Macroporous silicon with a complete two-dimensional photonic band gap
centered at5 um
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We have fabricated a two-dimensional photonic band structure based on macroporous silicon with
a gap common to both polarizations and centered jatr5 A triangular lattice of circular air rods

with a lattice constant of 2.3um was etched 75um deep in ann-type silicon substrate by
electrochemical pore formation in hydrofluoric acid. The porous layer was then micromechanically
structured in such a way that 2@0n thick free-standing bars of porous material were left over on

the silicon substrate. These bars were then used for measuring the transmission of the photonic
lattice. The results showed an excellent agreement with the theoretically calculated structure.
© 1996 American Institute of Physid$s0003-695(96)04006-6

The existence of a photonic band gap in dielectric orformed in the(100 direction in moderately doped-type
metallic structures that are periodic on a wavelength scalsilicon if it is anodized in a hydrofluoric acid solution while
has recently received much attention.The propagation of the backside of the wafer is illuminated. If this process is
radiation in such structures can be described similar to thapplied to a polished silicon substrate, the pores will grow in
case of electrons propagating in a crystal. A band gap caé random pattern. However, for example, if etch pits gener-
open up, i.e., a frequency range exists where electrons @ted by standard lithography and alkaline etching are present,
photons are not allowed to propagate in any direction. Théore formation will initiate at these pits. Using this tech-
changed mode density in the gap region can lead to interesfique, a two-dimensional triangular lattice of pores was gen-
ing phenomena such as a changed spontaneous emission Bgated with a lattice constant of 2,8n, a pore diameter of
havior of atoms. Improved and new optical components can1.7 #m, and a depth of 7um. Then, a micromachining
be expected from such an artificially tailored optical teChnique, developed for structuring the porous layer, was
material® used to produce small bars of porous material with steep side

The mechanical fabrication of photonic band structuregv@lls through which the transmission could be measured.
in the centi- and millimeter wavelength range in tidand  The details of the technique are described elsewHere.
thred®-13 dimensions allowed the verification of theoretical Briefly, photolithographically defined parts of the porous
calculations4~28 Scaling down to optical and infrared fre- |2yer are etched away by an anisotropic plasma etching pro-
quencies, however, leads to the limits of today’s technologyF€SS yielding vertical walls. Afterwards, the diameter of the

due to the uniformity and regularity demanded of the photoPOres was widened to 2.1@m by subsequent thermal oxi-
nic lattice on less than a wavelength sciiét dation of the pore walls and etching of the oxide in hydrof-

By electrochemical etching in hydrofluoric acid, 'UOric acid. Figure (8 shows an SEM micrograph of the
macroporous silicon can be formed in a regular pattern o atterned and micromachined layer. The bars of the porous

uniform pores with a diameter in the micrometer range and gAyer remaining on the silicon supstrate are wﬂ W'd.e (in
depth of several hundreds of micromet&his technique x ory directiong and 75um deeplin thez direction). Figure

has been proven to meet the requirements for fabricating (hb) SZOWS aftetgfolg magnlflce;non 0(: tge m;et n F'r?a)l. I
infrared photonic band gap materil. e edges of the bars were formed by micromechanically

In this letter, we report the first fabrication of free- etching the porous layer. The resulting walls were steep and

standing bars of macroporous silicon with a depth ofun5, _sufﬂmently smo_oth fqr cou_plmg light from the ambient air
. : into the photonic lattice. Figure(d) shows another tenfold

a width of 200um, and feature sizes as small as 170 nm. The e : .

. ) . magnification of the inset of Fig.(lh). In order to reveal the

transmission spectra show a complete two-dimensional pho-

: ) microstructure, one side of the bar was polished to show a
tonic band gap centered at 448 and are in excellent agree- o 1k .
. . . plane 45° inclined to the sample surface. The lattice constant
ment with theoretical calculations.

. . . . . of the macropore array is 2.8m, the pore diameter 2.13
First the sample preparation will be briefly explained. P y A P

. . ) m, and the thinnest parts of the pore walls 170 nm. This
The details of the electrochemical pore formation process a Sields a porosity of the sample of 78%

published in detail eIsewhe?é_.OnIy.a short description will In order to theoretically calculate the band structure of
be given here. Macropores with micrometer pore radii can bey;q photonic lattice, the plane wave method as outlined in

Refs. 18 and 25 was employed, where both the electromag-
dElectronic mail: hermann.wendt@zfe.siemens.de netic field and the periodic dielectric structure are expanded
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FIG. 1. Scanning electron micrographs of a patterned and micromachined layer of macroporous silicon forming a two-dimensional triangirTatice.

200 um wide and 75um high bars of porous silicon are produced by micromechanically etching the porousiayetenfold magnification of the inset in

(a) is shown. The edges of the bars were formed by micromechanically etching the(tayetenfold magnification of the inset itb) is shown. In order to

reveal the microstructure, one side of the bar was polished to show a plane 45° inclined to the sample surface. The lattice constant of the macropore array is
2.3 um, the pore diameter 2.13m, and the thinnest parts of the pore walls 170 nm.

in a Fourier series. For propagation of radiation in the planare presented in the center part of Fig®) 2and Zb) for both
of periodicity ( x—y plang, the two possible polarizations H and E polarizations, respectively. A large photonic band
decouple, leading to two scalar problems. They are referredap exists between 1501 and 2257 ¢nfor the H polariza-
to as the E (E-field parallel to the pore axisand tion and a smaller one between 1884 and 2182 tfor the
H (H-field parallel to the pore axispolarizations, respec- E polarization, which determines the 15% wide,
tively. For the calculations, a total number of 717 planepolarization-independent two-dimensional gap centered at
waves was used to ensure converged results. The Brillouipo33 cm* (4.9 um).
zone of the triangular lattice is shown in the inset of Fig. The transmission was measured a|ong]ﬂqe\/| or a|ong
2(a). The results for a lattice constant of 28, a hole  the '—K direction of the photonic latticésee inset of Fig.
diameter of 2.13um, and a dielectric constantof Si of 11.7  2(g)], whereI'=M andT'—K correspond to the andy di-
rections in Fig. 18). The silicon substrate was broken in
— 3500 strips of several millimeter thickness along ther y direc-
tion with a porous silicon bar at the center. The edges of the
silicon substrate were covered with silver paint in order to
2500 avoid transmission through the substrate. Then, several
pieces with the same lattice orientation were stacked in the
z direction. Transmission was measured between 500 and
1500 3500 cm ! (2.9—-20um) with a resolution of 4 cm?, using a
standard FT-IR spectrometéNicolet 740, composed of a
globar source and a DTGS detector. A Perkin—Elmer gold
wire grid polarizer was used for polarization-resolved mea-
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- - for normalization of the transmission spectra. However, as
35004 e 3500 the transmitting area was not determined, no absolute values
2000] i (b) 2000 of the transmittance could be obtained in this way.
> The transmission spectra of the sample are shown in Fig.
T 200 m"“u. [-K 2500 2(a) for H and in Fig. Zb) for E polarization for both the
Y ol I M 200 wavevectork parallel to the'—M direction(left side of Fig.
£ "-._\E'P°" 2) andk parallel to thel'-K direction (right side. For the
§ 1500 = 1500 H polarization[Fig. 2(@)], a sharp drop of the transmission is
w000 s 2000 observed in the gap regions by more than two orders of mag-
/ nitude for both thd’—M and thel'—K direction, in excellent
5004 P RS — T 500 agreement with the calculated band structure. For&hpo-
Transmission (arb.units) k Transmission (arb.units) larization[Fig. 2(b)], the overall transmission is smaller than

for the H polarization by nearly one order of magnitude.
FIG. 2. In the center part, the calculated photonic band structure of thelransmitting regions foE-polarized radiation are clearly ob-
two-dimensional triangular lattice shown in Fig. 1 is plotted, the inset show-geryed in the spectral parts corresponding to the first, second,
ing the first Brillouin zone. On the Ie’(1r4ght)—h_and side, the transmission and fifth band for thd"—M direction, and to the first band
spectra of the sample for the-M (I'—K) direction are shown between 500 . . N
and 3500 cm? (a) for H-polarized andb) for E-polarized radiation. Note for the '=K direction, whereas the excitation of the other

that the transmission is plotted on a logarithmic scale. band seems to be either missing or inefficient.
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