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(57) ABSTRACT 

This invention relates to processes for the assembly of 
three-dimensional structures having periodicities on the 
scale of optical Wavelengths, and at both smaller and larger 
dimensions, as Well as compositions and applications there 
fore. Invention embodiments involve the self assembly of 
three-dimensionally periodic arrays of spherical particles, 
the processing of these arrays so that both in?ltration and 
extraction processes can occur, one or more in?ltration steps 

for these periodic arrays, and, in some instances, extraction 
steps. The product articles are three-dimensionally periodic 
on a scale Where conventional processing methods cannot be 
used. Articles and materials made by these processes are 
useful as thermoelectrics and thermionics, electrochromic 
display elements, loW dielectric constant electronic substrate 
materials, electron emitters (particularly for displays), 
piezoelectric sensors and actuators, electrostrictive actua 
tors, pieZochromic rubbers, gas storage materials, chromato 
graphic separation materials, catalyst support materials, 
photonic bandgap materials for optical circuitry, and opal 
escent colorants for the ultraviolet, visible, and infrared 
regions. 
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THREE DIMENSIONALLY PERIODIC 
STRUCTURAL ASSEMBLIES ON NANOMETER 

AND LONGER SCALES 

GOVERNMENT STATEMENT 

[0001] This invention was made With Government support 
under Contract DAAB07-97-C-J036 awarded by the Depart 
rnent of Defense. The Government has certain rights in this 
invention. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates to processes for the synthesis 
of three-dirnensionally periodic structures and functional 
cornposites by the self-assembly of spheres, folloWed by one 
or more structure modi?cation, in?ltration, and extraction 
processes. These structures can be applied as therrnoelec 
trics and therrnionics, electrochrornic display elernents, loW 
dielectric constant electronic substrate rnaterials, electron 
ernitters (particularly for displays), pieZoelectric sensors and 
actuators, electrostrictive actuators, pieZochrornic rubbers, 
gas storage rnaterials, chromatographic separation rnaterials, 
catalyst support materials, photonic bandgap materials for 
optical circuitry, and opalescent colorants for the ultraviolet, 
visible, and infrared regions. 

[0004] 2. Description of Related Art 

[0005] The art describes various means for fabricating 
articles With periodic structures that repeat on the scale of 
rnillirneters, such as by conventional rnachining rnethods. 
Methods are also available for the fabrication of articles 
having three-dirnensional periodicities doWn to about 100 
microns, such as desktop manufacturing methods. On the 
other extreme, three-dirnensionally periodic structures With 
periodicities or the scale of angstrorns can be obtained by 
conventional crystalliZation. In betWeen these extrernes 
there exists a rnanufacturability gap of from about 100 
microns to about 10 nrn, Where it is presently difficult or 
impossible to fabricate three-dirnensionally periodic struc 
tures frorn desired materials. The present invention enables 
the fabrication of such periodic structures in this rnanufac 
turability gap. 

[0006] TWo-dirnensionally periodic structures can be cre 
ated in this rnanufacturability bandgap using knoWn meth 
ods, such as optical and electron beam lithography and 
mechanical ernbossing frorn lithographically produced sur 
faces. HoWever, achievement of similar periodicity in the 
third dimension has provided the greatest problern. Lirnited 
success has been achieved in creating three-dirnensionally 
periodic structures by the self-assembly of colloidal particles 
(especially colloidal particles that are spherical and nearly 
rnonodispersed in diameter). In addition, some researchers 
have been successful in ?lling porous periodic structures 
made of SiO2 spheres With other materials, including, rnetals 
superconductors, and semiconductors [see V. N. Bogornolov 
et al. in Phys. Solid State 37, No. 11, 1874 (1995) and in 
Phys. Solid State 39, No. 11, 341 (1997)]. HoWever, meth 
ods have not been discovered for the elimination of the SiO2 
spheres from the in?ltrated structure, and the presence of 
these spheres can degrade the desired properties resulting 
from the in?ltrated rnaterials. Devising an overall process 
that preserves the structure of the three-dimensional array of 
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in?ltrated material, while at the same time enabling the 
extraction of the SiO2 spheres, represents a higher level of 
dif?culty Which has not been addressed by the prior art. 

[0007] The lack of more success in prior research re?ects 
several generic issues. In order to conduct high temperature 
in?ltration processes, it is necessary to use a ?rst matrix 
material (such as an array of crystalliZed SiO2 spheres) that 
is thermally and mechanically stable to above 300° C. 
HoWever, extraction processes have not been successfully 
demonstrated for such thermally stable rnatrix materials. 
One reason is that it is topologically impossible to extract 
such rnatrix rnaterials (unless the preextraction processes of 
this invention are utiliZed)—because the spheres of the 
matrix material are buried in the in?ltrated rnaterial. Even if 
this topological problem could be solved, the unsolved 
problem still remains of conducting such extraction of a 
high-therrnal-stability matrix material (like SiO2) Without 
disrupting the structure of the in?ltrated material. There has, 
hoWever, been some success in crystalliZing low thermal 
stability polymers as rnatrix materials (which transform to a 
gas on heating), in?ltrating these materials by low tempera 
ture processes, and then removing the original polyrner 
particles by gas phase processes (resulting from polymer 
degradation). Speci?cally, Velev et al. [Nature 389, 447 
(1997)] made three-dirnensionally periodic shells of silica 
by using a chemical reaction to form the silica as a coating 
Within polystyrene latex particle arrays, and then burning 
aWay the polystyrene (causing 20-35% shrinkage of the 
unit-cell pararneter). LikeWise, Wijnhoven and Vos (Science 
281, 802 (1998)) made analogous crystals consisting of 
titania by assembling polystyrene latex spheres into a face 
centered-cubic structure, chernically reacting tetrapropoxy 
titane inside the polystyrene sphere structure (using up to 
eight penetration, reaction, and drying steps), and then 
burning aWay the polystyrene spheres (providing 33% 
shrinkage of the unit-cell parameter). A quite similar poly 
styrene-sphere-based method was used by B. T. Holland et 
al. [Science 281, 538 (1998)] to make titania, Zirconia, and 
alumina. Such processes can avoid the above topological 
problem by using holes in the reacting coating layer (or layer 
permeability) to permit release of the gases produced by 
pyrolysis. HoWever, this approach is generally unsatisfac 
tory because of (1) inapplicability for materials that are most 
desirably in?ltrated at high temperatures, (2) the dif?culty of 
crystalliZing the polymer spheres into Well-ordered crystals 
having large dimensions, (3) the possible introduction of 
holes in the structure of the in?ltrated material during gas 
evolution, (4) the occurrence of about 20-35% shrinkage of 
lattice parameter of the ?nal structure relative to the initial 
structure, Which can disrupt structural perfection, (5) inac 
curate replication of the void space in the original structure 
(evident from the rnicrographs of the above references), (6) 
the lack of mechanical robustness of the polymer sphere 
assernblies (Which again restricts the in?ltration process), 
(7) the impossibility of obtaining cornplete ?lling of the void 
space of the original opal structure by the demonstrated 
chemical methods (so to obtain the volumetric inverse of the 
opal structure), and (8) the unsuitability of template removal 
by pyrolysis for the preparation of lattice structures corn 
prised of thermally labile materials, such as polyrners. As an 
alternative method, Irnhof and Pine [Nature 389, 948 
(1997)] have made periodic foarns by using a sol-gel process 
to deposit materials in a self-assembly of rnonodispersed 
ernulsion droplets. Barriers to application are provided by 
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the lack of generality of this method, present inability to 
provide Well-ordered materials of large dimensions by emul 
sion self-organiZation, the poor degree of order of the 
resulting product, and the large materials shrinkage during 
the drying step for the gel (about 50%). 

[0008] What is needed and What the prior art has not 
provided is a means for forming three-dimensionally peri 
odic structures With periodicities on the scale of 100 microns 
to 10 nm from arbitrarily chosen materials. Such materials 
are needed for a host of applications Where the scale of the 
lattice periodicity profoundly effects properties. Moreover, 
the prior art has not demonstrated the ability to create the 
complicated, multicomponent structures needed for 
advanced device applications. The formation of these mul 
ticomponent structures requires the ability to conduct mul 
tiple in?ltration and extraction steps Without substantially 
degrading regularity, the ability to control structural channel 
dimensions independent of unit-cell dimensions, the ability 
to conduct in?ltrations at high temperatures, and the ability 
to controllably engineer breaks in the continuity of in?l 
trated materials by melt phase processes—none of Which 
have been demonstrated by prior art processes leading to 
either a opal replica structure or a more complicated struc 
ture. Also, methods are needed for the creation of three 
dimensionally periodic nanoscale structures With less than 
26% volume ?lling from thermally unstable materials, such 
as organic polymers (and especially elastomeric polymers 
and pieZoelectric polymers), and such methods do not exist 
in the prior art. In addition, there are no available methods 
in the prior art for making a material that is a fully ?lled 
volumetric inverse of the void space of an opal structure, and 
materials With such structures are required for the applica 
tions described herein. 

SUMMARY OF INVENTION 

[0009] The invention provides a process for the formation 
of a three-dimensionally-periodic porous structure, compris 
ing the steps of 

[0010] (a) crystalliZing spheres of material A into a 
?rst structure having three-dimensional periodicity, 
and voids betWeen spheres, Wherein the material Ais 
mechanically and thermally stable to at least about 
300° C., 

[0011] (b) treating this ?rst structure so that necks are 
formed betWeen the spheres of material A, 

[0012] (c) in?ltrating said ?rst structure With material 
B to form a A-B composite structure, and 

[0013] (d) removing material A from said A-B com 
posite structure to form a second structure compris 
ing material B. 

[0014] The invention also provides a process for the 
formation of a structure having three-dimensional periodic 
ity comprising a composite material A and an organic 
polymer B, comprising the steps of 

[0015] (a) crystalliZing particles of material A into a 
?rst structure having three-dimensional periodicity 
and lattice repeat dimensions of from about 20 nm to 
about 100 pm, 

[0016] (b) in?ltrating said ?rst structure With either 
material B or a precursor thereof to form a A-B 
composite structure. 
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[0017] The invention further provides a process for the 
formation of a porous structure having three-dimensional 
periodicity comprising materials A and B, Which comprises 
the steps of 

[0018] (a) crystalliZing particles of material A into a 
?rst structure having three-dimensional periodicity, 

[0019] (b) treating the particles of material A so that 
interparticle necks are formed, 

[0020] (c) in?ltrating said ?rst structure With material 
B to form an A-B composite structure, and 

[0021] (d) partially or completely melting and solidi 
fying either component A or B, but not both. 

[0022] The invention still further provides a three-dimen 
sionally periodic thermoelectric or thermionic composition 
containing surfaces or interfaces that are inverse replicas of 
the surfaces of a sphere array, Wherein the sphere diameter 
is from about 20 nm to about 10 pm and the thermoelectric 
composition contains less than about 50 percent by volume 
of an electrically insulating composition. 

[0023] The invention also provides a three-dimensionally 
periodic pieZoelectric ceramic, pieZoelectric polymer, or 
electrostrictive material composition containing surfaces or 
interfaces that are inverse replicas of the surfaces of a sphere 
array, Wherein the sphere diameter is from about 20 nm to 
about 100 pm and Wherein an obtainable electrically gen 
erated strain is at least 1% for the electrostrictive composi 
tion. 

[0024] The invention further provides a three-dimension 
ally-periodic electrically insulating structure containing sur 
faces or interfaces that are inverse replicas of the surfaces of 
a sphere array, Wherein necks exists betWeen neighboring 
spheres in said sphere array and the average sphere diameter 
does not exceed about 100 nm. 

[0025] The invention still further provides a colorant for 
ultraviolet, visible or infrared Wavelengths comprising a 
three-dimensionally-periodic structure containing surfaces 
or interfaces that are inverse replicas of the surfaces of a 
sphere array, Wherein necks exists betWeen neighboring 
spheres in said sphere array and the average sphere diameter 
is from about 20 nm to about 1 pm. 

[0026] The invention yet further provides a process for 
substantially eliminating the coloration of a material com 
prising particles of a colorant in a matrix polymer Wherein 
the particles of the colorant comprise an array Which is three 
dimensionally periodic at visible Wavelengths Which process 
comprises heating the material to a temperature that is 
higher than the melting temperature of the colorant, and 
beloW the degradation temperature of the matrix polymer. 

[0027] The invention still further provides an elastomer 
having a three-dimensionally-periodic structure that con 
tains either (a) surfaces or interfaces that are inverse replicas 
of the surfaces of a sphere array or (b) elastomer spheres, 
Wherein the sphere diameter is from about 20 nm to about 
100 pm. 

[0028] The invention also provides a periodic material 
comprising either a conducting form of diamond, diamond 
With hydrogenated surfaces, polycrystalline diamond Where 
sp2 carbons at grain boundaries confer electrical conductiv 
ity, diamond-like carbon, or nitrogen-doped diamond, 
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wherein said periodic material contains surfaces or inter 
faces that are inverse replicas of the surfaces of a sphere 
array having a sphere diameter that is from about 20 nm to 
about 100 pm. 

[0029] The invention also provides a three-dimensionally 
periodic material comprising graphite Whose surfaces or 
interfaces are inverse replicas of the surfaces of a sphere 
array, Wherein the sphere diameter is from about 20 nm to 
about 100 pm, Wherein the sheets of said graphite are 
oriented With respect to the original surfaces of the spheres 
in said sphere array. 

[0030] The invention also provides a three-dimensionally 
periodic material comprising carbon, Whose surfaces or 
interfaces are inverse replicas of the surfaces of a sphere 
array, Wherein the sphere diameter is from about 20 to about 
100 pm, and the carbon is a foam having an average pore 
diameter of from about 4 A to about 10 

[0031] The invention also provides a three-dimensionally 
periodic material comprising at least three spatially sepa 
rated compositions, Wherein the interfaces betWeen these 
compositions are inverse replicas of the surfaces of a sphere 
array, Wherein the sphere diameter is from about 20 nm to 
about 100 pm. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0032] The invention Will be more clearly understood and 
further applications Will be apparent When reference is made 
to the folloWing detailed description of preferred embodi 
ments of the invention and the accompanying draWings, in 
Which: 

[0033] FIG. 1 is a scanning electron micrograph of porous 
SiO2 opals used as templates in some of the invention 
embodiments. The sphere diameter is 250 nm. These opals 
have been sintered suf?ciently to generate necks betWeen 
spheres, but not so completely as to close the pore volume 
interconnections that are required for in?ltration. 

[0034] FIG. 2 is a schematic representation of the inter 
connected netWork of octahedral and tetrahedral motifs that 
are ?lled by the in?ltration of the material B (Which is an 
intermediate step in the formation of a volumetrically 
templated inverse opal). The gaps betWeen these motifs in 
this ?gure are ?lled by the initial in?ltration process, but can 
be opened by the loW-pressure melting/resolidi?cation pro 
cess demonstrated in invention embodiments. 

[0035] FIG. 3 is a structural model for a volumetrically 
templated inverse opal produced from a face-centered-cubic 
opal. The large holes in the structure correspond to sphere 
locations in the original sphere array of a porous opal. 

[0036] FIG. 4 is a scanning electron micrograph of a (111) 
plane of a volumetrically-templated phenolic inverse opal 
made by the process embodiment of Example 1, Which uses 
the opal type shoWn in FIG. 1. The holes in the spherical 
shells (left by the extraction of the SiO2 spheres of the 
porous opal template) correspond to the necks betWeen the 
original SiO2 spheres, Which enabled the extraction process. 

[0037] FIG. 5 is a scanning electron micrograph of a (111) 
plane of a glassy carbon inverse opal resulting from the 
pyrolysis of a phenolic ?lled SiO2 opal, folloWed by SiO2 
extraction (see Example 7). 
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[0038] FIG. 6 is a scanning electron micrograph of a (100) 
plane of a graphite inverse opal made by the CVD process 
embodiment of Example 10. The White sphere in the upper 
part of the pictured fracture surface is a SiO2 sphere Which 
Was not extracted by the hydro?uoric acid treatment (prob 
ably because this sphere Was not correctly connected by 
inter-sphere necks to neighboring spheres—so the acid had 
no access to this sphere). 

[0039] FIG. 7 is a scanning electron micrograph shoWing 
a (111) plane of the diamond inverse opal made by the 
process embodiment of Example 13. 

[0040] FIG. 8 is scanning electron micrograph shoWing a 
(100) surface of a graphite inverse opal made by the process 
embodiment of Example 13, Which uses plasma enhanced 
CVD. 

[0041] FIG. 9, for comparison With FIG. 8, is a model 
shoWing a (100) surface of a surface-templated inverse opal. 
The occurrence of fracture across sphere diameters, rather 
than at intersphere contact points, explains the difference 
betWeen the FIG. 8 micrograph and this model. 

[0042] FIG. 10 is transmission electron micrograph shoW 
ing a surface-templated graphite inverse opal having a Wall 
thickness of only about 40 A. This material Was made by the 
process embodiment of Example 13, Which uses plasma 
enhanced CVD. 

[0043] FIG. 11 is a scanning electron micrograph shoWing 
a (111) surface of a volumetrically templated polystyrene 
inverse opal, Which Was made by the process embodiment of 
Example 4. 

[0044] FIG. 12 is a scanning electron micrograph shoWing 
a (111) fracture surface of a phenolic-derived, volumetri 
cally-templated carbon inverse opal, Which Was ?lled The 
White appearing structure component is the polystyrene. The 
darker surrounding material is the glassy carbon of the 
inverse opal. 

[0045] FIG. 13 is a scanning electron micrograph of a 
metal/glassy-carbon composite (made by the process 
embodiment of Example 16) that consists of a phenolic 
derived glassy-carbon inverse opal Whose netWork on inter 
connected spherical voids are ?lled With a metal alloy. An 
accelerating voltage of 20 kV Was chosen for this micro 
graph so that the penetration depth of the electron beam in 
carbon Was longer than the Wall thickness for the carbon 
matrix. These Walls are then semi-transparent to the elec 
trons, Which enables the underlying layer of ordered metal 
spheres to be clearly seen. 

[0046] FIG. 14 is a scanning electron micrograph of a 
bismuth inverse opal made by the process embodiment of 
Example 17. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0047] The invention provides processes for the fabrica 
tion of structures that are three-dimensionally periodic on 
the scale Where conventional manufacturing processes can 
not be practiced. These structures are useful for a variety of 
applications because of the functionality provided by this 
periodicity. These applications include use as thermoelec 
trics and thermionics, electrochromic display elements, loW 
dielectric constant electronic substrate materials, electron 



US 2001/0019037 A1 

emitters (particularly for displays), piezoelectric sensors and 
actuators, electrostrictive actuators, pieZochromic rubbers, 
gas storage materials, chromatographic separation materials, 
catalyst support materials, photonic bandgap materials for 
optical circuitry, and opalescent colorants for the ultraviolet, 
visible, and infrared regions. 

[0048] A process that provides a preferred invention 
embodiment comprises the folloWing basic steps. (I) The 
?rst step comprises assembling nearly monodispersed 
spheres of material A(such as 250 nm SiO2 spheres) into an 
“opal-like” lattice. We use this term opal-like (or opal or 
opal template) to designate structures having a packing or 
spheres that is similar to the Well-knoWn packing of SiO2 
spheres in natural gem opal. In a preferred embodiment, 
such assembly is by a sedimentation process (Whose rate can 
be enhanced by centrifugation) from a colloidal solution of 
the spheres. 

[0049] (II) In a second step, the spheres are partially joined 
together so that ?nite diameter necks connect neighboring 
particles, but the void space in the opal-like structure 
remains percolated. In a preferred embodiment, this partial 
joining of neighboring spheres is by sintering at high tem 
peratures (Which are preferably betWeen 650 and 900° C. for 
SiO2 spheres). 
[0050] (III) This partially sintered porous opal crystal is 
then used as a template for obtaining a three-dimensionally 
periodic assembly of a second material (material B), Which 
is in?ltrated into the opal during the third step. This B 
material can be either in?ltrated into the opal so as to 
substantially ?ll the void space of the opal (Which is called 
volumetric ?lling) or the B material can be in?ltrated so as 
to provide only a coating on the interior surfaces of the opal 
(Which is called surface ?lling). By in?ltrated material We 
mean a material that is in?ltrated either in a ?nal or a 

precursor state. 

[0051] (IV) In the fourth step the initial opal material is 
dissolved or otherWise removed to obtain a holloW structure 
that is an inverse replica of the original opal structure. This 
inverse replica is either called a volumetrically-templated 
inverse opal (FIG. 3), if the step three in?ltration of B Was 
volumetric templating, or a surface-templated inverse opal 
(FIG. 9), if the step three in?ltration of B Was surface 
templating. 

[0052] For the purposes of this invention, the folloWing 
de?nitions are used. The primary opal template (or original 
opal) is the initially formed periodic structure (from material 
Aspheres) that has the desired lattice periodicity. In the most 
preferred embodiments, this primary opal template Will be a 
porous lattice of SiO2 spheres that are packed into a face 
centered-cubic (fcc) lattice. These and structurally related 
derivative structures having a structure analogous to that of 
natural opal Will be referred to as opals or opal templates 
independent of Whether or not the spheres in the parent 
template are of SiO2. Also, the structures obtained by partial 
or complete ?lling of the opal void space With a second 
material, folloWed by removal of the original opal lattice 
material, Will be called inverse opals (independent of the 
chemical composition of the primary opal template). 

[0053] In other invention embodiments this inverse opal 
replica is further transformed by additional processing. For 
example, the volumetrically-templated inverse opal is used 

Sep. 6, 2001 

as a template for the periodic deposition of a material C 
Within the interstitial space left by the removal of the 
original spheres of material A. In another optional step, the 
material B can be removed, so as to result in a direct opal 
lattice comprising only material C. More complicated 
assembly processes can be accomplished for a surface 
templated inverse opal of material B, since such inverse opal 
has tWo separate void spaces that are separately percolated, 
corresponding to the interiors and exteriors to the shell 
structure of the surface-templated inverse opal. Hence, these 
separate void spaces can be separately ?lled With either the 
same or different materials, called C1 and C2. Furthermore, 
the C1 and C2 materials can be in?ltrated to provide either 
surface ?lling or volumetric ?lling. Additionally, a surface 
templating step With material D1 can be folloWed sequen 
tially by either surface ?lling in the same void channels by 
one or more other materials (D2, D3, and etc.) or by a volume 
?lling process With a material D2 in the same void channel. 
In addition partial or complete removal processes can be 
used for materials modi?cation. For example, the spheres of 
the primary opal template can be of a material A1 that is 
coated With a material A2. After assembly of the Al/A2 
composite spheres into a porous opal and in?ltration of the 
pore space in this opal With material B, the material A2 can 
be selectively removed, so as to provide spheres of material 
A1 that are free to move in the matrix of material B. 

[0054] The above step II of generating an extended inter 
face betWeen spheres is critical for producing inverse opals 
if the in?ltrated material completely covers the internal 
surface of the A-material spheres in the primary opal tem 
plate. This extended interface betWeen spheres is most 
preferably generated by heating the opal-like sphere array to 
a temperature that is suf?ciently high that sintering creates 
an intersphere neck betWeen neighboring spheres. The tem 
perature and times required for this sintering Will depend 
upon the composition of the spheres, shorter times and 
higher temperatures typically being equivalent to longer 
times at loWer temperatures. Such sintering process should 
preferably be accomplished at beloW the temperature at 
Which the spheres become suf?ciently ?uid that a nearly 
spherical shape can not be maintained. To illustrate this 
approach, consider the embodiment of this invention Where 
the A-material spheres are SiO2 spheres in Which the 
required interface is created by sintering. Such sintering is 
normally achieved by a tWo step annealing process. The ?rst 
step is a loW temperature anneal at typically 100-120° C. for 
2-3 days to eliminate excess Water, and the second step is 
typically a high temperature anneal at 650-800° C. for 
several hours (resulting in Si-O-Si linkages betWeen the 
silica of tWo adjacent spheres). The How of silica betWeen 
spheres at high temperatures creates the necks of ?nite 
diameter (up to 125 nm for 250 nm spheres) Without 
substantially changing the spherical shape of each ball. 
While sintering provides the inter-sphere interface through 
Which the SiO2 can be removed after in?ltration, too much 
sintering prohibits in?ltration by closing the passages 
betWeen the octahedral and tetrahedral voids in the original 
fcc silica lattice. If the sintering provides SiO2 spheres of 
diameter D=250 nm, Which are separated by a shorter 
distance d, geometrical calculations indicate the narroW 
range of D/d that is compatible With both the in?ltration and 
extraction processes. The narroWest channel constriction 
betWeen octahedral and tetrahedral void spaces occurs on 
the (111) plane midWay betWeen six surrounding spheres, 
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and has a diameter A=2(3)1/2d—D (Which is 38 nm if D/d is 
unity and Zero if D/d is above 1.155). With increasing D/d 
in this range, the diameter of the circular interface betWeen 
nearest neighbor spheres €)=(D2—d2)1/2 increases from Zero to 
6=125 nm. In?ltration and extraction processes can proceed 
through these narroW channels over millimeter opal thick 
ness, thereby replicating periodic structural features of the 
original opal crystals (the primary opal template) doWn to 
the 10 nm scale. 

[0055] For the purposes of this invention, the interparticle 
necks betWeen spheres A need not be comprised of the 
material A. The guideline for the nature of these necks is that 
they should enable the formation of a continuous path for the 
extraction of material A from the surrounding material B. 
For example, such necks can be formed by in?ltrating the 
material B in the lattice of A spheres so that the inter-sphere 
junctions are not completely ?lled With material B Alter 
nately, intersphere junctions suitable for the purposes of this 
invention can be formed by surface coating internal surface 
of the self-assembled array of A spheres With a material A*, 
Which preferably can be removed by the same extraction 
process that removes the A spheres (after the in?ltration of 
the material B. HoWever, the most preferred method for 
forming the inter-particle necks betWeen A particles is by 
sintering. Pressure, preferably hydrostatic pressure at 
elevated temperatures, can be used for forming mechanical 
deformation that leads to these interparticle necks. More 
over, the mechanical deformation caused by the application 
of non-hydrostatic mechanical stress (preferably at elevated 
temperatures) can be used to decrease the symmetry of the 
opal or derivative structures. 

[0056] Depending upon the structure needed for a particu 
lar application, the primary opal template can be exposed to 
a chemical that alters the surface energy or structure of this 
opal prior to the in?ltration of material B. For example, the 
surface of SiO2 spheres can be made hydrophobic by react 
ing an organosilane (such as vinyltriethoxysilane and vinyl 
trichlorosilane) on this surface or by in?ltrating a solution of 
a solid hydrocarbon (such as poly(o-phenylene)) into the 
opal, folloWed by evaporation of the solvent. Various meth 
ods can be employed for structural modi?cation. For 
example, the selective dissolution of the opal spheres at 
non-neck regions of the spheres can be used to increase opal 
void volume Without destroying the neck-generated inter 
connections that are required for the extraction of the A 
material after the in?ltration of the B material. In this case, 
the partial dissolution of sintered SiO2 opals With aqueous 
KOH reduces the sphere diameter (thereby increasing the 
void volume that is available for the in?ltration of material 
B) Without eliminating the interconnects resulting from 
sintering-generated intersphere necks. 

[0057] The material A is preferably mechanically and 
thermally stable to at least about 300° C., more preferably at 
least about 500° C., and most preferably at least about 800° 
C. By mechanical and thermal stability to these temperatures 
We mean that these particles have suf?cient stability at these 
temperature to largely maintain the structural regularity of 
opals based on these particles. By mechanical and thermal 
stability at the indicated temperature it is meant that degra 
dation processes occurring at this temperature leaves a stable 
product Which Will not disappear by further gas evolution or 
?uidiZation at the speci?ed temperature. Since the function 
of material A is to provide self-assembly of a crystal 
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structure; to enable the in?ltration of material B under 
desired conditions of temperature, pressure, and other sur 
rounding conditions; and then to be partially or completely 
removable, these functions lead to the choice of material A. 
Material A is most preferably monodispersed SiO2 spheres 
having a diameter of about 20 nm to about 100 pm. 
HoWever, these A materials can be virtually any organic or 
inorganic composition that satis?es the above stability con 
ditions Examples are ceramics, salts, metals, carbon phases, 
and high thermal stability organic polymers. 

[0058] Examples of preferred sphere types that are com 
mercially available (for example, from Polysciences, Inc., 
400 Valley Road, Warrington, Pa. 18976) are poly(tetra?uo 
roethylene) spheres (35 pm), poly(tetra?uoroethylene-pro 
pylene) spheres (10 pm), poly(vinyl chloride) spheres (300 
400 pm), phenolic spheres (holloW, 5-127 pm), graphitiZed 
carbon particles (0.027-0.030 pm), colloidal gold particles, 
glass spheres (various siZes from 3 to 750 pm), holloW glass 
spheres (2 to 20 pm), and silica microspheres (0 05 pm to 
0.45 pm). Some of these commercially available spheres are 
too polydispersed in diameter for direct self-assembly into 
opal type of structures. Hence, conventional methods of siZe 
separation should preferably be used prior to the self 
assembly of the spheres into an opal lattice (such as sedi 
mentation, Well knoWn in the art can be used to assemble the 
A-material spheres of the primary opal template used for the 
processes of the present invention. The most preferred 
method is by the sloW sedimentation of a colloidal suspen 
sion of nearly monodispersed spheres. These spheres pref 
erably differ in radii by no more than a factor of 1.05. This 
crystalliZation can be optionally accelerated by the applica 
tion of an electric or magnetic ?eld or ?eld gradient, or by 
using a centrifuge. Also, in order to accelerate the crystal 
liZation process, one can optionally use a loW viscosity ?uid 
as the suspension medium for the colloidal particles, such as 
supercritical Water or carbon dioxide. For sphere siZes that 
are large, typically above 10 pm, such sphere assembly can 
optionally be accomplished by the mechanical vibration of 
either a dry or Wet assembly of spheres. As examples of such 
methods, the porous silica opals used as templates can be 
made by published methods used by the jeWelry industry to 
fabricate gem quality synthetic opal. For descriptions of 
these methods see A. P. Philipse, J. Mater. Sci. Lett. 8, 1371 
(1987); H. MigueZ et al. Appl. Phys. Lett. 71, 1148 (1997); 
C. Lopez, L. MigueZ, L. Vazquez, F. Meseguer, R. Mayoral, 
and M. Ocana, Superlattices and Microstructures 22, 399 
(1997); N. D. Deniskina, D. V. Kalinin, and L. K. KaZant 
seva, Gem Quality Opals, Their Synthesis and Natural 
Genesis (Nauka, Novosibirsk, 1988) [in Russian]; A. J. 
Gaskin and P. J. Darragh, US. Pat. No. 3,497,367 (1970); 
and E. G. Acker and M. E. Winyall, US. Pat. No. 4,049,781 
(1977) Which are incorporated herein by reference. Because 
of loW synthesis cost, the SiO2 spheres are preferably formed 
by a sodium silicate route, such as described by A. J. Gaskin 
and P. J. Darragh (US. Pat. No. 3,497,367 (1970)) and by E. 
G. Acker and M. E. Winyall (US. Pat. No. 4,049,781 
(1977)). Spheres made by this process are commercially 
available from Nissan Chemical Company (Nissan Chemi 
cal America Corporation, Houston Branch, 12330 Bay Area 
Bvd., Pasadena, Tex. 77507). Alternately, the SiO2 spheres 
can be made by the Stober method (A. K. Van Helden, J. W. 
Kansen, and A. Vrij, J. Colloid Interface Science 81, 354 
(1981)), Which results in more monodispersed silica spheres 
than does the 
































