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Silver-coated silicon pillar photonic crystals: Enhancement of a photonic
band gap
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For a two-dimensional lattice of Si pillars it is shown both experimentally and theoretically that a
photonic band gap for the light polarized perpendicular to pillars can be strongly enhanced by means
of a silver coating of the pillars. A sizable omnidirectional photonic band gap is demonstrated for
both square and triangular lattice of silver-coated Si pillars in the near-infrared and visible spectral
range. ©2003 American Institute of Physic§DOI: 10.1063/1.1541948

Photonic crystal$PCg are structures with a periodically slab. Si pillars are coated with silver and the transmission
modulated refractive indekThey have recently triggered a and reflection spectra of PC of so-prepared Si@Ag pillars
lot of interest in connection with their numerous potentialare studied.
technological applications ranging from antenna substrates to Recently, a 2D PC slab of Si pillars sandwiched between
photonic integrated circuitfsee Ref. 2 and references two cladding Ag layers has been fabricated and its photonic
therein. PC performance is determined by frequency gapgroperties have been studigtf This system displays high
forbidden for the propagation of the electromagnetic wavestransmittance for the light polarized perpendicular to the pil-
the so-called photonic band ga®BGS. When the refrac- lars (TE mods, but the light polarized parallel to the pillars
tive index modulation increases, the range of the angles offM mode is quite lossy because of the strong surface plas-
incidence displaying PBG becomes wider and at a suffiimon absorption of the Ag claddings. Therefore, in the fol-
ciently strong refractive index modulation, a PC can exhibitlowing we only concentrate on the TE mode. However, for a
PBG for all angles of incidence, the so-called omnidirec-2D PC of Si pillars, a TE mode PBG is too narrow, practical
tional PBG. value of this PC being doubtful. Nevertheless, as shown in

Usually, only nonmetallic materials are used for the fab-this work, an enhancement of a PBG for the TE mode due to
rication of PCs operating in the spectral range of a materialhe Ag coating of pillars renders this system useful for appli-
transparency. However, it has recently been shown theoret¢ations.
cally in both twd and three dimensiofs (2D and 3D, re- The method of preparation of a regular 2D lattice of Si
spectively that metals can strongly improve PBG propertiesnanopillars has been reported in Ref. 11. Si pillars were pre-
of a PC without significant losses in the gap regionEx-  pared using the self-formed etching mask method combined
periments in this field, especially in the near infrared andwith the electron beam lithography. In this work, Si pillars
visible, remain behind theory. PBG properties of the 3Dhave been coated with Ag using a sputtering technique. In
metallo-dielectric PCs made of silver-coated dielectricFig. 1(a), the scanning electron microgragBEM) of the
sphereSand chrome spher&have only been experimentally square latticperiod a~500 nm) of Si pillars(diameter of
studied in the GHz spectral range. For approximately thelillar 2r (Si)~50 nm) is shown. The same lattice after silver
same spectral range, an interesting 2D PC consisting of boPating (diameter of pillar with coating 2XSi+Ag)
dielectric and metal cylinders was demonstrat@hly very ~ ~150 nm) is shown in Fig. (b).
recently, a 3D metallo-dielectric PC has been studied at in- In Fig. 2@), calculatedlayer Korringa—Kohn—Rostoker
frared wavelengtfsPBG properties of 2D metallo-dielectric Method, see Ref. J2ransmission spectra of the square lat-
PCs have not yet been examined in the infrared and shortdi€e (@=500 nm) of silver-coated Si pillars are shown as a
wavelengths. A 2D PC is suitable for the application in on-function of the silver coating thickness. The TE-polarized
chip devices, and therefore study of PBG properties of sucfight was propagated in thg,1] lattice direction, with the
a 2D PC is of great practical value. lattice consisting of 40 rows of pillars. Our numerical simu-

The goal of the present work is to construct a 2Dlati9n has been performed. for infinitely long cylinders. Ex-
metallo-dielectric PC and to study its PBG properties. OurP€limental values of the dielectric constant of both Ag and
main idea is to use a regular 2D lattice of Si nanopillars as &~ have been used in the calculation. Keeping the radius of

template for the preparation of a metallo-dielectric 2D pcSi Pillars fixed tor(Si)/a=0.05, we variedr (Si+Ag)/a.
Figure 2a) shows that PBG broadens dramatically with in-
creasingr (Si+Ag)/a. In addition to the PBG transmittance
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FIG. 3. Calculatedtop) and experimenta{bottom) reflectance spectra of
the square lattice of SI@Ag pillars wita=500 nm, r(Si)/a=0.05 and
r(Si+Ag)/a=0.25 for thel'-X andI'-M lattice directions for normal inci-
dence of light on the PC faces.

equipped with microscope, charged coupled device camera,
and single monochromator was used. Samples for reflection
spectra measurement for both square and triangular lattices
consisted of 200 rows of pillars with 200 pillars in each row.
Samples for the transmission spectra measurement consisted
of the 40 rows of pillars with 200 pillars in each row.

For the transmission spectra measurement, pillar lattice

. . was sandwiched between two silver layers as in Refs. 9, 10.
Measurements of the transmission and reflection spectr

of our SI@Ag pillar lattices were made using a microopticalﬁr‘] Fig. 2b), the tran§m|§5|on spectrum of .S'@Ag pilllarilat-
. 2 C . . tice for the TE polarization and tH®,1] lattice direction is
technique similar to those for Si pillar lattices. Details of the

spectra measurement are described in Refs, Girafsmis- shown. In good agreement with theoretical calculations, 2D
sion) and Refs. 9, 14(reflectior). Renishaw Ramascope PC of Si@Ag pillars displays quite broad PBG. The experi-

FIG. 1. Scanning electron microscoff8EM) image of the square lattice of
Si pillars with diameter of 50 nm and period of 500 nm before Ag coating
(a) and after Ag coatingb), the diameter of Si@Ag pillars being 150 nm.
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mental spectrum displays plasmon bands as well as a theo-
retical one. Some discrepancies in position of the PBG and

10 theory T () plasmon features in experimental spectrum compared to the
w 08 '(S‘)’8=°‘°5' theoretical one can be explained by the finite height of pillars
E - 1(Si+Ag)/a=0.15 (~ll,um)
g 06 For potential applications of 2D pillar PC slabs, it is
Z 04 important to obtain an omnidirectional PBG-PBQ for the
g 02| TE mode. It is easy to show that an 0-PBG can be obtained
= for both square and triangular lattices of the Si@Ag pillars.

In Fig. 3, theoretical and experimental reflection spectra of

5 Toxberment the square lattice of SI@Ag pillarsaE500 nm; r(Si)/a

3 periment (®) . . . |

S 08 =0.05; r(Si+Ag)/a=0.25) for two different lattice direc-

§ tions are shown. As one can see, there is an overlap of the
< 0.6 e reflection PBG bands for different directions in the range of
§ 0.4 W 2 eV. This is a clear indication of the existence of an 0-PBG
2 02 (the second PBJ Although agreement between theory and
é ' experiment in Fig. 3 is good, one can notice that, instead of

the broad reflection band in the range of 1.0-1.3 eV, experi-
mental spectrum for thE-X direction displays a sharp band

corresponding to the high-energy edge of the theoretical
band. The reason for this is the finite height of pillars, reflec-

FIG. 2. (a) Calculated transmittance spectra of the square lafizd] or
I'-X direction of Si pillars witha=500 nm and (Si)/a=0.05: Si pilars—  tion for the wavelengths comparable and longer than the
thin line, SI@Ag pillars withr(Si+Ag)/a=0.1-intermediate line and height of the pillars being strongly decreased.

Si@Ag pillars withr (Si+ Ag)/a=0.15—bold line. Cylinders were assumed In Fig. 4, the theoretical and experimental reflection

infinitely long in the calculation(b) Experimental transmittance spectra of : . . .
spectra are shown for the triangular lattice of SI@Ag pillars.

the square lattice of Si pillars wita~500 nm, r(Si)/a=0.05 andr (Si > U ) !
+Ag)/a=0.15. The result is similar to that for the square lattice. There is an
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z 2t dielectric PC for the near-infrared and visible spectral range.
& 0 ] We have prepared Ag-coated Si pillar lattices and demon-
10 15 20 25 strated enhancement of PBG due to the Ag coating of the
PHOTON ENERGY, eV pillars. Omnidirectional second order PBGs for the TE mode

for h re and triangular latti f pillars wer -
FIG. 4. Calculatedtop) and experimentalbottom) reflectance spectra of or bot square a d tria gular lattices of pillars were ob

the triangular lattice of Si@Ag pillars wita=500 nm,r(Si)/a=0.09 and tained.
r(Si+Ag)/a=0.18 for thel'-X andI'-J lattice directions for normal inci-
dence of light on the PC faces.
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