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Diffraction properties of two-dimensional photonic crystals
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We show that the envelope of the diffraction efficiency of a two-dimensional photonic crystal can
exhibit spectral regions of very small diffraction efficiencyg$x 10~ 2), while in other regions, the
diffraction efficiency is near unity. The experimental results on higher bands of hexagonal,
silicon-based photonic crystals agree well with corresponding numerical calculations and highlight
the prominent role of the surface termination, an aspect which cannot be described by the photonic
band structure alone. We speculate about possible applications of such additional spectral filters in
Raman and photoluminescence spectroscopy2003 American Institute of Physics.
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Photonic crystal$PC912 have recently attracted consid- In this letter, we(i) give experimental evidence for the
erable attention because of their potential applications imccurrence of such holes in Littrow geometiiy) Moreover,
telecommunication, as host for high finesse nanocavities, ave show theoretically that the holes aret uniquely deter-
as materials exhibiting negative refraction. Another interestmined by the photonic crystal band structure alone, but are
ing aspect, which was recently studied theoretically, is thealso determined by thsurface terminatiorof the photonic
use of two-dimensional PCs as diffraction gratifdsAs an  crystal. This allows for a detailed design of the 2D—PC dif-
electromagnetic plane wave hits the surface of a PC, th&action properties, e.g., in order to selectively suppress cer-
impedance mismatch between air and the PC leads to bottain frequencies such as the exciting laser line in Raman or in
reflection and diffraction at the periodically modulated sur-photoluminescence spectroscopy.
face. A two-dimensional2D) PC, illuminated perpendicular The samples investigated in our experiments are 2D—
to the structure(see Fig. 1, diffracts within the plane of PCs with a hexagonal array of air holgsores of radiusr
incidence—as a conventional surface diffraction grating—=0.6 um in silicon fabricated by electrochemical etchﬁwg.
while three-dimensional(3D) PCs diffract off-plane as The lattice constant ia=1.5 wm. The height of the sample
well.>® Thus, 3D—PCs are not considered in what follows.is about 100um. One sample is “cut” along th&K direc-

For a 2D-PC, the envelope of the diffraction efficiency intion (see Fig. 1, the other one along tHéM direction. In the
Littrow geometry, i.e., backscattering geometry, follows theexperimental setup, light from a halogen lamp is coupled

usual formuld into a balanced Michelson interferometer via a multimode
optical fiber. At the end mirrors of this interferometer, one of
m\ =2ssiny, which is replaced by the PC, the output of the multimode

with the surface lattice constast the diffraction ordemn,
and the wavelength of light. The angley in the backscatter-
ing geometry is illustrated in Fig. 1. In a conventional sur-

face diffraction grating—apart from some exceptibr®ne '™M [\FK
usually has a smooth variation of the diffraction efficiency (YYYYYY)
with incident wavelength with a maximum at the blaze

angle. In contrast to this, it has recently been shown 0000000
theoretically that a 2D—PC can exhibit spectral regions of YYYYXYYY
very small diffraction efficiency—which we refer to as “3 o000 0O
holes” in the envelope of the diffraction efficiency. Apart 10 pm H1 pm
from these holes, the diffraction efficiency of the 2D—PC can

be close to 100%. FIG. 1. One of the photonic crystals investigated, cut alongliKedirec-
tion. The angle of incidence with respect to the normal coincide with the
detection angle. The magnification shows the high quality of the internal
dElectronic mail: georg.freymann@physik.uni-karlsruhe.de structure. Thd'M and 'K directions are emphasized.
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FIG. 2. Band structure of the higher-order bands for the photonic crystals c 0.8
investigated (/a=0.4, H polarization. The fundamental band gap can be -g 0.6 7 T
found aroundwa/2mcy=0.3 and is not investigated in our experiments. % ] L ]
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fiber is imaged to a spot diameter of about 1&@, which 0.2 i l i
illuminates the entire height of the sample. As usual, the 0.0 e '-I =

spectrum is obtained from the Fourier transform of the inter-
ferogram. The photonic crystal is mounted on a rotational
stage, which allows us to vary the angle of incidence—which
equals the detection angle—with respect to the normal in the ] o ) o
range fromy= —5° up to y=50° in steps ofA y=24 min. FIG. 3. (a) Measured intensity diffraction efficiency for a cut along ff¢

. . . direction. The arrow marks a region of diffraction efficieneysx 102,
All experiments are performed for the polarization, which  The cross marks the position of the Bragg reflex expected for an ideal 2D
means that the electric field vector is perpendicular to thetructure.(b) Cuts at selected spectral positions, as marked by the dotted
pores. Diffraction occurs only for sufficiently high frequen- !ines in(@. The spectra are vertically offsetted for clarity.

cies with wa/2mcy=1/2 in case of propagation along the
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I'M direction or forwal/2mwcy=1/(2v3) in case of propaga-
tion in the'K direction® (These frequencies would be low-
ered by a factor of g, if the photonic crystal is embed-

tion peak is observed. Note that a very simple calculation for
an ideal hexagonal structure along the lines of Bragg-
diffraction predicts only one isolated Bragg reflex at the po-

sition marked by the cross in Fig(83—and no continuous
isnvelope. The same behavior is observed for the sample cut

ded in a material with a higher index of refractiop,qthan
ain.® The fundamental band gap of these PBG structures
centered arounda/2mwcy=0.3. Thus, we perform the ex- along thel'M direction (not shown. Apart from the theoreti-
periments on higher bands in the bandstructsee Fig. 2 cally predicted Bragg orders, additional “speckle-like”

It is clear that the higher bands are more sensitive to any typstripes can be observed in Fig. 3. They seem to be directly
of disorder or imperfections, which has so far hindered derelated to surface disorder—for instance missing or incom-
tailed experimental investigations. In turn, the occurrence opletely cut poregsee Fig. }—because they are also observ-
well-defined diffraction peaks can be taken as an indicatiorable in results obtained from surface diffraction gratifryst

of high sample quality. shown).

Figure 3a) shows the experimental result for the sample At first sight it is not clear, which frequencies will be
cut along thel'’K direction. The intensity diffraction effi- diffracted under certain angles and which will not. The re-
ciency spectra(logarithmic scalg are plotted between flection spectrum at zero degrees corresponds to spectros-
wal2mcy=0.7 andwal2wcy=1.3 over the angle of inci- copy along thd'M (I'K) direction. For instance rotating the
dencey. At y=0° the usual reflection spectrum under per-sample about 30° means changing the direction of spectros-
pendicular incidence is detected. As expected it is modulatedopy fromI'M to nearlyI'K and vice versdhere the refrac-
with the optical properties of the photonic crystal: Completetion at the surface has to be accounted.fdhis hinders a
band gaps, stop gaps for certain directions, flat and symmetmjirect comparison with bandstructure calculations as shown
forbidden bands lead to high reflectiviigompare with Fig. in Fig. 2. In order to compare the measurements with calcu-
2). For increasing angle, the intensity sharply decreases arldtions, we have computed the reflection properties of the
finally vanishes until the first surface Bragg order appears atamples following the scattering-matrix approach by Whit-
y~23° for wal2mwcy=1.3. Its envelope follows that of a taker and Culsha# A scattering-matrix approach allows ac-
simple surface diffraction grating. In addition, the first Bragg curate calculations of the reflection and transmission proper-
order is modulated due to the 2D—PC. The light enters théies of deeply patterned diffraction gratings as well as
photonic crystal, couples to Bloch modes and propagates intphotonic crystal slabs. In this calculation, we consider the
the sample. Therefore, frequencies with high coupling effi-Poynting vector for Bragg orders, which are backscattered
ciencies are not diffracted into backward direction. The arinto a cone with an opening angle of 1.5° around the incom-
row in Fig. 3@ marks a position with diffraction efficiency ing direction. We include slight absorptionn£3.45
below 5x 10 3. Figure 3b) shows cuts at different spectral +i0.015) in the calculations to suppress FabryreRe
positions wa/2mcy=0.85,1.0,1.15), which are indicated by modes, which are not observed in the experiment either. In

the dashed lines in Fig(8. For wa/27cy=0.85 no diffrac- addition, we perform the calculations for different surface
Downloaded 05 Jul 2004 to 195.37.184.165. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 4. (@) Complete numerical simulation for a 2D—PC cut along Kié
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interference effect between the light diffracted by the surface
corrugation and the light scattered from the Bloch modes of
the bulk photonic crystal. Or spoken in terms of a simple
analogy, the surface termination acts like a very special an-
tireflection coating. Due to the somewhat undefined surface
termination in the experimerisee Fig. 1, we do not expect
perfect agreement between experiment and theory. Neverthe-
less, we find a good qualitative agreement, especially for the
suppressed diffraction efficiency at the position of the ar-
rows. Therefore, a well designed photonic crystal with a dis-
order free and well terminated surface in a single pass spec-
trometer will efficiently suppress intense narrow laser lines.
For this purpose the photonic crystal is designed in such a
way that the laser frequency is placed in the discussed hole
of low diffraction efficiency. This would allow the undis-
turbed detection of weak Raman or photoluminescence lines
which are spectrally nearby but already out of the hole of
low diffraction efficiency.

In conclusion, we have presented angle and spectrally
resolved Bragg-diffraction measurements on 2D photonic
crystals. We have shown that they exhibit an angular behav-
ior similar to that of ordinary surface diffraction gratings but
modulated with the optical properties of the photonic crystal.
In addition complete numerical calculations show good
qualitative agreement with the experimental results and illus-
trate the crucial influence of the surface termination. For cer-
tain frequencies we find diffraction efficiencies below 5
% 10"3, The observed effects might be useful for Raman or
photoluminescence spectroscopy.
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