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(57) ABSTRACT 

Method of synthesis of photonic band gap (PBG) materials. 
The synthesis and characterization of high quality, very large 
scale, face centered cubic photonic band gap (PBG) mate 
rials consisting of pure silicon, exhibiting a complete three 
dimensional PBG centered on a Wavelength of 1.5 pm. This 
is obtained by chemical vapor deposition and anchoring of 
disilane into a self-assembling silica opal template, Wetting 
of a thick silicon layer on the interior surfaces of the 
template, and subsequent removal of the template. This 
achievement realizes a long standing goal in photonic mate 
rials and opens a neW door for complete control of radiative 
emission from atoms and molecules, light localization and 
the integration of micron scale photonic devices into a 
three-dimensional all-optical micro-chip. 

Number of spheres 

B20 040 also am 

Diameter (nm) 



Patent Application Publication Aug. 21, 2003 Sheet 1 0f 12 US 2003/0156319 A1 

460 450 
Diameter (nm) 

0 

4 

6 4 . 2 asap-n» _o hon-Ea: 

820 

Diameter (nm) 

Figure 2 



Patent Application Publication Aug. 21, 2003 Sheet 2 0f 12 US 2003/0156319 A1 

Figure 3 
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Figure 4 
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Figure 7 
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PHOTONIC BANDGAP MATERIALS BASED ON 
SILICON 

FIELD OF THE INVENTION 

[0001] The present invention relates to a method of syn 
thesis of periodic composite materials of silicon and another 
material With a dielectric constant less than silicon, and more 
particularly the invention relates to photonic band gap 
(PBG) materials based on silicon having complete photonic 
bandgaps. 

BACKGROUND OF THE INVENTION 

[0002] Photonics is the science of molding the How of 
light. Photonic band gap (PBG) materials, as disclosed in S. 
John, Phys. Rev. Lett. 58, 2486 (1987), and E. Yablonovitch, 
Phys. Rev. Left 58, 2059 (1987), are a neW class of dielec 
trics Which carry the concept of molding the How of light to 
its ultimate level, namely by facilitating the coherent local 
iZation of light, see S. John, Phys. Rev. Lett. 53, 2169 
(1984), P. W. Anderson, Phil. Mag. B 52, 505 (1985), S. 
John, Physics Today 44, no. 5, 32 (1991), and D. Wiersma, 
D. Bartolini, A. Lagendijk and R. Righini, Nature 390, 671 
(1997). This provides a mechanism for the control and 
inhibition of spontaneous emission of light from atoms and 
molecules forming the active region of the PBG materials, 
and offers a basis for loW threshold micro-lasers and novel 
nonlinear optical phenomena. Light localiZation Within a 
PBG facilitates the realiZation of high quality factor micro 
cavity devices and the integration of such devices through a 
netWork of microscopic Wave-guide channels (see J. D. 
Joannopoulos, P. R. Villeneuve and S. Fan, Nature 386, 143 
(1998)) Within a single all-optical microchip. Since light is 
caged Within the dielectric microstructure, it cannot scatter 
into unWanted modes of free propagation and is forced to 
How along engineered defect channels betWeen the desired 
circuit elements. PBG materials, in?ltrated With suitable 
liquid crystals, may exhibit fully tunable photonic band 
structures [see K. Busch and S. John, Phys. Rev. Lett. 83, 
967 (1999) and E. Yablonovitch, Nature 401, 539 (1999)] 
enabling the steering of light How by an external voltage. 
These possibilities suggest that PBG materials may play a 
role in photonics, analogous to the role of semiconductors in 
conventional microelectronics. As pointed out by Sir John 
Maddox, “If only it Were possible to make dielectric mate 
rials in Which electromagnetic Waves cannot propagate at 
certain frequencies, all kinds of almost magical things Would 
be possible.” John Maddox, Nature 348, 481 (1990). 

[0003] The single biggest obstacle to the realiZation of 
these photonic capabilities is the lack of a proven route for 
synthesis of high quality, very large-scale PBG materials 
With signi?cant electromagnetic gaps at micron and sub 
micron Wavelengths. The method of micro-fabrication must 
also alloW the controlled incorporation of line and point 
defects, for optical circuitry, during the synthetic process. 

[0004] One very promising material for use in producing 
photonic devices is silicon. Producing photonic devices 
from silicon-based photonic crystals Would be a very sig 
ni?cant commercial advantage since methods of fabricating 
such materials could be readily retro?tted into existing 
silicon chip fabrication facilities. 

[0005] Nature produces optically unique materials based 
on silica. Speci?cally, opals are semiprecious stones used in 
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jeWellery and decoration. The structure of naturally occuring 
opals Was discovered for the ?rst time in 1964 [J . V. Sanders, 
Nature 1964]. They are macroporous materials made by a 
periodic distribution of silica submicrometer spheres 
embedded in a silica medium With a slightly different 
refractive index. They present iridescent colors due to Bragg 
diffraction of light as a consequence of the three dimensional 
periodic modulation of the dielectric contrast in the struc 
ture. OWing to their potential technologic applications, the 
fabrication of arti?cial opals has become a signi?cant goal 
in the ?eld of optics. 

[0006] It is very advantageous to use arti?cial opals as a 
template from Which to produce inverse opals of pure 
silicon. In this Way the periodicity of the self-assembling 
opal template is transferred to the inverse opal. Alarge scale 
periodic microstructure is thereby produced ef?ciently and 
at loW cost, Without recourse to time consuming and expen 
sive photolithograghy (see S. John and K. Busch, Journal of 
LightWave Technology IEEE, volume 17, number 11, pages 
1931-1943, (1999)). Up to this point in time, conventional 
photolithography has produced only very small scale struc 
tures, With a very small number of repeating unit cells (see 
S. Y. Lin and J. G. Fleming, J. of LightWave Technology 
IEEE, 17, no.11, 1944 (1999) and S. Noda et al. ibid, 1948 
(1999)). This method is effective for creating tWo-dimen 
sional patterns, but does not readily lend itself to the 
production of large scale three-dimensional periodic struc 
tures. 

[0007] It is particularly advantageous to provide a method 
Which can produce inverse silicon opals With lattice con 
stants spanning the range from Which useful photonic 
devices could be produced and Which at the same time is 
scalable to a very large number of repeating unit cells. With 
such a silicon inverse opal, a large number of photonic 
devices can be integrated into a single three-dimensional 
optical chip. 

SUMMARY OF THE INVENTION 

[0008] It is an object of the present invention to provide a 
method for synthesiZing periodic silicon composite materi 
als having unique optical properties, one being a complete 
photonic bandgap. 

[0009] The synthesis and characteriZation of high quality, 
very large scale, face centered cubic photonic band gap 
(PBG) material comprising a composite of pure silicon-air, 
exhibiting a complete three-dimensional PBG centered on a 
Wavelength of 1.46 pm is disclosed. 

[0010] The present invention provides a method of pro 
ducing arti?cial silica opals With high optical quality, Which 
can be made by microspheres in a Wide range of diameters 
from 0.22 to 1.3 microns. A long-range face centered cubic 
(fcc) ordering of the spheres in air medium has been 
achieved. The porous lattice of these materials confers upon 
them the possibility to be employed as templates, in Which 
different materials can be in?ltrated. Hence, they inherit the 
fcc order of the template. 

[0011] In?ltration of these templates by silicon folloWed 
by removal of the silica provides inverse silicon opals. This 
is obtained by chemical vapor deposition and anchoring of 
disilane into a self-assembling silica opal template, Wetting 
of a thick silicon layer on the interior surfaces of the 
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template, and subsequent removal of the template. This 
achievement realizes a long standing goal in photonic mate 
rials and opens a neW door for complete control of radiative 
emission from atoms and molecules, light localiZation and 
the integration of micron scale photonic devices into a 
three-dimensional all-optical micro-chip. 

[0012] More particularly, the present invention provides a 
method for the synthesis of a 0.1 mm to 1.0 cm scale single 
crystal of a face centered cubic (fcc) PBG material, com 
prising a close packed 0.870 micron diameter air spheres in 
pure silicon. This silicon PBG material has a complete 
three-dimensional PBG centered in the range of 1.3 to 1.7 
microns, the Wavelength range of choice for ?ber optic 
telecommunication systems. The self-assembly synthetic 
approach that We employ is straightforward, mild, inexpen 
sive, accurate, and yields single crystal, inverse opal struc 
tures made of silicon comprising up to 10,000><10,000><10, 
000 unit cells into Which various defect netWork 
architectures can be imprinted during the initial stage of 
synthesis. The methodology is compatible With, and can be 
easily integrated into, eXisting silicon fabrication manufac 
turing facilities. 

[0013] In one aspect of the invention there is provided a 
three dimensional periodic composite material comprising 
silicon and at least one other dielectric component having an 
effective dielectric constant smaller than a dielectric con 
stant of silicon, the periodic composite material having a 
lattice periodicity ranging from about 0.28 microns to about 
1.8 microns. 

[0014] In another aspect of the invention there is provided 
an inverse silicon opal comprising close packed spherical air 
voids in silicon, the spherical air voids having a diameter in 
a range from about 0.2 to about 1.3 microns. 

[0015] In another aspect of the invention there is provided 
a method of groWing an inverse silicon opal, comprising: 

[0016] providing a three dimensional opal template 
comprising particles having an effective geometry 
and composition; 

[0017] in?ltrating the opal template With an effective 
amount of silicon into voids betWeen said particles; 
and 

[0018] etching out the particles to produce an inverse 
silicon opal. 

[0019] The present invention also provides a method of 
groWing an inverse silicon opal, comprising: 

[0020] providing a three dimensional silica opal tem 
plate made of silica spheres; 

[0021] in?ltrating voids in the silica opal template 
With enough silicon to ?ll betWeen about 80% to 
about 100% of said voids; and 

[0022] etching the silica spheres out of the template 
to produce an inverse silicon opal. 

[0023] The present invention also provides a method of 
groWing an inverse silicon opal With a complete three 
dimensional photonic bandgap, comprising: 

[0024] providing a three dimensional silica opal tem 
plate including substantially mono-disperse silica 
spheres having a diameter in a range from about 0.55 
to about 1.3 microns; 

Aug. 21, 2003 

[0025] in?ltrating voids in the silica opal template 
With enough silicon to ?ll betWeen about 80% to 
about 100% of said voids; and 

[0026] etching all the silica out of the template to 
produce an inverse silicon opal. 

[0027] In another aspect of the invention there is provided 
a method of groWing silica spheres having a diameter 
betWeen about 0.55 microns to about 1.3 microns, compris 
ing: 

[0028] groWing silica seed particles by rapidly add 
ing a ?rst amount of tetraethylorthosilicate (TEOS) 
to a stirred alcohol solution comprising Water and 
aqueous ammonia to form a suspension of silica seed 
particles; 

[0029] after a ?rst effective period of time of stirring 
enlarging the silica seed particles to silica spheres 
With a preselected diameter by sloWly adding a 
second amount of tetraethylorthosilicate (TEOS) 
With stirring and thereafter stirring the suspension for 
a second effective period of time; and 

[0030] collecting the silica spheres With a diameter 
betWeen about 0.6 microns to about 1.3 microns 
from said suspension. 

[0031] The present invention provides method of synthe 
siZing an opal from silica spheres, comprising; 

[0032] providing a suspension of silica spheres in a 
liquid, the silica spheres having an effective diameter 
and the liquid having an effective viscosity and 
density so said silica spheres settle With an effective 
velocity; 

[0033] settling the silica spheres from said suspen 
sion at a ?rst effective temperature to form a sedi 
ment of preselected dimensions; and 

[0034] drying the sediment at a second effective 
temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] The method of synthesis of silicon-based photonic 
band gap materials according to the present invention Will 
noW be described, by Way of eXample only, reference being 
made to the accompanying draWings, in Which: 

[0036] FIG. 1 shoWs a transmission electron micrograph 
(TEM) image of silica spheres (left) and the corresponding 
siZe distribution (right); 

[0037] FIG. 2 shoWs a scanning electron micrograph 
(SEM) image of silica spheres made by a re-groWth process 
on seeds having a diameter of 085310.012 microns (left) 
and the corresponding siZe distribution (right); 

[0038] FIG. 3 shoWs an SEM image of a cleft edge of a 
crystalliZed sediment of 0.448 micron diameter silica 
spheres; 
[0039] FIG. 4 shoWs an SEM image of a cleft edge of the 
crystalliZed sediment of 0.853 microns diameter silica 
spheres; 
[0040] FIG. 5 is a vertical vieW of an electrophoretic cell 
used to groW silica opals; 
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[0041] FIG. 6 are plots of settling times versus height for 
sedimentation of SiO2 spheres of 0.500 micron diameter 
settling in the presence and absence of an electric ?eld; 

[0042] FIG. 7 shoWs SEM images of a cleaved edge of a 
silica opal produced using 0.870 micron diameter SiO2 
spheres according to the present invention, a) the spheres 
settled Without an electric ?eld, its Fourier transform (inset) 
shoWing the absence of order While the opal shoWn in b) Was 
settled using an electric ?eld, its Fourier transform (inset) 
shoWing the presence of periodicity; 

[0043] FIG. 8 shoWs Bragg diffraction from tWo different 
silica opals at different temperatures, (a) silica opal produced 
by sintering 0.870 micron diameter SiO2 spheres according 
to the present invention Whose sedimentation Was sloWed 
and (b) silica opal produced from as groWn 0.205 micron 
diameter SiO2 spheres settled under acceleration; 

[0044] FIG. 9 shoWs scanning electron micrographs for a 
silica opal template sintered at 950° C. for 3 hours (left) and 
sintered at 1025° C. 12 hours (right); 

[0045] FIG. 10(a) is a scanning electron micrograph 
(SEM) of an internal [113] facet of a Si in?ltrated opal 
produced in accordance With the present invention; 

[0046] FIG. 10(b) is an atomic force microscopy (AFM) 
image of a surface shoWing smooth groWth of silicon on an 
opal template; 

[0047] FIG. 11a shoWs an SEM image of an internal [110] 
facet of a silicon inverse opal; 

[0048] FIG. 11b shoWs an SEM image of an internal [111] 
facet of a silicon inverse opal; 

[0049] FIG. 12 shoWs the photonic band structure of a 
silicon inverse opal, With 88% in?ltration of silicon into the 
opal template voids, the complete bandgap being shoWn by 
the crosshatched region; and 

[0050] FIG. 13 shoWs the measured re?ectivity spectrum 
of silicon inverse opal, the shaded regions centered around 
2.5 pm and 1.46 pm shoW the calculated positions of the ?rst 
stop band and the complete photonic bandgap. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0051] In a preferred embodiment of the present invention 
there is provided a three dimensional periodic composite 
material comprising silicon and a dielectric component 
having a dielectric constant smaller than the dielectric 
constant of silicon. The periodic composite material has a 
cubic lattice periodicity (center to center distance betWeen 
adjacent cubic repeating units) ranging from about 0.28 
microns to about 1.8 microns. 

[0052] In a more preferred embodiment the dielectric 
constant of the loWer dielectric component is in a range from 
about 1 to about 2.1 and said composite material is charac 
teriZed by at least one complete photonic bandgap centered 
in the range of 1.3 to 1.7 microns. A preferred method of 
producing this silicon/dielectric material composite involves 
producing an inverse silicon opal from a silica opal With the 
silica opal produced using monodisperse silica spheres of 
selected diameter. Amajor advantage obtained by producing 
an inverse silicon opal in this Way is that composites With 
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complete photonic bandgaps can be economically synthe 
siZed Which heretofore has not been realiZed. 

[0053] The fabrication of arti?cial opals requires several 
stages including 1) synthesis of monodisperse silica spheres 
With diameter betWeen 0.2 and 1.3 microns; 2) groWth of 
silica opal template; and 3) sintering the three dimensional 
periodic structure to increase the mechanical stability and 
control the volume ?lling fraction. After synthesis of the 
arti?cial opal, silicon (silicon alloys) is in?ltrated into the 
opal template folloWed by etching to remove the silica. 

[0054] 1) GroWth of Silica Spheres 

[0055] The method of synthesis begins With the highly 
controlled formation of a silica opal template comprising a 
Weakly sintered face centered cubic (fcc) lattice of mono 
disperse silica (SiO2) spheres having a diameter chosen 
betWeen 0.6 microns and 1.3 microns. The inverse opal is 
produced by in?ltration of the template With the desired 
amount of silicon then etching aWay the silica, described 
more fully hereinafter. The choice of large silica spheres 
With diameters in the range betWeen 0.6 microns and 1.3 
microns ensures that the ?nal reverse opal structure Will 
have a complete PBG in a frequency range beloW the optical 
absorption edge of bulk silicon Which makes it a building 
block for silicon-based optical circuit elements. 

[0056] 1i) GroWth of Spheres With Diameter BetWeen 0.2 
to 0.6 Microns 

[0057] In one aspect of this invention there is provided a 
method of synthesiZing suspensions of silica colloidal 
spheres of diameters in the range 0.2-1.3 microns Which are 
monodisperse With a narroW siZe distribution (standard 
deviation <5%) in such a Way as to reduce formation of 
defects in the spheres, Which advantageously reduces imper 
fections in opal structures produced from the silica spheres. 
The inventors have discovered that the synthesis of mono 
disperse (typically less than 5% variation in diameter) large 
silica spheres may be achieved by a modi?ed Stober method 
[W. Stober, A. Fink, E. Bohn; J. of Colloid and Interface 
Science, Vol. 26, pp. 62-69, 1968]. 

[0058] Generally, smaller silica spheres (0.2-0.6 micron 
diameter) Were groWn by mixing tWo different solutions, one 
containing a mixture of Water, ammonia and ethanol and the 
other containing a mixture of tetraethylorthosilicate (TEOS) 
and ethanol Were mixed. The concentrations employed are 
shoWn in Table 1. Water Was used as a varying parameter to 
control the sphere siZe. The solution Was thoroughly agitated 
and the temperature kept constant by using a thermally 
stabilised bath at.27° C. This Was done in order to prevent 
lack of homogeneity in the solution during particle groWth. 
By this procedure suspensions of spherically shaped, Well 
dispersed silica particles of diameters betWeen 0.2 and 0.55 
microns Were obtained. The siZe distribution Was very 
narroW, the standard deviation being betWeen 2% and 5% in 
all cases. After this, the suspensions Were centrifuged in 
alcohol several times, the supernatant liquid being removed 
each time. This Was done in order to completely clean the 
suspensions from the ammonia remains of the synthesis 
process. FolloWing collection and cleaning of the colloidal 
spheres they are dispersed in Water. Example 1 gives an 
illustrative, non-limiting example of groWth of silica spheres 
smaller than 0.6 microns in diameter. 
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EXAMPLE 1 

[0059] Synthesis of 0.44810.006 Micron Diameter Silica 
Spheres. 
[0060] TWo different solutions Were prepared, the ?rst 
solution contained 0.727 ml of tetraethylorthosilicate 
(TEOS) and 4.5 ml of ethanol. The second solution included 
1.219 ml (28% Weight in Water) of NH3, and 0.864 ml of 
double distilled Water and 4.69 ml of ethanol. The solutions 
Were kept at 27° C. in a thermally stabilised bath for 1 hour. 
The solutions Were then mixed and stirred and the reaction 
alloWed to proceed for tWo hours. When all the TEOS had 
reacted the colloidal spherical particles of the suspension 
Were analysed by scanning electron microscopy (SEM) and 
an image of some spheres and their siZe distributions deter 
mined by light scattering may be seen in FIG. 1. The 
different concentrations employed for different batches of 
different sphere samples are shoWn in Table 1. 

TABLE 1 

Concentrations of the different chemicals employed in the sphere 
synthesis process. 

TEOS (M) [NH3] (M) [H2O] (M) 4) (Mm) I 0 (nm) 

0.266 1.45 4.6 0.361 1 0.013 
0.266 1.45 5.6 0.426 1 0.014 
0.266 1.45 7.6 0.448 1 0.006 
0.266 1.45 9.6 0.485 1 0.009 
0.266 1.45 11.6 0.555 1 0.015 
0.266 1.45 13.6 0.581 1 0.013 
0.266 1.45 15.6 0.502 1 0.033 
0.266 1.45 17.6 0.431 1 0.024 
0.266 1.45 19.6 0.332 1 0.049 

0.266 1.45 21.6 0.313 1 0.031 
0.266 1.45 23.6 0.0272 1 0.022 

[0061] 1ii) GroWth of Spheres With Diameter BetWeen 
0.55 to 1.3 Microns 

[0062] Suspensions of colloidal silica spheres With diam 
eters in the range 0.55-1.3 microns Were produced starting 
With suspensions of 0.55 micron diameter spheres groWn 
according to Example 1 above. The 0.55 micron silica 
spheres Were used as seeds on Which a continuous silica 
groWth process Was carried out. Due to the larger sphere siZe 
of the seeds, a smaller number of re-groWth cycles are 
needed advantageously providing a synthesis process much 
faster than has been available to date. Monodisperse spheres 
having a diameter of 1.3 microns Were groWn using three 
re-groWth cycles. The particles Were alloWed to settle under 
natural sedimentation (1 g) in Water Which facilitated obtain 
ing monodisperse particles. By doing this, it Was possible to 
separate the smaller spheres, those remaining from the 
original seed suspension or resulting from a thinner silica 
recovering, from the larger ones. Once the smaller spheres 
Were removed from the suspension the standard deviation 
Was determined to be betWeen 2 and 5%. Illustrative and 
non-limiting examples of groWth of silica spheres betWeen 
0.6 to 1.3 micron diameter are given herebeloW. 

EXAMPLE 2 

[0063] Synthesis of 0.86310.025 Micron Diameter Silica 
Spheres 
[0064] Silica seed particles Were groWn to diameters of 
about 0.55 microns by mixing 74 ml of absolute ethanol, 10 
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ml of aqueous ammonia (32% Wt) and 4 ml of double 
distilled Water and stirring the mixture in a ?ask With a 
magnetic stirrer. Then, 5 ml of tetraethylorthosilane (TEOS) 
Was added rapidly With stirring to get the seeds in suspen 
sion. After 2 hours the ?rst re-groWth cycle Was initiated by 
adding 10 ml of TEOS drop by drop over a period of 30 
minutes While the suspension Was stirred With a magnetic 
stirrer. For 3 hours after addition of this TEOS the stirring 
Was maintained after Which the colloidal silica is Washed 
With ethanol three times and then With Water three times 
again. The colloidal spherical particles of the suspension 
Were analysed by scanning electron microscopy and an 
image of the same spheres and their siZe distribution deter 
mined by light scattering may be seen in FIG. 2. Table 2 
summariZes the amounts of TEOS added along With the 
diameters of the spheres obtained and the standard deviation 
0. 

TABLE 2 

TEOS concentration employed in the sphere re-groWth process. 
Seed concentration: 0.64% volume. Seeds: 0.55 microns diameter spheres. 

[TEOS] is given in volume percentage. 

151 2nd 0 
[TEOS] % Vol. [TEOS] % Vol. Diameter (urn) (%) 

5.38 NO 0.740 2.8 
7.53 NO 0.770 2.5 

10.75 NO 0.863 2.9 
5.38 5.38 0.886 3.7 

EXAMPLE 3 

[0065] Synthesis of 1.090+0.021 Micron Diameter Silica 
Spheres 
[0066] Silica seeds of diameter of 0.55 microns Were 
groWn as described above in Example 2. To a stirred 
suspension of these seed particles 5 ml of TEOS Was added 
rapidly. After 2 hours of stirring the seed suspension, 74 ml 
of absolute ethanol, 10 ml of aqueous ammonia (32% Wt) 
and 4 ml of double distilled Water Were added (0.32% 
volume of seeds) While the suspension Was stirred. The ?rst 
re-groWth cycle Was initiated by adding 10 ml of TEOS 
(5.52% volume) drop by drop, over a period of 90 minutes 
While the suspension Was stirred. After all the TEOS Was 
added the stirring Was continued for another 2 hours. The 
second re-groWth step Was initiated by transferring 100 ml 
of this suspension to another ?ask and adding 10 ml of 
TEOS (10% volume) drop by drop, to the suspension over 
a period of 90 minutes With stirring. After stirring the 
suspension for 3 hours the colloidal suspension Was Washed 
as described above in Example 2. 

EXAMPLE4 

[0067] Synthesis of 1.360+0.039 Micron Diameter Silica 
Spheres 
[0068] Silica seeds of diameter of 0.55 microns Were 
groWn as described above in Example 2. After 2 hours of 
stirring the suspension of 0.55 micron diameter seeds a 
solution comprising 74 ml of absolute ethanol, 10 ml of 
aqueous ammonia (32% Wt ) and 4 ml of double distilled 
Water Was added (0.32% volume of seeds) While the sus 
pension Was continuously stirred. The ?rst re-groWth pro 
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cess Was initiated by adding 10 ml of TEOS (5.52% of 
volume) drop by drop over a period of 70 minutes While the 
suspension Was stirred. After this the stirring Was maintained 
for 2 hours. The second re-groWth process Was initiated by 
transferring 98 ml of this suspension to another ?ask to 
Which Was added 15 ml of TEOS (15.31% volume) drop by 
drop over a period of 140 minutes While the suspension Was 
stirred With a magnetic stirrer. The resulting mixture Was 
stirred for 4 hours. The third regroWth step Was initiated by 
adding 15 ml of TEOS (15.31% volume) drop by drop to the 
suspension over a period of about 150 minutes. The stirring 
Was maintained for a further 4 hours and then the colloidal 
suspension is Washed as in the above Example 2. Table 3 
gives the TEOS concentrations used in the re-groWth pro 
cess. 

TABLE 3 

TEOS concentration employed in the sphere re-groWth process. 
Seed concentration: 0.32%. Seeds: 0.55 microns diameter spheres. [TEOS] 

is given in volume percentage. 

15‘ 2nd 3th Diameter 0 
[TEOS] % v01. [TEOS] % v01. [TEOS] % v01. (urn) (0%) 

5.52 NO NO 0.832 2.5 
5.52 5.81 NO 1.000 2.2 
5.52 10 NO 1.090 1.9 
5.52 15.31 15.31 1.360 2.9 

[0069] The method of silica sphere groWth disclosed 
herein very advantageously provides monodisperse spheres 
With a dispersity less than 5%. These are the essential 
building-blocks needed to produce the silica opal templates 
from Which the inverted silicon opals are produced. 

[0070] 2) GroWth of Silica Opal Template 

[0071] The next step in the fabrication of an arti?cial opal 
is the crystalliZation of the silica spheres into a three 
dimensional periodic structure or template. The inventors 
have discovered that different methods for settling silica 
spheres are needed depending on the sphere diameter. 

[0072] 2i) Crystallisation of Spheres of Diameters 
BetWeen 0.2 and 0.55 Microns in a Face Centred Cubic 
Structure 

[0073] In this range, natural sedimentation (under 1 grav 
ity) in an aqueous solution Was used to crystalliZe the opal. 
There Was dispersed 175 mg of spheres in 180 cm3 of Water. 
The silica spheres Were alloWed to settle on a circular 
polished poly(methylacrylate) substrate (mean rugosity <50 
nm) having a 2 cm diameter. The sediment Was completely 
formed after several days, depending on sphere siZe (larger 
spheres sedimented faster than the smaller ones). Once the 
sediment Was formed, the supernatant liquid Was removed 
and the sedimentation tube placed in an oven at 60° C. until 
the Water Was fully evaporated. AfterWards, the sediment 
Was carefully removed from the substrate and its structure 
Was analyZed. 

[0074] Studies of the groWing surface con?rmed that the 
spheres arrange in a close packed structure, Which groWs 
close to the equilibrium folloWing the Edwards-Wilkinson 
equation. This implies the particles behave as effective hard 
spheres. This conclusion is supported by the fact that no 
ordering Was observed in the suspension even at high 
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concentrations. Also, the sedimentation velocity folloWed 
Stokes laW. Three-dimensional order Was analysed by SEM 
and optical transmission spectroscopy. Samples Were frac 
tured and the internal free surfaces observed. Cleft edges 
shoW long range face centred cubic domains, no facets 
belonging to any other type of periodic structure being 
observable. Domain siZe ranges from 20 to >100 microns. 

EXAMPLE 5 

[0075] CrystalliZation of 044810.006 Micron Diameter 
Silica Spheres 

[0076] Initially 175 mg of such spheres Were dispersed in 
180 cm3 of double distilled Water. Spheres Were let to settle 
during 7 days on the mentioned above substrate. The super 
natant liquid Was then removed until a 2 mm high liquid 
column Was left above the sediment. The sedimentation tube 
Was then placed in an oven at 60° C. until the Whole liquid 
evaporated (1 day). The sediment Was then carefully 
removed from the substrate and its internal structure ana 
lyZed. An example of a fractured edge is shoWn in FIG. 3, 
in Which a long range fcc domain can be observed. 

[0077] 2ii) Crystallisation of Spheres of Diameters 
BetWeen 0.55 and 1.3 Microns in a Face Centred Cubic 
Structure by Using Different Solvents, Co-solvents and 
Temperatures 

[0078] In order to obtain opals made of large spheres 
different organic solvents Were employed as a sedimentation 
medium. This Was done to change the falling velocity of the 
particles as Well as the interactions betWeen them. Ethyl 
eneglycol, glycerol, acetone and ethanol and their aqueous 
mixtures at several different concentrations Were used as 
settling media. Spheres Were then alloWed to settle. When 
the sediment Was formed, the supernatant liquid Was 
removed until a 2 mm height liquid column Was left in the 
sedimentation tube. Then, the sediment Was dried at differ 
ent temperatures in an oven, ranging betWeen 60° C. and 
120° C. Temperature plays an important role in the crystal 
liZation process. Excellent results Were obtained. SEM and 
optical characteriZation shoW that fcc optical quality opals 
Were obtained by this procedure. 

EXAMPLE 6 

[0079] CrystalliZation of 085310.012 Microns Diameter 
Silica Spheres. 

[0080] About 179 mg of spheres having a diameter of 
085310.012 microns Were dispersed in 180 cm3 of a mix 
ture of 40% Weight of etyleneglycol and 60% of double 
distilled Water. Spheres Were alloWed to settle during 4 days 
on the above mentioned substrate. Then the supernatant 
liquid Was removed until a 2 mm height liquid column Was 
left above the sediment. The sedimentation tube Was then 
placed in an oven at 60° C. during 1 day and later at 100° 
C. during 5 days. When the sediment Was dry, it Was 
carefully removed from the substrate and its internal struc 
ture analyZed. An example of a fractured edge is shoWn in 
FIG. 4, in Which a long range fcc domain can be observed. 

[0081] 2iii) Crystallisation of Spheres of Diameters 
BetWeen 0.55 and 0.9 Microns in a Face Centred Cubic 
Structure by Electrophoretic Deposition to Control Arti?cial 
Opal GroWth 
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[0082] Natural sedimentation presents tWo problems. The 
?rst one is the time required to obtain an opal. If the silica 
spheres are too small (under 0.30 microns of diameter), 
several Weeks are needed or even they may not settle at all 
because thermal agitation compensates gravitational forces. 
The other dif?culty that has been observed is related to 
heavy spheres Which are over 0.56 microns in diameter. In 
this case the sedimentation velocity is such that it is dif?cult 
to achieve an ordered array and it becomes completely 
impossible if the diameter is further increased. In this 
situation, the electrophoretic phenomena offers a method for 
overcoming these tWo problems. Using the electric ?eld to 
drive the sedimentation velocity and keep it around 0.4 
mm/hour Would solve the dif?culties mentioned before. The 
model of constant velocity particle packing is based on the 
interaction of gravitational (Fg=l/67rcpsgd3), Archimedes 
(FA=l/6rcpwgd3) and frictional forces (Ff=3m1vd). Where 
as, and 311W are the spheres and Water mass densities, g is the 
gravity acceleration, 11 is the viscosity of Water, d is the 
spheres diameter and v is their velocity. When all forces are 
balanced, the Stokes laW is obtained. 

[0083] It is Well knoWn that SiO2 particles in a colloidal 
suspension have a surface charge density When they are 
aWay from the point of Zero charge (PZC), in Which case the 
electric charge is null. Taking into consideration the force 
produced by an electric ?eld E parallel to all other forces, the 
folloWing equation is obtained for the velocity: 

[0084] Where the ?rst part of this equation is the classical 
Stokes laW and the second part corresponds to the contri 
bution of the electric ?eld to the sedimentation velocity, 
related to the mobility of the spheres u. NoW, the main 
problem is hoW to calculate the particle’s mobility. The 
application of the electrophoretic concept can solve it. 
Provided that Stokes velocity Without electric ?eld is cal 
culated With great accuracy, the electrophoretic mobility can 
be obtained in a straightforWard manner if Stokes velocity is 
subtracted from the experimental velocity of the sample 
under a knoWn electric ?eld. Once the mobility is deter 
mined, the electric ?eld necessary to achieve a given veloc 
ity can be stated beforehand. 

[0085] The electrophoresis cell shoWn in FIG. 5 com 
prised a cylindrical tube (2 cm of diameter) of poly(methy 
lacrylate) ?xed to the base Where the opal should settle, 
obtained from a standard silicon Wafer sputtered With tita 
nium or gold (With less than 0.1 nm of rugosity and thick 
enough to assure a good conductivity). The material used for 
the upper electrodes Were platinum because it has the 
highest redox potential so that electrolysis is avoided. Both 
electrodes are connected to a dc source in order to develop 
an electrical ?eld. With this method sediments With thick 
ness ranging betWeen a feW monolayers and 1 mm (depend 
ing on the amount of silica spheres used) With surface areas 
about 3.1 cm2 are produced. To measure the sedimentation 
velocity, the height descended by the colloid/clear Water 
interface (setting 0 mm the initial height) Was monitored 
With time. 

[0086] The electrophoretically assisted sedimentation of 
SiO2 spheres Was studied. An electric ?eld Was applied to 
colloidal suspensions of SiO2 spheres in Which the original 
pH Was varied by adding HCI to change the surface charge. 
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The point of Zero charge, PZC, of silica occurs at a pH=2.5, 
so the pH values of the suspensions Were chosen to be 
different enough Without being close to the PZC: pH=3.8 
and the reference value (no acid added) of pH=8.4. The 
results of the sedimentation velocities for silica spheres of 
0.50 microns of diameter are graphically compared With the 
theoretical Stokes fall of a sample Without electric ?eld in 
the left panel of FIG. 6. It can be clearly seen that, as the pH 
moves aWay from the PZC, the mobility increases and so 
does uE. 

TABLE 4 

Mobilities and velocities from SiO2 spheres of 0.50 microns in 
diameter at different pH and electric ?elds. 

PH E (V/m) u (,um cm/V s) v (mm/h) 

3.8 -33 -2.0 2.9 
8.4 -33 -3.9 5.2 
8.4 0.5 -3.9 0.35 

[0087] In order to study the effects of velocity variations 
on silica particle ordering, tWo more sedimentations Were 
prepared from the same sample. One of the suspensions Was 
left to settle in the absence of an electric ?eld, Whereas in the 
other one the electrodes Were inverted to decrease the 
sedimentation velocity by opposing the gravity and the 
electric ?eld. Since the mobility can be extracted from the 
previous experiment (u=—3.9 pm cm/V), the electric ?eld 
needed to get the desired velocity (0.4 mm/hour) Was 
calculated to be 0.5 V/m. The experimental value (v=0.35 
mm/hour, see right graph in FIG. 6) Was close to it. In Table 
4 the results from this experiments are numerically com 
pared. 
[0088] Electronic and optical microscopy studies of all 
these samples Were made and it Was observed that the 
sample in Which sedimentation Was sloWed electrophoreti 
cally demonstrated superior ordering than the one settled in 
the absence of an electric ?eld and While the accelerated 
samples from the previous experiment presented no order at 
all. Bragg diffraction Was performed as Well shoWing that 
the opal groWn With controlled sedimentation presented 
Well-de?ned Bragg peaks. 
[0089] For comparison, silica spheres With a diameter of 
0.87 microns Were settled both in the presence and absence 
of an electric ?eld. The scanning electron microscopy 
(SEM) of a cleaved edge of the naturally settled opal (no E 
?eld) is shoWn in FIG. 7A. A high velocity (1.54 mm/hour) 
Was obtained for these large spheres and no long-range order 
Was achieved as evidence by the Fourier transformed image 
shoWn in the inset of FIG. 7A. A colloidal suspension of 
silica spheres of the same diameter Was settled under a 
retarding electric ?eld, in Which the velocity Was kept close 
to 0.35 mm/hour. FIG. 7B shoWs that large ordered domains 
are obtained When sedimentation is performed under an 
appropriate electric ?eld. Con?rmation of this is evident 
from the Fourier transforms of both images, the opal settled 
under electric ?eld presents a clear pattern that is not present 
in the naturally settled opal. 
[0090] A Bragg diffraction study from the opal groWn 
under sloWed sedimentation conditions Was performed after 
sintering and very clear peaks Were measured as shoWn in 
FIG. 8a While the other sample did not present any kind of 
peak as a result of the lack of large enough ordered domains. 
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In addition, a little percentage of small spheres Was present 
in this sample. They Were observed in SEM images of the 
naturally settled sample but they Were not present in the 
other one because the electric force compensated the gravity 
force. This suggests that the electrophoretic concept could 
be used to control the presence of small spheres in sedi 
mentation When monodispersity is not granted. 

[0091] Normally a suspension containing silica spheres of 
small diameter, (e.g. 0.205 microns of diameter) Would take 
up to tWo months to settle to produce the sediment. The 
settling rate using electrophoretic assisted sedimentation 
Was accelerated from 0.09 mm/hour (natural velocity) to 
0.35 mm/hour so that complete sedimentation Was achieved 
in less than tWo Weeks Without decreasing the optical 
quality. Diffraction studies of the as-groWn opal shoWed 
Bragg peaks as shoWn in FIG. 8b, Which denoted the 
presence of order Within the opal. 

[0092] The results disclosed herein demonstrate the 
importance of using electrophoretic deposition for opal 
sedimentation. With this method it is possible to assemble 
opals comprising ordered arrays of spheres With diameters 
greater than 0.55 microns Which has heretofore been a major 
limitation. Electrophoretic assisted deposition has been 
shoWn to be an ef?cient Way to control the sedimentation 
velocity of silica spheres over a Wide range of diameters. 

EXAMPLE 7 

[0093] 300 mg of SiO2 spheres With a diameter of 0.87 
microns Were suspended in 30 ml of double distilled Water. 
An electric ?eld value of E=—8.3 V/m Was applied across a 
column of 8 ems in height containing the suspension. The 
sedimentation velocity Was 0.35 mm/hour, and the mobility 
of these spheres Was 4.0 mm cm/Vs. Six days Were needed 
to perform the Whole sedimentation and tWo more days to 
dry the samples at 60° C. in an oven. 

[0094] 3) Sintering the Three dimensional Periodic Silica 
Opal 

[0095] Crystalline sediments of silica spheres suffer from 
loW mechanical stability Which makes them dif?cult to 
handle. In order to solve this, as-groWn samples Were 
sintered at different ?nal temperatures. The sintering process 
leads to the necking, or the formation of small necks, 
betWeen neighboring silica spheres. Necking is the ther 
mally induced softening and How of silica into the regions 
de?ned by the touching of silica spheres in the colloidal 
silica crystal to create a silica neck With a diameter that 
facilitates in?ltration of silicon into the voids of the silica 
opal and etching of silica from the in?ltrated opal to create 
the inverse silicon opal. 

[0096] Another extremely important parameter of the 
opals When used as matrices for other compounds, is the 
?lling fraction (ratio betWeen the volume occupied for each 
compound and the total volume of the structure). Sintering 
provides an accurate Way to control the ?lling fraction 
betWeen 74% and 100% of silica in opals. The process of 
necking alloWs tuning of the dimensions of the silica opal 
and the resulting inverse silicon opal. The process of neck 
ing also provides mechanical stability to the template in 
addition to providing a control over the opal void volume for 
subsequent synthesis and providing the connected netWork 
topology for removal of the template by an etching process. 
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Studies have shoWn that silica opals sintered at 950° C. for 
3 hours have a mechanically stabiliZed compact face cen 
tered cubic (fcc) structure With a silica ?lling factor of 74%. 
Further, sintering the opals at different temperatures betWeen 
950° C. and 1100° C. for different periods of time provided 
a method of controlling or tuning the optical properties and 
the free volume in the opals. FIG. 9a shoWs an SEM of a 
silica opal sintered at 950° C. for 3 hours compared to a 
silica opal sintered at 1025° C. for 12 hours, FIG. 9b. 

[0097] Example 8 beloW provides an illustrative, non 
limiting example of use of sintering temperature for tuning 
the optical and physical properties of a silica opal. 

EXAMPLE 8 

[0098] Pieces of an opal synthesiZed from 0.426 micron 
diameter spheres Were sintered at 1025° C. for different 
periods of time. One piece of the opal Was placed in an oven 
and heated up to 70° C. employing a temperature gradient of 
1°/min. Once the temperature reached 70° C. it Was kept 
constant at 70° C. for 3 hours to prevent rapid or abrupt 
Water de-sorption from the opal. After this, the temperature 
Was increased up to 1025° C. employing a temperature 
gradient of 1°/min. The opal Was maintained at this tem 
perature for 3 hours. TWo other pieces of the starting opal 
Were sintered using the same procedure but one piece Was 
sintered for 6 hours and the other for 12 hours. Character 
iZation of the optical properties of the differently sintered 
opals reveal the free volume of the three opal pieces Were 
different, decreasing With increasing temperature. 

[0099] 4) In?ltration of Silicon into the Silica Opal 

[0100] Silicon Was groWn inside the void spaces of the 
silica opal template by means of chemical vapor deposition 
(CVD) using disilane (Si2H6) gas as a precursor. The tem 
perature during in?ltration may be in the range from 100° C. 
to about 500° C., but preferably the temperature is varied 
from 250° C. for loW in-?lling samples to 350° C. for high 
in-?lling ones. 

[0101] Example 9 beloW provides illustrative, non-limit 
ing examples of use of silicon in?ltration into the silica opal 
template and annealing of the silicon in the template. 

EXAMPLE 9 

[0102] The silica opal Was placed in a quartZ cell and dried 
under vacuum for about 5 hours. Disilane gas Was added to 
the cell to raise the pressure to about 200 torr, but the 
pressure may be in the range from 0.1 to about 760 Torr. The 
cell Was heated at 350° C. for different periods of time hours, 
Table 5. The cell Was evacuated by vacuum to remove 
disilane that remained unreacted and annealed to 500° C. for 
30 minutes. (Disilane deposition: Dag O; OZin GA; Yang H; 
Reber C; Bussiere G; Photoluminescent silicon clusters in 
oriented hexagonal mesoporous silica ?lm, Advanced Mate 
rials 1999, Vol 11, Iss 6, pp 474-482. Chomski E; Dag O; 
Kuperman A; Coombs N; OZin GA; NeW forms of lumi 
nescent silicon: Silicon-silica composite mesostructures, 
Advanced Materials: Chemical Vapor Deposition 1996, Vol 
2, Iss 1, pp 8-15. Silicon annealing: Temple-Boyer P; Scheid 
E; Faugere G; Rousset B; Residual stress in silicon ?lms 
deposited by CVD from disilane, Thin Solid Films 1997, Vol 
310, Iss 1-2, pp 234-237). 
















