched radius AR= *= 16 nm. Typically the
achieved radius will be closer to the target radius.

b)  Figure 6 shows the band gap edges and the relative
width of the band gap versus A(R/a),, which is the
amount by which the radii of the two pore directions
differ from the optimal value. The difference in ratios
A(R/a), is defined as

A{5) {52

with

A<&> = (&) -0.24 (3)
a a

and

A<&> = (&) -0.24. (4)
a a
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FIG. 6. Calculated relative width of the band gap (dashed line) and band gap
edges (solid lines) for crystals with both (R;/a) and (R,/a) varying by
opposite values from (R/a)=0.24. Ratio (R,/a) is increased, whereas (R,/a)
is decreased. Data is shown for A(R/a), up to 0.05, calculated in 0.005
increments. The relative width of the band gap decreases as A(R/a), in-
creases. At a difference of A(R/a),=0.035, the relative width of the band
gap is halved. At a difference of A(R/a),=0.05 the band gap vanished. The
center of the two band gap edges slightly increases as A(R/a),, increases.

The relative width of the band gap decreases as A(R/a),
differs from zero. When the pore radii are changed by
A(R/a),=+0.035, the relative width of the band gap is
halved. For A(R/a),=+0.05, the band gap vanishes. We con-
clude that our criterion of a minimal relative width of the
band gap of (Aw/w)=20% is found for A(R/a),=<0.018,
which corresponds to large difference in the etched radius of
around R=12 nm. However, the achieved radius will typi-
cally be much closer to the target radius. In addition, Fig. 6
shows that the central frequency of the band gap remains at
almost the same position as A(R/a), increases, which is con-
venient; even when this deviation occurs during fabrication
of the crystal, it will nonetheless be active at the optical
frequency it was designed for.

From (a) and (b) we conclude that inverse woodpile pho-
tonic crystals are robust to differences between optimized
(R,/a) and (R,/a) that may occur as a result of the fabrica-
tion process. A qualitative result reported in literature agrees
with our extensive calculations.'® Furthermore, in modern
fabrication the margins of the deviations are expected to re-
main well within these limits.

D. Angular misalignments of the two pore directions

The second set of pores that is going to be fabricated
may be angularly misaligned with respect to the first pore set
that is already present. This means that the first pore set is
not perpendicular to the etching direction of the second pore
set. For example, in experiments where the second pore di-
rection is milled using a focused ion beam setup, misalign-
ment depends on how well the sample is positioned with
respect to the ion beam. Figure 7 shows the three possible
directions in which the two pore sets can be misaligned. The
x-axis is the ideal direction of the first pore set and the z-axis
is the ideal direction of the second pore set. The following
three angular misalignments are discriminated:

(a) Misalignment by angle « occurs when the second set
of pores, which is perpendicular to the first set of pores,
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FIG. 7. Schematic of possible angular misalignments that may occur during
the fabrication of a three-dimensional photonic structure. The x-axis is the
ideal direction of the first pore set and the z-axis of the second pore set.
Angular misalignments are introduced when the second pore set is etched
nonperpendicularly or with a pattern that is rotated with respect to its in-
tended layout.

is etched when the first set of pores is tilted about the
y-axis out of the plane perpendicular to the etching
direction.

(b) Misalignment by angle B occurs when the pattern of
the second set of pores is rotated about the z-axis with
respect to its correct positioning.

(c) Misalignment by angle y occurs when the second set of
pores is etched perpendicular to the first set, but the
pattern of the second set is rotated about the first pore
axis.

Misalignment by angles y and B breaks the long-range
periodic order of the three-dimensional structure. For this
reason we cannot determine the effect of these misalign-
ments on the photonic band gap with the MIT photonic
bands package, as band structures can only describe periodic
structures.”® Nonetheless we can illustrate to what extent
these misalignments break the long-range periodic order of
the structure by calculating after how many lattice spacings ¢
along the x- or z-direction, the structure deviates by one lat-
tice spacing a, see Fig. 8. With increasing misalignment
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0 : L 1 T
0 1 2 3 4 5

Bory()

FIG. 8. The number of lattice spacings c¢ that a pore crosses when it
traverses one lattice spacing a due to angular misalignment vs the misalign-
ment angle 3 or . For 8 or y=0.5° the structure is periodic over 180 lattice
spacings c¢. This value of 0.5° will be taken by us as an upper limit for these
two misalignments individually.
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angle, the pores need less lattice spacings c¢ to traverse one
lattice spacing a, which indicates increasing noncrystallinity
of the structure. For an angle B or y<<0.5°, the structure is
periodic over >180 lattice spacings c. In fabrication practice
where the lattice spacing a is set at 680 nm and the obtain-
able pore depths are around ~#=10 um, the calculated peri-
odicity for misalignment angles y and 8<<0.5° can still be
considered long-range. Since a better method to quantify the
effect of this misalignment lacks, the upper limit for these
two misalignments individually must be determined depend-
ing on the depth of the pores that can be obtained and the
chosen lattice parameters.

The situation where B8=7y=0° and a # 0° is discussed in
detail in literature.”** Increasing angle « results in a lower
width of the band gap. The effect of an increasing misalign-
ment that can be afforded is limited to an angle of about 5°:
a change from (Aw/w)=24% at a=0° to (Aw/w)=21% at
a=5° is reported in this reference, with a slightly increasing
center frequency of the band gap. This result is similar to
results described for a crystal of high refractive index
Woodpiles.17 Since « is typically expected to remain far be-
low 5°, the effect of this misalignment can be neglected.

E. Conical pores

During the fabrication of pores for a three-dimensional
crystal by means of, e.g., focused ion beam milling and re-
active ion etching, it is common for the pores to be conically
shaped. This so-called tapering has a pronounced effect on
the band gap of the crystal. Since we did not find a detailed
analysis of the effect of this deviation in the literature, it will
be further discussed in this section. Three situations may be
distinguished:

(a) The crystal has one set of pores that displays tapering,
whereas the other set is cylindrical,

(b)  both pore sets display the same amount of tapering, and

(c) both pore sets are tapered, but with a different amount.

Here we will consider situation (b) as it provides a gen-
eral representation of the deviation and is the most straight-
forward case to analyze. Figure 9 shows a structure consist-
ing of ten pores by ten pores with tapered pores in both
directions. In the third dimension the structure is assumed to
be (infinitely) large, therefore we limit our discussion to the
x-z plane. In the center of the inverse woodpile (black dot,
[x,z]=[0,0]) the radii of both pores are equal to the desired
radius. On any other position the ratio (R/a) of the two pore
sets is different. Along the diagonal from bottom left to top
right the radii of the two pore sets are equal, but different at
all positions. This changes one quantity of the structure: the
ratio (R/a) decreases, hence the volume fraction of silicon
increases, and thus the effective refractive index n.y is in-
creased. Consequently, the width and the central frequency
of the band gap are changing along this diagonal: the relative
width of the band gap has an optimum at [0, 0] and the
central frequency is chirped and decreases when going from
bottom left to top right. Unfortunately it is strictly speaking
not possible to calculate band structures of tapered inverse
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pores

semiconductor
material

FIG. 9. Schematic cross section of a structure of ten pores by ten pores with
pores tapered in both directions. In the third dimension the structure is
assumed to be (infinitely) large. In the center of the structure (black dot,
[x,z]=[0,0]) the radii of both pore sets are equal to the desired radius. The
diagonal shows positions in the structure where (R/a) is different, while the
radii of both pore sets are equal. The arrows indicate the pores and the
semiconductor material. In these structures the band gap is chirped and the
effect of the tapering on the local gap is studied for positions along the
diagonal. The structure shown is approximately four times smaller than the
one used for the calculations in this section.

woodpiles. However, with the following theoretical analysis,
the effect of the tapering on the gap can be estimated.

The model photonic structure under consideration has an
ideal geometry at its center with (R/a)=0.24. There, it has a
band gap at frequency w,,=0.564[wa/2mc]. For nontapered
crystals with equal radii of both pore sets, we calculated in
Sec. IV A how the relative width of the band gap depends on
(R/a), keeping the lattice parameters a and ¢ fixed. To esti-
mate the effect of tapering on the band gap, the data in Fig.
3 were used to calculate the upper and lower band edges of
the “local photonic band gap” along the diagonal in struc-
tures that have different amounts of tapering.27 We calculated
from —23 to 23 unit cells along the diagonal of the structure,
i.e., from [—23, —23] to [23, 23] in Fig. 9 (all coordinates
are in units of [number of unit cells, number of unit cells]).

Figure 10 shows the results of these calculations for four
different amounts of tapering, namely 1°, 0.5°, 0.25°, and
0.125°. Each plot shows the upper and lower band edges
versus position along the diagonal in the crystal. The hori-
zontal dashed lines are at frequency wg,,=0.564[wa/27c],
for which these inverse woodpiles are optimized. The figure
shows that the photonic structures are extremely sensitive to
tapering of both pore sets. For a tapering as little as 1° the
relative gap width rapidly decreases when moving away
from the center, see Fig. 10(a). With decreasing tapering, the
relative width of the band gap decreases less rapidly when
moving away from [0, 0], see Figs. 10(b)-10(d).

As a measure of quality, the transmittance 7 along the
diagonal is calculated for light at the frequency of the band
gap center. A low transmittance is indicative of a strongly
photonic behavior and vice versa. Transmission 7 depends
on the Bragg attenuation length Ly and can be calculated
using Eq. (24) from the work by Spry and Kosan,”®
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1 [c’ 0.25°
| 4 0.8
i \ 1 05

—_— 1 02

Pyangs Piangs
0.0 [~ . s . . :

B . 05 |D

o

0.8

06

\

021

0.0

0.8

Frequency (wa/2tmc)

08}
0.6 + 4 06

4 02

04}

02F % N

Pyans Pyancs

0.0 L " s s s s s ' i s " L " s s " A ooo
20 -15 10 -5 0 5 10 15 20-20 -15 10 -5 0 5 10 15 20

Number of unit cells along diagonal [, z]

FIG. 10. Edges of the “local photonic band gap” estimated at positions
along the diagonal in Fig. 9 for inverse woodpiles with pores with different
amounts of tapering. The horizontal dashed line displays the relative fre-
quency for which these inverse woodpiles are optimized. The horizontal bar
in the center of each plot shows the Bragg length Lg. (a) Result for 1°
tapering. The gap edges are highly curved. Since the band gap crystal thick-
ness Ay,,qs 1s almost equal to the Bragg length Ly, a band gap cannot develop
in such structures. [(b) and (c)] Results for 0.5° and 0.25° tapering: the gap
edges are still highly curved, but a small part of these structures exhibit a
band gap. This is indicated by /.4, Which is larger than L. (d) At a
tapering of 0.125°, hy,,q,=24.5 unit cells, which spans more than half the
diagonal in a 10X 10 um? inverse woodpile with a=680 nm. The esti-
mated transmittance is very low: T=1.2X 107, which is indicative of a
strongly photonic structure.

o
T= {cosh(%)] . (5)

In structures without tapering hy,,qs is equal to the thickness
of the photonic crystal. In case of tapering, hp,,gs 1S the
length along the diagonal over which a band gap at the op-
timal frequency exists. In other words, as hy,,4, increases, the
volume of the inverse woodpile with a band gap increases. In
Fig. 10 the band gap crystal thickness /45 i determined by
the points where the band gap edges cross the horizontal
dashed line displaying the relative frequency for which these
structures are optimized.

The Bragg attenuation length Ly is a measure for the
distance that light can penetrate into the photonic crystal
before being reflected by the lattice planes. This length is
derived from the photonic strength 5%

NBrage
Lz= “Bragg (6)
s

It is obvious that a short Bragg attenuation length pertains to
crystals with a high photonic strength S. In order to estimate
an “effective” Bragg length Ly for all directions in the ideal
inverse woodpiles, the photonic strength S in all directions is
chosen to be equal to the relative width of the photonic band
gap, therefore (Awgy,/ ®g,p)=5=25.3%. Finally we take
ABrage €qual to the central wavelength of the calculated band
gap Ay, for the ideal geometry. The calculated Bragg attenu-
ation length equals Lz=2.2 unit cells. Therefore, in the center
of each plot in Fig. 10 a horizontal bar equal to the calculated
Bragg attenuation length Ly is shown.
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For a structure with 1° tapering, the band gap crystal
thickness hy,,q,=3.1 unit cells, see Fig. 10(a). The calculated
transmittance is as high as 7=0.22, which indicates that the
structure has little effect on the transmission of light. This
structure can hardly be considered a photonic band gap crys-
tal. For 0.5° tapering the band gap crystal thickness is limited
t0 Mpanas=6.2 unit cells, see Fig. 10(b). Therefore only a
small volume of the inverse woodpile has a photonic band
gap. This results in a transmittance of 7=0.015, which is 15
times better compared to 1° tapering. Nonetheless, from the
values calculated for /4, it is obvious that when the fabri-
cation process yields pores with a tapering of 0.5°-1°, it is
not very useful to try to obtain pores deeper than a few
micrometer, as pores deeper than /y,,,q/ \/5 do not contribute
to an effect of the photonic band gap. In the best case re-
ported in Fig. 10, we see that at a tapering of 0.125° the
transmittance is strongly attenuated to 7=1.2X 10~°, which
shows that the band gap has a significant effect on the trans-
mittance. In addition, the band gap crystal thickness 4,
=24.5 unit cells. This means that a photonic band gap exists
in a 10X 10 wm? inverse woodpile crystal with a lattice
spacing a equal to around 680 nm. Therefore, trying to ob-
tain pores deeper than a few micrometer is useful, as deeper
pores contribute to stronger photonic crystals until a depth of
10 wm is reached.

On all positions in the model inverse woodpile that are
not on the diagonal from bottom left to top right, the radii of
the two pore sets are different. Unfortunately calculating the
“local photonic band gap” properties for all these positions
would be extremely time consuming, which limits further
exploration of the problem and limits an analysis of situa-
tions: (a) one pore set with tapering and (c) two pore sets
with different amounts of tapering. However, the above
analysis of the local gap along the [—23, —23] to [23, 23]
diagonal of the tapered inverse woodpile, which is the worst
case in that structure, clearly illustrates the importance of
reducing the tapering as much as possible.

In our experiments to date, we have been able to produce
cylindrical pores with tapering values as low as 0.20°, see
Fig. 11. This set of pores is oriented in a centered rectangular
lattice. They were etched using an optimized reactive ion
etch based on our earlier work.” These pores have a depth of
more than 2A=7 um with a lattice spacing of 500 nm. The
pore diameter is D,o,.=364 nm, which means that these
pores have a high aspect ratio of more than A=20. A three-
dimensional inverse woodpile photonic crystal made by con-
secutive etching of two such sets of pores would span 14 unit
cells along the x- and z-axis. Figure 10 clearly shows that
structures fabricated with pores of these dimensions are very
interesting to consider. Such a fabricated inverse woodpile is
expected to be strongly photonic and may even display a
band gap. Nevertheless, it is also evident that to obtain an
increased relative width of the band gap or to make larger
photonic crystals with even deeper pores the tapering needs
to be reduced further.

F. Optimization by using deviations

In literature an inverted woodpile photonic crystal is de-
scribed, fabricated from ellipsoidal pores.13 There, a larger

J. Appl. Phys. 105, 093108 (2009)

FIG. 11. Cross-sectional view of pores etched using an optimized reactive
ion etching process. These pores are in a centered rectangular lattice. They
have a depth of #/=7.5%20.16 wm, a diameter of Dj,,=364 %22 nm, and
an interpore distance of 500 nm. The aspect ratio is higher than 20. The
tapering of these pores is as low as 0.2° =0.07°. The scale bar equals
2 um.

band gap is predicted when the ratio (a/c) in their structure
is increased from \/5 to 1.63. Motivated by this result, we
investigated whether the ratio (a/ c)=\/§ is optimal for in-
verse woodpile photonic crystals.

Using the MIT photonic bands package we calculated
the relative width of the band gap for structures with varying
ratios of (a/c). Since the optimal (R/a) also varies with the
chosen (a/c), we also varied (R/a) in our calculations. The
ratio (a/c) was varied from 1 to 1.8, with increments as
small as [A(a/c)|=0.025 in the region of the maximum rela-
tive width of the band gap. The ratio (R/a) was varied from
0.18 to 0.28 with increments of |A(R/a)|=0.0025 in the re-
gion of the maximum relative width of the band gap.

Figure 12 shows an interpolated three-dimensional sur-
face and contour plot of the calculated band gaps versus the
ratios (R/a) and (a/c). The plot was interpolated using the
Renka—Cline gridding method in Origin 7. Figure 12 shows
that there is a large region of (a/c) and (R/a) combinations
where the relative band gap width is much larger than
(Aw/ w)=26.5%; see the black circular area around (a/c)
=1.6 and (R/a)=0.23. Naively we expected an optimal result
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FIG. 12. Interpolated three-dimensional surface and contour plot of the
calculated band gaps vs the ratios (R/a) and (a/c). The figure shows that
there is a large region of (a/c) and (R/a) combinations where the relative
width of the band gap is much larger than (Aw/w)=26.5%, see the black
circular area around (a/c)=1.6 and (R/a)=0.23. The broadest photonic
band gap of (Aw/ w)=26.9% is found at (a/c)=1.575 and (R/a)=0.23. The
figure also shows that when a three-dimensional crystal is fabricated from
two sets of hexagonal cylindrical pores with high symmetry [(a/c)=13], a
much smaller band gap is found.

for the case where two hexagonal patterns of pores are com-
bined ((a/c)= \r3) due to the high symmetry of the hexagonal
lattice. However, Fig. 12 clearly shows that this is not the
case.

The largest band gap is found for (a/c)=1.575 and
(R/a)=0.23. At these values, a relative width of the band gap
of (Aw/w)=26.9% is calculated, slightly larger than the
band gap of (Aw/w)=25.3% for the structure with (a/c)
=V2 and (R/a)=0.24 that we hitherto referred to as ideal
(cubic) crystal. Our result reproduces results reported in
literature.*® The increase in relative band gap width is more
than A(Aw/w)=1.6% point, and can be obtained by straight-
forward modification of the lithographic processes in the fab-
rication route of inverse woodpile photonic crystals.

Figure 13 shows the calculated band structures of the
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FIG. 13. Calculated band structures of the optimal structure with (a/c)
=1.575 and (R/a)=0.23 (black line) and the calculated band structures of
the crystal with (a/c)=\2 and (R/a)=0.24 (gray line). The central fre-
quency of the optimal structure is w=0.635[wa/2mc], compared to
=0.564[ wa/2mc] for the other structure. Apart from the height on the y-axis,
the lower bands of the two crystals are equal. For most vectors in the
Brillouin zone, the upper bands are also equal, with the exception of the
I'-Y, I'-X, I'-U, and I'-Z directions.
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improved structure with (a/c)=1.575 and (R/a)=0.23 and
the calculated band structures of the crystal with (a/c)=\r’5
and (R/a)=0.24. For the optimal inverse woodpile photonic
crystal, the frequencies of the band edges are higher. The
central frequency of this structure is w=0.635[wa/2mc],
compared to w=0.564[ wa/2c] for the cubic structure. This
difference is due to the decreased volume fraction of silicon
in the structure, which results in a lower effective refractive
index n.. When comparing the band structures of both types
of crystal, we observed that the lower four bands are scaled
along the frequency axis because of the different effective
refractive indices. For most wave vectors in the Brillouin
zone, the upper bands are also scaled, with the exception of
the I'-Y, I'-X, T'-U, and I'-Z directions, which are clearly
different. Apparently these are the directions that are most
influenced by the changing geometry of the structure.

V. CONCLUSIONS

We discussed possible unintended deviations from an
ideal inverse woodpile photonic crystal geometry that may
occur in the fabrication process of such structures. We have
shown that the photonic band gap of this type of crystals is
robust to most types of fabrication deviations that relate to
the radii, position, and angular alignment of the pores, within
the tolerances of modern fabrication processes. Therefore,
with regards to these fabrication deviations, high quality
crystals are expected. We do find that these crystals are very
sensitive to tapering of the pores, i.e., conically shaped pores
instead of cylindrical.

Our analysis shows that for tapering values that are ob-
tainable in practice with reactive ion etching, these structures
are still expected to display a band gap. To obtain three-
dimensional inverse woodpile photonic crystals with a large
volume, our work shows that tapering is arguably the most
important deviation to minimize. In fact, tapering of the
pores needs to be reduced to values as low as possible.

By closely looking at the lattice parameters of the in-
verse woodpile photonic crystal made from perfectly cylin-
drical pores, we calculated that an alternative geometry po-
tentially provides a slightly larger photonic band gap. It is
straightforward to modify lithographic processes to pursue
the fabrication of this geometry.
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APPENDIX: GRID RESOLUTION

One of the most important parameters that can be set in
the MIT photonic bands program is the grid resolution with
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TABLE 1. Overview of grid resolutions set in different calculations for an
inverse woodpile with (R/a)=0.24 and (a/c)=+2. For grid resolution 8,
marked with an asterisk, the MIT photonic bands program only calculated
the volume fraction. Further calculations of the frequency limits of the band
gap were not possible due to memory constraints. In all calculations the
mesh size is kept at the default value of 3.

Calculation (no.) Grid resolution [(c/Ax)X(a/Ay)X(c/Az)]

1 12X17%12
2 17X24% 17
3 24X 34X 24
4 34X 48X 34
5 48 X 68 X 48
6 68X 96 X 68
7 96 X 136 X 96
g* 136X 192X 136

which the unit cell is defined. Preferably this is set to high
numbers to have the highest accuracy possible. However,
setting the grid resolution to higher values means that the
program will use more memory and take longer to finish the
calculation. Therefore, in order to find an optimal setting, it
is worthwhile to investigate the output of the calculations
versus grid resolution. To the best of our knowledge such an
extensive investigation has not been reported before.

We performed several calculations for an inverse wood-
pile with a ratio of (R/a)=0.24 and a ratio of (a/c)=V2. The
grid resolution was set to the values reported in Table I. We
show how the volume fraction and the upper and lower fre-
quency limits of the band gap converge with increasing grid
resolution.

We compared volume fraction of silicon calculated with
the MIT photonic bands program to the exact volume frac-
tion of the structure that was calculated analytically. Figure
14 shows how the calculated volume fraction depends on the
grid resolution. The horizontal dashed-dotted line displays
the exact volume fraction of silicon in the inverse woodpile.
At low grid resolutions the calculated volume fraction is too
low, which indicates that the unit cell is poorly defined. In-
creasing the grid resolution increases the volume fraction, as
is expected. After an “overshoot,” the calculated volume
fraction of silicon converges to its exact value. We conclude
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FIG. 14. Calculated volume fraction of silicon vs increasing grid resolution.
The horizontal line indicates the exact volume fraction of silicon in the
inverse woodpile structure. At lower grid resolutions the unit cell is poorly
defined, but at a grid resolution of 68 X 96X 68 and higher, the unit cell is
defined with high accuracy.
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FIG. 15. Calculated frequency limits of the band gap vs increasing grid
resolution. At a grid resolution of 48 X 68 X 48 and higher, the upper and
lower calculated frequency limits have converged.

that at a grid resolution of (c/Ax)X(a/Ay)X(c/Az)=68
X 96X 68 and onward the unit cell is defined with high-
enough accuracy.

Next we study how the calculated band gap depends on
the grid resolution. In Fig. 15 is shown that at lower grid
resolutions the band gap limits are elevated. The frequency
limits reduce to lower values at higher grid resolutions. In-
creasing from a grid resolution of (¢/Ax)X(a/Ay)X(c/Az)
=48 X 68 X 48, the frequency limits of the band gap are con-
stant within 0.5%. Combined with the data for the volume
fraction of silicon, we conclude that the grid resolution of
(c/Ax)X(alAy)X(c/Az)=70X 100X 70 that we used
throughout this report is sufficiently high for our purposes.
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