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We investigate different aspects of the absolute photonic bandRfaf) formation in two-dimensional
photonic structures consisting of rods covered with a thin dielectric film. Specifically, triangular and honey-
comb lattices in both complementary arrangements, i.e., air rods drilled in silicon matrix and silicon rods in air,
are studied. We consider that the rods are formed of a dielectrig(siticn or aip surrounded by a cladding
layer of silicon dioxide(SiO,), silicon nitride (SigN,4), or germanium(Ge). Such photonic lattices present
absolute photonic band gaps, and we study the evolution of these gaps as functions of the cladding material and
thickness. Our results show that in the case of air rods in dielectric media the existence of dielectric cladding
reduces the absolute gap width and may cause complete closure of the gap if thick layers are considered. For
the case of dielectric rods in air, however, the existence of a cladding layer can be advantageous and larger
absolute PBG’s can be achieved.
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[. INTRODUCTION ground medium. The effective refractive index of this inter-
facial layer is less than the refractive index of silicon and

Photonic crystalgPC’s) provide an effective way to con- depends on the sample characteristics and etching condi-
trol and manipulate electromagnetic radiation. They can aftions. The existence of such an interfacial layer will influence
fect the properties of photons in much the same way as the properties of photonic gaps in 2D photonic crystal. Very
semiconductor affects the properties of electrb@se of the  recently, Pan and £f have studied the effects of the etching
main features of PC’s is that they can be designed to exhibinterfacial layers on the absolute photonic band @BG) in
an absolute photonic band gap: a frequency region whergD triangular structure. However, they did not consider the
electromagnetic waves are prohibited to propagate in th@éwverse structure—namely, dielectric rods in air. It is well
crystal, regardless of the polarization or propagating direcknown that the honeycomb lattice formed of dielectric rods
tion. This may bring about some unusual physical phenomin air does exhibit absolute PBG’s. These absolute PBG's
ena, such as light localizatidrand inhibited spontaneous arise for filling fractions far from the close-packed condition
emissior? Applications of PC’s in semiconductor lasérsp-  and therefore greatly favor the fabrication of 2D photonic
tical fibers® single-mode waveguidésetc. have been pro- crystals. In addition, when the aim is the fabrication of semi-
posed. However, three-dimension@D) photonic crystals conductor active devices, the use of dielectric rods in air
are still very difficult to fabricate at optical length scales. instead of holes in dielectric media is advantagel§usn
Two-dimensional PC’s are easier to fabricate than 3D onesmportant loss mechanism in these active devices is the non-
especially for the technologically important near-IR spec-radiative surface recombination at the sidewalls of the active
trum. Much attention has therefore been paid to 2D PC’smedia. A common strategy for reducing the surface recom-
which have been mainly investigated for triangdlaquaré®  bination is passivating the semiconductor surfaces by a thin
and hexagondllattices with various cross sections of the dielectric film. Therefore the interfacial layer in this case is a
dielectric scatterer¥:1? requirement and it should be intentionally formed.

Unlike the numerous studies of 2D PC'’s with diverse ar- In this context, we think that it is also important to study
rangements and scatterers, to our knowledge few authof®ow the existence of some dielectric cladding affects the
have studied how the existence of an interfagialcladding PBG formation in 2D photonic crystals of both complemen-
layer affects the properties of photonic gaps in 2D crystalstary arrangements: air rods in dielectric media and dielectric
This interfacial layer could be the unwanted result of therods in air. The aim of the present work is therefore to ana-
fabrication process itself. For example, a promising techiyze the absolute PBG formation for triangular and honey-
nique for the fabrication of 2D PC'’s for the near-IR spectrumcomb photonic structures consisting either of air rdusey
is the electrochemical etching of silicon in acid solutidhs. in silicon or silicon rods in air. The rod surface, in the case of
Macroporous silicon formed by this technique exhibits uni-silicon rods, and hole walls, in the case of air rods, are cov-
form pores with a diameter of less thanuin and an aspect ered with an interfacial layer of varied thickness. The rod
ratio (the ratio of pore length to pore diametef several and the surrounding interfacial layer can be treated as a
hundreds of micrometers. After etching, the macropores arsingle rod having a core and cladding regions. We considered
covered by a thin microporous layéthat can be treated as three different materials for the dielectric cladding: silicon
an interfacial layer between the poresr rodg and back- dioxide (Si0O,), silicon nitride (SizN,), or germanium(Ge).
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(@) (b) r,—ry, and the outer radius,, i.e., B=(r,—r4)/r,. Parameter
©© @ @ @ B can range between 0 and 1. Note th#t0 yields rods
@ @ @ @ @ without shell layer, whileB=1 yields rods made of the shell

@ material only, i.e., there are no inner rods.
@ The photonic bands of 2D photonic crystals were calcu-
lated using the finite difference time domaifFrDTD)
@ @ - @ method, also known as the ord@) method!® In a 2D pho-
e 8\8 N Bp ol tonic crystal, the electromagnetic wave is decoupled into two
t polarization modes according to whether the electric field
FIG. 1. Schematic representation of the studied structyegs: (TM modeg or the magnetic fieldTE modes is parallel to
triangular lattice of circular rodgp) honeycomb lattice of circular the rods. The bands for both polarization modes were inde-
rods. The rods are covered by a shell layer with dielectric constar@endently calculated along theX-J-I" edges of the irreduc-
& different from the dielectric constant of the ragsand that of the  ible Brillouin zone. The computational domain for the FDTD
background mediay,. The lattice unit cell is indicated by a dashed calculations consisted of one lattice unit cell, repeated infi-
line. nitely by applying Bloch periodic boundary conditions. The
lattice unit cell was divided up into 6464 discretization

They have been chosen for the following reasons. The Si0drid points. The dielectric constant at each grid point was
and SiN, are commonly used as passivating materials in thélefined by taking the average of the dielectric constant over
silicon industry. A fully established technique for growing 10<10 subgrid points, ensuring in this way better
SiO, or SiN, layers exists, that permits fine control of the Convergencé? The convergence and numerical stability of
layer thickness. Besides, the refractive indexes of,giad  the calculations were tested by increasing the grid size, i.e.,
Si;N, are less than that of silicon and they cover in part thedSing a grid of up to 108100 points(the number of subgrid
refractive-index range of microporous silicon mentionedPoints was kept the sameThe deviations in the band fre-
above. Thereby, the results considering etched pores “cofuéncies were found to be less than 1% for the lowest ten
ered” with the SiQ or SiN, layer will be also valid for the ph_oto_nlc bands. As a comparison, several tests with smaller
case of pores walls covered with microporous silicon. Gerdrid size, e.g., 3% 32 points, did not meet the 1% accuracy
manium has been mainly chosen because it has a refracti#@ndition, showing band deviations in the order of 3%. Thus
index greater than that of silicon. Thus we are not restrictedn® results for the gap widths reported heveth 64 64

to study only lower-refractive-index materials because depodfid sizg are believed to be accurate to within at least 1% of
sition of the Ge interfacial layer is also possible, for instancdheir true values.

by plasma-enhanced chemical vapor deposition technique.
IIl. RESULTS AND DISCUSSION

Il. LATTICE DESCRIPTION AND NUMERICAL A. Triangular lattice

METHOD . . . . .
We begin our discussion with the triangular structure con-

The structures under consideration are depicted in Fig. Isisting of air holes drilled in silicorjFig. 1(a)]. First, we
where(a) is a triangular lattice of inner rods and outer inter- consider the case whe8=0, i.e., there is no interfacial layer.
facial (shell) layer and(b) is the honeycomb lattice of inner The triangular structure of circular air rods is known to have
rods and outer shell layer. Parameterse,, ande, denote the greatest absolute PBG among the studied 2D photonic
the dielectric constants of the inner rod, shell layer, anctrystalst® Figure 2a) shows the photonic band structure for
background medium, respectively. When air holes in silicorthe optimum rod radius,=0.4&, for which the absolute
are considered the dielectric constants of the inner rods ar@BG reaches its maximum normalized width Afv/wg
background medium are fixed to kg=1 ande,=12.096 =17.7%. Here, the normalized gap width is expressed as the
(silicon at wavelengtih=1.55 um).1” For silicon rods in air, ~ratio in percent between the frequency width of the gap
the values of the parameters are reversgeé:12.096 and and the frequencwy at the middle of the gap. The absolute
ep,=1. The shell-layer dielectric constasytfor the three dif- PBG is formed from the overlap between the TE(-€., the
ferent materials considered here (B: £,=3.9 for SiQ, (i)  gap between the first and second photonic bpadsl the
es=7.5 for SgN,, and (iii) ;=16 for Gel’ The dielectric TM2-3 polarization gaps. Now let us consider that a shell
constant of the shell layer is therefore fixed to be less thatayer exists between the air rods and the background dielec-
the dielectric constant of silicon for the first two cases andric, i.e., 8>0. Figure 2b) shows the dispersion curves for
greater than the dielectric constant of silicon for the thirdr;=0.4322 and 8=0.1 considering that the shell layer is
case. Parameteris the distance between the centers of twomade of SiQ (e,=3.9). For these geometrical parameters the
nearest-neighbor rods. For the triangular structure, the latticeuter radiusr, of the rods covered with a shell layer is ex-
constant is equal ta, whereas for the honeycomb structure actly r,=0.48 and it is equal to the optimum rod radius for
the lattice constant is equal tg3a. Parameters; andr, the shell-less case. We should expect that the bands decay in
denote the radius of the inner rods and the outer radius of thieequency because of the reduced air filling fraction. Indeed,
shell layer, respectively. The thickness of the shell layer ighe photonic bands tend to bunch towards lower frequencies.
thenr,—r,. We prefer to describe the shell-layer thickness byThis effect is more pronounced for the higher bands, which
introducing a new parametg; defined as the ratio between finally leads to a decrease in the absolute PBG width. The
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FIG. 2. Photonic bands fae) triangular structure of air holes in silicon et=0.48 and (b) triangular structure of air holes in silicon
with an interstitial layer of Si@(gs=3.9 atr;=0.432 and $=0.1. The solid and dashed lines denote TE and TM polarization modes,
respectively. The picture insets depict the structures under consideration and the irreducible Brillouin zone for the calculations. The absolute
PBG is indicated by shaded area.

absolute PBG width in this case dsw/wy=13.7%. connected through the overlapping shell layers of the neigh-
The photonic gap map in the case of rods covered withhor rods. The TM2-3 polarization gap has a smaller width
SiO, shell layer of thicknesg=0.1 is shown in Fig. 3, where than for the ideal case leading to narrower absolute photonic
the dimensionless frequencies are plotted against the rod rgap. The largest gap-midgap ratio for this structure is
diusry/a. If we compare this map with the well-known gap A/ wy=15.2% reached for,;=0.438. _
map for the ideal triangular structufor example, see Fig. 4 ~ Note that forr;=0.43& and 5=0.1, the thickness of the
(Appendix O from Ref.  we can see that the gaps lie at Shell layer is approximately 0.0a9so the outer diametep
lower frequencies. The shift of gap positions towards lower©f the air rods, “covered” with SiQis r,=0.484. It seems
values of the inner rod radius accounts for the given defi- that the maximum absolute PBG occurs for almost the same
nition of 8. The outer radius, of the rods with shell layer rod diameter as when there is no shell layer. Thls_ls bec_ause
can be calculated from,=r,/(1-4). It can be seen that the for lower valu_es ofB ano_l for shell Ia_yers_of Iovy dielectric
TE1-2 polarization gap is not closed for rod radii above theconst_ant, for instance SiDthe effective d|eI<_actr|c constant
close-packed condition. Here, the close-packed condition {€mains aimost unchanged. However, for higher values of
defined as the value of outer radiug for which the rods and'for she]l layers of high dielectric constant, the effe_ct_s of
covered with a shell layer begin to touch. This is always the interfacial layer on the absolute PBG cannot be tr|V|aI_Iy
=0.5. The value of the inner rod radius (air rod radius deduced. The d_epend_ence of _the absolute PBG on the thick-
for which close packing occurs will then depend on the shell?€SS8 and the dielectric materiak of the shell layer can be
layer thickness3. For example, fo3=0.1 the rods begin to traced from the next two f!gures. In F|g: 4 the normallzed
touch whenr,=0.4%. The TE1-2 polarization gap is still width of the absolute PBG is plotted against the radiusf

opened forr, > 0.45% because the triangular lattice remains (€ &ir rods for several values of the paramgtend for the
three shell materials considered here. The case without shell

layer (8=0) is also shown for the purposes of comparison.

For the case of SiQshell layer, it can be seen that as the
07r IR thickness of the layer increases, the position of maximum
0.6 YN absolute PBG shifts towards lower values of the rod radius

= r,. The absolute PBG reaches its maximum for values, of
g 05 below the close-packed conditigmdicated by a short ver-
3 o4t tical ban. Unlike the inner rod radius,, the value of outer
z rod radiusr, which gives the largest absolute PBG remains
g o3 o close to 0.48, as for the shell-less case. Figure 5 shows the
£ 02} o ] dependence of the maximum gap width on the shell layer
—f thicknessg. For the case of SiQlayer, the maximum width
Gl I 1 Both | of the absolute PBG decreases for valueg8of0, and for
05 o= o o ” o [3>0.33 the absolute gap completely disappears. For greater

values of 3, the air rods have a thick Sgrladding, so the

structure resembles now a triangular structure formed mostly
FIG. 3. Photonic gap mamormalized frequencwa/2mc ver-  Of SiO, rods embedded in silicon. This structure does not

sus relative radius,/a) for the triangular structure of air rods with €xhibit an absolute PBG because of the low dielectric con-

a Si0, shell layer of thicknesg3=0.1. The absolute PBG has a trastep/es.

maximum width of Aw/wy=15.2% forr;=0.43& (indicated by The overall behavior of the absolute PBG in the case of

arrow). SigN, shell layer(es=7.9 is similar to the previous case.

r/a
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015 YD) ,.Si0, shell layer | close-packed condition and the shell layers of adjacent rods
0.1s | CICICIS] RN ) should therefore overlap. The critical value of the shell layer
gon : thicknessg, for which the maximum absolute PBG width
g o appears at the close-packed condition, 4s0.09. For

B>0.09, the absolute PBG decreases sharply because the
optimum outer radius, already approaches the filling-space
condition. The filling-space condition is defined as the radius

zii for which the rods entirely fill the area of the unit cell. For
S o the triangular structure, this is,=0.577. For shell layer
3 0109 thickness greater than 0.09, the optimum gap is reached

when the rods actually overlap. Therefore the photonic struc-
ture consisting of $N,-clad air rods embedded in silicon
background becomes a structure comprising air rods embed-
ded in SEN, background, instead of silicon. Because of the
low dielectric contrast, the triangular lattice of air rods in
SizN, presents a very small absolute PBG width of about
Aw/ wg=2.8%.

The behavior of the absolute PBG drastically changes
when the air rods are covered with (3g=16) shell layer.
The dielectric constant of the shell layer is now greater than
that of background material. It should be expected that the

FIG. 4. WidthAw/ e, of the absolute PBG as a function of the existence of an interstitial layer would improve the absolute
rod radiusr, for the triangular structures of air rods covered with PBG because of higher dielectric contrasy/e,) at the air
Si0,, SikN,, or Ge shell layers of different thickness@sThe ver- ~ rod interface. Indeed, the absolute PBG has greater magni-
tical bar marker indicates the close-packed condition, which idudes than in the shell-less cage=0) (Fig. 5. The gap
rip=0.5, 0.475, 0.45, and 0.4 fop=0, 0.05, 0.1, and 0.2, width increases as the shell layer gets thicker. For example,
respectively. for 5=0.2 the maximum absolute PBG width Bw/wg

=26.2% atr;=0.4%. However, the optimum absolute PBG
The existence of a shell layer always leads to a smaller akglways happens to occur above the close-packed condition.
solute gap(Fig. 5. However, the absolute PBG width de- Moreover, when3>0.15 it occurs for rod radii above the
creases more rapidly and, for values®¥$ 0.25, it is almost  filling-space condition, so the structure we actually investi-
zero. The position of the maximum absolute PBG is nogate is a triangular structure of air rods embedded in Ge
longer as predictable as it was for the Siéhell layer. For  background matrix. For radiug far from the close-packed
example, in the case of the SiGhell layer, it was found that condition, the absolute PBG width is always less than in the
the absolute PBG reached its maximum width for outer rashell-less case.
diusr, near 0.48, regardless of the shell layer thickne@s Having discussed the triangular structure of air rods cov-
In the case of $N,, however, the absolute PBG does notered with a shell layer and embedded in silicon, we shall
follow the same rule. FoB=0.1, the absolute PBG has a now study the inverse arrangement, i.e., silicon rods covered
maximum whenr,=0.454, so the outer radius should be with a shell layer and embedded in air. For the shell-less
r,=0.504. The outer radiug, becomes greater than the silicon rods(8=0), it is well known that the triangular struc-

ture does not exhibit any absolute PBG because of disrupted

Aw/w,
o
[~}

rla

o SR lattice connectivity. Neither does the existence of a shell

554 ' layer (8>0) contribute to the opening of an absolute PBG.

- 000 . X

POO® We can use the heuristic in Ref , which holds that the

i LK connectivity of high-e regions is conducive to TE gaps, and
B 018 s that isolated islands of high-material lead to TM gaps.
B 0.15 Then there is no reason for the absolute PBG opening be-
g cause the shell layer does not form any connected structure.
gt We think it would be interesting to see how the shell layer

affects the properties of the first TM polarization g@1-
2), which is aboutAw/ wy=48.9% for the shell-less triangu-
lar structure. Figure 6 shows how the maximum width of the
TM1-2 gap depends on the shell layer thickngs$or the
03y 090 005 Loo three dielectric materials considered. We can see that if the
B dielectric constant of the shell material is less than that of
silicon, the gap diminishes when the thickness of the shell
FIG. 5. Maximum width of the absolute PBG as a function of layer increases. For germanium, whose dielectric constant is
the shell-layer thicknesg for the triangular lattice of air rods “cov- greater than that of silicon, the reverse is true: the gap widens
ered” with SiQ (£,=3.9), SkN, (,=7.5), or Ge(es=16) shell layer.  aspgincreases. FoB=1, the silicon rods covered with a shell

195108-4



ANALYSIS OF PHOTONIC BAND GAPS IN TWO-.. PHYSICAL REVIEW B 70, 195108(2004)

(Aw/w,)max
(Ao/w,)max

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

p

FIG. 6. Maximum width of the TM1-2 polarization gap as a  FIG. 7. Optimal width of the absolute PBG as a function of the

function of the shell layer thicknesg for triangular structure of  shell layer thicknesg for the honeycomb lattice of air rods embed-
silicon rods in air. ded in silicon.

layer are transformed into rods made of the correspondingielectric resembles a triangular structure with lattice con-
shell material. Therefore for the triangular structure of di-stanty 3a formed by dielectric rods of noncircular cross sec-
electric rods with a shell layer, the width of the TM1-2 po- tion and embedded in &rTherefore for rod radii above the
larization gap always ranges between its values fet0  close-packed condition we actually examine the triangular
(shell-less rodsand 8=1 (rods entirely replaced by the shell structure comprising noncircular dielectric rods in air. The
layer). unfeasible rod diameters and the really small width of the
These results suggest that the gap behavior is governed lapsolute PBG make the honeycomb lattice of air rods in
the dielectric contrast at the shell layer—air interface. Coverdielectric worthless for practical realization.
ing the rods with materials of low dielectric constant will ~ The most prominent feature of the honeycomb structure is
reduce the width of the gap, while high-dielectric claddingsthat, in the case of dielectric rods embedded in air, it exhibits
will improve the gap size. However, for the triangular struc-an absolute PBG, so in a sense it is complementary to the
ture of air rods in dielectric media, this improvement is fic- triangular structure discussed in the previous section. Also,
titious because it appears for infeasible rod diameters. Anghe absolute PBG occurs at filling fractions that are far from
interfacial layers for this arrangement should be thereforéhe close-packed condition, which makes the fabrication of
avoided. such 2D photonic crystals less formidable. In Figa)8ve
plot the dispersion relation for the shell-less honeycomb lat-
tice atr,;=0.247. An absolute photonic gap opens up from
the overlap between TE5-6 and TM7-8 polarization gaps. For
In this section, we focus on the honeycomb lattice conthe given rod radius, this absolute PBG has a maximum nor-
sisting of rods covered with a shell layer. In the ideal casemalized width ofAw/wy=10%. Let us cover now the silicon
(shell-less rods the honeycomb arrangement of air holes inrods by SiQ of thicknessg=0.1, so that the outer radius
dielectric media exhibits a narrow absolute PBG due to thef the rods with a shell layer remains=0.247. Figure &b)
weak overlap between TE5-6 and TM6-7 polarization gapslots the dispersion relation for this case and we can see that
(see, for example, Fig. 2 of Ref).9n the particular case of the bands go to higher frequencies since the effective dielec-
air rods embedded in silicon background, this absolute PBG&ic constant is reduced. The gap widthw/wy=9.4%) is
has an optimum width ofAw/wy=4.4% for r;=0.484,  slightly decreased compared to the id¢sthell-less struc-
which is very close to the close-packed condition. The evoture. Figure 9 shows the photonic gap map for this modified
lution of this absolute PBG, when an interfacial layer ishoneycomb lattice considering that the rods are covered with
present between the air rods and the background silicon, iSiO, layer of thickness3=0.1. As for the shell-less honey-
rather strange. Figure 7 shows its optimal width as a functiomomb lattice(see, for example, Fig. 4 from Ref. )9 three
of the shell layer thickness for the three shell materials conabsolute photonic gaps are present, which appear and have
sidered. It can be seen that shell layers of lower dielectri¢heir maxima for different rod dimensions. The highest ab-
constants, i.e., SiQand SiN,, yield an improvement in the solute PBG is formed from the overlapping TE5-6 and
absolute PBG size, whereas shell layers of higher dielectritM7-8 polarization gaps. Hereafter, to avoid ambiguity and
constants, i.e., Ge, reduce the gap width. This gap behavior igpetition, we will refer to this absolute PBG as the G1 gap.
just opposite to the already discussed one for the triangularhe lowest one is due to the overlap between TE3-4 and
lattice of air rods in silicon. We notice that the observedTM6-7 gaps. It will be referred to as the G2 gap. Finally, the
improvement in the absolute PBG size always occurs for roéverlapping TE5-6 and TM6-7 polarization gaps give rise to
radii above the close-packed condition=0.53). Near the  a small absolute PBG, which will be referred to as the G3
close-packed condition, the honeycomb lattice of air rods irgap. In addition to these three absolute PBG a weak overlap

B. Honeycomb lattice
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FIG. 8. Photonic band structures for the honeycomb lattice of silicon rods ifaashell-less rods with radius =0.247 and(b) rods
with inner radiusr;=0.222 (outer radiug,=0.247) covered by Si@ with thicknessB=0.1. The solid and dashed lines represent the TE
and TM modes, respectively. The frequency range of the absolute PBG is indicated by a shaded patch.

can be seen between the TE1-2 and TM2-3 polarization gaps3 are more strongly affected. This is particularly due to the
(Fig. 9), which is not observed in the gap map of the idealvariations in the filling fraction for different radii;. From
honeycomb structure. However, the gap size of this new althe definition of parametgB, according to whether the inner
solute PBG is too small to be used, so we do not concerfod radiusr; is small or high, the shell layer will be thinner
ourselves with this band-gap region. The largest absolut€r thicker for fixed value of3. Since the G2 and G3 gaps
photonic gap for the present case is the G1 gap, Whicl@.”se for h|gher values (Jfl, the introduced amount of the
reaches its maximum width ofAw/w,=9.6% for r, shell material is greater than in case of smatlgrso these
=0.234. Therefore it seems that the existence of an interfad@PS appear to be more sensitive to changes iNeverthe-

cial layer surrounding the silicon rods reduces the size of thé€SS: the overall tendency for the G1 and G2 gaps is the
largest absolute PBG for the studied structure. But, we wilF@me- These gaps shrink when a shell layer is present,
show that the interfacial layer could favor the other absolutdVn€reas the G3 gap widens. It should be noted that in the
PBG's, increasing their initially smaller magnitudes, andPresent case the close-packed conditios=0.5a) is never
could even give rise to larger gaps compared to the shell-led§ached.

structure. We have studied how the three substantial absolut-

PBG's( G1, G2, and Ggfor the structure shown in Fig(l) 0.10 p=0
evolve with respect to the material and thickness of the shellg” ®% |
layer covering the silicon rods. E

0.04 |
0.02 |
0

Figure 10 shows the normalized widths of these absolute
PBG’s as functions of the rod radiug for three different
thicknesses of the shell layer made of Si®gain, the case oo b
without shell layer3=0) is also shown for purposes of com- . |
parison. The G1 gap decreases slightly with increasing thfg 0.06 |
shell layer thicknesg, whereas the other two gaps G2 and < g}

0.02 |
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. ® eo®
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FIG. 9. Photonic gap map for the honeycomb lattice of silicon FIG. 10. Normalized widths of the three absolute PBGL,
rods in air covered with Si@layer of thickness3=0.1. Three ab- G2, and G3for the honeycomb lattice plotted against the inner rod
solute PBG's are observed, denoted as G1, G2, and G3 absolutadiusr, for three shell layer thicknessgs=0.05, 0.10, and 0.20.
gaps. The arrow indicates the positiop=0.234 of the largest The considered shell layer material is $i@s=3.9). The shell-less
absolute PBG with a maximum width dfw/ wg=9.6%. case(B=0) is also shown.

195108-6



ANALYSIS OF PHOTONIC BAND GAPS IN TWO-.. PHYSICAL REVIEW B 70, 195108(2004)

0.10 | $=0.05 0.10 f =0.05
@@@@
w 008 b % 0.08 |
S 0.06 | St &%
0.04 | 0.04 |
0.02 } 0.02 |
0 0 L
0.10 b p=0.10 0.10 F p=0.10
% 0.08 | % 0.08 |
3 8
3 006 F 3 0.06
< <
0.04 | 0.04 |
0.02 | 0.02 |
0 0
010 b B=0.20 0.12 F P B=0.20
5 00s | } 0.10 | \\
0.08 |
3 006} \g \\
b S oosr \
0.04 | ——Gl gap 0.04 b \ —— Gl gap
— — G2 gap ) \ — — G2 gap
002F/ TN N, e, G3 gap 0.02 ¢ Ny 0 e G3 gap
0 : 0 L
0.15 0.20 025 0.30 0.35 040 0.45 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
rla rla
FIG. 11. Normalized widths of the three absolute PBGZL, FIG. 12. Normalized widths of the G1, G2, and G3 absolute

G2, and G3 for the honeycomb lattice plotted against the rod ra- gaps for the honeycomb lattice plotted against the rod radifisr
diusr, for three shell layer thicknessgs The shell layer material three shell layer thicknessgs The shell layer material studied is
studied is SN, (es=7.5). Ge(eg=16).

Almost the same happens in the evolution of the gapgelow 2.4% af3=1. Indeed, this is the width of the G1 gap
when a shell layer of §N, is consideredFig. 11). We will  for the honeycomb lattice of i, rods embedded in air.
discuss here only the main differences in gap behavior withsecayse of the low dielectric contrast, this lattice does not
respect to the previous case. The G1 and G2 absolute gagghinit any other absolute PBG'’s. The honeycomb structure
are much less affected by the thickness of the shell layer a”@onsisting of Si@ rods in air has no absolute PBG’s for the
decrease slightly g8 increases. The increase in the G3 9ap,same reason. In the case of Ge rods in air, the width of the

howgver, is _Iower than in the case of Sihell layer. The g1 gap is about 9%, so the G1 gap for silicon rods with Ge
maximum width reached fo8=0.2 is Aw/ wy;=5.3%, com-

pared toAw/ wy=6.1% in the case of SiO

If the shell layer is made of Ge, whose dielectric constant
is greater than that of silicon rods, the absolute PBG’s evolveE ** |
in a completely different wayFig. 12). For example, the G3 £ ZZj I

gap is disappointingly small and for values gf>0.24 it 2
becomes fully suppressed. Fortunately, the G1 gap, whicl
was the largest one for the shell-less honeycomb lattice, is
not altered at all by the thickness of the shell layer. Even aty
B=0.2, its widthAw/ wy=9.6% remains almost the same as g **r .
for the shell-less case. Moreover, the G2 gap now shows 2 o

relative width Aw/wy=12.2% and so becomes the largest % i b > o
gap for the structure. It lies at lower frequencies and so it >
becomes more robust to imperfections generated by the fab 0
rication. When 3 increases, the width of the G2 gap ap- , | O3 g
proaches its value for the case of honeycomb lattice compris £

ing germanium rods rather than silicon rods in air. Our g 0o}

0.10 =

0.02
0

structure consisting of silicon rods with Ge coating is there- § - —sio,
fore mainly seen as a structure formed of germanium rods i
even for thin interfacial layers. This claim is justified in the s et

Fig. 13, which plots the optimum widths of the absolute gaps
against the shell layer thickness. The lowgr0) and upper
(B=1) limits of the parametep represent the two special  FiG. 13. Optimal widths of the G1, G2, and G3 absolute pho-
cases, i.e., shell-less structure and structure where the roésnic gaps as functions of shell layer thickngsgor the three di-
are made of the shell material, respectively. When,Si@d  electric materials considered SiCBi;N,, and Ge. The lowep=0
SisN, layers are considered, the width of the G1 gap de-and upperg=1 limits represent the shell-less honeycomb lattice
creases, but for the i, layer the gap width does not fall with rods made of silicon or of the shell dielectric, respectively.
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cladding stands near this value Adncreases. The G2 gap mainly on whether the dielectric constant of the interfacial
behaves in a similar way, i.e., it increases towards the valukyer is greater or less than that of the background matrix.
Aw/ wg=15.6%, which is the gap width for the special caseHigher dielectric constant of the shell layer entails gaps
of Ge rods embedded in air. which are practically unattainable. If for any reasons an in-
To conclude, it should be pointed out that the honeycomlierfacial layer is desired, small thicknesses and low dielectric
arrangement of dielectric rods is suitable for the fabricationconstants should be chosen because the gap properties will
of PBG materials because the largest absolute gaps are dte only slightly affected.
tainable for reasonable rod diameters, which avoids the (ii) For structures formed of dielectric rods in air, in-
tricky achievement of thin dielectric voids. In addition, our terfacial layers with lower dielectric constants yield gaps
results provide further flexibility in the realization of these with smaller widths than in the shell-less case. The rate of
materials. For example, in certain cases we may not be abldecrease is as high as the dielectric constant of the shell
to obtain pillars(rod9 of the required diameter or of the material is low. However, shell layers whose dielectric con-
particular material we need, because of technological limitastants are higher than that of the rod material lead to larger
tions. However, we are enabled to grow the rods of materialabsolute photonic gaps. The gap size is increased up to val-
with lower dielectric constants, for which a well-developed ues that are typical for the structure consisting of rods made
technology exists. The rods can then be covered with thenly of the shell dielectric.
required dielectric by some depositing technique, thus The interfacial layer can be treated as hollow ring-shaped
achieving almost the same gap properties as those of theds included at the center of each basic rod of the lattice
ideal shell-less structure. unit cell. However, we notice that the concept of including
an interfacial layer into the basic unit cell does not deal at all
with the symmetry reduction approach because this inclusion
does not modify the symmetry properties of the lattice or

We have performed a detailed quantitative analysis of théhose of the scatterers. The gap behavior is ruled by the
absolute PBG's in 2D triangular and honeycomb lattices Condlelecprlc constant and th(_a filling fraction of. the mcludeq
sidering that an interfacial layer is present between the roddaterial and reflects the induced changes in the effective
and the background matrix. Both complementary structureglielectric constant of the crystal. Although we have consid-
i.e., air rods in a dielectric and dielectric rods in air haveered here a few 2D lattices, nevertheless, the given approach
been studied. The properties of the photonic gaps ar# not essential and can be applied to other 2D as well 3D
strongly affected by the thickness and the dielectric constarfihotonic structures.
of this interfacial layer. The following general conclusions
about the absolute PBG evolution can be drawn: ACKNOWLEDGMENTS
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