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Attenuation of optical transmission within the band gap of thin
two-dimensional macroporous silicon photonic crystals
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The transmissivity within the photonic band gap of two-dimensional photonic crystals of
macroporous silicon is reported as a function of crystal thickness. Measurements were carried out
for crystals of nominally 1, 2, 3, and 4 crystal layers using a commercial parametric source, with a
wavelength tunable from 3 to &m. For wavelengths well within the 3—&m photonic band gap,
attenuation of approximately 10 dB/crystal layer is obtained, in agreement with calculations based
on plane wave expansion methods. For these materials, one should be able to achieve photonic
crystal functionality in many applications with very small crystal volumes. 1899 American
Institute of Physics.S0003-695(099)01046-3

Dielectric structures with periodicities of their dielectric n-type silicon wafers when anodized in an aqueous hydrof-
constant on a wavelength scale and with sufficiently highuoric acid solution and illuminated from the wafer backside.
dielectric contrast are capable of exhibiting a complete pho¥ applied to a polished silicon wafer, the pore arrangement
tonic band gagPBG).12 This fact has generated a great dealbecomes random. We created pore nuclei arranged in a two-
of interest in the past decade and many applications of phaglimensional (2D) triangular lattice with lattice pitcha
tonic crystals have been proposed. In order to create novef 1.5 um by lithography and alkaline etching. During the
devices that take advantage of the properties of photoniBore growth, the macropores inherited the triangular order of
crystals predicted in Refs. 3-9, precise experimental studid§e nuclei to form cylindrical pores of radius=0.45 um
of linear wave propagation in photonic crystals are indis-and a typical length of 10em (see Fig. 1 After the pore
pensable. Of further importance are studies that make thirmation, the pore radius was widened using oxidation and
connection between the well known properties of infiniteWet chemical —etching to produce pores of radius
photonic crystals and the properties of finite sized crystalézo'68 pm.
used in practical situatior8:°

In this letter we investigate, experimentally and theoreti-
cally, the transmissivity of a two-dimensional triangular lat-
tice of air cylinders in silicot'” with a lattice pitch of 1.5 |
wm. In particular, we study the dependence of the transmis
sivity within the photonic band gap on the number of photo-
nic crystal layers for very thin crystals. We find that the ig‘ ‘
transmissivity is attenuated by approximately 10 dB per pho-| -l
tonic crystal layer within the photonic band gap.

The crystals were fabricated in macroporous silicon,
which is a type of porous silicon that has been extensively|
studied during this decad&. Macroporous silicon has
emerged as an ideal material for the detailed optical charac
terization of two-dimensional photonic crystals. Its fabrica-
tion is based on standard semiconductor processes, allowin
one to achieve high geometric accuracies and large ordere
arrays of pores with high aspect ratios. Details of the
macropore formation process were described in Refs. 16, 17
19, and 20. Briefly, macropores with pore radii from 0.1 to
10 um can be formed in moderately dop€td0) oriented

dElectronic mail: leonard@physics.utoronto.ca FIG. 1. Scanning electron microscope image of a bar of macroporous sili-
PPresent address: Institute for Theory of Condensed Matter, University oton, the width of which is periodically altered. The inset is an enlarged view
Karlsruhe, P.O. Box 6980, D-76128 Karlsruhe, Germany. (15%) of the narrower part marked with a square.
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FIG. 2. Simplified schematic of apparatus used to produce tunable, spatially

coherent mid-IR light. Goptical chopper; Elong wavelength pass filter; FIG. 3. Measured and calculated transmissivity as a function of frequency
L=lens; M=mirror; NL= AgGa$S nonlinear crystal; PEphotonic crystal ~ Within the photonic band gap for samples with small numbers of crystal
sample. layers. Solid lines: calculated transmissivity, with 1, 2, 3, and 4 crystal

layers. Points: measured transmissivity, with @:8904 (ll), 1.8+0.1 (@),
2.9+0.1 (A), and 4.2:0.2 (V) crystal layers.

With the help of the microstructuring technique de-

scribed in Ref. 21, we cr_e_ated high aspect ratio, weII—_defineq;amme and performing a weighted average using the Gauss-
bars of macroporous silicon which allow the coupling of jay spatial profile of the focused beam. Using this method the
light propagating perpendicular to the pore afélg. 1). The  crysial thicknesses were determined to be £.8694,1.8
width of the bar has been periodically altered via the photo-+ 0.1,2.9-0.1, and 4.2-0.2 crystal layers. The source was
technique used in the microstructuring process. The narrow,ned within theH-polarization band gap, which spanned
areas consist of distinct numbers of crystal layers, Wherea&pproximately 3.£\<5.5 um. The results of the transmis-
the wide sections provide mechanical stability. The regiorgivity measurements are shown in Fig. 3.
within the square consists of six crystal layers along the  cg|culations of the transmissivity were made using the
'K direction of the triangular lattice. The structures, which method of Sakod® This method is an extension of the
possess a height of 100m, are fixed on a silicon substrate. pjane wave method for band structure calculation and allows
In order to probe the transmissivity of these narrow re-the transmissivity through a finite slab of a 2D photonic crys-
gions of varying thickness, we required a tunable, spatiallyta to be calculated. In order to account for the spectral band-
coherent source of mid-IR light. This was achieved usingyidth of the mid-IR pulses used in the experiment and the
difference frequency generatidn(see Fig. 2 A coherent nonuniform slab thickness, we have convoluted the calcu-
9800 optical parametric amplifier was used to produce twQated transmission data with a respective spectral window
tunable near-IR beams through a nonlinear down conversiofynction and averaged over crystals with slightly different
process. After achieving spatial and temporal overlap of thghjcknesses. This removes most of the sharp resonances pre-
beams, they were focused ora 1 mmthick AgGa$ crys-  dicted by Ref. 10, leaving behind a relatively smooth spec-
tal, which produced light with a frequency equal to the dif- trum within the photonic band gap. At this point we want to
ference of the frequencies of the two incident beams via &tress that the calculation of the photonic band structure
second down conversion process. The resulting light waglone is insufficient to provide a qualitative explanation of
tunable with a wavelength range o3\ <5 umand had a the measured transmission spectra. The boundary conditions
typical bandwidth of approximately 150 nm. The mid-IR for a finite-sized photonic crystal can lead to gaps in the
beam consisted of approximately 200 fs pulses at a repetitioftansmission spectra, even though eigenmodes are present in
rate of 250 kHz, with an average power of 5 m¥fle short  the spectrum of the infinite crystal. This may occur as a
pulse width is only relevant in that it allows for substantial result of the symmetry mismatch between the external plane
down conversion efficiengy After the pump beams were wave and the eigenmode of the cryétabr Fabry—Perot
filtered out, the mid-IR light was focused onto the photonicresonances within the cryst4l.
crystal sample using a ZnSe lens with a focal length of 19  The results of the transmissivity calculations are shown
mm, producing a spot size of approximately 2@n. The along with the experimental data in Fig. 3, and show reason-
transmitted light was measured using a pyroelectric detectaible agreement. Deep within the photonic band gap, the
and a lock-in amplifier with an optical chopper and the transtransmissivity drops by about 10 dB per crystal layer, exhib-
missivity was obtained by normalizing this to the incidentiting an approximate exponential decrease as expected for an
power. evanescently decaying field. We observe a maximum attenu-
We investigated the dependence of transmissivity on thation of 40 dB for only four crystal layers, i.e., 99.99% of the
number of crystal layers for samples with approximatelyincident light is being attenuated by onlygm of photonic
1,2,3, and 4 crystal layers, oriented in the K direction. A crystal (approximately 73% of which is gir The disagree-
crystal layer for thd —K direction was defined as the rect- ment at the high-frequency band edge is ascribed to the fact
angular area within the infinite crystal containing one row ofthat the parameter/a for the sample could not be measured
pores. A measure of the number of crystal layers was obprecisely and had an error ¢f0.005. We note that random
tained by counting the number of crystal layers across th¢hickness fluctuations occur along the samples, as well as the
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periodic thickness fluctuations inherent to the photonic crystario, for which S. L., H. M. V. D., K. B., and S. J. are
tal geometry. However, the random scattering caused bgrateful. Financial support by the Deutsche Forschungsge-
these fluctuations cannot alone explain the overall trend imeinschaft(Project Nos. GO 704/2-1 and Bu 1107/14%
the results as it would lead to a thickness-independent umratefully acknowledged by A.B. and K.B.
ward shift in the transmissivity that is not reflected in the
data. Furthermore, absorption processes do not play a signifi-

. . . 7
carltgrole since for. our samplle, with a doping levell 0t LE. Yablonovitch, Phys. Rev. Let§8, 2059 (1987).
cm™*, the free carrier absorption depth in the 3¢ wave- 23, John, Phys. Rev. Lefs8, 2486(1987).
length range is of the order of centimeténsuch longer than jS. John and J. Wang, Phys. Rev. Léd, 2418(1990.
the sample thicknessand interband two-photon absorption .E- Yablonovitch, J. Mod. Op#1, 173 (1994.

t Similar transmissivitv results are expected for S. D. Cheng, R. Biswas, E.ZDay, J. S. McCalmont, G. Tuttle, and K.-M.

cannot occur. y Xp Ho, Appl. Phys. Lett67, 3399(1995.
the E polarization band gap, although the attenuation per rowsa. mekis, J. C. Chen, I. Kurland, S. Fan, P. R. Villeneuve, and J. D.
would likely be less since the band gap is not as wide as for730ann0p0ulos, Phys. Rev. Lelf, 3787(1996.
the H polarization case. We note that even though the con-,K- Sakoda and K. Ohtaka, Phys. Rev58, 5742(1996.

. . . S. John and T. Quang, Phys. Rev. L&8, 1888(1997).
cepts of Brlllou_ln zone and bgnd gap are not appllcaple duen . akszbek and S. John, Phys. Rev5g, 2287 (1998.
to the loss of discrete translational symmetry, these thin crysk. sakoda, Phys. Rev. B1, 4672(1995; 52, 8992 (1995.
tals exhibit some of the main features of the infinite crystal."'D. Labilloy, H. Benisty, C. Weisbuch, T. F. Krauss, R. M. DeLaRue, V.

In summary, we have fabricated high aspect ratio, well- Estrtd?gl,ﬁ;g;)lugdg%,/u. Oesterle, D. Cassagne, and C. Jouanin, Phys. Rev.
defined bars of macroporous silicon photonic CrySta_‘IS anekp . abilloy, H. Benisty, C. Weisbuch, C. J. M. Smith, T. F. Krauss, R.
performed transmission measurements and calculations forHoudre, and U. Oesterle, Phys. Rev5B, 1649(1999.
very thin crystals with 1—4 layers. The attenuation per Iayerﬁs- ;af;%mmlsl agd SHNO(Tja'F JI?(”- ﬂ; APF’/L- P\'(WS-, P&EBJ}\]?SE(WQQ .
. . Dakodaa, . Dasada, |. Fukusnima, A. Yamanaka, N. Kawal, an .
was found to be approxmgtely 10 dB and the agreementmoue’ 3. Opt. Soc. Am. B6, 361 (1999,
between theory and experiment was good. These results; G. Fleming and S. Y. Lin, Opt. Lete4, 49 (1999.
clearly demonstrate that very small volumes of macroporou$’U. Grining, V. Lehmann, S. Ottow, and K. Busch, Appl. Phys. L68,
silicon photonic crystals can be used for practical applica;,’47(1996. _ _
tions such as waveguides or filters, and for quantum optics & 2Me" U- Grning, S. Ottow, A. Schneider, F. Mer, V. Lehmann, H.
g ! q p Fdl, and U. Geele, Phys. Status Solidi A65 111(1998.

experiments. 18y, Lehmann and U. Gsele, Appl. Phys. Lett58, 856 (1991).
) ) ] 19y, Lehmann, J. Electrochem. Sab40, 2836(1993.
The authors would like to thank Pierre Villeneuve, MIT 2°s. Rmnebeck, J. Carstensen, S. Ottow, and HI, Fdectrochem. Solid-

Cambridge, MA and Reinald Hillebrand, MPI of Microstruc- _ State Lett.2, 126(1999.

- - .25 Ottow, V. Lehmann, and H. FipJ. Electrochem. Sod 43 385(1996.
ture Physics, Germany, for helpful suggestions. Part of th|§2M_ K. Reed and M. K. S. Shepard, IEEE J. Quantum Electash 1273

work was funded by the Natural Sciences and Engineering (199¢.
Research Council of Canada and Photonics Research OfiK. Sakoda, Phys. Rev. B2, 7982(1995.



