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Fig. 3. (A) Temperatures at which films with an
initial thickness of N begin to bifurcate. The
N = 5 film is stable up to the highest temper-
ature used in the experiment, and the arrow
indicates that the data point represents a lower
bound. (B) Calculated energy difference
AN)=YANN + 1) + A(N — 1)] — A(N)  against
bifurcation as a function of N. (C) Results from
the same calculation but without the summation
over k, and k.

well peak very close to the Fermi level at
E = 0. Increasing the quantum-well width
to N = 5 causes this state to drop below the
Fermi level. This becomes the topmost-
occupied quantum-well state for N = 5, and
it is unusually deep below the Fermi level
relative to the other cases (see Fig. 1). The
whole subband has, on average, a lower
energy, leading to an overall lower energy
for the system. This argument suggests that
film stability is mainly determined by the
quantum-well state energies at the surface
zone center. To verify this, Eq. 2 is reeval-
uated without summing over &, and £,
Indeed, the results (Fig. 3C) show the same
general pattern for stability; namely, N = 2
and 5 are highly stable. Summing over a
limited circle in k, and k,, space leads to the
same conclusion. A corollary is that de-
tailed band structure features including the
(111) neck do not play an important role.
The dominant issue for film stability is thus
the phase-shift function ®, which directly af-
fects the quantum-well energies. In the present
case, photoemission measurements provide an
accurate determination of ®, which is critical to
the quantitative analysis presented above. Sim-
ple models based on one-dimensional potential
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wells, adopted in previous studies of metal films
on semiconductors (5), generally do not lead to
accurate quantum-well levels and are thus un-
able to explain our results quantitatively. Other
effects that are important for metal-semiconduc-
tor interfaces, including an interface capacitor
term (5), are found to be unimportant in the
present case of a metal-metal interface. Using
atomically uniform films in our experiment,
questions regarding multiple steps do not arise,
and the issue of stability reduces to a simple
N—N = 1 bifurcation as the first step toward
roughening. For rough or nonuniform films, the
situation can be far more complex, as there can
be a multitude of paths for film-morphology
evolution, including, for example, step bunching
and pyramid formation.

A general strategy for stability engineering
in nanostructures is thus to tailor the geometry
to minimize the energies of the occupied states
relative to the Fermi level. This is similar to the
issue of stability for clusters (/3) and nanowires
(14), which prefer structures with a closed elec-
tronic shell. For Ag films considered here, add-
ing one atomic layer generally leads to the
addition of a partially occupied subband. The
N = 5 case is an exception. Without a new
subband below the Fermi level, it resembles a
shell-closing point. Its topmost subband below
the Fermi level is relatively deep, leading to a
highly stable film. In going from clusters to
wires and to films, the dimensionality of con-
finement is reduced from three to two and then
to one. For films, the energy continuum in the
other two dimensions tends to diminish this
shell-closing effect. Nevertheless, quantum
variations in stability remain an important ef-
fect, as shown in this study.
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Proposed Square Spiral
Microfabrication Architecture
for Large Three-Dimensional

Photonic Band Gap Crystals

Ovidiu Toader and Sajeev John

We present a blueprint for a three-dimensional photonic band gap (PBG)
material that is amenable to large-scale microfabrication on the optical scale
using glancing angle deposition methods. The proposed chiral crystal consists
of square spiral posts on a tetragonal lattice. In the case of silicon posts in air
(direct structure), the full PBG can be as large as 15% of the gap center
frequency, whereas for air posts in a silicon background (inverted structure) the
maximum PBG is 24% of the center frequency. This PBG occurs between the
fourth and fifth bands of the photon dispersion relation and is very robust to
variations (disorder) in the geometrical parameters of the crystal.

Photonic band gap (/, 2) materials are artifi-
cial dielectric crystals with a periodicity on
the optical wavelength scale. Because of a
confluence of macroscopic (Bragg) and mi-
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croscopic scattering resonances, these crys-
tals can create a bound-state spectrum for
electromagnetic waves with wavelengths
comparable to the lattice constant. It is this
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ability to “cage” or localize (3) light that
makes the photonic crystal suitable for a va-
riety of passive and active microphotonic de-
vices as well as optical microcircuitry (4).

Large-scale microfabrication of three-
dimensional (3D) photonic crystals with
band gaps centered at a wavelength shorter
than 2 pwm has been a major materials
science challenge over the past decade. Al-
though theory (5) has predicted that an
inverse diamond lattice of overlapping air
spheres in a high refractive index back-
ground will provide a large, full 3D PBG,
the synthesis of structures of this type (6)
has proved difficult. Attention has shifted
to other diamond-like structures such as the
woodpile structure (7, 8), which has a full
PBG opening between the second and third
photonic bands. Even in this case, complex
and time-consuming microlithography is
required.  Alternatively, self-assembly
methods have provided large-scale face-
centered cubic (fcc) inverse opal PBG ma-
terials (9) with a gap of roughly 5% of the
center frequency opening between the
eighth and ninth bands. However, the PBG
in this case is relatively unstable to disorder
effects. These and other studies (10, 1)
have created the impression that a large and
robust 3D PBG can only be obtained in the
(fundamental) gap between the second and
third bands in any photonic crystal.

Here, we propose an alternative pho-
tonic crystal architecture consisting of
square spiral posts in a tetragonal lattice.
This structure has a large and robust 3D
PBG occurring between the fourth and fifth
electromagnetic bands and is amenable to
large-scale microfabrication using glancing
angle deposition (GLAD) techniques (/2,
13). Figure 1 depicts such a crystal and
describes the geometry of its building
blocks. The tetragonal crystal has lattice
constants ¢ along the z axis and a along the
x and y axes. We choose our unit of length
to be a. The building block of the crystal is
made from a coil of pitch ¢ (Fig. 1, side
view inset) with a single loop whose trans-
verse cross section is a square with edges of
length L (Fig. 1, top view inset). The pitch
is the same as the lattice constant in the z
direction, and the coil is wrapped around
the z axis. Each of the segments of the coil
is coated with a cylinder of radius r (Fig. 1,
top view inset) whose dielectric constant is
€. The spirals are embedded in a material
whose dielectric constant is €,. We impose
no restriction on the size of L relative to a
or on overlapping between adjacent spirals.

Spiral post lattices with microscale fea-
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tures have previously been synthesized using
the GLAD method. In this technique, com-
plex 3D structures can be fabricated by com-
bining oblique vapor deposition and precisely
controlled motion of a two-dimensionally
patterned substrate (12, 13). Posts consisting
of semiconductors, metals, metal oxides, and
fluorides can be grown using GLAD. How-
ever, no blueprint defining the geometrical
parameters for GLAD-based PBG synthesis
has been proposed. Previous designs involv-

Side view

ing circular posts (/4) involve a phase shift
between adjacent spirals and are not suited to
microfabrication. Our square spiral posts can
serve as templates for growing PBG materials
from an even larger range of materials. In this
case, a high refractive index material may be
infiltrated to fill the void regions between the
posts, with the posts subsequently removed
by some selective etching process, leaving
behind an “inverted structure.” Two-photon
lithography can also be used to create a tem-

Fig. 1. Tetragonal square
spiral photonic crystal.
The crystal shown here
has a solid filling fraction
of 30%. For clarity, spirals
at the corners of the crys-
tal are highlighted with a
different color and height.
The tetragonal lattice is
characterized by lattice
constants a and ¢c. The ge-
ometry of the square spi-
ral is illustrated in the in-
sets and is characterized
by its width, L, cylinder
radius, r, and pitch, c. The
top left inset shows a sin-
gle spiral coiling around
four unit cells.

Zz r
Bloch vector

0

M X r z R

Fig. 2. Band structure for the direct structure crystal characterized by [Lcr] = [1.6,1.2,0.14] and
f sical = 30%. The lengths are given in units of a, the lattice constant. The width of the PBG is
15.2% relative to the center frequency for g, = 1 and €, = 11.9. The positions of high symmetry

points are illustrated in the inset.
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plate for such a photonic crystal. In this ap-
proach, a two-photon microscope focuses
light in a suitably prepared liquid, causing
polymerization (solidification) wherever the
microscope focuses (/5).

For the purpose of illustration, we choose
the dielectric constant of the material with
high index to be that of Si, which is approx-
imately 11.9 at wavelengths larger than 2 um
(16). The direct structure crystal is defined by
g, = 1 and g = 11.9, and the inverted
structure crystal is defined by €, = 11.9 and
€, = 1. Body- and face-centered tetragonal
lattices can be visualized by imposing a ¢/2
translation along the z axis between adjacent
spirals in the crystal. Chutinan and Noda (/4)
have studied photonic crystals built from cir-
cular spiral elements on simple cubic, fec,
and body-centered cubic (bcc) lattices. It is
reported that in the case of a crystal withg, =
1 and e, = 12.25 the maximum band gap is
only 3%, and it appears when the simple
cubic lattice is deformed into a tetragonal
lattice. For the case of bee and fec lattices,
full photonic gaps of around 17% open be-
tween the second and third bands. Because
the phase shift between adjacent spirals can-
not easily be attained using the present
GLAD technique, we focus our attention on
the simple tetragonal crystal lattice.

In our calculations, we used the plane
waves expansion method (5) with more
than 1400 plane waves. The Fourier coef-
ficients of the dielectric have been calcu-
lated by fast Fourier transform with a sam-
pling of 5123 points in one unit cell. In the
case of the direct structure crystal, we find
a local maximum of the relative band gap
as a function of L, ¢ and r for the case
[L,e,r] = [1.6,1.2,0.14]. We find a sizable

Fig. 3. Template for
the optimized invert-
ed structure charac-
terized by [Ler] =
[1.5,1.7,0.33]. The sol-
id filling fraction is
79%. The Si crystal
obtained by inverting
this template has a
23.6% PBG and a27%
pseudogap. The corre-
sponding total DOS is
shown in the inset (ar-
bitrary units).
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gap for a wide range of filling factors of the
spiral component, f,i. At small £, the
individual spirals are disconnected and the air
forms the connected component in the sys-
tem, whereas for large f;.;» both the air and
spirals form connected components. We
show the photonic band structure and the
positions of the high symmetry points in the
Brillouin zone for the direct structure crystal

with the optimized parameters (Fig. 2). A -

large PBG of 15.2% relative width opens
between the fourth and fifth bands. The upper
edge of the photonic band gap closes at R
point, and only two bands (the fifth and sixth)
contribute to the spectrum around the upper
edge. These lead to an even larger pseudogap
of roughly 25% of the center frequency.

For the corresponding inverted structure -

crystal (characterized by g, = 11.9 and
g, = 1), we find a local maximum of the
relative band gap as a function of L, ¢, and
r located at [L,c,r] = [1.5,1.7,0.33]. The
total density of states (DOS) for this struc-
ture is shown in the inset of Fig. 3. The
optimized inverse square spiral structure
described above can be made using a three-
stage process. In the first stage, a silica-
based square spiral template (with nonover-
lapping posts) is created using GLAD. The
template (required to create a 23.6% PBG)
involves a silica volume-filling fraction of
79% and a significant overlap of the spiral
arms (Fig. 3). This overlapping structure
may be achieved in stage two by immersing
the template from stage one into a liquid
solution. Further silica growth can be
achieved using a sol-gel process (9, 17).
Once the template reaches the silica vol-
ume-filling fraction shown in Fig. 3, it can

wa/28C
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be infiltrated (stage three) with silicon us-
ing chemical vapor deposition, and the
original silica template is removed using a
hydrofluoric acid etch (9).

We also studied the size of the full pho-
tonic band gap as a function of the index
contrast defined as n/n, for the direct struc-
ture and n/n, for the inverse structure, where
n, = €,'? and n, = €,">. The threshold index
contrast for creating a complete 3D PBG is
2.25 for the direct structure and 2.2 for the
inverse structure.

The square spiral photonic crystals in a
simple tetragonal lattice offer a new avenue
to large-scale microfabrication of photonic
crystals with a very large and complete 3D
PBG. Unlike the optimized inverse diamond
structure and its variants, which have been
the driving force behind many complex mi-
crofabrication strategies, the present blue-
print can be realized using a straightforward
glancing angle deposition method. Our PBG
material blueprint belongs to a relatively
unique class of photonic crystals with a large
gap between the fourth and fifth photon dis-
persion bands and is highly robust to disorder
effects (/8). The optimized crystal has a large
full PBG, and the direct structure has a con-
siderably larger pseudogap. This gap is very
stable with respect to the crystal’s geometri-
cal parameters and also relatively insensitive
to the transition from a topologically discon-
nected to a connected high dielectric
component.
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