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Diffraction in crystalline colloidal-array photonic crystals
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We characterized the diffraction and crystal structure of a crystalline colloidal @@#) photonic crystal
composed of 270 nm diameter polystyrene spheres which have a nearest neighbor spa&ig ofm. This
CCA diffracts light in first order at=1200 nm and shows strong diffraction in the visible spectral region from
higher order planes. We quantitatively examined the relative diffraction intensities of the putati@l fic
(200), (220), and(311) planes. Comparing these intensities to those calculated theoretically we find that the
crystal structure is fcc with significant stacking faults. Essentially, no light transmits at the Bragg angle for the
fcc (111 planes even through thin40 um thick CCA. However, much of this light is diffusely scattered
about the Bragg angle due to crystal imperfections. Significant transmission occurs from thin samples oriented
at the Bragg condition for the fc200), (220), and(311) planes. We also observe moderately intense two-
dimensional diffraction from the first few layers at the crystal surfaces. We also examined the sample thickness
dependence of diffraction from CCA photonic crystals prepared fraf20 nm polystyrene spheres whose fcc
(111 planes diffract in the visible spectral region. These experimental observations, aided by calculations
based upon a simple but flexible model of light scattering from an arbitrary collection of colloidal spheres,
make clear that fabrication of three-dimensional photonic band gap crystals will be challenged by crystal

imperfections.
DOI: 10.1103/PhysReVvE.69.066619 PACS nuni®erd2.25.Dd, 82.70.Dd, 78.67n, 61.72.Nn
[. INTRODUCTION fabricated, as far as we know, that has been shown to possess

& complete band gap in the visible or near-IR spectral re-
gions. Some previous attempts to fabricate systems that
slightly approximate PBGC in the visible spectral region

full three-dimensional PBGC would not possess eigenmodel@Vve utilized inverse opal structures, where close packed

for the propagation of electromagnetic radiation within a depolym_eq sphere r?rrays were for(;n_ed.hHigh refractive index
fined spectral interval. Thus, light within this interval could Materials were then incorporated in the interstigb$-14.

not propagate in the material. These materials would not supth€ close packed polymer spheres were then vaporized to
port spontaneous emission events such as fluorescendg@'™M an air sphere lattice with a high refractive index con-

PBGC materials could significantly impact areas of optoelecirast: These structures were not expected to show three-
tronics, laser design, and telecommunications. dimensional band gaps; they showed one-dimensional band

PBGC consist of periodic dielectric structures, which ared2Ps similar to those previously observed for crystalline col-
P @ldal array(CCA) photonic crystal§17-3(Q.

designed to create an optical band gap. The earliest PBG X S ;
demonstrated were in the microwave region where periodi%.ﬁ-rhetre IS an e>t<_ten5|]ye r:'tffaF“fe W?'?h has ex%lti[]ed thﬁ
structures were machinef8]. The structures required to thl eraucsg)nofrgg/z:;ﬁisng C%||?)i32|c scé%?azssefr:teﬂg(?ri?—s‘}oug
achieve full thre_e-dimensional band gaps have.b.een theore “CAs form when highly charged, monodisperée collbidal
cally W.e” described1-6]. For ex?‘mp'e' in the V'_S'ble SPEC narticles dispersed in very low ionic strength agueous media
tral region a PBGC could be fabricated by creating 6?per'o_d'_@rystallize into cubic array structures. The strong electro-
structure of interpenetrating face centered cubic lattices SiMigiatic interactions between the particles force the colloid to
lar to that of diamond1,4,5. The basis of the lattice would  mjnimize the total system energy by arranging into either a
be spheres of high refractive index and the region betweefhce-centered cubidfcc) or body-centered cubitbce) crys-
Sphel’eS would be filled with a medium of SUff|C|ent|y lower talline array, depending on the particle number density and
refractive index, that the refractive index raf@] would ex-  the strength of the repulsive interactiofis9,20,37. CCA
ceed~2.8. In addition, theoretical calculations SuggeSt thatlattice constants are typ|ca”y on the order Of hundreds Of
PBGC could be fabricated by utilizing more complex peri- nanometers, so the arrays diffract near-UV, visible, and
odic structureg3]. _ . “near-IR light. CCA appear brightly colored and opalescent
Although the theoretical understanding of PBGC materi-hecause of the diffraction of visible light. Our group was the
als has become relatively mature, as yet there is no materigfst to demonstrate the formation of photonic crystals from
CCA [20,22—-24 and we have used these materials to fabri-
cate optical notch filter§20—24, optical switcheg25,26
*Author to whom correspondence should be addressed. FAXand photonic crystal chemical sens§29,2§.

The recent intense interest in the design and fabrication
photonic band gap crystal®BGC stems from the unusual
phenomena that these materials potentially display 3. A

412-624-0588; Email address: asher@pitt.edu CCA photonic crystals diffract light very efficiently; thin
TAlso at Materials Science Division, Indira Gandhi Centre for films <50 um thick attenuate essentially all of the light
Atomic Research, Kalpakkam 603102, India. within the one-dimensional band g&p0]. Recently, we be-
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gan to study CCA with large periodicities, which diffract A
light in the near-IR spectral region. These photonic crystals
not only diffract IR light in first order, but also diffract light
in the visible wavelength region in higher ord@9]. Visible
and UV wavelength light is also diffracted by higher Miller
index CCA crystal planef29]. Experimentally, we find that
these CCA crystals do not appear to transmit visible light at
any propagation angle. This is certainly not because this
CCA is a three-dimension&BD) PBGC, since the refractive
index ratio between the polystyreie=1.6) and the water
medium(1.336 is small and a noninverted fcc structure can-
not form a 3D PBG(4-6). Aperture
In the work here we have thoroughly characterized the
crystal structure of this near-IR diffracting CCA, and exam-
ined its transmission and diffraction. We also examined the
dependence of diffraction on the particle number density and
sample thickness. As we found earlig20], a significant
amount of the incident light is diffusely scattered at angles
close to the diffraction angles. This diffuse scattering results
from crystal imperfections. Aided by computations based on
a simple yet effective model of light scattering from an arbi-
trary collection of colloidal spheres, we discuss the role of
defects on the optical performance of CCA photonic crystals
and challenge the theoretical community to develop further Laser
refined models that incorporate less than perfect crystal
structure§30-33. These models will certainly be necessary
to understand the optical properties of the inevitably less
than perfect, highly defective PBGC which will be fabricated

Sample

Rotation Stage

in the nearest future. FIG. 1. The visible wavelength CCA diffraction measurements
utilized a sample mounted on a rotation stage with an adjustable
Il. EXPERIMENT aperture detector mounted on a rotating arm.
A. Materials

B. Transmission measurements

Highly charged polystyrene colloidal particles with diam-
eters of 118, 119, and 270 nm ar@®% polydispersity were . s
prepared by emulsion polymerization as described elsewhefffrk'n'Elmer A-9 UVivisible/near-IR spectrophotometer.

[34]. The colloids were cleaned by repeated dialysis agains € CQA crystals in their cells were_mc_)unted ona rot_at|0n
stage, in order to measure transmission as a function of

ultrapure water and then shaken with mixed bed ion ex- > .
change resin. Particle sizes were measured by quasielasﬁ‘@gle' 'For some measurgments the quent light was polar-
light scattering and by transmission electron microscopy!Zed with a calcite polarizer mounted in the sample beam
Particle surface charge was measured by titration again&ath'
NaOH to have values of 6600, 7200, and 79 000 charges per
particle for the 118, 119, and 270 nm diameter colloids, re-
spectively. The relative standard deviations in measured Optical diffraction measurements for the visible CCA
charge were estimated to be less than 5%. were made by using the 457 and 488 nm beams from an
CCA that diffracted visible wavelength light in first order argon-ion lasefSpectra Physigs The experimental setup is
at normal incidencévisible CCA) were prepared from the shown in Fig. 1. The CCA samples were mounted on a rota-
118 and 119 nm diameter polystyrene colloids, diluted tation stage. Transmitted and diffracted intensities were mea-
~5-10 % volume fractions in ultrapure water. The CCA thatsured with an energy probe detectlaser probg An adjust-
diffracted near-IR ligh{IR CCA) were made by diluting the able aperture was mounted on the detector arm between the
270 nm diameter colloids to give an8% volume fraction. sample and detector. The aperture diameter was switched
All of the CCA crystals were prepared within cells which between~1.0 mm, to collect only the specularly diffracted
consisted of two quartz disks separated by thin spacers. Onaser beam, and-9.0 mm to collect a scattering angle of
disk had two injection ports drilled into it, through which the ~5.0°,
CCA solution was injected. We utilized 2bm Teflon spac- Transmission and diffraction measurements were made
ers, 40um polyethylene spacers, and 125 and 250um  according to the following procedure. The CCA sample was
parafilm spacers. The surfaces of the quartz plates wen@ounted on a rotation stage with the cell plane normal to the
coated with a hydrophobic polysiloxag8igmacote, Sigma  laser beam. The CCA sample was then rotated both about the
which allowed for even flow of the CCA into the thin cells. vertical axis and the sample plane normal until it met the

Transmission measurements were performed by using a

C. Diffraction measurements of visible CCA
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A The angular diffraction bandwidths for the IR CCA were
measured using a different procedure than for the visible
CCA. We measured relative intensities by placing an energy
: probe detector flush against the paper screen on the exterior
of the water tank at a position corresponding to the maxi-
\ mum diffracted intensity. With the detector location fixed,

Sample - the CCA was rotated about the Bragg angle while the dif-
\ \ : 2D Beams fracted intensity was recorded.

3D Beam

E. Kossel ring measurements

p. The CCA samples were placed in a water tank as de-

s scribed above. The Kossel ring pattefi®,20,35 observed
~/ on the paper screens were photographed by a charge-coupled
device(CCD) camera. The Kossel ring patterns were calcu-
WatedTank lated with a program written uSinNgATHCAD.
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[lI. RESULTS AND DISCUSSION

A. Determination of crystal structure and orientation

We carefully examined the diffraction patterns to deter-
mine the crystal structure and orientation. The crystal struc-
ture was determined from the measured diffraction angles
and from the IR CCA Kossel ring pattertj$9,20,35; the
large lattice constant of the IR CCA allows studies of diffrac-

FIG. 2. Experimental setup for diffraction measurements fromtion in the visible spectral region from higher Miller index
IR CCA. The sample was suspended in a tank of water to minimizdattice planes.
reflections and to avoid correcting the scattered light angles for We determined the longest plane spacings by measuring
refraction. extinction of the CCA sample at normal inciden&ég. 3). A
strong symmetric extinction peak occurs-at200 nm. The

diffraction condition, which was identified by the transmitted CCA IS transmittive down te-700 nm, below which numer-
ous strong extinction features occur. ThR€200 nm extinc-

intensity minimum. Transmitted intensities were then mea-. K blue-shif . v foll o |
sured for both aperture diameters. The diffracted intensitied®" Peak blue-shifts approximately follow Bragg's law as
e CCA sample is rotated off of normal incidence.

were measured by moving the detector arm to the approprf-
ate diffracted beam angles. CCA are reported to form fcc or bec crystal structures

Diffraction bandwidth measurements of the visible CCA [19’20’3-4' We examined this CICA.sampIe to d_etermine
were performed using 8- 26 scan. The sample was rotated whether it was fcc or bee by testing it for Bragg diffraction

in 1.0° increments around the maximum diffraction angle,from higher order fcc gnd b.CC planes. If Fhe crystal were fcc,
and the detector arm was correspondingly rotated in 2.othen the~1200 nm diffraction must derive from the11)
increments, while recording the intensity of the sum of thePlanes. The spacing of any set of fcc plarikl) is related

Argon Laser

diffracted and reflected light. [19] to the crystal lattice constaiatby
a

D. Diffraction measurements of IR CCA O = =7,

\h2 + k2 + |2

The cell containing the CCA was suspended from a rota-

tion stage in the center of a rectangular tank filled with watefyhereh, k, and! are the crystal plane Miller indices. From

(Fig. 2). The CCA cell could also be independently rotatedihe ~1200 nm diffraction peak, we obtain an fcc lattice con-
about the cell normal. Diffracted light from the CCA was stanta=766 nm using Bragg's Law

imaged onto paper screens attached to the exterior of the tank
walls. The diffraction angles were determined geometrically.

Diffraction intensities were usually measured with the IR
CCA cell in the water tank. The diffracted beam was allowed
to transmit through the walls of the tank and the diffractedwhere, is the wavelength in vacuum of the diffracted light,
beam(angular width~1.5X 10 steradiangexiting the tank N is the refractive index of the crystah,=1.359 [19,2Q, d
was collected and focused onto an energy probe to record ifs the spacing of the lattice planes of interest, @gds the
intensity. The intensity was corrected for reflection at theBragg glancing angl€90° herg. The angle between any two
air/glass interface. fcc crystal planes is

Ao = 2ncdpysin(6y),
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TABLE |. Comparison of predicted and measured Bragg diffrac-
tion and scattering angles for each set of fcc lattice planes of the IR
(111) plane CCA. The measured values are estimated to be accurate to +1°.

Higher Miller Index Diffraction

6, (Measured 6, (Measured

Plane d (nm) 6, (Calculated 40 um 125 um
- (111 442.2 24.0 22.7 23.8
U)e 2nd(11) 221.1 54.4 53.0 55.0
o (200 383 28.0 27.4 27.8
i; (220 270.8 41.7 42.0 43.1
g (311 230.9 51.3 52.0 53.0
2 (111) 4422 24.0 24.3 24.1
5 (111) 4422 24.0 23.8 24.7
I
O

from the (110 bcc planes or th€100) or (002) hcp planes.

We found no diffraction for the bcc or hcp planes. Thus, we

L conclude that the IR CCA are, on average, fcc crystals, with

5 no evidence of bcc or hep crystallites.

In addition to confirming diffraction from these higher

T T T T T T Miller index fcc planes, we also measured the angular rela-

400 800 1200 tionships between these planes by first rotating the sample to
Wavelength (nm) the appropriate angle for Bragg diffraction from one set of

planes and then performing a second rotation around the axis

ViSi't:):S .ngérlzlétigggg?rospph%ctgsw:tferc aCsAarTffrz;\cstlijc:ﬁdmcb Yn(?l(sjzr?t ZnLgJI\(/e-snormal {0 the putativ€11l) planes which are parallef to the
The ~1200 nm peak is from the fcl11) planes. The diffraction quartz plates. We exped; symmetry for diffraction from

blue shifts as the sample is rotated. The large peak@i0 nm at tgil(zgi?écgti)zn@’lnaggrgii)t chingzsiﬁon Sro’r[]zqi:‘lnograbvt\)lﬁzrtge
normal incidence derives from a superposition (2D0), (220), [111] ) ! & sy Y

(311), and(222) diffraction peakg29]. The peaks no longer overlap d!ﬁraCt!on .OC.CWS _every 60°. The angular orientation (.)f this
when the sample is rotated off of normal incidence. diffraction is identical to the hexagonal set of the 2D diffrac-

tion beams, as discussed below. This indicates the presence
of stacking faults which rotate the diffraction angle by 60°
hihy + kiko + 1415 about the(111) plane normal.
V(R +1KE+12) - (h3+ K5 + |§)' We also observed two-dimensional diffraction from the
first few crystal planes of the IR CCA, in addition to the 3D
Thus, if the incident beam is normal to tfiEL1) plane of an  diffraction. The hexagonally orderedl1l) planes, which
fcc CCA, diffraction from the(hkl) will be observed if the align parallel to the cell walls give rise to a hexagonal set of

CoOsa =

crystal is rotated by anglg, diffraction spots(Fig. 4). In contrast to 3D diffraction for a
set of planes, which occurs for a single wavelength only for
B=ax(90°-6,), an incident angle that fulfills the Bragg condition, diffraction

_ from a 2D hexagonal array occurs at all incident angles. The
and then the CCA is rotated about the normal to ¢hEl) 2D diffraction cgndition is[%?] g

plane to search for diffraction of théakl) planes.

Table | lists the diffracting fcc crystal planes, their inter- , , 2\
planar spacings, and the calculated and measured Bragg scat- SIn 6y +sin 6, = 3nD’
Y C

tering angles for 488 nm incident beam for 4éh and
125 um thick CCA samples. The observed values @f whereé, is the angle of incidence, is the diffraction angle
agree well with those calculated from Bragg'’s law. The rotan is the system refractive index, amtis the nearest neigh-
tion angles for thg200), (220, and (311) planes are 7.0°, bor particle spacing within the plane. For the case where the
12.7°, and 8.8°, respectively. Because of the similar diffrac2D diffraction comes from th¢l11) plane of an fcc lattice,
tion angles of thg222) [i.e., 2nd(111)] and (311) planes D=a/y2.
(54.4° and 51.3°, respectivglgnd their angular bandwidths, We measured the 2D diffraction pattern in the water tank.
we observed overlapping diffraction from both planes atThe CCA cell was oriented with the line between filling
angles intermediate between the two Bragg angles. holes along the axis of rotation. We translated the sample
To ensure that the CCA did not contain bcc or hexagothrough the beam and observed that the 2D hexagonal pat-
nally close-packedhcp) crystals, we looked for diffraction tern was identically oriented over the entire sample. Thus,
from the higher order bcc and hcp diffracting planes wherehe orientation of the hexagonal sphere packing within the
we assumed that the-1200 nm diffraction peak occurred planes is constant over the entire sample except for stacking
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[01 T]
(022) A
[011]
Exit port A
(220)
o
/ (220) Twin
(222)

o (202)

(b) Twin

(b) Injection pol . .
FIG. 5. (a) CCD image of backward scattered Kossel lines from

FIG. 4. (a) Photograph Showing 2D diffraction spots from an IR CCA, where 488 nm ||ght illuminated the Sample at normal inci-
CCA. A457.9 nm laser beam is incident though a hole in the centeflence.(b) Kossel ring pattern calculated using measured crystal
of a paper screen outside a water tank containing the CCA oriente@a@rameters. The Kossel lines are indexed with[thk] direction
with its (111) planes normal to the beam. The hexagonal pattern ohormal to the page and tH®11] direction vertical. The modeled
spots are created by 2D diffraction from the particles within the firstsixfold symmetry results from fcc crystal twinning.

few layers of the CCA. The star shaped pattern of lines are from ) . . .
Kossel rings(see below. (b) Diagram of cell used to contain CCA  INgS. These Kossel ring patterns give definitive information

samples. The colloid solution was injected and flowed from one@n the crystal structure, lattice parameter, and crystal orien-

injection port out the other. Shear forces along the flow directiontation. _ _
align the CCA. Figure Fa) shows the typical Kossel ring pattern observed

with 488 nm light incident normal to the surface of the CCA

faults. The apices of the 2D diffraction spot hexagon did notell- The central circular ring derives from second-order scat-
occur along the line connecting the filling hoi@&g. 4). This  tering from the(111) fcc planes. Thel1]) ring is not visible
indicates that the shear forces associated with sample floRecause it falls outside the imaged area. The other Kossel
orient the fcc(111) planes. rings result from theg 220} and{3.11} families Qf fcc planes.
Kossel rings occur when defects within a crystal scattefach of these sets of Kossel rings show sixfold symmetry,
some of the incident light, to create a diffuse background@ther than the threefold symmetry expected from an fcc
illumination [19,20,35. Light scattered at angles meeting the Structure. The observed sixfold symmetry correlates with the
Bragg diffraction condition cannot propagate. The locus of€xagonal symmetry observed for the diffraction of the
angles where light may not propagate form the surfaces dfigher Miller index planes, as discussed above.
cones, which when projected onto a flat screen appear as 1"€ observed Kossel ring pattern is very similar to the
dark circles or ellipses against the diffuse light backgroundF@lculated Kossel ring pattern shown in Figbk This pat-
[19,20,35. Each set of diffracting planes gives rise to a set oftern was calculate_d for a t\Nlnned-fc_c c_rystal with the Ia_tt|ce
Kossel rings oriented about an axis normal to the set oparameter determined from the extinction spectra of Fig. 3.
planes. The interior angle of the cone is the complement of Ne crystal orientation was specified by assigning [tHi]
the Bragg angled,. Different crystal structures and lattice direction to be normal to the cell walls, and ff@11] direc-
spacings gives rise to different Kossel ring patterns and spacion to lie along the IR CCA flow direction between filling
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¢ polarization

Stacking of
closest-packed
layers:

2.5
HCP: ABABABAB...

FCC: ABCABCABC... 2

FCC Twin: ABCABCBACBA. ..
1.5

Twin Planes

Lamellar
FCC Twin: ABCABCBACBACHABCABC ...

FIG. 6. Stacking of close-pecked layers to form hcp, fcc, or
twined-fcc crystals. 5

ports. The same patterns were observed for all samples

Shear forces have been reported to orient the hexagonally 0 I I T q I
packed surface layers of colloidal crystf@$]. In these CCA 400 600 800 1000 1200 1400
the observed pattern is consistent with alignment of the fcc

[011] direction along the shear flow. Wavelength (nm)

The observed hexagonal symmetry probably derives from
fcc crystal twinning. In an fcc crystal the closest-packed
(111 layers stack in the ordeABCABC.. (Fig. 6). This
contrasts with the hcp structure in which the close-packe orresponds to normal incidende, is rotated by 35.3°, and is

layers StaCkABAB .- and form FhG(OOQD planes. These Iay- rotated 54.7° from normal. As the CCA is tilted, thELD) diffrac-
ers can stack in other configurations to form a vVaretyion shifts from ~1200 nm to~1000 nm, where it is coincident

of other structures including randomly close-packed strucyith the (200) peak. The broad band at600 nm at normal inci-

tures. One common stacking defect is the twinned fcc crysgence is a superposition of several diffraction peaks fron{pe),

tal, which may be constructed by stacking layers220), and(311) families of planes.

ABCAB CBACBA..., whereC indicates the location of the

twin plane boundary. Crystals containing multiple twin monitor the removal of intensity from the forward scattered

planes are known as lamellar twins and have been observd¢am, while diffraction measurements monitor the intensity
We conclude from the 2D and 3D diffraction and the Ko- @ngle. Most previous reports have focused on transmission

ssel ring data that the CCA samples are twinned fcc crystaldneasurements. However, as we demonstrated eqar

Stacking faults along thgl11] direction create the crystal significant I|ght_|§ also diffusely scattered from_ CC_A crystgl

twins. The alignment of the crystal appears to be determined€fects. In addition, the CCA surface layers give rise to sig-

by the CCA injection shear forces. It is likely that the fluid Nificant 2D diffraction. .

flows as columns of spheres, which when the flow stops, Figure 7 shows the dependence of transmission as a func-

relaxes into hexagonally packed layers. Since crystal growtf{on Of incidence angle for light polarized perpendicular to

nucleates at the surface, the fcc crystal probably grows fronf'® Plané containing the incident light propagation vector

the walls. Previous studig87—4(q indicated that the forma- 2&nd the diffracting plane normal for a 126n thick IR CCA.

tion of twinned crystals is an intermediate step in the growth! "€ sample was oriented with the injection flow direction

of colloidal crystals. However, even after sitting undisturbed[011] along the crystal rotation axis. Rotation of the sample

for as long as one week, we still observe sixfold symmetry ofoy 54.7° from where the incident beam lies parallel to the

3D diffraction spots and the sixfold symmetric Kossel ring [111] direction, to where the incident beam lies parallel to

patterns in these CCA. the [200Q] direction, is equivalent to rotation froi to X in

the fcc Brillouin zone, wherd. corresponds to th¢l11]

direction andX corresponds to thg00] direction (Fig. 7).

The normal incidence transmission spectra in Fig. 7 shows a
We determined the diffraction efficiencies and bandwidthssharp narrow peak at 1200 nm from th&111) planes and a

of these CCA photonic crystals by measurements of thenuch larger broader peak at600 nm, which results from

transmission of the incident beam and by measuring the ineverlapping diffraction from the200}, {220}, and {311

tensity of the diffracted beam. Transmission measurementslanes[29], as well as second-order diffraction from the

FIG. 7. Transmission spectra of 128n thick CCA recorded at
different rotation angles within thie-U-X plane. The incident light
is polarized perpendicular to the incidence plane. Theirection

B. Diffraction efficiencies
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. TABLE Il. Diffraction and transmittance measurements for fcc
SblaizEian (111 plane visible CCA at various particle densities and sample
thicknesses.
Effective
thickness

M1 Thickness Specular only Large aperture (um)
(90°)  t(um) T D T D (Calculated
475 40 0.001 0.748 0.002 0.835

— 495 40 0.003 0.680 0.006 0.776

U,‘C-’ 495 125 0.000 0.725 0.000 0.839

—? 495 250 0.000 0.640 0.000 0.728
510 40 0.010 0.506 0.052 0.631 5.4
525 40 0.004 0.501 0.041 0.622 5.7
525 125 0.000 0.556 0.001 0.704
525 250 0.000 0.547 0.000 0.688
585 40 0.004 0.350 0.054 0.519 51

Ay : 585 125 0.001 0.372 0.003 0.529 5.4
0+ : e 585 250  0.000 0.265 0.001 0.431 4.1
605 40 0.014 0.262 0.079 0.552 4.5
400 660 BCI)O 10'00 12'00 14'00 605 125 0.004 0.270 0.010 0.597 4.6

605 250 0.000 0.535 0.001 0.792 10.3

Wavelength (nm)

FIG. 8. Transmission spectra from the same 125 nm CCA
sample, as in Fig. 7, also with perpendicularly polarized light, but
the CCA is rotated in thé&-W-U plane. The(111) diffraction peak
rotates similarly, but diffraction from the higher order planes is

! ekt TABLE Ill. Diffraction intensity measurements for IR CCA
weaker, allowing some individual peaks to be resolved.

samples of various thicknesses for 488 nm incident light.

(111) planes. Diffraction from the higher index planes only

S . . Total
overIa}p when the beam is incident along_tl:le_al] direction. Sample FCe Bragg  in-plane 2D
Rotating the crystal away from normal incidence removeshickness  lattice diffraction  diffraction
the overlap[29]. The resulting peaks shift towards longer (,m) plane  Transmittance efficiency efficiency
and shorter wavelengths, which effectively broadens the dif
fraction to cover the entire visible spectral region. 25 (113 0.000 0.497 0.020

Rotation of the sample blue shifts thi#1l) diffraction 2nd1119) 0.308 0.178 0.034
peak as expected from Bragg's law. We measured transmis- (200) 0.135 0.076 0.030
sion as the sample was rotated betwé&ew-U in the Bril- (220 0.193 0.38 0.012
louin zone(Fig. 8). This was accomplished by rotating the 311) 0.200 0.26 0017
sample 30° about thfl11] direction, followed by rotating ’ : ’
the sample in th&-W-U plane. There is less extinction in the 40 (1 0.010 0515 0.022
visible region when the CCA is oriented in this plane be- 2nq(11Y) 0.000 0.053 0.027
cause fewer of the high index planes are poised to diffract (200 0.077 0.045 0.036
the incident light. This is in contrast to the rotation within the (220 0.120 0.014 0.026
L-X plane, which brings all the higher Miller index diffrac- (311 0.099 0.013 0.050
tion planes into position to diffract. The visible wavelength 155 (111) 0.000 0.454 0.019
transmission is decreased compared to that in Fig. 7. 2nd(111) 0.019 0.034 0.012

V\I_e mea}s_ured_ the thlckn_ess dependence of the CCA_ dif- (200 0.001 0.006 0013
fraction efficiencies by rotating the crystal such that particu-
lar planes met the diffraction condition. We then measured (220 0.000 0.009 0.005
for 488 nm light both the transmitted and diffracted intensity (31 0.0000 0.012 0.006
as well as the intensity of the 2D diffraction within the scat- 250 (111 0.000 0.490 0.007
tering plane. Tables Il and Il indicate that when the CCA 2nd111) 0.000 0.088 0.008
crystal is oriented such that tii@11) Bragg diffraction con- (220 0.000 0.030 0.000
dition is met, the transmission is essentially zero even for the (312 0.000 0.030 0.004

25 um thick samples[~56 (111) layery. Although the
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transmission is essentially zero, the total detected intensity o x10°
the 2D and 3D diffracted light for the apparently specularly
diffracted bean{1.5x 10 sr) is only about half the incident
intensity. The diffracted efficiency of thelll) planes is 7 ad

~50% and is essentially independent of CCA thickness
(Table Ill). Since absorption does not occur, the remainder of g5
the light must be scattered to other angles; significant diffuse
diffraction is evident at angles close to the Bragg angle. ;

The higher index(222), (200), (220), and (311) planes N 7
show essentially zero transmission of 488 nm light for the
250 and 125um thick CCA. However, the transmission in- .54
creases to 10-30% for the 40m and 25um thickness
CCA. We see less than 10% diffraction from these higher
order planes. Thus, the higher order planes show even mor
diffusely scattered intensities. This is visually evident from
the diffuse halo around the Bragg diffracted beams.

The different CCA have different particle humber densi-
ties, which result in different Bragg diffracted wavelengths FIG. 9. Spherical surface map shows the efficiency of scattering
for normally incident light.\,;, is the wavelength of light from crystalline colloidal arrayéCCA). Direction of incident light
diffracted by the (111) planes. The sample with\;; is indicated by the arrow, while the direction of light scattered by
=475 nm has a sufficient bandwidth that it also diffracts nor-Several planes is shown via lines ending with. The crystal was
mally incident 488 nm lightT is the fraction of incident rotated about the axis to achieve diffraction by different planes.
light transmitted at the Bragg conditiob. is the fraction of
incident light diffracted by the CCA at the Bragg condition. This diffuse scattering must arise from phonons or imperfec-

We examined the diffractions from CCA which have tions in the crystal ordering.
smaller nearest neighbor spacir@able Il). Since we expect The thick crystal limit of DDT is defined by Zachariasen
that much of the diffuse scattering will derive from phonon as the regime wherd> 1, whereA is defined as
modes, a decrease in the nearest neighbor spacings should
result in a deeper potential energy well for each lattice site - M
and smaller rms displacements of particles in the fcc lattice. A sin(6p) '
This should result in an increased diffraction efficiency. This
expectation is consistent with the results seen in Table Il
which shows the dependence of transmission and diffractio
of 488 nm light for CCA samples of different particle densi-
ties and sample thicknesses. Negligible transmission occu
for the (111) plane diffraction condition even for 40m
CCA thicknesses. As observed for the IR CCA, the diffrac-
tion efficiencies are significantly below 100%. Although 167maG
there is some variation with sample thickness, which may be h=
related to changes in defect densities, the efficiency increases
monotonically as the nearest neighbor spacing decreasegherea is the CCA lattice constanG is a scattering factor,
75% of the incident intensity is diffracted for the CCA which and « is the polarizability of a colloidal sphef&0:

where K is a polarization factor equal to unity when the
incident beam is polarized perpendicular to the scattering
Blane,nc is the refractive index of the crystdljs the crystal
thickness)\ is the incident wavelength in aié, is the Bragg
rgﬁancing angle, angy, is the Fourier coefficient for the set of
diffracting planesi, can be described as

as

diffracts 475 nm light at normal incidence. An increase in the (M- 1)
detector aperture increases the measured diffraction intensity, a= r3.
indicating that much of the diffusely scattered light is scat- 3

tered about the Bragg angle. m is the ratio of the particle refractive index to medium

(waten refractive index, anah,/n,, andr is the particle ra-
C. Dynamical diffraction theory (DDT) ([j:i]scla:?sf particles in the Rayleigh-Gans scattering regime
Previous attempts to theoretically model diffraction of ,
CCA have mainly utilized dynamical diffraction theory
(DDT) [20,41-43. Assuming a perfect lattice, all of the
CCAs discussed here should be in the thick crystal limit of h . tteri . ter-
DDT. In this limit all incident light meeting the Bragg con- WNE€U 1S a scatlering size parameter:
dition should be diffracted. Tables Il and Il clearly show that 27 Desind,
this is not the case. Since no absorption of light occurs, any u= N
light that is not diffracted must be diffusely scattered. Evi-
dence for diffuse scattering includes the increased intensitwhereDy is the particle diameten, is the crystal refractive
observed as the detector aperture is increg3edble Il1). index

3
G=—(sinu—-u cosu),
u
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FIG. 11. Diffraction intensity from(200), (220), and (311
FIG. 10. Dependence of the diffraction intensity from (@880,  pjanes relative to that from th@11) plane as a function of number
(220, and(311) planes on the percentage of stacking faults for aof |ayers between two stacking fault locations. Calculations were
CCA containing 60 layers stacked alongvith 250X 240 particles  performed for two stacking faults which were randomly placed in-

in each layer. The value plotted is the average intensity ratio relativgjge 60 (111) layers, and then repeated for 400 different
to the intensity diffracted by thel1l) planes. The average values configurations.

were calculated by averaging the effect of 400 possible configura-
tions of the indicated number of stacking faults. The triangles indi-

cate the diffraction from a random stacked CCA. cies from the higher Miller index planes are even smaller

than that of thg111) planes, even though the structure fac-

tors are identicaJ19].
Ne=Npp + (1 = ), The validity of using dynamical diffraction theory to ex-
plain the diffraction properties of colloidal crystals was dis-
cussed recently by Mittlemaet al. [43]. These researchers
found parallels between dynamical diffraction theory and the
scalar wave approximation used to calculate the diffraction
properties of photonic crystal materials. They found rela-
tively good agreement between the calculated and measured

: ot diffraction bandwidths, but also found that the measured dif-

sifAVy? - 1] fraction efficiencies are much lower than predicted.

wheren, andn,, are the refractive indices of polystyrene and
water, respectively, ang is the particle volume fraction.

We calculated the effective crystal thicknesg&able II)
by determining the values f@k from the DDT expression for
Bragg case for diffracted power from a crystal:

P72 -1 +sifAVy - 1]

wherey at Bragg condition is related to the angle and crystal ~ D- Single particle coherent Mie scattering calculation

parameters by of diffraction efficiency
Recently, we directly calculated the diffraction efficien-
(1__b>¢ cies of CCA in the kinematic limit, where we include the
o\ 2 0 Mie scattering amplitudes of the colloidal particles directly
y= \*"HK|¢h| ' [44]. We calculated the diffraction efficiencies by summing

the scattering of each of the individual colloidal spheres to-

b is the ratio of direction cosines for the incident and dif- 9ether with their corresponding phase factors. Our method,
fracted beamg-1 in this casgand ¢, describes the ampli- Which has some similarity to that of Ames al. [45], will be

tude of the refractive index modulation: presented in detail elsewhere.
The difference between our approach and that of Astos
A% al. [45] is that we calculated the integrated diffraction effi-
o= )" 1. ciencies for finite crystals. Our calculations indicéss we
W

will report in a forthcoming papéthat for finite crystals the
As indicated in Table Il these equations predict muchshape and angular width of the Bragg diffraction peaks dif-
higher (111) diffraction efficiencies than are observed. For fers for diffraction from different crystal planes.
example, for the 525 nm diffracting CCA in Table Il we  The scattering amplitudes for the individual spheres were
calculate that the diffraction intensity experimentally ob- calculated exactly from Mie theorj42]. These calculations
served should result from only 3@11) polystyrene layers in  neglect both the extinction of the incident light propagating
water, a sample thickness of only5.7 um. This clearly through the crystal and multiple scattering. Although these
indicates that the CCA diffraction efficiency is degraded byapproximations are likely to cause significant errors in the
CCA disorder. Table Il indicates that the diffraction efficien- calculation of the absolute diffraction intensities, they are
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FIG. 12. Diffraction bandwidths of visible CCA that diffracts FIG. 13. Diffraction bandwidths from visible CCA that diffracts
~500 nm light at normal incidence. The sample was rotated~525 nm light at normal incidence. The sample was rotated
through the Bragg angle. Intensities were measured by moving thénrough the Bragg angle and intensities were measured by rotating
detector along with the rotating sample. Listed bandwidth angleshe detector along with the sample.

are within the crystal and have been corrected for refraction. )
angular dependence would not occur for scattering from

likely to predict well the relative diffraction efficiencies of spheres much smaller than the wavelength of light.
different Miller index planes. The diffraction of these poly- From Mie theory we calculated single sphere diffraction
styrene colloids in water actually occurs in the dynamicalintensity ratios for the diffraction directions from tki&11),
diffraction limit, which means that extinction is significant. (222, (200), (220), and(311) planes of 1, 0.02, 0.75, 0.18,
The diffraction efficiencies of the different Miller index and 0.04, respectively. We also calculated the scattering in-
planes for perfect crystals are expected to differ mainly betensities of a CCA consisting of 6QL11) layers stacked
cause of the differences in the single sphere scattering factoedong thez axis, each of which consists of 25®40 colloi-
at the different diffraction angles. We also expect significantdal particles in theX,Y plane with a lattice spacing, sphere
alterations in the diffraction of different Miller index planes size and refractive index difference identical to that or our
due to the presence of stacking faults along the normal to thexperimentally measured IR CCA. For 488 nm incident light
(111) planes. onto a perfect crystal we calculated diffraction efficiency ra-
Figure 9 shows a 3D plot of the calculated CCA scatteringtios for the(111), (222), (200), (220), and(311) planes of 1,
intensity for the geometry corresponding to the experimenta0.01, 0.60, 0.28, and 0.04, respectively. The differences in
measurements of Table Ill. Incident light propagates upwardliffraction efficiencies derive mainly from the differences in
along thez direction and is shown by the line ending with an the single sphere scattering factors.
arrow. The diffraction directions from th@11), (200), (220, We investigated the impact of stacking faults on the dif-
(311), and (222 planes are shown by lines ending witls.  fraction efficiencies from different crystal planes by calculat-
[the diffraction direction from(222) plane is the same as the ing the average diffraction intensity as a function of the per-
second-order diffraction direction from th@ll) plang. centage of stacking faultd=ig. 10. A percentage stacking
Only the azimuthal angle of the diffraction direction is fault of zero corresponds to a perfect fcc crystal. Diffraction
shown in Fig. 9 for simplicity. The crystal requires rotation intensities from thg111) and(222) planes are, as expected,
about thez axis to orient each of the planes for diffraction. unaffected by stacking faults. In contrast, the diffraction ef-
The shading of the scattering sphere surface indicates tHeciencies from the(200), (220), and (311) planes dramati-
intensity scattered at each scattering angle. The white at theally decrease with the number of stacking faults. The impact
top pole indicates a strong bias towards forward scatteringof a stacking fault depends strongly on its location. For ex-
Thus, CCA photonic crystals are expected to show a largample, a single stacking fault located in the middle of the
angular dependence of the diffraction efficiency. This strongrystal reduces the diffraction efficiencies by more than two-
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EIG. 14. Diffraction bandwidth measurements of visible CCA  FIG. 15. Diffraction bandwidth measurements for visible CCA
that diffracts~585 nm at normal incidence. The rising background that diffracts~605 nm light at normal incidence. Significant con-
is caused by an increased reflectance from the cell surfaces as tHiutions from reflectance create a rising background.
angle of incidence increases. This is most pronounced in thed0
sample because it attenuates less light, allowing more contribution€CA. Figure 11 plots the ratios of diffraction intensities for
from the rear surface reflections. the (200), (220), and (311) planes relative to the diffracted
intensity from the(111) plane for each of 400 possible loca-
tions of two randomly placed stacking faults within the 60
(111) layers. As the absicca we use the number of layers

fold. Figure 10 plots the average diffraction intensity calcu-
lated from 400 randomly selected stacking fault configura
tions. In the case of a single stacking fault only 60, "~ :
configurations are possible. Fo% two faults?>659 config)L/l- (which could be o, B, o_rC type) betwgen the two stacking
rations occur, etc. faults_. When we have just twq stacklng_faults, our crystal

These(111) plane stacking faults affect the diffraction of consists of three segments with the middle part between
different Miller index planes differently. For example, there Stacking faults of typg¢ACB...), and the outer two parts are
is a larger average impact on the diffraction of #280) of type (ABC...). We see that by using the number of layers
plane than on th&220) plane; diffraction from the(200) between stacking faults as a plotting parameter for Xhe
planes decreases faster as the number of stacking faults iaxis, we calculate multiple values for the diffracted intensity
creases. For a small number of stacking faults we expedatio depending on the site of the stacking faults. This shows
wide variations in the measured intensities of actual crystalthat diffracted intensities depend strongly on both the num-
due to variations in the stacking fault locations. This is theber of layers between the faults and the exact locations of the
likely explanation for the significant variation in the relative faults inside the crystal. Two stacking faults within 60 layers
intensity values diffracted by thé200), (220), and (311)  correspond to 3.33% of stacking faults. We take the average
planes as displayed in Table III. of all diffracted intensities from thé200), (220), and (311)

We also calculated the diffraction intensities for a CCA planes from Fig. 11 to obtain the average value of intensities
with complete random stacking of tki@ll) planes. The dif- for 3.33% of stacking faults and plot this single value in Fig.
fraction ratios for th&111), (200), (220), and(311) planes in  10.

a random stacked CCA were calculated to be 1, 0.0131, Stacking fault disorder is probably responsible for most of
0.0165, and 0.0009, respectively. These values are indicateéte losses in diffraction efficiency of the higher Miller index
by triangles in Fig. 10. Again, this random stacking does noplanes. A stacking fault removes particles from the higher
impact the diffraction efficiencies of the€lll) and (222)  order planes which decreases the dielectric constant modula-
planes. tion.

The diffracted intensity from these planes crucially de- Figure 11 shows that th€00) diffraction intensity ratio
pends on the exact location of the stacking faults within themaximizes for every three layers added between two stack-
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(111) (222) (311) TABLE IV. Measured and calculated angular diffraction band-
widths for the visible CCA.
N1 Angular bandwidth
40m Thickness
(90°) (pem) Measured Calculated
A A Thick Intermediate
crystal limit  crystal limit
500 40 7.9
i 125 7.4 8.40 11.64
2 125um 250 8.6
g 525 40 4.0
- oo e R 125 4.1 4.81 8.00
250 4.0
585 40 3.6
125 2.6 2.95 7.01
250 2.3
250 pm 605 40 1.9
20 a0 0 1o 20 2 0 o 1 2 || 40 0 f0 22 125 2.4 2.68 7.10
Rotation Angle (deg) 250 1.5

FIG. 16. Angular bandwidth measurements of fcc diffraction for
IR CCA. The data shown are the relative intensity as a function of Dynamical diffraction theory predicts that the angular full
rotation angle away from the maximum diffraction angle for the width at half maximum value in the thick crystal limit is
(111), (222), and(311) sets of planes for different thickness CCA \y,=|Ky|/\b sin(26,). We find that the measured angular
samples. bandwidths are very close to those predicted in the thick

crystal limit (as seen in Table 1)/ in contrast to the fact that

ing faults. For a perfect fcc crystal, the ratio is 0.6. The ratiothe measured diffraction intensities are much smaller than
decreases to 0.25 when a single layer is introduced betweehose expected theoretically, as discussed above. The effec-
two stacking faults. It varies between 0.2 and 0.45 for twotive thicknesses determined from the diffraction intensity
layers and maximizes at 0.55 for three layers and then demeasurements were used to calculate the angular bandwidths
creases to 0.26 for four layers. This behavior results from théy using the DDT equations for the intermediate crystal
phase factor introduced by the planes added between twihickness regime. The bandwidth in the intermediate thick-
stacking faults. ness limit is

: ) , 0012 4\
E. Diffraction bandwidths Wy = 3 W
g b

We measured the angular diffraction bandwiditfisll
width at half maximumfor the visible and IR CCA samples As seen in Table IV, bandwidths calculated using this
by measuring the angular dependence of the intensities of theethod are larger than those experimentally measured.
diffracted beam, rather than by measuring white light trans-  Angular bandwidths for diffraction from thgl11), (222),
mission spectra. This allows us to directly separate diffracand (311) fcc planes of the IR CCA were measured for
tion from attenuation of the incident beam by diffuse scattersamples of various thicknesséSig. 16, Table V. As indi-
ing. This also permits measurements of diffraction evercated in Table V the bandwidths predicted by DDT for the
when different sets of planes diffract the incident light simul-thick crystal case are generally larger than those observed.
taneously. The bandwidths of th¢111) and(311) diffraction spots in-

Figures 12—-15 show the results of the angular bandwidth
measurements for the visible CCA, while Fig. 16 shows  1aBLE V. Calculated and measured diffraction angular band-
similar measurements for the IR CCA. The angles listed argigihs from IR CCA.
within the CCA and have been corrected for refraction. The

intensities include both the diffracted light and reflectionspigne (111) (deg  Second(11l) (deg  (311) (deg
from the cell surfaces. The solid lines are Gaussian fits to the

data points. The rising backgrounds in the more diluteCalculated 5.86 3.32 3.27
sampleqFigs. 14 and 1pare caused by increased reflection 40 um 1.24 1.59 1.62
intensities at the large incident angles. Table 1V lists the meat 25 ;m 1.52 1.25 1.63
sured bandwidths from the curve fits along with the band-gg um 1.67 1.22 1.78

widths calculated using dynamical diffraction theory.
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crease with sample thickness, but the width of the secondaults in the layering of th€111) crystal planes, were seen in
order (111) diffraction decreased. It is surprising that the all IR CCA samples. The twinning stacking faults occur
bandwidth of thg111) and second111) sets of planes would along the normal to th€l11) planes. These stacking faults
have opposite trends. have little impact on the diffraction efficiency of th@11)

The measured bandwidths were determined from Gausglanes but dramatically decrease the diffraction efficiency of
ian curve fits to the angular intensity measuremérigs.  the higher order Miller indices planes. We measured the op-
12-15. Bandwidths from the visible CCATable IV) were tical transmission and diffraction properties of these CCA
calculated using dynamical diffraction theory for both theand found that, although little light is transmitted at a variety
thick crystal limit and for the intermediate crystal limit using of angles, only a fraction of that light is diffracted into a
the effective thickness values from Table II. narrow beam.

Bandwidths from IR CCA(Table V) were calculated us- The direction in which the CCA flowed into the sample

ing dynamical diffraction theory in the thick crystal limit, chamber was found to orient the crystal along fB&1] di-

and were measured by fitting Gaussian profiles to the plots Qfction. These structural findings may have use in PBGC
relative intensity seen in Fig. 16. fabrication since oriented single crystals can be manufac-

The diffraction bandwidth should decrease as more planeg,req by flowing the CCA sample.

are sampled by the incoming light. The too large bandwidths  \ye attempted to model the diffraction of these CCA using

calculated for the intermediate thickness casable IV) in- gynamical diffraction theory and using single-particle coher-

dicates that the actual thickness sampled is much larger thatht mie scattering theory. The diffraction bandwidths pre-

that assumed in that calculation. Hence, this crystal diffractgjicteq by DDT match the experimental results reasonably
in the dynamical diffraction thick crystal limit. The Table V' ye|| put the measured diffraction intensities are much lower.
IR crystal diffraction show bandwidths that_are more than ape glso investigated the stacking fault dependence of the
factor of two narrower than those theoretically calculatedyg|ative diffracted intensities from different crystal planes.

This may result from an increase in defects in the IR CCAThe |ack of better agreement results mainly from a lack of

over the visible wavelength CCA. crystal perfection, evidenced by stacking faults that create
the crystal twins. We also observe significant intensities of
IV. CONCLUSIONS diffuse scattering which derives from other defects.

We have examined the optical diffraction from photonic
crystal CCA of 119 nm diameter polystyrene colloid diffract-
ing between 500 and 600 nm, as well as IR CCA of 270 nm We wish to thank Chad Reese and Dr. Guisheng Pan for
polystyrene colloid whose lattice constant is large enougftolloid synthesis and characterization. This work was sup-
(~766 nm to allow observation of diffraction from higher ported by the Defense Advanced Research Projects Admin-
order Miller index planes. The structure of these CCA, whichistration (Grant Nos. DAAG 55-98-1-0025 and DAAD 16-
were determined using Kossel ring analysis and througl®99-C-1036, the Office of Naval ResearcliGrant No.
measurements of the diffraction spot angles, was found to bR00014-94-1-0592 NIH Grant Nos. DK55348 and
twinned-fcc in all cases. Crystal twins, attributed to stackingGM58821, and NSF Grant No. EE C008 5480 to R.D.C.
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