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FIG. 5a 
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PHOTONIC POLYMER-BLEND STRUCTURES 
AND METHOD FOR MAKING 

[0001] Invention Was made With government support 
under contract no. DE-AC05-00OR22725 awarded by the 
United States Department of Energy to UT-Battelle, LLC., 
and the government has certain rights in the invention. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the ?eld of nano 
structured polymer-blend composite materials, particular 
photonic polymer-blend structures having tunable optical 
and mechanical properties. 

BACKGROUND OF THE INVENTION 

[0003] Nanostructured polymer-blend or polymer-inor 
ganic composite materials are the subject of intense and 
Wide-spread interest as researchers pursue next-generation 
“soft-material” species With tunable properties. In particular, 
there continues to be strong interest in the complex mechan 
ics of viscoelastic systems, droplet coalescence, behavior of 
polymer blends in shear ?elds, as Well as in electrospinning 
of polymer nano?bers. There is limited literature on fabri 
cation of semiconductor structures With similar functional 
ity. The lithographic fabrication techniques are expensive, 
time-consuming, and require specialiZed hardWare and 
expertise. Further, cryogenic temperatures are required to 
observe the desired optical coupling betWeen components in 
the composite structure. The understanding of the funda 
mental polymer physics of these systems is crucial to the 
development of advanced materials and processing tech 
niques involving polymer blends at micro- and nanoscopic 
length scales. Furthermore, While there is a great deal of 
interest currently in the ?eld of “microphotonics”, or 
manipulation, both in spatial and frequency dimensions, of 
photons for electro-optic device enhancement, Wavelength 
division multiplexing applications and optical computing, 
there exists feW neW device strategies for overcoming the 
dif?culties of highly speci?c frequency response/transmis 
sion characteristics, and spatial localiZation at or near dif 
fraction-limited resolution. Fiber-optic technology, for 
example, is Widely used for “photon conduits” but is selec 
tive in terms of frequency transmission characteristics- all 
possible frequencies are transmitted through the ?ber that 
are permitted by the optical material. In the case of photo 
nics or photonic-bandgap structures, only speci?c frequen 
cies are alloWed to propagate. The photonic polymer-blend 
structures of the present invention are similar in that regard, 
but alloW for a multiplicity of structural architectures that 
are not possible With conventional photonics bandgap crys 
tals. 

OBJECTS OF THE INVENTION 

[0004] Accordingly, it is an object of the present invention 
to provide tWo- and three-dimensional photonic polymer 
blend structures having a variety of architectures. 

[0005] It is another object of the present invention to 
provide photonic polymer-blend structures having tunable 
optical and mechanical properties. 

[0006] It is a further object of the present invention to 
provide photonic polymer-blend structures having desired 
architectures formed by the sequential attachment of poly 
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mer-blend spherical microparticles partially merged With 
one another in a robust inter-particle bond having tunable 
bond lengths. 

[0007] Further and other objects of the present invention 
Will become apparent from the description contained herein. 

SUMMARY OF THE INVENTION 

[0008] In accordance With one aspect of the present inven 
tion, the foregoing and other objects are achieved by a 
photonic polymer-blend structure having tunable optical and 
mechanical properties. The structure comprises monomer 
units of spherical microparticles of a polymer-blend material 
Wherein the microparticles have surfaces partially merged 
With one another in a robust inter-particle bond having a 
tunable inter-particle separation. The polymer-blend spheri 
cal microparticles of the photonic polymer-blend structure 
are sequentially attached to one another in a desired and 
programmable architecture. 

[0009] In accordance With another aspect of the present 
invention, other objects are achieved by a method for 
making photonic polymer-blend structures having tunable 
optical and mechanical properties. The method comprising 
the steps of a) providing an aqueous polymer-blend solution 
comprising a relative mass fraction of polyethylene glycol 
and polyvinyl alcohol Wherein the solution has a suf?cient 
Water and polymer blend ratio to form polymer-blend 
spherical microparticles having speci?c properties and mor 
phology to enable the microparticles to partially merge in a 
sequential attachment With one another to form an inter 
particle bond Wherein the speci?c properties and morphol 
ogy of the microparticles tune the inter-particle separation of 
the inter-particle bond and Wherein the speci?c properties 
and morphology of the spherical microparticles produce a 
desired photonic polymer-blend structure having a desired 
architecture. The method of the present invention further 
comprising b) injecting the aqueous polymer-blend solution 
into a particle focusing device at a suf?cient rate to form 
individual droplets of solution; c) controlling the parameters 
of the particle focusing device to alloW the droplets to be 
spatially focused and guided through the particle focusing 
device to form spherical microparticles partially merged in 
a sequential attachment in an inter-particle bond With one 
another and having a tuned inter-particle separation; and d) 
depositing the spherical microparticles in a precise place 
ment on a collection device forming a desired architecture of 
the photonic polymer-blend structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1a shoWs an electron micrograph of a pho 
tonic polymer structure of about 30 individual spheres in the 
vertical chain that has folded near the top. 

[0011] FIG. 1b shoWs an electron micrograph of a close 
up of the “bonding” betWeen particles. 

[0012] FIG. 2 is a schematic of an apparatus for generat 
ing polymer-blend photonic molecules and structures from 
electrodynamically focused microdroplet streams. 

[0013] FIG. 3 shoWs an electron micrograph of a close-up 
of the inter-particle bonding When the relative PVA concen 
tration is decreased and/or When the residual solvent fraction 
in the microparticles is increased. 
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[0014] FIG. 4 is a schematic representation of a column 
structure of polymer-blend particle stack showing the polar 
angle M) which refers to the angle formed betWeen particle 
centers relative to the Z-aXis. 

[0015] FIG. 5a is a schematic of a ray path through a 
photonic molecule mode. 

[0016] FIG. 5b is a schematic of a 3-D periodic trajectory 
in a linear trisphere. 

[0017] For a better understanding of the present invention, 
together With other and further objects, advantages and 
capabilities thereof, reference is made to the folloWing 
disclosure and appended claims in connection With the 
above-described draWings. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0018] The present invention comprises the formation of 
three-dimensional linear or branched chains of polymer 
blend microspheres generated from liquid droplets of solu 
tion Where the modi?ed surface structure of the polymer 
composite results in highly robust inter-particle bonds. The 
present invention is based on a combination of particle 
manipulation techniques and a unique material property of a 
polymer blend material that alloWs highly spherical and 
homogeneous polymer-blend microspheres to be linked or 
“merged” together in a programmable manner to form 
three-dimensional strings or ordered vertical columns from 
the sequential attachment of the individual blend particles. 
This capability alloWs individual particles to retain their 
identity to a certain eXtent While coupling efficiently to its 
nearest neighbors in a variety of architectures. Robust par 
ticle linkage occurs as semi-dry polymer blend particles 
come in contact Where the polymer mobility is suf?cient to 
overcome the surface energy barrier to partially merge. The 
robust interlocking nature of the inter-particle bond or 
linkage gives rise to strongly coupled morphology-depen 
dent resonances in bisphere and trisphere systems. These 
photonic molecules are mesoscopic heirachical structures 
constructed from monomer units With typical dimensions 
ranging from 1-10 pm that function as coupled optical 
resonators. The monomer units are sufficiently homoge 
neous and spherical to support optical resonances that, 
oWing to the large solid angle of intersection and siZe 
uniformity, are strongly coupled betWeen particles. These 
structures are labeled as photonic molecules because they 
con?ne electromagnetic ?elds in modes that are closely 
analogous to bonding and anti-bonding electronic molecular 
orbitals in real molecules. The long-term stability and struc 
tural integrity of these species provides for interesting 
applications in three-dimensional conductive vertical Wires/ 
supports, sensor technologies, or microphotonics. 

[0019] The key to the present invention Was in the dis 
covery of an interesting material property of a simple 
Water-soluble polymer-blend system that alloWed construc 
tion of this neW kind of polymer microsphere-based struc 
ture referred to as photonic polymer molecules. It Was 
discovered in the course of screening different Water-soluble 
polymer blends for high-density ordered microsphere array 
applications, that particles made from polyethylene glycol 
(PEG) (~10 k MW) and polyvinyl alcohol (PVA) (~14 k 
MW) in a 4:1 mass ratio had a tendency to stick together in 
clumps of tWos, threes, or multiple particles. Under higher 
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magni?cation, it Was observed that the “sticking” Was in fact 
a partial merging of the particle surfaces as shoWn in FIG. 
1a. The particle binding Was so robust, that under high 
precision particle focusing conditions, particles Were 
“stacked” in nearly perfect columnar structures up to ~20 
particles high. FIG. 1a shoWs an electron micrograph of a 
photonic polymer structure of about 30 individual spheres in 
the vertical chain that has folded near the top. FIG. 1b shoWs 
a close-up of the particle linkage and illustrates clearly that 
the contact betWeen particles is not like that of physisorbed 
spheres; the surfaces are merged With a solid angle of 
intersection of 0.2 to 1.2 steradians depending on the blend 
composition and residual Water content. Other types of tWo 
and three-dimensional architectures Were eXplored using an 
electric quadrupole and computer-controlled 2-D translation 
stage for particle positioning. In contrast With string forma 
tion in polymer-blend emulsions under a shear force or 
chain-of-pearl agglomeration in rotating shear ?elds Where 
large aspect ratio structures are con?ned to a plane, these 
stable three-dimensional structures Were “groWn” from 
sequential attachment of spherical polymer-blend micropar 
ticles. The method of the subject invention alloWs for precise 
and programmable architectures Whose properties can be 
controlled by properties of the individual polymer-blend 
microparticles (“monomer” elements) such as siZe, charge 
state, and position. Depending on the mode of operation, 
several hundred particles can be linked together to form 
complex three-dimensional structures, or highly ordered 
tWo-dimensional arrays of 3D columns can be produced 
With 2D spacing as small as 30 pm. Some interesting 
applications of these columnar structures include doping the 
polymer particles With electrolytes to form conductive ver 
tical Wires that could interconnect various planar structures 
(see J. V. Ford et al., 2000, incorporated herein by refer 
ence). Recent molecular dynamics simulations also suggest 
that the Whisker structures should have vibrational modes 
(or respond to loW-frequency oscillating electric or magnetic 
?elds) characteristic of the height of the stack and the 
diameter of the monomer particle Which could lead to a neW 
kind of acoustic sensor. 

[0020] It has previously been shoWn that isolated polymer 
blend micro- and nanoparticles generated from microdrop 
lets of dilute solution provide an interesting format for 
probing polymer dynamics and blend properties in (three 
dimensional) con?ned geometries (see Barnes et al., Mac 
romolecules, 1999, incorporated herein by reference). In the 
limit of small droplet siZe (<10 pm diameter) Where the time 
scale for solvent evaporation is much shorter than that of 
polymer diffusion and self-organiZation (concentration 
ampli?cation), polymer-blend microparticles of bulk-im 
miscible polymers can be made homogeneous at length 
scales comparable to radii of gyration of single polymer 
molecules. Under these conditions, different optical or 
mechanical properties of the particle can be tuned by adjust 
ing the Weight fraction of the miXture, (Barnes et al., Optics 
Letters, 1999, incorporated herein by reference). Con 
versely, for larger droplets Where phase separation can occur 
Within the particle on the time scale of solvent evaporation, 
structural properties of multiphase particles can be eXplored 
either by ?uorescence imaging or optical diffraction. HoW 
ever, the collective properties of ensembles of these species 
and hoW they might be exploited for larger scale applications 
is essentially uneXplored. 
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[0021] In the present invention, different tWo- and three 
dimensional structures Were produced using a linear electric 
quadrupole as a particle focusing/positioning tool; however, 
other similar particle focusing devices can be used such as 
holloW-core optical ?ber transmission techniques. The 
present invention is demonstrated in Example 1 beloW. 

EXAMPLE 1 

[0022] A dilute aqueous polymer solution of polyethylene 
glycol (10 k MW) and polyvinyl alcohol (14 k MW) in a 4: 1 
mass ratio Was prepared then injected into a 25-cm-long 
quadrupole as monodispersed liquid droplets (25 pm diam 
eter) at a rate of betWeen 2 and 5 HZ using a droplet 
generator driver coupled With a digital delay generator, an 
on-demand pieZoelectric droplet generator (Stanford 
Research DG535). The quadrupole Was driven at ~400 HZ, 
and 650 V. Acombination of loW-voltage function generator 
(Stanford Research DS335), a poWer ampli?er (Kepco BOP 
1000M), and 5 X step-up transformer Were used to produce 
the focusing voltages. FIG. 2 is a schematic of the apparatus 
used surface to produce the polymer-blend photonic mol 
ecules of the present invention, Wherein 10 is the on-demand 
pieZoelectric droplet generator, charging ring (30 VDC) 15, 
the electric quadrupole focusing rods (300-600 VAC @ 
60-800 HZ) 20, glass enclosure 25, te?on o-ring 30 and the 
computer-controlled X-Y translation stage 35 (Parker 
Daedal Model 081-5987) With collection surface. The long 
rod con?guration of the quadrupole Was used to ensure that 
nearly all the solvent evaporated from the droplet en route to 
the microscope slide. The transit time from entry in the 
quadrupole to termination Was about 45 sec. The computer 
controlled X-Y translation stage, triggered by scattered light 
pulses generated near the termination of the quadrupole, 
alloWed precise placement of particles on the collection 
surface. The quadrupole rods Were terminated in a Macor 
ring, Which, in turn, Was seated in a grounded aluminum 
o-ring ?ange. This also provided a seal against the collection 
substrate as Well as terminating the focusing ?eld above the 
collection region. Particles Were collected in a 3-mm ?eld 
free region on silanated glass slides (CELAssociates, Hous 
ton, Tex.) betWeen the slide surface and the termination of 
the quadrupole mounted in a removable support under the 
quadrupole. The slides Were mounted kinematically on the 
collection surface of the computer controlled X-Y transla 
tion stage. The computer-controlled X-Y translation stage 
Was driven in discrete steps of 25-100 pm With 0.1 pm 
precision. The motion of the stage Was synchroniZed With 
the droplet stream using a TTL-synch output from the 
droplet generator driver coupled With a digital delay gen 
erator. 

[0023] Chemical treatment of the standard glass micro 
scope slides Was essential. Without pretreatment With a 
silanating agent, the particle positions Were observed to be 
totally randomiZed, presumably due to the presence of stray 
charges on the surface of the glass. This problem Was solved 
using a straightforWard silanation procedure to chemically 
modify the surface of the slide. After cleaning in an ultra 
sonic bath, the slides Were etched brie?y (~60 sec) in 
buffered oxide etchant (BOE, a mixture of HF and NH4F), 
and suspended above the vapor of a heated hexamethyl 
disilaZane (HDSM) silanating agent (MicroPrime) for about 
30 min. 

[0024] The composition ratios of the starting aqueous 
polymer-blend solution to produce a desired photonic poly 
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mer structure is adjusted according to the amount of residual 
solvent (Water) in the particle, and the relative amount of 
polyvinyl alcohol to polyethylene glycol Within the particle 
as this ratio programs or “tunes” the inter-particle bond 
length also referred to as inter-particle separation. The 
particle to particle binding and the degree of surface inter 
penetration depends on several factors. For the surfaces of 
the tWo adjoining particles to merge, the surface energy 
barrier must be loW enough for material to move across the 
particle boundary. In the case of the polymer superstructures 
of the present invention, the surface energy is de?ned by 
polymer chain mobility Which is in turn related to 1) the 
amount of residual solvent (Water) in the particle, and 2) the 
relative amount of PVA to PEG Within the particle. The PVA 
adds structural rigidity at the expense of higher surface 
tension, so increasing the relative mass fraction of PVA 
results in smaller contact angles and a smaller shared 
volume of intersection, thus inhibiting particle attachment. 
This results in a shorter bond length or a shorter inter 
particle separation. Conversely, decreasing the relative 
amount of PVA softens the particles, increases contact 
angles and larger shared volume of intersection, thus result 
ing in a deeper degree of surface interpenetration. FIG. 3 
shoW an example of the inter-particle bonding When the 
relative PVA concentration is decreased and/or residual 
solvent fraction in the particle is increased (for instance, by 
increasing the relative humidity to sloW evaporation). 

[0025] The particle binding is so robust that single par 
ticles Were able to be “stacked” on top of each other to form 
nearly perfect columnar structures. FIG. 4 is a schematic 
representation of column structure of polymer-blend particle 
stack. The polar angle, A(]), refers to the angle formed 
betWeen particle centers relative to the Z-axis. In this case, 
the monomer diameter Was 6.5 pm and the height of the 
stack, measured by Z translation of the microscope stage to 
bring the top particle in focus, Was 124:2 pm. From the 
SEM measurements, a value of 6.37 pm for the effective 
monomer length (deg) betWeen particles in the chain Was 
obtained, Which can be used to estimate the average polar 
angle ?uctuations (mp) betWeen particles from (Aq))=cos_ 
1((hmeaS/20)/de&)=13.3°. This corresponds to center position 
?uctuations relative to the axis of 10.3 pm, Which is Well 
Within expectations from BroWnian noise. This indicates 
that there is negligible electrostatic de?ection of the incom 
ing particle by the top particle in the stack. 

[0026] The issue of carrier mobility on the surface of the 
particle and polariZability of these species remains an impor 
tant question related to arti?cial atom synthesis from 
charged polymer nanoparticles. In the example of the 
present invention, the nominal charge per particle is about 
100 carriers/particle. Depending on the carrier mobility on 
the surface of the particle, the charge distribution may 
become polariZed as one particle approaches another. 

[0027] Surface interpenetration and particle chain forma 
tion result from a competition betWeen tWo factors: as the 
particles come into contact, polymer interchain interactions 
near the surface drive the merging process in order to 
minimiZe surface free energy. HoWever, the particles are 
restricted from merging completely by the energy cost of 
reorganiZing the spherical matrix. In the dry state (particles 
formed under very loW relative humidity conditions), poly 
mer chain entanglement reduces further the mobility 
required to merge the surfaces together. With the commer 
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cial silanated slides used in the above example, pure PEG 
particles-Which retain signi?cantly more Water than PVA 
Wet the silanated glass substrate signi?cantly even under 
fairly loW relative humidity conditions (<40%). In this case, 
the particles appeared as ?lmlike “pancake” structures and 
3D attachment Was not observed. Particles of pure PVA 
retain a smaller volume fraction of Water With correspond 
ingly loWer polymer mobility, giving rise to a more rigid 
matrix, chain entanglement, and higher surface free energy 
Which inhibits particle attachment. In the blend system of the 
present invention, the composite properties alloW the par 
ticle surfaces to merge Without sacri?cing the structural 
integrity of the individual particle. HoWever, some residual 
solvent is required (volume threshold appears to be about 
5%) in the attachment process to reduce chain entanglement 
and enhance mobility. 

[0028] Often called “photonic atoms,” dielectric micro 
spheres are so named because of the “bound” photon states 
(quasinormal modes) associated With the spherically sym 
metric “potential” of the refractive index discontinuity at the 
particle surface. Recently, neW techniques for isolating and 
manipulating spheres closely matched in siZe has revealed 
photonic molecule modes resulting from coherent coupling 
of optical resonances betWeen physisorbed spheres. HoW 
ever, trisphere (or longer chain) systems have not been 
investigated for such behavior. 

[0029] One of the surprising aspects of the present inven 
tion Was the observation of sharp resonance features (dis 
tinct from “monomer” resonances) in ?uorescence from dye 
doped into the particles. In previous Work by Videen and 
co-Workers, the optical properties of merged-sphere systems 
Were considered. Resonance features in emission Were also 
observed in transient merging-droplet experiments by 
Moon, et al. What is surprising about the observation of 
shared optical resonances from merged spheres (especially 
With the large solid angle of intersection) is that a large 
segment of the dielectric boundary, Which con?nes the 
electromagnetic Wave, has been removed. Geometric optics 
calculations of long-lived trajectories in merged spheres 
shoW clearly that high-Q resonances are not supported for 
(plane) angles of intersection exceeding more than a feW 
degrees. Calculations on bisphere of differing siZes have 
shoWn interesting antinodal structure that includes an inter 
action betWeen states With signi?cantly different angular 
momenta, but With very loW Q. Only in the special case 
Where the contact angle is very small, similar to the phys 
isorbed sphere case, are high-Q coupled resonances in the 
equatorial plane supported. 

[0030] In the Example of the present invention, typical 
plane angles of intersection can be more than 50 degrees, yet 
the structures clearly support high-Q resonances. Using a 
combination of three-dimensional ray optics and surface-of 
section techniques, robust periodic trajectories that make a 
quasi-helical path around the particle chain axis Were found. 
FIG. 5a shoWs a schematic of a photonic molecule mode for 
a trisphere system With an angle of intersection similar to 
that made in the above Example 1, and an example of a 
long-lived periodic trajectory that couples three merged 
spheres With a solid angle of intersection of ~03 sr (plane 
angle of 40°). These coupled resonances appear to be highly 
robust With respect to overlap angle, deviations from col 
linearity, and siZe along the chain axis. The classical path 
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shoWn in FIG. 5b could be interpreted as connecting aZi 
muthal modes of the same index (Oém in, nzX=IId/7») With 
opposite sign. 
[0031] These structures are capable of manipulation of 
optical Waves in a Wide variety of 2- and 3-dimensional 
photonic Wire structures that can be tailored to a particular 
application. A number of interesting applications of these 
structures are possible, including 3-D conductive vertical 
Wires/supports, and sensor technologies. By tuning the par 
ticle intersection (via adjustment of polymer blend compo 
sition), the coupling betWeen orthogonal particle chain seg 
ments Where the bend radius is close to the particle radius 
(eg 1 to 4 pm) can be turned on or off. Losses should be 
comparable to single- (linear) chain coupling Which has 
already shoWn to be loW. 

[0032] Depending on the operation, the Water-based poly 
mer blend microparticle system of the present invention can 
be linked by several hundred individual particles sequen 
tially linked to form complex three-dimensional structures, 
or highly ordered tWo-dimensional arrays of 3D columns 
can be produced With 2D spacing as small as 30 pm. Some 
interesting possible applications of these columnar struc 
tures include doping the polymer particles With electrolytes 
to form conductive vertical Wires that could interconnect 
various planar structures. Recent molecular dynamics simu 
lations also suggest that the Whisker structures have vibra 
tional modes (or respond to loW-frequency oscillating elec 
tric or magnetic ?elds) characteristic of the height of the 
stack and the diameter of the monomer particle Which could 
lead to a neW kind of acoustic sensor. 

[0033] While there has been shoWn and described What are 
at present considered the preferred embodiments of the 
invention, it Will be obvious to those skilled in the art that 
various changes and modi?cations can be made therein 
Without departing from the scope of the invention de?ned by 
the appended claims. 

What is claimed is: 
1. Aphotonic polymer-blend structure comprising mono 

mer units of spherical microparticles of a polymer-blend 
material, said spherical microparticles having surfaces par 
tially merged With one another in a robust inter-particle bond 
having a tunable inter-particle separation, said polymer 
blend spherical microparticles sequentially attached to one 
another in a desired and programmable architecture, said 
photonic polymer-blend structure having tunable optical and 
mechanical properties. 

2. The structure of claim 1 Wherein said polymer-blend 
spherical microparticles are homogeneous having diameters 
ranging from 1-10 pm. 

3. The structure of claim 1 Wherein said inter-particle 
separation is tunable by adjusting the relative mass fraction 
of said polymer-blend material. 

4. The structure of claim 1 Wherein said optical properties 
include the frequency of light propagated through said 
spherical microparticles tunable by controlling the siZe and 
morphology of said spherical microparticles and by control 
ling the relative mass fraction of said polymer-blend mate 
rial. 

5. The structure of claim 1 Wherein said optical properties 
include the spatial control of light propagation through said 
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spherical rnicroparticles tunable by controlling said archi 
tecture of said structure and by controlling said inter-particle 
separation. 

6. The structure of claim 1 Wherein said architecture of 
said structure is tWo-dirnensional. 

7. The structure of claim 1 Wherein said architecture of 
said structure is three-dirnensional. 

8. The structure of claim 1 Wherein said architecture of 
said structure is linear or colurnnar. 

9. The structure of claim 7 Wherein said structure is 
branched. 

10. The structure of claim 1 Wherein said spherical 
rnicroparticles are doped With ionic species to form conduc 
tive Wires. 

11. A method for making photonic polrner-blend struc 
tures having tunable optical and mechanical properties corn 
prising the steps of: 

a) providing an aqueous polyrner-blend solution cornpris 
ing a relative mass fraction of polyethylene glycol and 
polyvinyl alcohol Wherein said solution having a suf 
?cient Water and polymer blend ratio to form polyrner 
blend spherical rnicroparticles having speci?c proper 
ties and morphology to enable said rnicroparticles to 
partially merge in a sequential attachment with one 
another to form an inter-particle bond having an inter 
particle separation Wherein said speci?c properties and 
morphology of said rnicroparticles tune said inter 
particle separation and Wherein said speci?c properties 
and morphology of said spherical rnicroparticles pro 
duce a desired photonic polyrner-blend structure hav 
ing a desired architecture; 
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b) injecting said aqueous polyrner-blend solution into a 
particle focusing device at a sufficient rate so to form 

individual droplets of solution; 

c) controlling said parameters of said particle focusing 
device to alloW said droplets to be spatially focused and 
guided through said particle focusing device to form 
spherical rnicroparticles partially merged in a sequen 
tial attachment in an inter-particle bond With one 
another and having a tuned inter-particle separation; 
and 

d) depositing said spherical rnicroparticles in a precise 
placement on a collection device forming a desired 
architecture of said photonic polyrner-blend structure. 

12. The method of claim 11 Wherein said polyethylene 
glycol and said polyvinyl alcohol is in a 4:1 mass ratio. 

13. The method of claim 11 Wherein hornogeneous poly 
rner-blend spherical rnicroparticles are formed having diarn 
eters ranging from 1-10 urn. 

14. The method of claim 11 Wherein said inter-particle 
separation is tuned by adjusting said relative mass fraction 
of said polyrner-blend material. 

15. The method of claim 11 Wherein said aqueous poly 
rner-blend solution further comprises an ionic species. 

16. The method of claim 11 Wherein said particle focusing 
device is an electric quadrupole. 


