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Diamond and zinc-blende photonic crystals are studied both in the purely dielectric case and in the presence
of small inclusions of a low absorbing metal. It is shown that small metal inclusions can have a dramatic effect
on the photonic band structure. Several complete photonic band(G&BG’9 can open in the spectrum,
between the second and third, fifth and sixth, and eighth and ninth bands. Unlike in the purely dielectric case,
in the presence of small inclusions of a low absorbing metal the largest CPBG for a moderate dielectric
constant £<10) turns out to be the second to third CPBG. The second to third CPBG is the most important
CPBG, because it is the most stable against disorder. For a diamond and zinc-blende structure of nonoverlap-
ping dielectric and metallo-dielectric spheres, a CPBG begins to decrease with an increasing dielectric contrast
roughly at the point where another CPBG starts to open—a kind of gap competition. A CPBG can even shrink
to zero when the dielectric contrast increases further. Metal inclusions have the biggest effect for the dielectric
constant €[ 2,12], which is a typical dielectric constant at near infrared and in the visible for many materials,
including semiconductors and polymers. It is shown that one can create a sizeable and robust second to third
CPBG at near-infrared and visible wavelengths even for a photonic crystal which is composed of more than
97% low refractive index materials& 1.45, i.e., that of silica glass or a polymeln the case of silica spheres
with a silver core, the second to third CPBG opens for a metal volume frafitisr1.1% and has a gap width
to midgap frequency ratio of 5% fdr,~2.5%. Within the second to third CPBG of 5%, absorption remains
very small (£2.6% once the CPBG is centered at a wavelengt750 nm), which should be tolerable in
most practical applications. The metallo-dielectric structures display a scalinglike behavior, which makes it
possible to scale the CPBG from microwaves down to the ultraviolet wavelengths. Aluminum, copper, and gold
cores yield almost identical results, provided that sphere rade®50 nm. Forrg<250 nm the results for
different metals can be increasingly different with decreasingnevertheless, qualitative features remain the
same. These findings open the door for any semiconductor and polymer material to be used as genuine building
blocks for the creation of photonic crystals with a CPBG and significantly increase the possibilities for
experimentalists to realize a sizeable and robust CPBG in the near infrared and in the visible. One possibility
is a construction method using optical tweezers, which is analyzed here.
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I. INTRODUCTION changes in the local density of states, which offers the pos-
sibility to control and engineer the spontaneous emission of

Photonic crystals are structures with a periodically moduembedded atoms and molecutes. o
lated dielectric constant. In analogy to the case of an electrog p%ré;forst?rﬂi:ﬁ%s t(raacgig?f?rf:?(laaggﬂ?/\lljiltﬂez elcnre;asti)r:lgca\t:/g%e
moving in a periodic potential, light propagating in a photo- ; ; . i .
nic crystal experiences multiple scattering leading to the for-len.gt.h. for which a CPBG is requwgd. Despite the resgarch
mation of Bloch waves and photonic band gapsIf the activities of a large number of experimental groups, achieve-

band gap persists for both polarizations and all directions o ent of a CPBG below infraredR) wavelengths for both

propagation, one speaks of a complete phatonic band gaEg_r/]vo— and three-dimension&BD) photonic structures is still
! , i o . ive, mainly b th ired dielectri thatst
(CPBG.*® Light with frequencies within a CPBG is totally USIVe, malny Decause the required diglectic con

A . ; inside th | i hopen a CPBG is rather highHere =&y ay/€min, Where
reflected since it cannot propagate inside the crystal. Yet lig émax (i) is the dielectric constant of a material compo-

can propagate through waveguides carefully designed withifent used to fabricate a photonic crystal, with the largest
such a photonic crystal, even when such a waveguide hagmajlest value of . For the best geometrie§~5 is
sharp bend8.In the last decade, photonic crystals have eNyequired*® Already this threshold value of excludes the
joyed a lot of interest in connection with their possibilities to majority of semiconductors and other materials, such as
guide light and to become a platform for the fabrication Of(conducting polymers, from many useful photonic crystal
photonic integrated circuit® There is a common belief that, applications. However, for applications one needs a suffi-
in the near future, photonic crystals systems will allow us tociently large CPBG to leave a margin for gap-edge distor-
perform many functions with light that ordinary crystals do tions due to omnipresent defeétket us definag,, as the gap
with electrons. In addition to numerous potential technologi-width to midgap frequency ratid) o/ w.. Then in order to

cal applicationdfilters, optical switches, superprisms, cavi- achieveg,, larger than 5% $=9.8 andé=12 is required for
ties, etc?), photonic crystals also promise to become a labo-a diamond and face-centered-cubiécc) structure’, respec-
ratory for testing fundamental processes involvingtively. This leaves only a couple of materials for photonic
interactions of radiation with matter under novel crystal applications at near infrared and optical
conditions™? The presence of a CPBG causes dramatiavavelengths®
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Surprisingly enough, it will be demonstrated here thatstructures in the near infrared and in the visible, the 20 nm
there is a way to create a sizeable and robust CPBG in thghell thickness then would mean a rather high threshold
near infrared and in the visible even for a photonic crystaivalue of the metal filling fractiorf ,, (of the order 0f5%).
which contains more than 97% of a material with the refrac-On the other hand, it is much easier to tune the metal filling
tive index belown=1.45, i.e., that of silica glass or a poly- fractionf, from zero to a few percent by coating small metal
mer. The trick is to place small inclusions of a low absorbingnanoparticles with a dielectric in a controlled wéyMore-
metal in the right dielectric structure. It turns out that theover, a dielectric shell is necessary to prevent aggregation of
effect of small inclusions of a low absorbing metal on thethe metallic particles by reducing the Van der Waals forces
photonic band-gap structure is very strong for a parent diabetween them. In the latter case, a coating of roughly 20 nm
mond dielectric structure. In the latter case, the actual metd$ required. Having metal cores also means that an active
volume fractionf,, needed to open a CPBG of more than light-emitting dielectric materialsemiconductor or polymgr
5% depends on the available material dielectric constant is not isolated as in the case of metal shells. Hence crystals
and can be kept below 1% fer=4 (Fig. 5 below. Givena  of metal core—dielectric shell particles can perform more
metal-volume fractiorf ,,, the strongest effect on CPBG was €asily some useful optoelectronic functions.
found when both spheres in the lattice primitive cell con- Before proceeding with the photonic band-structure cal-
tained identical metal cores. Surprisingly, the inclusions havéulation of metallo-dielectric diamond and zinc-blende struc-
the biggest effect for the dielectric constant[2,12], which ~ ture of spheres, it was necessary to recalculate the photonic
is a typical dielectric constant at near infrared and in theband structure of the diamond lattice of dielectric spheres.
visible for many semiconductors and polymers. Given thelhe previous plane-wave methgdWM) calculations of the
desired gap width to midgap frequency ratio of 5%, thephotonic band structure of diamchdnd zinc-blende lat-
smallest absorption was found when only one of the twdices of dielectric spheres were found to be plagued by large
spheres in the lattice primitive cell contained a metal core€rrors. Therefore, after describing the method of our calcu-
i.e., for a zinc-blende structure, even though the requifed lation in Sec. Il, we discuss and analyze the differences with
was typically twice as large as that for a diamond structuref€Spect to earlier photonic band-structure calculations for a
This result suggests that, given the metal filling fractign ~ diamond lattice of dielectric spheres by Ho, Chan, and
absorption is reduced due to a reduction of near-field elecSoukoulis? The effect of small inclusions of a low absorbing
tromagnetic energy transfer between the metal cores with affetal on the photonic band structure of a diamond and a
increased separation of the metal islands in the structure. F@inc-blende structure is investigated in Sec. Ill. In Sec. Il A
a zinc-blende structure, absorption within a CPBG of 5%the dependence of CPBG's on the metal volume fractign
can be kept below 2.6% for=750 nm. The results on the is investigated. The dependence of gaps on either the shell
absorption are by far the best which have been demonstratétielectric constant in the diamond case, or on the dielectric
for a 3D metallo-dielectric structure with a CPBG. They areconstant of the dielectric sphere in the zinc-blende case, is
an order of magnitude better than for the case of a fcc lattic€ummarized in Sec. Ill B. A surprising scalinglike behavior
of metal coated spherésOur results on the absorption com- Of the metallo-dielectric structures is then discussed in Sec.
pare well to the best results for one-dimensional and two!ll C. Reflectance, transmittance, and absorptance of light in-

dimensional metallo-dielectric photonic crystals which showcident on the metallo-dielectric structures is dealt with in
absorptance of~1% and ~3%, respectively, atx  Sec. Il D. Most of the results will be shown for the case of

~600 nm!2 Photonic band-structure calculations also re-Silver cores. However, as discussed in Sec. IV A, where alu-
vealed a surprising scalinglike behavior of our metallo-Minum, copper, and gold cores are examined, the results so
dielectric diamond and zinc-blende structures, which is onlybtained are almost insensitive to the type of metal used,
intrinsic to purely dielectric structures. The scalinglike be-Provided that the sphere radius is larger thad50 nm. If
havior means that once a CPBG is found, the CPBG can b€ sphere radius is smaller, most of the results are still quali-
open for any wavelength, simply by scaling all the sizes of datively valid.. We then end up with a discussion in Sec. IV
structure—an extremely useful property from a practical@nd conclusions in Sec. V.

point of view.

A metal-core dielectric-shell sphere morphology seems to
play an essential role in the effect of small metal inclusions
on photonic band structure. If the same volume of a metal is
spread homogeneously within the spheres, no CPBG is Indisputably, one of the hallmarks in the study of photonic
found. Similarly, a diamond structure of small metal nano-band-gap structures is an article by Ho, Chan, and
spheres embedded in a dielectric matrix shows a mucoukoulis? It opened a way for the fabrication of the first
smaller CPBG and much higher absorptance for a compghotonic structure with a complete photonic band gap
rablef,, than either a diamond or a zinc-blende close-packedCPBG (Ref. 5 and advanced the field considerably. Its
structure of metal-core dielectric-shell spheres in air. Ommain conclusion is that, regarding a CPBG, a diamond struc-
purely experimental grounds, only the case of spheres with tre of (overlapping spheres fares much better than a simple
metal core is investigated here. Usually, a metal shell arounttc structure{(i) a CPBG opens between the second and third
a dielectric core is formed by an aggregation of small metalbands(the eighth to ninth bands for an inverted fcc struc-
lic nanoparticles. The shell has to be around 20 nm thickure), and, consequently, is much more stable against
before it becomes complet2dWith an emphasis on photonic disorder’ (i) the threshold value of the dielectric contrast

Il. BENCHMARKING DIAMOND STRUCTURE
OF DIELECTRIC SPHERES
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FIG. 1. Photonic band structure for a close-packed diamondf the cutoffl .
lattice of spheres of dielectric constant 12.96 in air(the same set
of parameters as in Ref).4Two CPBG open in the spectrum with With the dielectric constants=12.96 in air(Fig. 1). A non-
the respective gap to midgap frequency ratios of 1.3% and 4.2uconvergence of the results of Ref. 4 is already witnessed by
Frequency is in unitfc/A], wherec is the speed of light in vacuum an unusually large deviation of the effective refractive index
andA is the lattice constant of a conventional cubic unit cell of theng;¢, as calculated from the band structure in the L direction,

diamond lattice. If you prefer to use wavelength, the values on thg¢rom ng"f?: ,/seff, wheree.; is calculated by the Garnett
y axis correspond to those @&f/\, where\ is the vacuum wave- formula?°

length. '
gefi~en(l+2fa)/(1-fa), 1)

to open the CPBG is 4 (8.2 for an inverted fcc structyre
and (iii ) the CPBG is significantly larger (15% and 5%, for
the respective diamond and fcc close-packed lattices
spheres with a dielectric contradt 12.96).

Results of our calculations are summarized in Figs. 1 an
2. They were obtained using the photonic Korringa-Kohn-
Rostocker(KKR) method''®! (see also Appendix A ’-rri&gg
KKR method can be used for scatterers of arbitrary stiape o
and is optimized for lattices of spheres. The photonic bangSC": the upper edge of the bands at theoint in Ref. 4
gap structure was calculated with the value of the angularS€€MS t0 be almost 20% lower thgn in our case, resulting in
momentum cutoff ,,,,.= 9. Stability of the Ewald summation MOre than a 30% deviation fro”&f - Not surprisingly, six
was thoroughly checked. Convergence of the method witly€ars after Ref. 4 the PWNbee Fig. 4 of Ref. 1pyielded
increasingl ., is demonstrated in Fig. 3. The two lowest for the same test case a secon_d to third CPBG width of_only
bands in Fig. 1(but not the higher ongsagree well with %"8%, half of that presented in Ref. 4 In _the meantime,
those calculated in Ref. 15. In agreement with Refs. 4 and 1§®uer, Haus, and Inguv,p. 13971, again using the PWM,
no CPBG was found for the case of a diamond lattice ofdrgued that the second to third CPBG is less than 3.5%, and
nonoverlapping air spheres in a dielectric. However, for théhey called for a recalculation of their results using more
inverse case of a diamond lattice of nonoverlapping dielecéfficient methods, such as the photonic KKR method.
tric spheres in air, the earlier results of Ho, Chan, and For a diamond lattice of nonoverlapping dielectric
Soukoulié on the photonic band structure were found to beSPheres, i.e., for sphere filling fractidg varying from 0 to
nonconverged. Take, for example, the test case of a closél€ close-packed cadg,=0.34, two CPBG's can occur si-

packed diamond lattice of nonoverlapping dielectric sphere§ultaneouslysee Fig. 1, between the second to third bands,
and, as in an inverted fcc case, between the eighth and ninth

which usually provides a very good fit tg.;;. Heref is the
O§phere volume fractionf& 0.34 for closed-packed diamond
and our zinc-blende lattices of spheresd « is a sphere
golarization facto]f a=(es—ep)/(est+2¢;), Whereeg and

€, are the dielectric constant of sphere and of host medium,
respectively. In our case, the effective refractive indey;s
=1.604 is only 10% larger than\$=1.456. For compari-

16 et bands® According to Fig. 2, the photonic band structure of a
14 | P e diamond lattice of nonoverlapping dielectric spheres shows a
£ 1k /,;a/"}_{m_smf:om 7 much more complex behavior of CPBG’s than a fcc lattice.
L 7 e-—osthanton For a fcc lattice of air spheres in a dielectric, the calculated
ol 10 F v--—¥ 2nd-3rd, {,=0.17 ]
by a—a g0, 1017 ] gap width to midgap frequency rati, of the eighth to ninth
g: 8¢ ] CPBG is monotonically increasing with the increasing di-
£ 6F electric contrast,/es and shows a saturated behavior for
& 4t J - 1 different filling fractions(see Fig. 4 in Ref. )/ A remarkable
2F / s feature of a diamond lattice of nonoverlapping dielectric
0 ) é ny ) ) I'd ]

spheres is a kind afjap competitionAccording to Fig. 2, a

CPBG first increases with the dielectric contragtey,, but,

at some dielectric contrast shortly before another CPBG
FIG. 2. Gap width to midgap frequency ratio for a diamond Starts to open, the CPBG begins to decrease and it may even-

lattice of dielectric spheres as a function of the dielectric contrastually disappear. As the dielectric contrast/e,, increases

g¢/ey, for sphere-filling fractiond ;=0.17 andf,=0.34. further, the first CPBG may reappear again, with its reap-

5 10 15 20 25 30 35 40 45

efe,
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pearance being signaled by a decrease of the second CPB§pheres in air was chosen because this is one of the most
Fig. 2 illustrates that kind of behavior fdiy,=0.17 andf;  probable cases to be fabricated either by “do-it-yourself
=f.p. Contrary to previous calculatiofighe second to third organization®® or by a microrobotic techniqu®. At the
CPBG is found not to be the dominant one. It satisfies th&ame time, even when starting from colloidal suspen&ion,
bound of 3.5% by Souer, Haus, and Inguvésee Ref. 21, p.  one expects to use dried structures in air for practical appli-
13979 not only for es~13 but apparently for alks. For  cations which will most probably consist of touching spheres
fs=fcp, the second to third CPBG only persists fef  (close-packed structuresA metal core will be placed inside
€[5.2,16.3 and does not exceed 2.3%or £s=9). The sec-  either both dielectric spheres in the lattice primitive cell, or
ond to third CPBG is then absent tik=40, where it reap- only one single sphere in the lattice primitive cell. In the
pears again. We disagree with Ref. 21 that the second to thifdrmer case, the resulting structure will be a diamond struc-
CPBG vanishes fof <f.,. Itis true that, fores=12.96, the  ture, whereas in the latter case the structure becomes a zinc-
second to third CPBG closes already fgr=32%), i.e., forfs  blende structure. In the following we only consider the spe-
only 2% smaller than the close-packed case. However, witiial case of zinc-blende structures of spheres, when both
increasinge s the second to third CPBG can appear at smallespheres in the lattice primitive cell have identical radii.
and smaller filling fractions. For instance, feg~20 the To reach convergence of bands with 1% precision in the
second to third CPBG begins to open fQr=17%, but again  metallo-dielectric case, the photonic KKR methd@?with
its g,, does not exceed 2.9%, satisfying the 3.5% batind. the angular momentum cutoff parametgr, =8 was used.
The dominant CPBG is the eighth to ninth CPBG. kFQr The KKR method is best suited to deal with highly disper-
=12.96, the eighth to ninth CPBG persists down fip  sive scatterers. Computational time with and without the di-
=4%. Forfs=17% andes=12.96 it can reach 12%, and it electric constant dispersion is the same and only depends on
reaches its maximum of 14% fore,=15.5. Forfs=f it  the angular momentum cutoff parame(see also Appendix
reaches a maximum o£14.7% fore,=35. However, the A). As in earlier work!'?®?nly the real part of the material
threshold value ok for its opening is 7.9, comparable to dielectric constant was used when the photonic band struc-
that for an inverted fcc latticeHence, regarding a CPBG, a ture was calculated. Reflectance, transmittance, and absorp-
diamond lattice of nonoverlapping dielectric spheres faresance were calculated by adapting available computer ¥bde,
better than a fcc structure of air spheres in a dieleétdat ~ which is based on the layer photonic KKRLKKR)
the advantage is much smaller than has been previousiypethod®® In the latter case, both the real and imaginary part
thought. of the material dielectric constant were used. The dielectric
An argument to persuade the reader about the correctnesenstant of a metal was chosen according to Ref. 32. Above
of our results is that they can be reproduced, with somehe vacuum wavelength ¢¢ 1900 nm, Palik’s data for alu-
minor differences, by the PWM based MI&b initio minum, copper, and gold are no longer available. In this case
program?? However, unlike the case of a simple latti@me  a Drudelike fit to a metal dielectric constant was used with
scatterer per lattice primitive cgff for the case of a diamond parameters determined by Ordlal®® (Ordal's parameters
lattice of dielectric spheres, even when using the PWM basehave also been used by El-Kadyal3* to fit a metal dielec-
MIT ab initio program?? one has to take a much larger num- tric constant from far infrared down to optical wavelengths.
ber of plane waves than expected to reach a convergendéhe same procedure for the band structure and absorption
comparable with the photonic KKR method. As shown bycalculations has also been employed in an earlier work on
Megens?® to reach convergence of the photonic band strucmetallo-dielectric structure'$:?®?°It is true that a complex
ture of a diamond lattice of dielectric spheres within 1%, thedielectric constant turns Bloch eigenvalues into complex
number of plane wavel, has to exceed 32 768f. Ref. 4  resonances in the lower half of the complex frequency
and still an extrapolatioM— (Ref. 21 has to be per- plane®® However, it can be shown that the imaginary part of
formed. Hence, th&l— o« extrapolatioA! might also be nec- a low absorbing metal has only little influence on the projec-
essary to ensure a convergence for the Ml initio  tions of the complex resonances on the real frequency?axis.
progranf> when modeling systems with sharp material dis-This can also be shown by a direct comparison of the “pro-
continuities for other complex lattices. Note thdt is two  jected” band structure against reflection and transmission
orders of magnitude larger tha,..=339 which reproduces calculations(see Sec. lll [. Note in passing that a compari-
the results of Ref. 4 for the whole range of filling fractions son of theory and experiment using the photonic KKR meth-
0<f=<12 1t turns out that some other results computed inods has so far been more than satisfacto®.
the early days of the plane-wave expansion method can be Photonic band-structure calculations demonstrated that
imprecise and plagued by large errors also, an example beirggveral CPBG’s can open in the spectrum. Depending on the
Ref. 24. metal filling fractionf,;=<10% and a typical dielectric con-
stante € (1,20] of a dielectric at near infrared and in the
visible, a diamond structure can have CPBG’s between the
second and third and eighth and ninth bands, whereas a zinc-
blende structure can have CPBG’s between the second and
In this section, the effect of small inclusions of a low third, fifth and sixth, and eighth and ninth barfdssigure 4
absorbing metal on the photonic band-gap structure for ahows the photonic band structure for a close-packed zinc-
parent close-packed diamond and zinc-blende dielectriblende lattice of spheres in air. One of the two spheres in the
structure of spheres is investigated. The close-packed case prfimitive lattice cell is a silver core-ry=1.45 (silica) shell

Ill. EFFECT OF METAL INCLUSIONS ON PHOTONIC
BAND STRUCTURE
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FIG. 4. Photonic band structure for a close-packed zinc-blende
lattice of spheres in air. One of the two spheres in the primitive FIG. 5. Calculated gap width to midgap frequency ratio of the
lattice cell has a silver core and dielectric shell with refractive indexsecond to third CPBG for a close-packed diamond lattice of dielec-
ng=1.45 (silica) with the core to total sphere radii ratiq./r;  tric ng=1.45(silica) andng=2 (ZnS) coated silver spheres in air.
=0.75 (f,,=7.2%), whereas the other is a homogeneous dielectrid he upper graph is for the sphere radiys-80 nm and the lower
sphere withe =12 of the same radius,=80 nm. Frequency is in graph is for the sphere radiug=300 nm. The gap to midgap ratio
units[c/A], as in Fig. 1. is plotted as a function of the metal core radial filling fraction
r./rs. Metal-volume fraction is theffi,=0.34x (r./rg)°.

sphere withr . /rs=0.75 (f,,= 7.2%)—whereas the other is a ) ) ) .
homogeneous dielectric sphere with-12 of the same ra- tures of the_ diamond anq zinc-blende metallo—dlelectr!c
diusrs=80 nm. The frequency is in unifs/A], as in Fig. 1. structure; First, a strong increase of the second to third
By comparing Fig. 1 and Fig. 4 it is obvious that as the resullCPBG with fr,, once a threshold value df, is reached.
of the metal inclusions much larger second to third and™igureé 5 shows that if the silver cores are placed inside
eighth to ninth CPBG’s open. There is also an additionaSPheres with a refractive index=1.45(silica) and a radius
CPBG between the fifth and sixth bands. Metal inclusions?f 80 nm, the second to third CPBG below 600 nm opens
seem to align band edges at theand W points, and the for fn,~1.1% and reaches 5% already fof~2.5%. If the
degenerate band edge of the third and fourth bands dt the SPhere refractive inders increases further and approaches
point raises above the band edge of the third band atithe the threshold refractive index contrast-e®.3, for which the
point. second to third CPBG of the parent diamond structure of
In the following subsection, the dependence of the gap&on-overlapping dielectric spheres begins to opsse Fig.
on the metal volume fraction is investigated. The dependenc®), the required metd,'s rapidly decrease. Fors=2 (ZnS
of gaps on either the shell dielectric constant in the diamon@pPheres with a silver core, the second to third CPBG begins
case, or on the dielectric constant of the dielectric sphere i open already for./rs=0.13 (f,,~0.07%) and reaches
the zinc blende case, is summarized in Sec. Ill B. A surpris5% already forr./rs~0.26 (f,,~0.6%). Figure 6 shows
ing scalinglike behavior of the metallo-dielectric structures isthat in the zinc blende case one needs almost twice as large
then discussed in Sec. Il C. Reflectance, transmittance, arfgh @s in the diamond case to obtain a comparable second to
absorptance of light incident on the metallo-dielectric structhird CPBG. For example, to obtain the second to third
tures is dealt with in Sec. Il D. CPBG of 5% in the case when silver cores are only placed
inside a singleng=1.45(silica) sphere in the lattice primitive

A. Dependence of gaps on the metal volume fraction 8

Photonic band-structure calculations revealed a strong ef- E o—or,=80 nm 3
fect of metal inclusions on the CPBG between the second
and third bands. Given a metal volume fractigp, the larg-

est second to third CPBG opens for a close-packed diamond
lattice of metal core-dielectric shell spheres in @ig. 5),
followed by a close-packed zinc-blende struct(figs. 6, 7.
Unlike in the purely dielectric case, which has been dis-
cussed in Sec. I, in the presence of small inclusions of a low ' ' ' 3
absorbing metal the dominant CPBG for a diamond lattice is 35 045 0.55 0.65 0.7
that between the second and third bartBigs. 8, 9. The rJr, of Ag core - silica shell sphere
se_cond to third CPBG '_S the most Importgnt CPBG, because FIG. 6. Calculated gap width to midgap frequency ratio of the
itis the most stable against QIsoradn the zinc-blende case, gecond to third CPBG for a close-packed metallo-dielectric zinc-
the second to third CPBG is also much larger than in theyende lattice of spheres in air. Lattice primitive cell contains a
purely dielectric case and is a dominant CPBG for sjlica sphere and a silver coreas= 1.45silica) shell sphere of the
€[1,9] (Figs. 10, 11 For highere the dominant CPBG same radiig, is plotted as a function of the ratiq/r ; of the silver
becomes the fifth to sixth CPB@igs. 10, 1]. Photonic  core—n,=1.45 (silica) shell sphere for the cases=80 nm and
band-structure calculations revealed several remarkable feas=300 nm. Metal-volume fraction is thef,=0.17X (r./r¢)°.
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FIG. 7. Calculated gap width to midgap frequency ratio of thegielectric diamond lattice of silver core—dielectric shell spheres
second to third CPBG for a zinc-blende lattice of spheres in air foyith r_/r ,=0.5 (f,,=4.25%) in air as a function of the shell di-

the sphere radius af;=300 nm. One of the two spheres in the electric constant for,=300 nm. For a comparison, the dot-dashed

lattice primitive cell is a silver core-ryz=1.45(silica) shell sphere, |ine with diamonds shows the gap to midgap frequency ratio of the

whereas the other is a dielectric sphere of the same radius. Figuicond to third CPBG of a close-packed diamond lattice of purely
shows the effect of the second sphere on the second to third CPB@e|ectric spheres.

which is either an,=2 (ZnS) core—n = 1.45 (silica) shell dielec-
tric sphere with fixed . /r ;=0.60(dashed ling—or a homogeneous

n=1.45 (silica) sphere(solid line), which is a typical dielectric constant in the near infrared and

in the visible for many materials such as semiconductors and
. polymers. The dependence of the CPBG’s on the dielectric
cell, one needs,~5%. Figure 7 shows the effect of the ¢,ngiant is very complex. Figures 9, 10, and 11 show that the
dielectric sphere morphology on the second to third CPBGgeacond to third CPBG remains the largest CPBGfer9.

which is either an.=2 (Zn9 core—silica shell dielectric According to Figs. 10 and 11, for zinc blende structures and
sphere with fixed . /rs=0.60 (dashed ling—or a homoge- . ~g the second to third CPBG becomes smaller than the
neous silica sphersolid ling). The other sphere in the lattice g, 15 sixth CPBG. The eighth to ninth CPBG remains smal
primitive cell is a silver core-m,=1.45(silica) shell sphere. ¢4 hoth diamond and zinc-blende structures. As already seen
for a diamond structure of nonoverlapping dielectric spheres
B. Dependence of gaps on the dielectric constant (see Fig. 28if ¢ i_ncreases beyo_nd a certain threshold value,
the second to third CPBG begins to narrow and may even

. Fig“FeS 8,9, 10, and 11 illustrate th_e effect of a varying isappear. Such a narrowing of the second to third CPBG
dielectric constant on a CPBG. In the diamond case, the sheflii, o increasing dielectric constant seems a characteristic

dielectric constant is varied. In the zinc-blende case, one Qf 4y e of the diamond and zinc-blende structures. Figure 11

the spheres in t.he lattice primitive .celll remains a S”"ershows the same kind of “gap competition” which has been
core—n¢,=1.45 (silica) shell sphere with fixed./r;=0.75

(fn=7.2%), and we vary the dielectric constant of the di-

20 T T T T T

electric sphere. Quite amazingly, small metal inclusions have 18 & 280 nm
the biggest effect for €[2,12] (cf. Figs. 8, 10, and 11 = 16 L7 =300 nm
9
o 14
25 T T T T T T T T T4 '@ 12
P P 3 & 10
T 20 3 2
Y s E .
.ﬁ' E / E Q
s 15 J ] & 4
g / ] 2 §
g o0y : 2 ¥ e
i |
E— / e—or=80nm i 1 3 5 7 9 11 13 16 17 19
e S5/ w—-¥r=300nm 4
? T 3 FIG. 10. Calculated gap width to midgap frequency ratio of the
0 ™% 7 o 11 15 15 17 19 second to third and the fifth to sixth CPBG's for a close-packed
the shell dielectric constant metallo-dielectric zinc-blende lattice of spheres in air. One of the

two spheres in the primitive lattice cell is a silver coras=1.45

FIG. 8. Gap width to midgap frequency ratio of the second to(silica) shell sphere withr./r,=0.75—whereas the other is a ho-
third CPBG for a close-packed metallo-dielectric diamond lattice ofmogeneous dielectric sphere of the same radi$,,=7.2%). The
silver core—dielectric shell spheres with/r,=0.5 (f,,=4.25%) gap/midgap ratio is plotted as a function of the dielectric constant of
in air as a function of the shell dielectric constant for the cages the homogeneous sphere for the cases=80 nm and rg
=80 nm andr;=300 nm. For a comparison, the dot-dashed line=300 nm. With increasing dielectric constant of the homogeneous
with diamonds shows the gap to midgap frequency ratio of thesphere, first the second to third CPBG opens. The appearance of the
second to third CPBG of a close-packed diamond lattice of purelyfifth to sixth CPBG roughly coincides with the point after which the
dielectric spheres. second to third CPBG begins to narrow.

115109-6



METALLO-DIELECTRIC DIAMOND AND ZINC-BLENDE . .. PHYSICAL REVIEW B 66, 115109 (2002

F T T T T T T T T T

o—o 2nd-3rd
F a—= 5th-6th
F o——- 8th-9th

Gap/midgap ratio [%]

o
o

Midgap/sphere radius
[=>]

20
18
16
14
12
10
8
6
4
2
0

~
MY INTTIVITIN FITITVIITL [TV SU IV AT0 FITT) [TITITYPIIN,

1 3 5 7 9 11 13 15

o
N

1719 50 15 25 35 45 550

FIG. 11. Calculated gap width to midgap frequency ratio of the Sphere radius [nm]

second to third, fifth to sixth, and eighth to ninth CPBG’s for a . . .
close-packed metallo-dielectric zinc-blende lattice of spheres in air. FIG. 13. An example of scaling of the midgap wavelertiid

) e ) : . line) of the second to third CPBG for a close-packed zinc-blende
One of the two spheres in the primitive lattice cell is a silver core—,__ - o .
. . lattice of spheres in air with the sphere radius. Gap edges are plot-
ns=1.45 (silica) shell sphere with./rs=0.75—whereas the other : . > L
. . . ; ted by dashed lines. One of the two spheres in the lattice primitive
is a homogeneous dielectric sphere of the same radu$0 nm cell is a silver core-r,=1.45 (silica) shell sphere with fixed
(fn=7.2%). The gap/midgap ratio is plotted as a function of the s P

. . r./rs=0.75—and the other sphere is a homogeneousl.45
dielectric constant of the homogeneous sphere. Note that akound (silica) sphere of the same radiug, (= 7.2%). Gap width to mid-
~16 only the fifth to sixth CPBG remains open. P X - 2ap

gap frequency ratio of the second to third CPBG of the structure is

. . . ) . shown by dotted line in Fig. 12.
first observed in the purely dielectric cassee Fig. 2 a

CPBG first increases with increasing dielectric constant, buth h tincti ffici idlv d ith :
at some dielectric contrast shortly before another cpB@ne sphere extinction efficiency rapidly decrease with an in-

starts to open, the CPBG begins to decrease and it may eVe?]r_easing sphere radius. There is only a little difference in the
tually disappe’ar extinction efficiencies ofr¢=300 nm andrs=600 nm

spheres. One can, therefore, view the preceding figures in-
volving r =300 spheres as a limiting case of a perfect metal.
C. Scalinglike behavior For silver inclusions, the midgap position and the second to
A further remarkable feature of the metallo-dielectric third CPBG edges follow almost perfect scaling dowr fo
structure is a surprising scalinglike behavior, which is intrin-=200 nm. Forrs<200 nm, the gap width and gap edges
sic only to ideal dispersionless structures. Given the metdpegin to depend stronger and stronger on decreasjng
filling fraction f,,,, the best scalinglike behavior is observed However, if the midgap wavelength is plotted in nm against
in our zinc-blende structuresee Figs. 12, 13, 14, 17A  sphere radius, one would see a linear dependence down to
scalinglike behavior is expected once the metait a given s=80 nm(see Figs. 14, 16 for which the second to third
midgap wavelength becomes sufficiently large and negativecPBG midgap wavelength is typically below 600 nm and
Indeed, on the single-scatterer level it makes rather little difthe real part of silvers~—10. Therefore, in Fig. 13 the
ference if the real part of the metal — 200 ore = —, the  fatios of the midgap and gap edges of the second to third
limit of a perfect metal. Figure 15 shows that differences in

4000 ¢ T T T T T
[ o——on=2

3500 £ op n =2 core-n=1.45 shell
= _ 8000 f T n=T48
2 E o ]
8 £ 2500 £ .
g g ‘ ]
g g 2000 | :
€ = E ]
a 1500 a ]
ol 3 ]
0] 1000 £ E

L L L L d 500 P Livisenens ]
50 150 250 350 450 550 0 100 20 300 400 500 600
Sphere radius [nm] Sphere radius [nm]

FIG. 12. Calculated gap width to midgap frequency ratio of the  FIG. 14. An example of scaling of the midgap wavelength of the
second to third CPBG for a close-packed metallo-dielectric zincsecond to third CPBG for a close-packed zinc-blende lattice of
blende lattice of spheres in air as a function of the sphere radiuspheres in air with the sphere radius. One of the two spheres in the
One of the two spheres in the primitive lattice cell is a silver core—lattice primitive cell isng=1.45 (silica) shell sphere with a silver
ng=1.45 (silica) shell sphere with./r,=0.75—whereas the other core with fixedr./r;=0.75, whereas the other is a purely dielectric
is a dielectric sphere of the same radiygf,,=7.2%). The dashed sphere of the same radiu§,(=7.2%). The latter is either a homo-
line corresponds to the case when the second sphere is a homoggeneousn=1.45 (silica) sphere, a homogeneous=2 (ZnS
neousn=2 (Zn$S) sphere, the solid line is the case afia=2 (ZnS sphere, or a.=2 (ZnS core—n = 1.45 (silica) shell sphere with
core—n¢= 1.45(silica) shell sphere with fixed./r,=0.60, and the fixed r./r,=0.6. Gap width to midgap frequency ratio of the sec-
dotted line is for the case of a homogeneausl.45(silica) sphere.  ond to third CPBG of these structures is shown in Fig. 12.
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FIG. 15. The extinction efficiency for a silver corexs=1.45 . .
(silica) shell sphere with fixed/r=0.75 for different sphere ra- FIG. 17. Reflectance, transmittance, and absorptance of light
dii. incident normally on a two unit-cell12 plane} thick zinc-blende

lattice of spheres in air stacked in thEl1) direction. The spheres

CPBG to the sphere radius are plotted to make deviation@'® s in Figs. 12 and 13. Dimensionless frequency is used on the
from the scalinglike behavior visible at all. This scalinglike 8XS: WhereAis the lattice constant of a conventional unit cell of the
property is very useful from a practical point of view. It cubic lattice. In all cases, the_ second to third C_PBG lies between
means that once a CPBG is found, with some midgap wave?o'7 and 0.8. Gap width to m'dga.‘p frequen?y ratio of the Secc.’nd to
third CPBG of these structures is shown in Fig. 12, the midgap
:223;2 )k\);'atr:mcpz)lz Bscc;:acl:iig gfaietr;]t:r;gezto?gs?:ggzIY;aveWavelength of the second to third CPBG is shown in Figs. 13 and

14.

D. Reflectance, transmittance, absorptance AN =Agad 1—exp(—1/14)], 2

In order to further investigate optical properties of ourwherel , is an “absorption” length andd, is the saturated
photonic structures, reflectance, transmittance, and abSOfﬁbsorptance. For some CPBG4,,, can only be a few per-
tance were calculated. By reflectan@e, and transmittance, cent. This saturated behavior can easily be explained as fol-
7, we mean total reflected and transmitted figtte specular  |ows. Because of a CPBG, light can only penetrate the first
and all propagating higher diffraction ordgrsespectively. few layers of a crystal. Hence, an addition of further layers
Absorptance, is then defined as the total loss in the struc-peyond the penetration length has only minor influence. As a
ture, A=1—"R—7. Reflectance, transmittance, and absorpirect consequence of the saturation, absorptance per crystal
tance were calculated by adapting available computer €bde thickness decreases approximately linearly with the crystal
which is based on the photonic LKKR methddThe same  thickness,A(1)/1 ~As/I. For a high metal-volume fraction,
method was also used in Refs. 11 and 29. To reach convegs for a fcc photonic crystal, such a saturated behavior can
gence within 1% around the second to third CPB(,,  already be established after three crystal pldhé%Iin our
=6 was used. case, the metal-volume fraction is almost 20 times smaller.

For a metallo-dielectric structure it is characteristic that,Consequently, the saturatiéwith two digit precision is es-
beyond a certain crystal thickness, reflectance, transmittancgablished after 12 crystal planes for a normal incidence in the
and absorptance within a CPBG change only negligibly with(111) crystal direction, or, after two unit-cell thickness. The
an increasing crystal thickne¥As a function of the crystal (111) crystal direction has been chosen because this choice

thickness], absorptance behaves as makes it possible to compare the properties of our photonic
crystals against those of fcc photonic crystals, which proper-
4000 prrrrrrrrrrrrrrrrr e ties have been studied in the same crystal direcfidhlt is
3500 o onias A useful to remind that thé111) direction corresponds to the
— 3000 F ) g ] I'-L direction in the notation of special points on the surface
E 2500 b E of the Brillouin zone. Hence, for our diamond and zinc-
§ 2000 b ] blende structures, reflection and transmission measurements
g : ] in the (111) direction probe the slice of band structusee
1500 ¢ E Figs. 1 and #which consists of the line parallel to tlyeaxis
1000 £ 3 which intersects th& axis at thel point.
500 t a - - ' ' : In Fig. 17 reflectance, transmittance, and absorptance of
0 100 200 300 400 500 600

light incident normally on a two-unit-cell12 planes thick
zinc-blende lattice of spheres in air stacked in th&l) di-

FIG. 16. An examp|e of Sca"ng of the m|dgap Wave|ength of therection is shown. Note first a Scalinglike behavior of reflec-
second to third CPBG for a close-packed diamond lattice of coated@nce, transmittance, and absorptance in Fig. 17. The spheres
silver spheres in air with the sphere radius. Spheres are either are as in Figs. 12, 13, and 14. The AABBCC stacking se-
=1.45 (silica) coated silver spheres with fixed./r¢=0.6, orng ~ quence is depicted in Fig. 18. The gap width to midgap fre-
=2 (Zn9) coated silver spheres with fixeq/r,=0.4. quency ratio of the second to third CPBG of these configu-

Sphere radius [nm]
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Ny

FIG. 18. AABBCC stacking of our diamond and zinc-blende A
structures in thé111) direction. Stacking is along the body diagonal
of the conventional unit cell of the cubic lattice. Lines perpendicu-
lar to the stacking direction indicate hexagonal planes of spheres

COOO0 0000 0000
ohvhrowodMrODOMREI®
S T T 1a s SNSRI

©

05 0.7 0.9
with the primitive lattice vectorg, anda,. Nearest-neighbor dis- Frequency [c/A]

tance of hexagonal planes depicted by the same line is 1/3 of the
body diagonal. Spheres in the planes separated by 1/4 of the body

FIG. 19. Reflectance, transmittance, and absorptance of light

diagonal have identicaty positions. Spheres in the planes Sepa_mcident normally on a two-unit-cell12 planeg thick zinc-blende
rated by 1/12 of the body diagonal are shifted lay-€ a,)/3 with lattice of spheres in air stacked in tkELD) direction as a function

respect to each other. The close-packed radius is 1/8 of the bocﬁf frequency for geometrically identical cores made of different
diagonal. metals. The geometry af=250 nm spheres is the same as in Fig.

17. Dimensionless frequency is used on thaxis, whereA is the

rations has been shown in Fig. 12. The midgap Wavelengt"?ttlce constant of a conventional unit cell of the cubic lattice. In all

of the second to third CPBG has been shown in Figs. 13 and>®s the second to third CPBG lies betweeh7 and 0.8,
14.

Calculations based on the LKKR metf8d!showed that have used exclusively silver. This noble metal guarantees the

s est properties of metallo-dielectric photonic crystals in the
the saturated absorptance within a CPBG can be kept at ve?ear infrared and in the visibi&:2#2°However, almost iden-

small levels. Given the desired gap width of 5%, the smalles}. . .
. . ical results have also been obtained for aluminum, copper,
absorption was found for close-packed zinc-blende struc-

. . . and gold cores, provided that sphere radiys 250 nm(see
tures, even though the requirdg, was typically twice as . .
large as that of the close-packed diamond structure. Accordf'g' 19. For rs<250 nm spheres, the results for different

ing to Fig. 17, the saturated absorptance within a CPBG off 14 °a1 be increasingly diferent wilh decreasiog ney-
=5% can be kept below 5% for a CPBG centered\at q 9:

~600 nm and is less than 2.6% for a CPBG centerexl at This behavior is explained as follows. When the scaling-

=750 nm. This should be tolerable in most practical appli-l'ke behav!or was d|scussgd in Sec. lll C, it was argued that
ne can view the results involving,=250 nm spheres as

cations. The results on the absorption are by far the be#Iose corresponding to a limitina case of a perfect metal
which have been demonstrated for a 3D metallo-dielectric P g 9 P '

structure with a CPBG. They are an order of magnitude be when metal dielectric constant is= ~ . Indeed, Fig. 15

ter than for the case of a fcc lattice of metal-coated sph'éres.s.howed thgéldlfgerences n .'E{Ee smgle-sphere extr:nctlon s.ﬁ"
(Although we have used the same method as in Refs. 11, Enc;@ rapidly ecreatse WII an mg_rf?asmg spf erg_ ra |u§.
to calculate absorption, when recalculating the results in Ref. erelore, one expects only minor diierences for diamon
11 for a fcc lattice of metal-coated dielectric spheres, a much
larger absorptance was obtaine@ur results for the satu-
rated absorptance compare well to the best results for 1D an®
2D metallo-dielectric photonic crystals which show a satu-
rated absorptance 6f1% and~3% respectively, within a
CPBG centered at~600 nm?'?

Note in passing that within the second to third CPBG and 1
for normal incidence in th€l1l) direction, almost 99% re-
flection goes into the specular beam. As the angle of inci-
dence increases, the specular reflectivity decreases an
gradually more light is reflected in nonspecular directions. A

cooo o009 0000
ONDOOVONPLIOODONDO®
P T T LB EE SrASIRAREREEEEZEEEERA)

IV. DISCUSSION

A. Use of others metals as a sphere core

Frequency [c/A]

So far, when presenting our results on the effect of small

inclusions of a low absorbing metal on the photonic band FIG. 20. The same as in Fig. 19 except that the sphere radius is
structure of diamond and zinc-blende photonic crystals, weow 100 nm.
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and zinc-blende photonic crystals wit=250 nm spheres &ess increases when the metal-volume fraction increases, it
when gold, copper, or some other metal is used instead ghay be possible to have,<w, when the metal-volume
silver, with the other lattice and sphere parameters beinffaction exceeds a certain threshold value. Then, assuming
identical. These expectations are fully confirmed by exacthat there are no other bands between the low-frequency pass
calculations, and the results are displayed in Figs. 19 and 2@nd hopping bands, a CPBG should be formed betwgen

A similar behavior, i.e., only a slight change in absorptionandw, . However, Zhangt al?® applied their argument to a
when gold or copper has been used in place of silver, hatsc lattice where a CPBG opens between the fifth and sixth
also been found for a fcc structut®. bands, i.e., the band on the lower edge of the CPBG is not a
low-frequency pass band. It seems more natural to reconsider
their argument for our case of diamond and zinc-blende pho-
tonic crystals of coated spheres.

Obviously, small metal inclusions do not open a CPBG in  The Garnett formuf® (1) yields e for a cubic lattice of
every dielectric structure. For example, a simple fcc lattice oboth homogeneous and coated spheres. One has only to sub-
dielectric spheres with a metal core requifgs~50% to  stitute a corresponding polarization factor fer In the case
open a CPBG®?°For a fcc lattice of metal-coated dielectric of a coated sphere with a single coating, embedded in the
spheres, the required metal filling fractidn, is slightly = host medium characterized by the dielectric constgntlet
lower but still very high &40%) and still almost 40 times  us denote the dielectric constant and radius of the sphere core
larger than in our case. Therefore, not surprisingly, wher(shel) by . andr. (e5 andrg), respectively. Definingc
going further to shorter and shorter wavelengths, one is fac=r3/r3, a.=(e.—es)(ect+2es), and ag=(es—&p)(es
ing an increasing absorption: a&=600 nm the absorption +2¢,), the polarization factor of a coated sphere with a
exceeds 30% even within a CPBG. Although such a metallosingle coating can be written ‘as
dielectric fcc structure could provide a CPBRefs. 11, 28
and 29 at near infrared, the extension to the visible is diffi- astXa(ent+2e5)l(est2¢y)
cult. A probable reason for such a big effect of small metallic a= 1+ 2Xacas ' )
inclusions on the photonic band gaps of the diamond and
zinc-blende structures compared to a fcc structure is becaustere O<sx<1 and O<a;<1. Note thata, (as) coincides
the former have much better photonic band-gap propertiewith the polarization factor of a homogeneous sphere with
already in the limiting cases of purely dielectric and purelythe dielectric constant, (e5) embedded in the host medium
metallic spheres. In the limit of dielectric spheres indft, ~characterized by the dielectric constant(ey,).?° (Polariza-
the threshold value of the dielectric contrast to open the sedion factors of a homogeneous sphere are also recovered
ond to third CPBG for a diamond structure is only 8.2, from « in one of the following limits:x—0, x—1, ande.
whereas a fcc structure does not have any CPBG, irrespee—ass.7)
tive of the sphere dielectric constdift In the opposite limit For a diamond lattice of close-packed metal-core
of pure metallic spheres, the second to third CPBG for thalielectric-shell spheres in aigef;, as calculated from Egs.
diamond lattice is huge. For silver, depending on the spherél) and(3), increases from=1.3 up to~1.9, i.e., by only a
radiusrg, it can stretch from 60% r¢=80 nm) to 75% factor of ~1.5, whenr./rg increases from 0.1 to 0.7&re-
(r<=300 nm)®?°This is consistent with a previous estimate spective of the real part of the dielectric constant of the metal
of g,,=60% for the case of an ideal metal & —»).3On  core when varied between50 and—500, since the metal-
the other hand, for a fcc lattice a higher CPBG opéms-  volume fraction is kept rather smallTherefore, in our case,
tween the fifth and sixth bangand is smaller £40%) 2° the change ire.¢; with an increasing metal-volume fraction
fm IS by no means dramatic. Yet the behavior of the second
to third CPBG edges, as shown in Fig. 21, seems to be quali-
tatively in agreement with the argument by Zhaeigal>°
For r=80 nm spheres, both CPBG edges first decrease

In order to explain the opening of a CPBG with an in- with increasingr./r;. However, whernr./r, increases be-
creasing metal volume fraction, the following argument hasyond ~0.5, the upper second to third CPBG edge slows
been used by Zhangt al:?° Low-frequency waves propa- down its decrease and becomes approximately constant,
gate through a 3D metallo-dielectric structure as in an effecwhereas the lower edge of the second to third CPBG contin-
tive medium characterized by the effective dielectric con-ues in its monotonic decrease. The casergf300 nm
stants ;.2 This low-frequency pass band will have zero spheres shows a qualitatively different behavior of the upper
group velocity when the wave vector approaches thesecond to third CPBG edge, which frequency increases with
Brillouin-zone boundary where the wave vector 7/a, a  increasingr./rs. This behavior is exactly what one would
being the lattice constant. Thus the highest frequancpf  expect according to the argument by Zhaetal?® In the
this low frequency pass banéc/(a\/a). On the other case ofrg=300 nm spheres, the second to third CPBG is
hand, metal cores inscribe a void with a scale of the samcated at the frequency range for which silver skin depth
order asa, and the fundamental resonance modes in the void=c/[2w Imn(w)]) is only slightly above 10 nm, whereas
should have frequencies of the ordeg~c/a. These voids the silver core has a radius between 150—180 nm. Therefore,
are always connected together by channels, so that the modight can only penetrate a small fraction of the silver core.
can hop from one void to another forming a pass band. Sinc€onsequently, since the void volume between spheres

B. Fcc vs diamond and zinc-blende structures

C. Behavior of the second to third CPBG with an increasing
metal volume fraction
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FIG. 21. Behavior of the second to third CPBG edges with an
increasing relative radius of the silver corg/r;. Shown are the
cases of a zinc-blende lattice having Ag@s#dd SiQ spheres of
the same radius;=80 nm in the primitive cell(solid lineg, a
diamond lattice of silver-coreaz=1.45 shell spheres with radii
rs=80 nm(dot-dashed lingsandr =300 nm(dotted lineg, and a
diamond lattice of silver-coresz=2 shell spheres with radiig
=80 nm(dashed linesandr,=300 nm(long-dashed lines

FIG. 22. Calculated gap width to midgap frequency ratio of the
second to third CPBG for a close-packed metallo-dielectric dia-
mond lattice of spheres as a function of the host dielectric constant.
The dependence is shown for the sphere ragii80 and 300 nm.
Spheres have a silver core and dielectric shell with8. The core
to total sphere radii ratia; , is eitherr./r¢=0.5 (f,,=4.25%), or
ro/rs=0.6 (f,=7.34%). Forr /r;=0.4 (f,,=2.2%) and the di-
electric shell withe =4, the second to third CPBG is closed in this
range of the host dielectric constant.
shrinks ag . /rg increases, the fundamental resonance modes
in the void shift to higher frequencies. In the casergf CPBG opens in the spectrum. In the latter case, the sphere
=80 nm spheres, the second to third CPBG is located at thelielectric constant was calculated using the Garnett
frequency range for which silver skin depth can be as largéormula (1).2°
as 50 nm, i.e., light can penetrate the entire silver core. A dielectric contrast between the dielectric shell and the
Therefore, the “void” part of the argument by Zhaegal. is host dielectric medium also seems to be an important factor.
much less applicable in thre=80 nm case. Figure 22 shows the dependence of the second to third
CPBG for a close-packed metallo-dielectric diamond lattice
of spheres of radirs=80 nm and 300 nm on the host di-

electric constant. Spheres have a silver core and dielectric

We have also examined if a large and robust CPBG ca@pg|| withs =8, with the core to total sphere radii ratio either
open by using homogeneous metal nanospheres arranged ONr =05 (f,=4.25%), orr./r,=0.6 (f,=7.3%). The

a diamond lattice in a dielectric, with the possibility of fab- gne | gielectric constant has to be sufficiently large to open a
ricating a diamond structure by layer-by-layer deposition.cpgg For example, for the dielectric shell wish=4 and
According to Fig. 18, the sphere projections on the stacklngclrsz 0.4 (f,.=2.2%), the second to third CPBG is closed

z direction in neighboring planes do not overlap if the spherqn the range of the host dielectric constant in Fig. 22.
radiusr g=<r /3, wherer, is the sphere radius in the close-

packed case. Therefore,rif<r /3 it would be possible to
fabricate a diamond lattice by depositing first a hexagonal
plane of spheres on a substrate and then filling in the inter- Similarly, as in the case of a photonic crystal of snrall
stitial by a dielectric until all spheres are embedded in a=5 nm Drude plasma spher&one observetsee Figs. 17,
dielectric layer. One would then repeat the procedure laye19, and 20 that the absorptance peaks coincide with the
by layer and grow gradually a diamond lattice. Unfortu- transmittance peaks. An explanation for this behavior can
nately, the constraintg<r./3 means that the resulting already be traced down to the case of a homogeneous slab of
sphere filling fractionf,=<1.26%, which is too small to metal. In the latter case, one can show that neither the imagi-
achieve a large and robust CPBG with homogeneous metalary part of the metal dielectric constant nor the inverse skin
nanospheres in a dielectric. Indeed, no CPBG was found fatlepth (absorption coefficientcharacterize properly the ab-

a diamond structure of homogeneous metal nanospheres wigorption of an incident light. Indeed, the absorption coeffi-
rs<0.45, (f,=~3.1%) embedded in a dielectric host with cient is a measure of absorption of only that light which has
the dielectric constant=2.1, 3, 4, and 6.25. Photonic entered the metal. Higher transmittance means higher prob-
band-structure calculations revealed that one ndgdd,,  ability of light being absorbed. Hence, a proper measure of
~10% to open the second to third CPBG of 5% with metalthe degree of absorption of an incident light is rather a prod-
nanospheres in silica. For comparison, note that for a closaict of the transmittance and the absorption coefficient.
packed diamond structure of=1.45 dielectric spheres with In the purely dielectric cas® and in the case of a fcc

a metal core and radius of 80 nm, the second to third CPBG@rystal of smallr;=5 nm Drude plasma spheres with suffi-
opens forr,=0.32,, and forr.=0.45., the second to ciently large relaxation time of conduction electrons and a
third CPBG reaches almost 5%ig. 5). This suggests that a low volume fraction ¢=0.1)° transmittance peaks occur
metal core-dielectric shell sphere morphology plays a crucialvhen the effective half wavelength/2==w/k, , k, being

role in the formation of CPBG’s. Indeed, if the same volumethe wave vector in the stacking direction, times an integer
of a metal is spread homogeneously within the spheres, nequals approximately the thickness of the photonic crystal

D. Coated vs homogeneous metal spheres

E. Absorption
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slab. Hence, when transmittance is plotted against one 0.09 . .
observes a series of almost equidistantly spaced pa4k.

is well known thatdk, /dw can attain very high values near
band edges. As a rule of thumb, band edges are located either
at the surface, or, in the centek=€0 or I' point) of the
Brillouin zone. At the points on the surface of the Brillouin
zone with reflection symmetry, frequency eigenvalues satisfy
w(k)=w(—k). For those pointglk, /dw even diverges to
infinity. (The latter is equivalent to saying that at such a band 001 Lo
edge the group velocity of light approaches zgfherefore,

if transmittance is plotted against frequency, one observes a

considerable increase in the density of transmittance peaks in FIG. 23. Normalized axial force plotted agaigt ¢, the center
the immediate vicinity of a frequency gap. However, whenoffset from the focus in units of the sphere radius. Silver core—
the relaxation time of conduction electrons of Drude plasméals= 1.45 (silica) shell spheres with fixed, /rs=0.3 are immersed
spheres gradually decreaseéhat is equivalent to an increas- in watern,=1.33. Laser wavelength increases by 100 nm from
ing imaginary part of the dielectric constanthe densely A=600 nm forr;=80 nm tox=1000 nm forrs=200 nm. In all
spaced sharp transmittance and absorptance peaks near bSAgeS @ stable equilibrium is achieved at arogid~2.

edges merge and generate a rather smooth pfBfilais is i ) , i
what is also observed in our case, as exemplified in Figs. 171icTospheres — or — via  template-directed  colloidal
19, and 20, which show no densely spaced and sharp tranSrystallization;” diamond and zinc-blende structures are

mission peaks in the proximity of the lower second to third V&Y difficult to fabricate. Nevertheless, several new ways
CPBG edge. have recently been proposed to make these and other com-

5,26,43 . . _
A dramatic change in the absorptance at the lower an(|g|>lex structureg and therefore diamond and zinc-blende

upper band gap edges is a reminiscent of the Borrmann eptructures deserve our fgll a_ttention. One .of the.p_o_ssibilities
fect, previously observed in x-ray scatterfigrhe origin of IS @ do-it-yourself organization which, using artificial tem-
this effect is that fields in the proximity of band-gap edgesP!at€s, enables one to create structures beyond thermody-
approach a standing wave. In the proximity of one band-gaf@mic I_|m|ts. Patterning of a_surface can b_e performed us-
edge, fields are mostly localized in the regions of a low di-'"9 optical tweezef$ and particle manipulation can also be
electric constant, whereas in the proximity of the other banMPloyed in a microrobotic technigd@Difficulties in opti-

gap edge fields are mostly localized in the regions of a higlﬁ:"’}' trapping of a metal-cpre dielectric-shell sphere increase
dielectric constant. This sort of behavior can already be obWith an increasing core size. There is always a danger that a

served for a simple 1D periodic Bragg stack of dielectric™Metal core can be melted in 'ghe laser fogus. qu spher.es with
layers®? Figures 17, 19, and 20 suggest that in the proximity® 7.5 nm g.old core gnd a silica shell with a final radius of
of the lower band-gap edge of our zinc-blende structures thé9 NM. optical trapping has been recently demonstrated ex-
electric field is mostly localized in air, whereas in the prox-Perimentally in Ref. 44. In Fig. 23 we show that metal-core
imity of the upper band-gap edge the electric field is mostlySilica-shell spheres with much larger cores can also be opti-
localized at sphere positions, leading to a significantly highefally trapped. We plot there the axial trapping efficier@y
absorption. for silver core—g= 1-.45 (silica) shell spheres- with f|>§ed
Our results on absorption compare well to the best resultbe/T's= 0.3 immersed in watem(,=1.33). The axial trapping
for 1D and 2D structure¥ In these respective cases, the efficiency Q, or the dimensionless normalized axial force,
absorption of an optimized metallo-dielectric structure canVhen multiplied by the focused laser beam powerdeter-
be ~1% and ~3% within a CPBG centered ah mines the resulting axial forcé on a sphere immersed in a
~600 nm. Given the metal filling fractiofy,, it has been ~Nomogeneous medium with refractive index,
found that absorption is reduced when metal forms isolated _
islands3* This is an expected result: when metal forms an F=(n/c)PQ. )
interconnected network, DC conductivity is nonzero andThe laser wavelength is increased by 100 nm with in-
long-range conduction currents are induced which lead t@reasing sphere radius, from=600 nm forr,=80 nm to
higher losses. Our results suggest that absorption is reduc®d=1000 nm forr,=200 nm.Q is plotted against/r, the
further when separation of metal islands increases. Indeed,@nter offset from the focus in units of the sphere radius. The
larger separation of metal cores in our zinc-blende structurgeam opening angle of the focused beam was taken to be
compared to a diamond structure resulted in a significantlyy =78 and the ratio of the objective focal length to the beam
reduced absorption. This is probably because of a reductiofajst was set to 0.99. The normalized axial folQewas
of near-field electromagnetic energy transfer between thealculated by adapting results of Ref. 45. A stable equilib-
metal cores with an increased separation of the metal islanggym location on the beam axis corresponds to the point
in the structure. where the normalized axial fore®, considered as a function
of g/rg, crosses zero with a negative derivative. Fig. 23
shows that the spheres can be optically trapped for all radii,
Whereas a simple fcc structure occurs naturally in colloi-with a stable equilibrium at aroung/rs=~2. Note that the
dal crystals formed by monodisperse colloidal suspensions afquilibrium point is almost five times further from the focus

— r,=80 nm
0.07 F — r,=100 nm ]
) — 1=125 nm
P/ N r=150 nm
0.05 [, e r.=200 nm

Normalized axial force

F. Fabrication
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in the current case than in the case of purely dielectridions of the photonic band structure were not converged. Un-
spheres(cf. Fig. 2 of Ref. 45. A larger distance from the like the case of a simple lattickone scatterer per lattice
focus is convenient experimentally as it reduces the chancgrimitive cell),’ for the case of a diamond lattice of dielectric
of melting a metal core by an intense light. spheres, even when using the plane-wave method based MIT
ab initio program?2 one has to take a much higher number of
plane waves than expected to reach a convergence compa-
rable with the photonic KKR method. To reach convergence
In our study we have only considered metal-corepf the photonic band structure of a diamond lattice of dielec-
dielectric-shell particles which can easily be fabricateth tric spheres within 1%, the number of plane wagshas to
this respect, our results regarding a CPBG are not optimizetiyceed 32 768cf. Ref. 4 and still an extrapolatiotN— o
Probably the required metal-volume fraction can be renderegqef' 21 has to be performetf
even smaller than _in our case. One way i§ to use perturbation |t has been shown that small inclusions of a low absorbing
theory along the lines of Ref. 46. Here it has been demonmetal can have a dramatic effect on the photonic band struc-
strated that a photonic band gap can be enlarged by placingye of diamond and zinc-blende structures. Several complete
metal insertions at particular positions of a lattféeHow- photonic band gapéCPBG’S can open in the spectrum, be-
ever, this work dealt with an enlargement of already existingeen the second and third, fifth and sixth, and eighth and
band gaps, whereas, in our case, small inclusions of a l0Winth bands. The respective metal-volume fractions to open a
absorbing metal are used to open a CPBG. Also Ref. 46 onlgpG and to have a CPBG of 5% can be more than 40 times
deals with photonic crystals in two dimensions, whereas oUgnd 25 times smaller than in the case of a fec lafticd:2°
work covers 3D photonic crystals. Photonic band gaps ofypike in the purely dielectric case, in the presence of small
AB(3) andB-3 structures of metallo-dielectric spheres havejnciysions of a low absorbing metal and for a moderate di-
been investigated in Ref. 47. It has been shown that ajectric constant{<10), the largest CPBG turns out to be
AB(3) photonic crystal contains a large photonic band gagne second to third CPBG. The second to third CPBG is the
and aB-3 photonic crystal has more than one gap when thenost important CPBG, because it is the most stable against
filling ratio of metal spheres exceeds a threshold. A compleyisorder® One can create a sizeable $%) and robust sec-
mentary case of 3D diamond structures of metal-coated dipng to third CPBG at the near-infrared and visible wave-
electric spheres has recently been discussed in Ref. 48. SU@hgths even for a photonic crystal which contains more than
metal nanoshells, consisting of a dielectric core with a meg7o, of [ow dielectric constant materials €2.1). For dia-
tallic shell of nanometer thicknegsca 50 nm), can be used mond and zinc-blende structures of nonoverlapping dielec-
to vary the optical resonances of such nanoparticles ovfic and metallo-dielectric spheres, a CPBG begins to de-
hundreds of nanometers in wavelength by varying the relagrease with an increasing dielectric contrast roughly at the
tive dimensions of the core and sh&llit has been shown point where another CPBG starts to open—a kind of gap
that, under certain conditions, it is possible to center a resGompetition. A CPBG can even shrink to zero when the di-
nance band, which originates from the single-sphere Migjectric contrast increases furth@igs. 2, 10, 1L As a con-
resonances of metal-coated dielectric spheres, at the midd&%quence of the gap competition, the inclusions of a low
of the second to third CPBG. The position and width of theapsorhing metal have the biggest effect for the dielectric con-
resonance-induced in-gap modes can be controlled by makgiante <[2,12], which is a typical dielectric constant at near
ing appropriate choices of the dielectric constant of the innefyfrared and in the visible for many materials, including
dielectric sphere and thickness of the metal-coating layeisemiconductors and polymers. Absorptance in the second to
respectively. Such properties can be very useful in makinghird CPBG of 5% and located abowe=750 nm remains
optical band filters as well as microcavity lasers if they aréyery small (<2.6%) and is an order of magnitude smaller
sustained in the presence of dissipation. In the case of metakygn in the case of a fec lattid&2® Our zinc-blende struc-
core dielectric-shell spheres the tunability of the single- eg require an almost twice as larfig as diamond struc-
sphere Mie resonances is much smaller. Nevertheless, in thgres do to achieve a comparable CPBG, vyet they display
latter case the resonance-induced in-gap modes can be oljnajier absorption due to an increased separation of the
served for certain diamond and zinc-blende configurations. Anetal cores. The metallo-dielectric structures display a scal-
study of these resonance-induced in-gap modes in the caseifjike behavior, which makes it possible to scale the CPBG
metal-core dielectric-shell spheres will be presented else;om microwaves down to the ultraviolet wavelengths. Given
where. Note that in order to center a single-scatterer resqne metal filling fractionf,,, this scalinglike behavior is
nance band within a CPBG, the presence of a metal is Crlstrongest for zinc-blende structures.
cial. The Iatte_r is im_possible in a purely dielectric case fora o r results imply that any dielectric material can be used
reasonable dielectric contrast. to fabricate a photonic crystal with a sizeable and robust
CPBG in three dimensions, as long as metal inclusions can
be added. These findings open the door for any semicon-
ductor and polymer material to be used as a genuine building
Diamond and zinc-blende photonic crystals have beefblock for the creation of photonic crystals with a CPBG and
studied both in the purely dielectric case and in the presencgi) significantly increase the possibilities for experimental-
of small inclusions of a low absorbing metal. In the formerists to realize a sizeable and robust CPBG at near infrared
case we have shown that earlier plane-wave method calculand in the visible. By relaxing the constraints on the dielec-

G. Related work

V. CONCLUSIONS
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tric constant, the ultimate goal of matching the photonic and )
electronic band gaps, which is a prerequisite for many Goa(o,K,R)—=Gy(o,R)= 2 , Gim,17m'(0,K)ji(aT)
applications’ can be achieved. Im,1"m
XYim(D) i (ot )Y ('),
(A6)

reading of the manuscript and useful comments. SARA com- | s interesting to note that, to a large extent, the scalar
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APPENDIX A: THE KKR METHOD nent independently obeys the scalar Helmholtz equation

(A2).1731In the vector case of multiple-scattering of electro-
Let A be a simplgBravaig periodic lattice. According to magnetic wavesg=w\/z,/c, wherew is the angular fre-
the Bloch theorem, propagating wayein a periodic struc-  guency,c is the speed of light in vacuum, ane, is the
ture with the symmetryA is characterized by the Bloch mo- gielectric constant of the host dielectric medium. Let
mentumk. The latter describes translational propertiesjof =(Im) stand for a multindex of angular momentum num-

by any lattice vectorse A, bers and letA label independent polarizations. The corre-
- ) sponding vector structure constar®, .-, are obtained
Yr+re)=yg(r)explik-ry). (A1) from the scalar structure constamfs, , as
The Bloch property holds irrespective of the spin of a wave, L 1
i.e., is the same for scalar and vector waves. We shall confine Gap ar/= 2 E Ua(l,m,p,a)
ourselves to the case when, outside scatterers, wavefunction pp'=-1aa’=-1
 satisfies the scalar Helmholtz equation, XG4 pme it +prm s arUar(17,m,p" a),
[A+0?]y=0, (A2) (A7)

where theU 4's are group-theoretical coefficients, in the cur-
rent case determined by the vector-coupling Clebsh-Gordon
toefficients'’3! Similarly for the acoustic and elastic waves.
In the case of the layer KKR methd&3® which can be
viewed as an extension of dynamical x-ray diffraction
Gor(0 K, R) = S Go(oR—r)elk s j[heory‘l to infinitely many diffracted beams, one is mainly
reeA interested in the reflection, transmission, and absorption
properties of finite-width crystals. These properties are deter-
_ 2 Go(,R+rg)e iKTs, (A3) mined by 'Fhe crystal scattering matri>_<. Roughly speaking,
ree A the denominator of the scattering matrix is the matrix which
stands behind determinant sign in the KKR secular equation
where R=r—r’ and G, denotes a free-space scattering(A5), whereas the nominator of the scattering matrix is rather
Green's function of the scalar Helmholtz equation at thetrivial. Therefore, in a numerical implementation, it is only
pointsr andr’. In 3D, required to make the following two modifications in the sca-
lar KKR and LKKR numerical codedi) to include a single
explioR) routine which performs the transformation of the scalar
AR (A4) structure constants into vectorial structure consfarit®and
(i) to use the routine which calculatgsthe single-scatterer
whereR=|R|. Within the Korringa-Kohn-RostockdKKR) T matrix, appropriate to a given boundary value problem.
method® band structure is determined by solving the KKR The same is also true if one wants to adapt the scalar 3D

with ¢ being a positive constant. L&, (o,k,R) denote the
free-space periodic Green'’s function of the Helmholtz equa
tion. The latter is defined as

Go(o,R)=Gy(a,r,r')=—

secular equation KKR numerical codes which deal with clusters of more than
1000 particles of arbitrary shape and clusters of more than
def1—t(o)g(o,k)]=0, (A5) 1000 arbitrary impurities in a cryst&l:>> There seems to be

no obstacle to have the photonic KKR methbtis?®3'deal-
wheret is a single-scatteref matrix andg is the matrix of  ing with clusters of more than 300 particles. The KKR meth-
structure constanf.Botht andg in Eq. (A5) are considered ods can be used for scatterers of arbitrary shhpad are
as matrices with matrix elements labeled by pairs of angulaoptimized for lattices of spheres.
momentum numbersif,l’'m’"), where —I=m=<I. In the If A is not a simplegBravaig periodic lattice, i.e., there is
scalar case, for instance, in the case of multiple-scatteringiore than one scatterer in the primitive lattice cell, the ma-
scattering of electrons, the matrix elements gfin the tricest andg in Eq. (A5) become matrices with entries la-
angular-momentum basis are defined as expansion coeffieled by multindicefAL«, whereA andL are as before and
cients of « runs over all the scatterers in the primitive lattice c&ll.
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