Photonic band gaps with layer-by-layer double-etched structures
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Periodic layer-by-layer dielectric structures with full three-dimensional photonic band gaps have
been designed and fabricated. In contrast to previous layer-by-layer structures the rods in each
successive layer are at an angle of 70.5° to each other, achieved by etching both sides of a silicon
wafer. Photonic band-structure calculations are utilized to optimize the photonic band gap by
varying the structural geometry. The structure has been fabricated by double etching Si wafers
producing millimeter wave photonic band gaps between 300 and 500 GHz, in excellent agreement
with band calculations. Overetching this structure produces a multiply connected geometry and
increases both the size and frequency of the photonic band gap, in very good agreement with
experimental measurements. This new robust double-etched structure doubles the frequency
possible from a single Si wafer, and can be scaled to produced band gaps at higher frequencies.
© 1996 American Institute of Physids$S0021-89796)01224-§

INTRODUCTION techniques. The micromachining technique first led to Si wa-
fers with photonic midgap band-gap frequencies of 100

In analogy with the electronic energy bands in a crystalGHz® followed by fabrication of a smaller-scale structure

electromagnetic waves propagating in a periodic dielectrigyith midgap frequencies at 450 GHhis structure has the

structure are organized into photonic bands, which may bgromise of being extended to higher frequencies in the infra-

separated by a gap or frequency region where the propagged regime.

tion of the electromagnetic waves is forbiddeiSeveral Concurrently there is a ne®do design new structures

analogies exist between the electronic Bloch states and elegiith three-dimensional photonic bandgaps that

tromagnetic wave propagation. Theoretical calculations of, .

Ho, Chan, and Soukoufipredicted that the diamond struc- () that can produce higher-frequency bandgaps,

ture possesses a full three-dimensional photonic band gaffl) ~ @re robust, and o

An experimental “three-hole” structure with the symmetry (i) ~have advantages for fabrication that would make such

of the diamond structure was fabricated by Yablonovitch, a structure more suitable for applications in the mi-

Gmitter, and Leungat microwave length scales that had a crowave and millimeter wave regime.

full three-dimensional photonic band g&épBG). This three- Such a structure is proposed and discussed here. Al-

hole structure was an important proof-of-concept demonstrahough experimental fabrication and limited measurements

tion of photonic band gaps. An important direction in ongo-of the transmission through the structure have been presented

ing work has been to design and fabricate PBG structures afeparately, the analysis of the structural geometry, optimi-

smaller length scales, directed toward optical and infraredation of the structure for improving the PBG, and the pho-

frequencies. tonic band calculations have not been discussed previously.
Recently the lowa State group desighednew three-

dimensional layer-by-layer structure with a full three-

dimensional photonic band gap. The gap exists over a widEHOTONIC BAND-GAP STRUCTURE
range of structural parameters. This structure was first
faprlcatea in the microwave regime by stacking alumina g \cture that was designed and fabricated in this paper and is
cylinders and demonstrated to have a full three—dlmensmn@hown in Fig. 1. Each layer consists of a set of parallel di-
PBG at microwave frequenci¢s2—14 GHz, with measure-  gjacric rods with centers separated by The rods in the
ments in very good agreement with the theoretically preéyey¢ jayer are rotated by an anglewith respect to rods in
dicted photonic band structure. The simplicity of this layer-4,o previous layers has values different from 90°, and is
by-layer structure then led to the fabricafiaf this structure 70.53° and in general can vary from 90° to 60° but still have
aF_progressiver smaller Iength scales_ using micromachineg full three-dimensional PBG. The rods in the second neigh-
silicon wafers and conventional semiconductor processing, plane are shifted by half the spacingelative to rods in

the first plane. The structure has a periodicity of four layers
dElectronic mail: biswasr@iastate.edu in the z direction and is obtained by shearing the originally

The three-dimensional PBG structure is a layer-by-layer
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previous rods, whereas the extra third segment is a rectangu-
lar block of cross section; Xr; and height 2.

This overetched structure can be equivalently and more
simply represented by two interpenetrating air rods of width
(h—r4) and height(r;+268) where § defines the overlap be-
tween successive air rods. As is seen the calculations are
more easily performed for the air rod geometry with two air
rods rather than the three dielectric rods.

The experimental structure in Fig(e2 was fabricated
using the anisotropic etching properties of silicon in agueous

solutions. The anisotropic etchant KOH has the property that
FIG. 1. Projection of the double-etched structure on Xfyeplane. The  tha (171) planes are etched orders of magnitude slower than
structure has a periodicity of four layers in thalirection (stacking direc- . .
tion). The numbers indicate the relative heights of the rods, &1dR,,R3) the 110 plane. Hence, when a one-dimensional pattern of
are the lattice vectors. The separation between rods in each lalyer is rods parallel to 4111) direction was defined on one side of

a Si(110 wafer by standard lithographic techniques, etching

with KOH produces rods parallel to the 111 direction with a
proposef layer-by-layer structuréwith 6=90°) to produce a thickness of half the wafer thickne<éor the case of no
different angle 6 between rods in successive layers. Theoveretching. On the other side of the silicon wafer tfEL1)
cross section of the rods in two successive layers is shown idirections are at an angle of 70.53° to the original direction
Fig. 2(a). An important property of the structure in Figia2  and repeating the lithography and etching procedure on the
is that it is self-dual, i.e., the structure may be described byack side of the silicon wafer results in a double-etched
touching air rods of thicknessh(-r,;) in an background structure where the rods in successive layers are at an angle
dielectric—rather than the dielectric rods of thicknegsn  of 70.53° to each other. Experimental details are described in
the air background. Ref. 9.

The overetched version of this structure was fabricated = An advantage of the double-etched structure is that it is
by keeping the rods in the etching solution for longer thanmore mechanically robust than the single-etched geometry,
the amount of time to etch through half a rod thickness in thesince the rods from each wafer are interconnected in a two-
z direction. In the regions of the structure where successivdimensional grid. The frequency of the photonic band gap is
rods do not touch, a thicknes$ & etched away resulting in controlled by the spacing of the rods or the related thickness
the multiply connected overetched structure shown in Figof the silicon wafer used. For the same silicon wafer thick-
2(b). The amount of overetching, defined by the rai#r ,), ness, one can achieve a periodicifiy the z direction
can be controlled experimentally. The overetched structuremaller by a factor of 2, resulting in a photonic band gap
may be represented by three dielectric segments: two rodsequency that is higher by a factor of 2 from the single-
with heights(r ,— 6) and thickness, that are remnants of the etched case. This increase of the gap frequency is a signifi-
cant advantage in fabricating PBG structures at infrared fre-
quencies.

RESULTS AND ANALYSIS

The photonic band structure is calculated by standard
technique” for solving Maxwell’s equations describing the
propagation of electromagnetic waves in a periodic dielectric
medium. The vector wave formalism incorporating both po-
larizations of the electromagnetic wave was used and the
electric and magnetic fields were represented as a superposi-
tion of plane waves. Calculations in this article typically in-
volve diagonalization of matrices of order 1400-1500. The
double-etched structure in Fig(a82 was represented by the
three lattice vectorsR; ,R,,R3) and a unit cell consisting of
two rods at an anglé to each other. The vectoR;,R,,R;
are the lattice vectors of a face-centered orthorhombic lattice.
The orthorhombic lattice has side lengths that are 10%—20%
®) different from each other. Using an orthogonal unit cell fa-

cilitates the calculations. Hence, the reciprocal lattice for this
FIG. 2. (a) Connectivity of rods in two successive layers for the double- structure is bOdy'Cemered orthorhombic. The Brillouin zone
etched structure with no overetching. The height of the rodyiand its IS @ simple orthorhombic distortion of the Brillouin zone of
thickness ig ;. (b) Connectivity of rods in the overetched structure where anthe fcc lattice.

amount § has been etched away from ti@@01) surfaces of each rods ; . _
controls the amount of overetching. The resultant rods have heighd, We concentrate on the EXpe”mema”y fabrlcatstduc

thicknessr ;, with an extra rectangular segment of cross seationr, x25  tural geometry \{\Iith9=70.53°. In Ord_er FO optimize the struc-
connecting the rods. ture, the gap/midgap frequency ratio is calculated as a func-
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FIG. 3. Photonic gap/midgap ratio for the double-etched structure with nd=IG. 4. Experimental measurements for electromagnetic wave transmission

overetching[Fig. 2a)] as a function of filling ratios. Each curve is for a through the micromachined crystal with the double-etched silicon wafers,

differentc/h aspect ratio. corresponding to the structure in Fig. 1, with no overetching. The arrows
indicate the calculated band edges.

tion of filling ratio for a number oft/h ratios (Fig. 3. The iy the wafer thickness owing to spatial inhomogenity and
c/h aspect ratio determines the ratio between the bar heighi§ecrease of wafer thickness during the processing steps, but
and bar separations. Alternatively, it is convenient to define gne value of 243um is supported by further characterization
length scale a in the plane of the rods where of the wafers. Foc/h=1.675, i.e.c/a=1.15, we obtain cal-
a=(Ry,R,)¥%2, which is related toh by a=(y3/2")h  ¢yjated band edges of 277 and 388 GHz for transmission in
=1.4560. If the structure was tetragonatith 6=90°) thena  the z direction, which agree very well with the measured
would simply be the planar lattice constant used in earlie§,g1ues of 265 and 390 GHFig. 4). In this direction the
calculations for the layer-by-layer structure. As is typical in hand edges are degenerate for both polarizations of the elec-
PBG structures the maximum gap is achieved at filling ratio§romagnetic wave. The calculated band structure in the 110

close to 30%, but to achieve the best gap/midgap ratio ofymmetry planethe plane containing both the rod and the
about 12% it is very important to optimize tis¢h ratio (to @ normal to the rotlis shown in Fig. 5.

value close to 1.675 ar/a close to 1.1p whereas the gap/
midgap ratio decreases significantly foth or c/a values
away from the optimum. The gaps shown in Fig. 3 refer to
the minimum gap in the Brillouin zone. For the previous The overetched unit cell geometiffig. 2(b)] was mod-
layer-by-layer structure witl#=90° the highest gap/midgap eled most easily as two overlapping air rods in the silicon
ratio was about 18% for Si as the dielectric material. Reducdielectric medium(e=11.669. Overetched regions of width
ing the angled to 70.53° does reduce the gap/midgap ratio to24 that determine the fraction of overetchiri@d/h) were
about 12%, which is still sizable enough for applications. Asintroduced. The photonic bands were calculated as a function
discussed in the following section the gap/midgap ratio car®f filling ratio for fixed values ofé. For each overetched
be increased by overetching.

In the calculated photonic band struct(fég. 4), for the
structure with optimized filling ratio, the top of the valence X K L r X'

OVERETCHED STRUCTURE

band occurs near thE point whereas the bottom of the Gl T
conduction band is at thie point of the Brillouin zone. The S M E E
experimental transmission of electromagnetic waves irzthe o osf E
direction normal to the Si wafers measures the band edges “Z 05 F 3
and gap alX'—the (001) point of the Brillouin zone. In the S ooa b | e E
band-structure calculations the high-symmetry points were o 03 b e
expressed in terms of the reciprocal lattice vect@s, G, § 02 _ _
and G3) of the body-centered orthorhombic lattice. For ex- g ]
ample, theX’ point is 0.5G;+ G3), in this double-etched L o1E / E

structure and in the fcc structure, representing transmission o bl AL S
: ) . o 2 15 -1 05 0 0.5 1
with a wave vector perpendicular to this stack. Simildrlis
. . e wavevector
0.5(G;+G,+Gg). Such a convention fok points elimi-
nates the problems of traversing the reciprocal lattice in CarriG. 5. Photonic band structure for the double-etched structure with filling
tesian coordinates. For the experimental line spacing ofatio 0.295 and/h=1.675 at the optimized gap/midgap geometry in Fig. 3.

_ ; o ; The X' point is (001) in the Brillouin zone. Waves normally incident along
h=290 pm and a bar width of S@m a fllllng ratio of 0.297 the z axis of the structure in Fig.(B) sample thd X’ direction bands and

is obtained. For a wafer thickness of 274&- c is then 486_ measure the band gap>at. Herec, is the speed of light, and is the lattice
pum andc/h=1.675. We note that there is some uncertaintyparameter.
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FIG. 8. Experimental measurements for electromagnetic wave transmission

FIG. 6. The gap/midgap ratio as a function of the filling ratio for structure through the micromachined crystal with the double-etch silicon wafers, for
with 20% overetching. The/a (or c/h) ratio is kept constant for each the structure with 20% overetching. As described the band edge frequencies
curve, while the filling ratio is varied by changing the width of the bars. are increased from the structure without overetching. The arrows indicate

Note thatc/h=1.456(/a) whereh is the distance between bars in each the calculated band edges.
layer.

Experimental measurements of the transmission of em

. . . . waves were made in the stacking directi@®1) for
fraction, the gap/midgap ratio was calculated for different (i) the structure without overetching and

c/h (or c/a) ratios to reoptimize the structure and calcula- (ii) the structure with 20% overetching and display well-
tions for the 20% overetching are shown in Fig. 6. The moslyinaq photonic band gagBig. 8)

significant result(Fig. 7) is that the three-dimensional gap/ The photonic band gap & (001) increases with double

m_|dgap ratio INcreases with ove_retchmg from about 12 /Oetchlng accompanied by a monotonic increase in both the
without any overetching to a maximum of about 14%

o . _ for thefrequencies of the upper and lower band edges. The mea-
20% overetched structure before d.ecreasmg again. Con9u§hred band edges for the 20% overetched structure are at 295
rently, t_he bar.1d edge frequenmes algo Increase W'tl?;md 425 GHz which are in very good agreement with theo-
°Veret0h'”9- This offers a unique way to improve and WUN&egical predictions of 290 and 425 GHz. A qualitative expla-
the photomp band gap of a given double-etched structure_ bP{ation of these observations is that with overetching the ef-
further chhmg of the wafers. In these overetched geometries, qive refractive indexh; decreases, since the filling ratio
thg maximurm of the secon@alence bar?d' occurs at the(_ decreases. The photon wave vedtgy corresponding to the
point (eq_uwalent to 100 whereas t_he minimum of the third midgap frequency is inversely proportional to the lattice pa-
(conduction band occurs aX” (equivalent to 010 The 100 rameter. The midgap frequenay,,, is then (c/nggk
and 010 direction¢Fig. 2) are no longer equivalent in the which increases ag.; decreases \r/nvgi;th overetchina. Trp]ge, in-
double-etched structure. crease of the gap/midgap frequency ratio with overetching is
consistent with the general finding of the increased photonic
band gap in complex multiply connected geometries found in
L L previous calculation? The analogy in earlier calculations is
that larger band gaps were found for overlapping cylindrical
ota L o or elliptical air rods in dielectric structures, compared to rods

I o 10% 1 that were constrained to touch.

Although the calculations assume a simple overetched
structure as in Fig. 2, the experimental structure can be more
complex since the etching rate can be nonlinear with time
and facets can develop between the rods, leading to a more
complex geometry connecting the rods. In spite of these
complications, agreement between experiment and theory is
very good.

—— 20%
013 [ —— 30%

Gap/midgap ratio

012 T

011

L CONCLUSIONS

0.10 —

1.00 105 110 115 120 125 130 A promising application of this PBG structure is a per-
c/a ratio fect dissipationless reflector in the millimeter wave region.
_ _ _ _ _ Although metals are very good reflectors with negligible
FIG. 7. The gap/midgap ratios as a functionodé ra_t|o for the dlfferent_ |PSSGS at microwave frequencies, the losses become more
overetched structures. The percentage of overetching is shown in the inset. . - .
For eachc/a ratio (chosen pointsthe maximum gap was chosen by opti- substantial in the millimeter wave region. Such PBG struc-

mizing the filling ratio. tures could have substantial advantage over metals in milli-
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meter wave components. This PBG structure could be aexperimentally fabricated and leads to a robust structure

ideal substrate for planar antennas that could substantialiwhere the photonic midgap frequency can be easily tuned, in

increase the antenna performance as has been proposed ame& direction, by further etching. This system has yielded

measuretf for microwave PBG structures. Such a reflectingamong the highest midgap frequencies obtained to date and

substrate reflects all the antenna power in the forward direds promising for extending the PBG frequencies into the IR

tion as is needed. Another application of PBG structures is agegion.

a frequency selective filter. By introducing defects into peri-
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