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Blueprint for wafer-scale three-dimensional photonic band-gap synthesis
by photoelectrochemical etching
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We present an architecture for three-dimensional photonic bandRf2¢) material synthesis by oblique
angle photoelectrochemical pore etching. This technique provides high aspect ratio pores, in which the pore
diameter can be modulated by changing light intensity during the etch process. The naturally occurring “Kielo-
vite” structure is a stretched version of the face-centered-cubic lattice of crisscrossing pores and exhibits a
PBG to center frequency ratio of 8% in a background dielectric constant ofdilicen). We demonstrate that
by modulating the pore radius in between pore intersections, the PBG can be doubled in size to nearly 16%.
The enlarged PBG is robust against a number of structural perturbations.
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[. INTRODUCTION difficult to produce pores with the submicron radii required
for a PBG in the optical regime. Electron beam lithography
Photonic band-gapPBG) materials are crystals with pe- and reactive ion etching methodg,8] have been used to
riodic arrangements of the dielectric constant. This periodicproduce such pores, but only a few periods of the structure
ity causes Bragg scattering, which along with microscopicvere produced, and there was severe degradation of the
scattering resonances forbids electromagnetic waves of a cegiructure at the pore crossing points. On the other hand, ex-
tain spectral region from propagating in the crysta)2.  Periments with x-ray lithography9] have produced struc-
This property makes PBG materials attractive for use in infures with lattice constants in the 10—afn range in poly-
tegrated optical circuitry. For example, it is possible throughMer photoresists. These templates would require replication

light localization to guide light in micron-scale, single-mode with a high refractive index semiconductor such as silicon.

air-waveguide channels, without recourse to the more conI-EVen if this secondary replication step could be performed,

ventional mechanism of total internal reflectidrefractive the result_ln.g PBG yvould oceur in the 25_:].'25“ range.
. - . : . The difficulties in synthesizing three-dimension@D)
index guiding. By engineering of the local electromagnetic

) : . PBG materials with a gap near 1.6m have been addressed
den_S|ty of states, PBG materials also_ fa_<:|||tate frequency SeL]sing several independent approaches. The first relies on
lective control over spontaneous emission of light from at-

) . layer-by-layer growth and stacking of two-dimensiof2iD)
oms. As a result, active devices such as zero threshold Iaseﬁ otonic crystals in a “woodpile” architecturé10—13.

[3] and possibly all-optical transistofé] may be integrated \yhjje wafer-scale structures have been made in sil[dds
with the waveguide network on chip. o using this approach, the method is tedious and it is difficult
The challenge remains, however, to efficiently produceq grow the structure for a depth of more than three unit cells
large wafer-scale structures with full, three-dimensional bangyefore the woodpile rods exhibit misalignment. Another ap-
gaps centered near 1.36m, the wavelength of choice in proach relies on the self-assembly of silica spheres into a fcc
optical telecommunications. The lattice constant for the diopal lattice. This template is then “inverted” by chemical
electric structure scales with the wavelength of the band gamapor deposition of silicon and selective etching of the opal
and hence crystals used in optical circuits must have submtemplate[14—16. While this silicon “inverse opal” can be
cron lattice constants. At the same time, the practical andynthesized efficiently on a large scale, the resulting PBG is
commercial benefits of PBG materials necessitate efficienionly about 5% of the gap center frequency in practice and is
low-cost manufacturing of very high quality, centimeter vulnerable to disorder effects. A third approach using glanc-
scale, semiconductor wafers. ing angle deposition techniqugt7] leads to the formation
Early considerations of photonic band structure focuseaf square spiral posts consisting of silicon on a silicon sub-
on the face-centered-cubifce) lattice[1,2,5]. It was pointed  strate. A PBG as large as 24% of the gap center frequency
out [6], however, that the creation of a PBG between thehas been predictefd.8,19 for suitably architectured square
lowest possible bands requires a breaking of spherical synmspiral posts. In this paper, we discuss a new PBG blueprint
metry within the fcc unitWigner-Seitz cell. This led to the  based on the remarkable discovéRp] that a stretched fcc
fabrication[5] of a fcc lattice of crisscrossing pores drilled lattice can be fabricated using photoelectrochemical etching
into Plexiglas and exhibiting a PBG in the microwave spec4n single-crystal Si. Photoelectrochemical etching yields
trum. This structure is conceptually straightforward to imple-pores with high length-to-diameter aspect ratios in the range
ment: a triangular lattice is defined on the,1,1] plane of  100-500[21]. In the etching proces®2,23, pore tips are
the material, and three pores are grown from each latticormed on the etching surface, for instance, by photolithog-
point, one each in the (0,1,1), (1,0,1), and (1,1,0) directaphy and alkaline etching. The surface with the pore tips is
tions. While the fcc lattice was earlier fabricated in the mi-exposed to a dissolving solution, often HF, while the oppo-
crowave regime using conventional drill bits, it has provensite (back face is illuminated. The light absorption from the
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illumination generates electronic holes, which diffuse to the : 29.5°
etching surface and are consumed at the pore tips. This pro- H
motes dissolution of the material at the pore tips, which in

turn grows the pores. The pore radius is controlled only by

the amount of illumination. Macropores formed using this
technique grow in the (1,0,0) direction when the etching
surface is normal to (1,0,0) and in tK&,1,3) family of

directions when the etching surface is {gl,1] crystallog-

raphy surface. To generate the crisscrossing pore structures
discussed here, three pores from thk1,3) family are

grown from points on a triangular lattice defined on the

[1,1,1] plane of the material, resulting in a fcc lattice that is
“stretched” in the[ 1,1,1] direction. We refer to this structure

as “Kielovite.” Unfortunately, this deformation results in a

crystal with a smaller PBG than that of the undistorted fcc

lattice. However, this etching process allows for modulation

of the pore radius along the growth direction. Increasing the
illumination increases the overall charge carrier current from 5 /3
the back face to the etching face. Since the number of pore

tips remains the same, the pore radius increases in response

and thus can be accurately controlled by the amount of illu-
mination. Structures incorporating such modulation have al-

ready been demonstrated in 2D photonic crydidg. In this

paper, we demonstrate that a suitable pore modulation in the

3D distorted fcc(Kielovite) structure can yield a PBG of

nearly 16% of the gap center frequency.

II. PHOTONIC BAND STRUCTURE OF KIELOVITE

We consider first the naturally occurring Kielovite struc-
ture, with no modulation of the pore radius. In this case the
only structural parameter to adjust is the overall pore radius,
Wh|Ch in turn determines the V0|ume f|"|ng fraCtiOI’l Of Solid FIG. 1. Schematic diagram of Kie|0vite' Showing the intersec-
material. For S|mpI|0|ty we consider a material with a dielec-tion between three pores. The angle between the pores and the
tric constant of 11.9, which corresponds to that of silicon. Invertical lattice vector is 29.5°. The lattice constant of the triangular
contrast, the pores are taken to be filled with air. Band strucetching mask is denoted yandc denotes the lattice constant in
tures are calculated using the plane wave expansion methalke perpendicular direction.
described in Ref[6] with over 720 plane wave directions
(over 1440 plane waves in tojalThe results are practically direction perpendicular to the etching surface, the IBZ of
indistinguishable from those obtained for the same structureKielovite is considerably larger than the fcc Bravais lattice.
using over 1300 plane wave directions. The Fourier coeffi- Figure 3 shows the band structure of Kielovite with no
cients of the dielectric structure are calculated using a dispore radius modulation, at a volume filling fraction of 79%
crete Fourier transform with 256 points per direction. air, which optimizes the band gap. The pores have radius

The structure is modeled using a hexagonal lattice, whicl®.34a, wherea is the lattice constant of the triangular lattice

is defined by primitive lattice Vectorgl:a(%,_ J3/2,0), on the etching surface. The resulting PBG, denoted by the

> 1 > hashed area on the figure, is only 8%, roughly half the opti-
az—_a(z,\/§/2,0_), anda;=c(0,0,1). For our structure, we . o4 oaG for the fec lattice with the same dielectric con-
define the etching surface to be tkg plane, witha being

. trast. The origin of the narrowing of the PBG is clearly seen
the lattice constant of the triangular lattice. The lengtiapf  to be the lowering of the fifth and sixth bands at the A point.
is prescribed by the angles between the etching surface noftere, the difference in the IBZ between our structure and the
mal and the pores. For Kielovite/a=$/3/2=3.06. Figure fcc lattice of pores is important: if one considers only the
1 shows a schematic diagram of Kielovite, including alBZ of the fcc lattice, then this A point is irrelevant.
modulation in the pore radius, which is discussed later. The

reciprocal lattice is likewise a hexagonal lattice and the Bril- IIl. OPTIMIZATION OF THE PBG BY PORE

louin zone is §hown in Fig. 2, with the high-symmetry points MODULATION
labeled. It is important to note that the fcc lattice of criss-
crossing pores has an irreducible Brillouin zdit#Z) which In order to increase the PBG of the structure, we intro-

is the same as that of the fcc Bravais lattice. However, th&@luce a modulation in pore radius, symmetrically placed in
same is not true for Kielovite. Due to the deformation in thebetween pore intersections. Figure 4 shows a schematic side
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FIG. 4. Schematic side view of pore with radius modulation of
M longitudinal extentw and transverse amplitud& The bare pore
radius isr. The dashed curves represent the modulation with a heal-
ing lengthh. The ends represent the intersections with other pores.

Figure 5 shows the photonic band structure for a crystal
with  modulation of the pore radius, characterized by
[r,A,w]=[0.26,0.11,0.30p implying a volume filling frac-

FIG. 2. First Brillouin zone of the Kielovite is shown as a tion of 79% air. For a background dielectric constant of 11.9
shaded hexagona| prism’ a|ong with the pr|m|t|ve Vecﬁ)lrs 62’ (Silicon), the width of the PBG _iS 155% relative _tO the center
and 53 of the reciprocal lattice. The sectidtriangular prism de- frequenc_y. Clearly th? droop in the fifth and sixth band_s at
notes the irreducible Brillouin zone, which is 1/24 of the volume of the A point has diminished as a result of pore modulation.

the full zone. High-symmetry points are labeled as A, H, K, L, adehis is nearly as wide as .the fcc Iat;ice of crisscros§ing pores
M. with the same contrast in dielectric constants. Figure 5 is

representative of the largest PBG we find in the given param-

. . L _ eter space. In contrast, we find that structures with negéative
view of a pore with such a modulation, in the region between,5e a smaller optimum PBG of 12% of the center fre-
intersections with two other pores. The expanded pore radi“&uency.

occurs over a Ie_ngtlw. The amplitudg of.the modulation is Figure 6 shows the dependence of the PBG on the back-
denoted a#, while the bare pore radius is denotedmyVe  4round dielectric constant for the optimized structure char-

characterize a structure with a step modulation using thesg.ierized by[r,A,w]=[0.26,0.11,0.30F as in Fig. 5. One

three parameters. The dotted curves show the structure witlh see that the PBG width initially increases dramatically as

the samefr,A,w] parameters but with a nonzero healing yhe gielectric contrast is increased, and then begins to satu-
length h. For a given volume filling fraction, choosing any ,ate at large dielectric contrasts.

two of r, A, or w constrains the third. The modulation am-

plitude can be either positiveas pictured or negative, the IV. ROBUSTNESS OF THE PBG TO STRUCTURAL
latter case implying a decrease in the pore radius over the PARAMETER MODIFICATIONS

width of the modulation.

We find there is a great deal of flexibility in choosing

055 1 5 parameters in order to approach the upper bound for the PBG
050 4 E
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FIG. 3. Band structure for Kielovite in a background dielectric
constant of 11.9silicon). Here the pore radius is 0.84where “a” FIG. 5. Photonic band structure of Kielovite with positive pore
is the triangular lattice constant of the etching surféssparation  radius modulation, characterized lpy,A,w]=[0.26,0.11,0.30b
between etch pijs The volume filling fraction is 79% air and the The volume filling fraction is 79% air, and the resulting PBG is
resulting PBG(hashed areahas a width of 8.0% of the center 15.5% relative to the center frequency for a background dielectric
frequency. constant of 11.9silicon).
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FIG. 6. Dependence of the PBG on the dielectric contrast for FIG. 8. _Effect qfhvarylng thed_modulaltlon Wr']dlw on thhe b_and
Kielovite with positive pore radius modulation characterized byg‘"’lp at various, W't, corréspon IngA va Ues shown int e.lnset..
[r,A.w]=[0.26,0.11,0.30F where these lengths are given in units Vo!ume filling f_ractlon is fixed at 79% air. Lengths are given in
of the lattice constard. The volume filling fraction is 79% air. units of the lattice constart

width. This, in turn, suggests considerable robustness of throcess, small, random variations in theA, andw param-
optimized PBG to structural parameter variations and raneters are likely to appear along the periodic structure. The
dom disorder effects. effect of this can be studied by considering the shift in the

Figure 7 shows the effect of changiAgn the PBG width  band edge frequencies as the structural parameters are var-
at variousr, with a fixed volume filling fraction of 82% air. i€d. The resulting PBG in a structure with weak disorder in

The inset shows the values wfrequired for the givem, A these parameters will then be given by the intersection of the
and filling fractions. Clearly a large band gap can bePBGs of the perfectly ordered structures whose parameters
achieved using several different configurations. span the distribution present in the disordered strudifg
Figure 8, on the other hand, shows the effect of varying Figures 10 and 11 show the band edges as functions of
at fixedr, with volume filling fraction 79% air and\ con-  the structural parameters in perfectly ordered structures,
strained by these parameters. Again, the upper bound on théth initial geometries corresponding to[r,A,w]
filling fraction is reached at several. =[0.26,0.11,0.30p and [r,A,w]=[0.30,0.07,0.26h re-
Finally, the effects of varying are shown in Fig. 9. In this  spectively. One can see that the band edges are most sensi-
case, the volume filling fraction is also changed, and we seive to changes in the bare pore radius
that the upper bound is reached at a volume filling fraction of A particularly important issue is the robustness of the
79%. PBG to gradual variationgnonzero healing lengths in the
It is important to note the effect of disorder in the struc- step modulationof the pore radius. Such a gradual change in
tural parameters on the PBG. As a result of the fabricatiorpore radius is inevitable in the photoelectrochemical etching
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FIG. 7. Effect of the modulation amplitudeon the band gap at FIG. 9. Effect of varying the bare pore radiusn the band gap
variousr, with correspondingv values shown in the inset. Volume at variousw and volume filling fractions, with correspondiny
filling fraction is fixed at 82% air. Lengths are given in units of the values shown in the inset. Lengths are given in units of the lattice
lattice constant. constanta.
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FIG. 10. The band edges as a function of change in the struc- F|G. 12. Variation of the PBG width on the healing length of

tural parametersy, A, andw. The relative change is given as & step modulations, at a nominal volume filling fraction of 79%.
percentage of the initial value. The initial geometry is characterized

by [r,A,w]=[0.26,0.11,0.30F with the lengths measured in units

of the lattice constard. Introducing a second-step modulation into the pore radius

also does not increase the gap to the same level as the single,
entered, step increase. For such situations, the gap increases
s the parameters tend towards the case of the single-step

ei[ncrease. Finally, introducing a small sinusoidal modulation

) o the pore radius, along the entire length of each pore, in-

PBG width for [r,A,w]=[0.26,0.11,0.30p a_md [r,A,w]_ creases the relative gap from the 8% to the 11% range. This
=[0.30,0.07,0.26p In both cases, the relative PBG width falls short of the nearly 16% PBG resulting from the more

remains above 15% until the healing length reaches abo%calized step modulations we have described above
0.1a. Clearly, the PBG remains robust to realistic smoothing '

effects in the step modulation of the pore radius.
Besides the centered step increases and decreases between V. DISCUSSION

pore intersections, we have also explored other modulations _ . . .
to the pore radius, with varying degrees of success with re- Crisscrossing pore structures created by photoassisted

spect to increasing the PBG. For single-step increases arfiectrochemical etching offer a unique opportunity for low
decreases, a centralized modulati@ymmetrically placed COSt wafer-scale 3D PBG materials in a variety of group IV

between adjacent pore crossingsoduces a larger PBG than and lll-V semiconductors. These materials consist of semi-
asymmetric modulations. Moving the modulation from the conductor single crystals and may be suitable for electrical

center point between pore intersections decreases the gdi!MPing through the solid backbone and various optoelec-
tronic applications. The photoelectrochemical etching

method is unique, in that it allows pore depths of several

process. This is modeled by using the hyperbolic tangen
function to represent steps.
Figure 12 shows the effects of the healing length on th

gi‘; S AN N N RN BN RN DR NN hundred microns on large area wafers. For PBGs centered in
042 oA I JaE the 800 nm-1.55 um range, this corresponds to more than
0,415 — — = ~ 10* unit cells of photonic crystal in each of the transverse
04F —= == directions and more than 100 unit cells in the vertical direc-
039 ——1—— ~a : tion. Using realistic pore modulations, we have demonstrated
Q038F —— ,,’g that a complete 3D PBG spanning up to 16% of the center
S 0.37F P = — 3 frequency is attainable in a number of important semicon-
S0.36F /,»’ P == E ductor materials, including Si, GaAs, and InP.
0.35 —F — The use of optimized, Kielovite, PBG materials for opti-
g'igz T — E cal microcircuitry requires the incorporation of planar, line,
oark P - and point de_fects into the other\N|§e 3D periodic lattice. A
0.31? ~T E planar(2D microchip effect can be introduced by means of
e b b b b b b 1 larger or smaller modulation of each of the pores at a speci-

-0 -8 -6 A4 %éﬁan eoin (riw) 4 6 8 10 fied depth into the wafer. Line defecteptical waveguide
& T channel$ and point defectgoptical micro-cavities may be
FIG. 11. The band edges as a function of change in the structurdntroduced by means of focused ion beam exfoliation of the

parameters, A, andw. The relative change is given as a percentageseémiconductor backbone at specified locations.
of the initial value. The initial geometry is characterized by It is also of considerable interest to microfabricate active

[r,A,w]=[0.30,0.07,0.26F with the lengths measured in units of regions within the 3D PBG wafer. This might be achieved by
the lattice constand. means of planar quantum dot layéfsr instance, InAs dots
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in InP) buried within the semiconductor wafer, prior to elec- of more than 10Qum depth would also be a unique achieve-
trochemical etching. Photonic band-gap properties may alsgent in the field of photonic crystals.
be tuned through ultrafast processes such as free-carrier in-

jection through optical pulses at frequencies above the PBG ACKNOWLEDGMENTS
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