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Impurity modes in the optical stop bands of doped colloidal crystals
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Colloidal suspensions of charged polystyrene microspheres can self-organize into colloidal crystals, provid-
ing a three-dimensional periodic dielectric medium suitable for the study of photonic band structure effects in
the infrared, near-infrared, and visible wavelength regimes. Light propagation along any particular direction in
such a system displays bands of frequencies for which the propagation of light is strongly inhibited. Substi-
tutional doping of these colloidal crystals with scatterers of slightly different size or different dielectric strength
introduces optical disorder into these crystals which is manifested by the appearance of impurity modes within
the optical stop bands. These defect modes can be tuned by appropriate selection of the defect volume and the
dielectric constants of the dopants. Widening of optical stop bands with increasing impurity peak heights was
observed in the doped crysta]§$0163-18206)02644-9

Electromagnetic wave propagation in an extended peri- Self-organizing colloidal crystal systems provide a means
odic dielectric medium, a so-called photonic crystal, can beof achieving periodic dielectric structures with feature sizes
strongly inhibited for a certain frequency range, along anycomparable to optical wavelengttsEor example, colloidal
direction exhibiting dielectric periodicity. A structure with a suspensions of polystyre®9 microspheres in water can
periodic arrangement of high and low dielectric regionsbe made to crystallize in either fcc or bcc lattices by control-
which forbids light propagation in all directions, in a finite ling the volume fraction of solids in suspension. This system
band of frequencies, for all polarizations, is called a photonigloes not possess a full PBG owing to the relatively low
band gap (PBG crystal. Since the idea of a three- dielectric contrast between polystyrene and water
dimensional3D) PBG crystal was proposéd,vigorous ac-  (€ontrast1.44. However, optical stop bands with several or-
tivity in the field has uncovered many structures which dis-ders of magnitude attenuation in the transmission coefficient
play a full PBG3* PBG materials promise numerous have been observed, and the photonic band structure of PS
potential applicationd, some of which have already been fcc colloidal (_:rystals has been extensively st_udH%%f.These
hamessed in the form of high efficiency microwave self-assembling structures do not necessitate the use of

antenna$.Many of the projected optical regime applications glaboratg microfabrication te_chniques, ma}king them intgre_st-
y bro) P g bp ng candidates for study of light propagation in 3D periodic

involve the suppression of spontaneous emission which Wi||dielectric media at infrared, near-infrared, and visible wave-
lead to more efficient solid-state devicesRecently, 3D ! '

. . . . . lengths. Doping the colloidal crystals, with either PS micro-
metallic’ gnd_l?wetzillodlelectrﬁc PIBGt_mate_rlals,_ V;'tr;] mmrg- spheres of smaller or larger diameter than those in the host or
:‘,;z\r/ii;gd milimeter wave applications in mind, have eer]ﬂicrospheres of a material with different dielectric constant,

introduces optical disorder in the system, leading to the ap-
The application of photonic crystals will be enhanced bypearance of Fi)mpurity states. y g P

“doping” them with impurities to generate defect stafes’ The colloidal crystals under investigation were prepared
The addition or removal of high dielectric material from an by diluting suspensions of charged PS microspheres to the
existing PBG structure is analogous to the addition of donog,ojume fraction calculated to yield the desired lattice param-
or acceptor impurities in the semiconductor case. If incorpoeter. The typical microsphere diameters were between 0.100
rated into semiconductor lasers, PBG materials can suppreagid 0.25Qum, with a typical standard deviation of 4% in the
spontaneous emission, leading to a thresholdless laser, whidkameter'® The required amount impurity microsphere sus-
a defect mode could be created to allow passage of thpension was added to the starting solution in the case of
stimulated emission. A higl® single-mode cavity could be doped samples. The maximum impurity microsphere number
created by the introduction of a local defect in a PBGfraction (fraction of the total number of microsphejesas
structure’ 10%. The PS microspheres have negatively charged end
The scale invariance of Maxwell’s equations indicatesgroups and positively charged counterions forming an elec-
that in order to obtain a complete PBG in the optical regimefrical double layer. Stray ions, which effectively screen the
one needs to scale down prospective structures until a dielecharged microspheres, are also present in the solution. Tum-
tric periodicity over distances comparable to optical wave-bling the solution with mixed bed ion exchange resin leads to
lengths is achieved. 3D PBG crystals with lattice parametera reduction in stray ion concentration. This promotes inter-
approaching hundreds of micrometers have been fabricatedjicrosphere interaction, precipitating a phase transition into
ways of miniaturizing these crystals further have been sugan ordered state. The crystal structure is fcc for the range of
gested, and there is a growing recognition that the opticamicrosphere volume fractions used. At the onset of crystal-
regime may best be approached by employing self-orderingization, the milky white colloidal suspension turns irrides-
materials® cent owing to Bragg diffraction of light off the various crys-
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10° , . : The position of the impurity peak in Fig. 1 is different for
= — — _ the two different impyrity “s}rengths.” The dono'r impurity
3 § 4, =0.200 um Silica (0.2144um P9 peak is relatively closer to the high-energy
= | ——d,=0214;mPS | edge (“water” or “conduction” band edge of the optical
§ 107 | E stop band, while the acceptor impurit@.200um silica)
ot AcceRtOf__‘,o%. peaks is closer to the low-energy ed@olystyrene” or
2 meuTy @ 0@ “valence-band” edge The impurity strength can be
R Vil Donor..._ changed either by changing the relative impurity size or by
£ /» % v\ "“P“"‘V\QOO.O changing the impurity refractive index. Colloidal crystals of-
§ Polystyrene | 11}]  Water or 0.0.0 fer some flexibility in achieving variation of impurity sizes,
= g;r:f!'::;: g B‘;:;“;g:‘;" eoeoe either by changing the impurity microsphere diameter, keep-
10 200 — 0 200 ing the lattice parameter and the host microsphere diameter

fixed, or by keeping the diameter of the impurity fixed and
scaling down the lattice parameter of the host. However, to

FIG. 1. Near-infrared transmission spectra. The dotted curve is &Ompafe the tranfsmission through crystalsf with different Ia_t-
transmission spectrum for an undoped polystyréR® colloidal tice p_arameters, it is necessary to normalize t.he frequencies
crystal of lattice parameter=0.580 um and host microsphere di- 0 Units of the speed of light divided by the lattice parameter

ameterd=0.173m. The plain solid curve and the solid curve with (€/&). _ o _
open circles show the spectra for crystals doped with 0260- Two factors complicate the determination of the lattice

silica (2% number fractionand 0.214xm polystyreng10% num-  parameter for the doped crystals. First, the crystal formed
ber fraction, respectively. The polystyrene and the water bandin the thin working region of the cell, undergoes an apparent
edges are also shown. The insets elucidate the notion of an acceptontraction in the lattice parameter by a factor of 0.92
and a donor impurity for this system if PS microspheres of different+0.02 from that expected from purely volume fraction de-
diameters are used as dopants. termination. This was determined by comparing the lattice
tal planes formed near the walls of the sample vials. At thisoaramefter obtalged spectroscopmally from the. transmission
stage, the exact volume fraction of this solution was detercUrVes foran un oped _crystal with the one qbtz_:uned from the
mined by weighing a portion of the dried suspension. Th gasured vo!ume frgctlon. From the transmlsspn spectra ob-
solution was injected into specially fabricated cells whicht@ined at various points on the crystal, we believe that the
have a thin working region 0.5 mm) surrounded by a actual lattice parameter fluctgates by 3% across the crystal
reservoir for the colloidal suspension. The fdd1) planes (710 mm. Therefore the lattice parameter at the scanning
site needs to be extracted spectroscopically. Second, as seen

preferentially orient parallel to the glass windows of the:

crystal cell, which facilitates the crystal alignment for trans-In Fig- 1, there is a conspicuous widening of the doped op-

mission measurements. Formation of mm-size single crystai&c@l stop band which may not be symmetric. The method of
is promoted by shear annealit® which involves rocking extraction of the Iattlcg p'arametar frpm thg transmission
these crystals about an axis perpendicular to ¢hil) spectrum addresses this issue, and is outlined b_elo_w. N
planes, with a peak-to-peak amplitude of 60° at a frequency The lattice parameter is re':Iated to the transmission mini-
of about 45 Hz. The quality and orientation of the crystals™Um wavelength\, by Bragg's law
was confirmed by using the Kossel line patterns from the 20 N= \ 1)
crystals as guide’s. The transmission spectra along fid.1] e Ro»
direction were obtained using a modified UV/visible/near IRwhered,,, is the separation between tli#11) planes, and
spectrophotometer with a collimated beam and standard. is the average crystal refractive index. In PBG crystals
lock-in detection techniques. with large dielectric contrast, Bragg's law is an
Figure 1 shows the experimental transmission spectragpproximation:® However for the relatively low dielectric
along the[111] direction, for both undoped and doped col- contrast in the polystyrene colloidal crystals, Bragg's law is
loidal crystals. The transmission spectrum of an undopeé good approximation. The average crystal dielectric con-
crystal of 0.173am PS host “atoms” is compared with that stante. can be approximated by
for crystals doped with 0.20Qm diameter silica micro-
spheres and 0.214m diameter PS microspheres, respec- ec=fept(1-Few, @)
tively. In all crystals studied, over two orders of magnitudeyhere e, and €,, are the dielectric constants of polystyrene
attenuation in the 7transr.mssm.n coefficient is observed in theng water, and is the volume fraction of the polystyrene
optical stop band” Doping this crystal introduces optical microspheres in the crystal. For the fcc lattice, the volume

disorder into the otherwise periodic dielectric medium, re-f4ction f is related to the lattice parametar(a=d111\/§)
sulting in the appearance of impurity peaks within the Opticalthrough the following relations:

stop bands, as seen in Fig. 1. The insets indicate the defini-

tion of “acceptor” and “donor” impurities in this system. 2 d®

Replacement of a host PS microsphere by one of lower op- f= 3 38 €

tical volume(either smaller diameter PS or a microsphere of

lower refractive index than PS such as silicanstitutes an d being the diameter of the polystyrene microspheres. The
acceptor impurity. Similarly, a donor impurity can be intro- following equation can be solved to obtain the average crys-
duced by substitution with a microsphere of higher opticaltal refractive indexn.= Je. at the transmission minimum
volume. wavelengthi, (frequencyv,=c/\,),

Frequency (THz)
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(a) (b) and constitutes a reduction in the optical disorder. The im-
- purity mode in the band gap moves toward the polystyrene
band edge, and the overall width of the impurity peaks
shrinks. There is some band widening as a result of impuri-
ties. The calculations for the donor impurity case are shown
in Figure Zb). As the diameter of the donor impurity micro-
sphere increases from 0.204 to 0.226), the optical disor-
der increases, the impurity peak moves away from the water
band edge, and the impurity peak broadens. Unlike the ac-
ceptor case where the band widening is small, there is con-
siderable band widening in this case, with the water band
edge remaining relatively stationary, while the polystyrene
band edge moves outward toward the low-energy side. This
was used as a guide for the analysis of experimental data
discussed later in this paper. For a relatively low dielectric
) L contrast system, this overall behavior of the impurity peak
FIG. 2. TMM calculation 0f100] ransmission spectra for crys- v ement and the band widening with changing impurity
Ezs’ F?:srie(\jvimt:;tltrizgu[;g.{ann?lgtrgrip(?gr8€25 ?;‘:ggqﬁqtirrods'gﬁgerztc;it_]an“sftrength” is expected to remain the same in all directions
ameterd‘:0.173 um. One impurit)./ miétosphere per unit cell is wlth minor d|f_feren(_:es. T_herefore, it is reasonab_le to_ expect
similar behavior of impurity peaks along th&l1] direction.

introduced substitutionally(25% impurity number fraction (a) .
Case with acceptor impurities with diameteis=0.162, 0.150, and For the doped crystals, the water band edge is expected to

0.135.m. (b) Case of donor impurities with diameteds=0.204, be relatively immune to the effects of band widening in the

0.214, and 0.222um. The dotted curve shows the undoped casePrésence of impurities. Therefore, it seems reasonable to de-

while the solid curves are for doped crystals. The frequency igermine the lattice parameter using the observed water

expressed in units of the speed of light divided by the lattice paband edge frlez(qzuency+=c/)\+ . For this purpose an ana-

rameter ¢/a). lytical modef!**was used, where the center frequency pre-
dicted for the undoped samples is in good agreement with

ni+a;n2+as=0. (4 Bragg's law. The model predicts the water band edge fre-

quencyv, and the polystyrene band edge frequemcyfor

The constanta, andas in Eq. (4) depend on the wavelength the[111] optical stop band to be

\o. the host microsphere diametgr and the refractive in-

dicesn, andn,, according to the following relations: w+:2m/+:l cG (5)

2 ECiUG,

0.204

0214 ¥

0.222 )%

Transmission coefficient

0.73 0.74 : 0.75 0.73 ‘ 0.74 .
Frequency (in units of c/a)

AoS Aoony,2 167
_’ a :—, [ —
[ 8T o

2
The dispersion in the refractive indices of polystyrene and G=2m3/a, UG:W(fp_fw)(s'nf_fcof)v
. . a

water was also taken into account. Thua jf can be deter-
mined from the Fransmission spectra, one can determjne £3=3(3)372f/2.
and thus the lattice parametar

While \, can be directly read from the transmission spec-The center frequency,=3(v, +v_) corresponding to the
trum for the undoped samples, its determination for theobserved water band edge frequencywas determined us-
doped samples is not straightforward on account of the banihg these expressions. By solving Hd) the crystal refrac-
widening seen in Fig. 1. Transfer-matrix-meth6édMM) tive index and consequently the lattice parameter was deter-
(Ref. 19 calculations of the fc¢100] transmission coeffi- mined for each individual transmission spectrum, and the
cient were used to guide our lattice parameter determinatiorfrequencies were converted to unitsadf.
The [100] transmission coefficient was calculated using the Figure 3 shows the transmission spectra for the acceptor
source code provided by Pendry and MacKinnon with somémpurities, with frequencies normalized as outlined above.
minor modifications. The transmission spectra, through a toNote that the difference in impurity strength for the spectra
tal of 512 unit cells, were simulated for both the undopedshown comes by virtue of difference in the impurity refrac-
and substitutionally doped crystals. The diameter of the sultive index, impurity microsphere diameter, and the sizes of
stitutional impurity microsphere was varied for both the do-the impurity relative to the lattice parameter. All three factors
nor and the acceptor cases. Dispersion in the refractive indexere utilized to realize the variation in acceptor impurity
of both polystyren® and water was accounted for in these “strengths.” Figure 4 shows the result of changing the PS
calculations. donor microsphere diameters. Increasing the donor impurity

Introduction of the impurities considerably alters the diameter leads to the impurity peak moving away from the
structure of the transmission spectrum with impurity modesvater band edge.
appearing within the optical stop band. Figufe)Zhows the The TMM calculations show systematic changes in impu-
results of these calculations for the acceptor case. As thety peak widths with changing impurity microsphere diam-
impurity microsphere diameter is increased from 0.135 tceters. In the experimental transmission curves of Figs. 3 and
0.162 um, it approaches the diameter of the host “atoms” 4 this is not evident. It is possible that the4% deviation in

a,=— d3(np2—nW2). where



13724 PRADHAN, TARHAN, AND WATSON 54

. . ; . 0.645 Fr—————— T ]
= K undoped midgap frequency © Acceptors
2 ndoped .2 e Donors
K] ! " °
& P dy = 0.200 pm Silica ] (undoped stop band-width } / 2
g : ——dy=0.135 um PS E ‘s
o - = 0.640 - b
s | T T
@ 5 ; i 102 N ; “u-n-d_o-[;e:c-l —[;c;lystyrene band edge 3
202k AT AN : 2 !

5 IsiInva 7\ g
s 3 : T 0,635 §
E i V10 \‘&VN E % +
10_3 L i E 062 0.64 | E ) ) ) \
1 1 1 1 n PR | 1 |
060 065 070 075 08 085 0.00 0.04 0.08 0.12 s
Frequency (in units of c/a) Optical defect Volume (in units of (1,/2)")

FIG. 3. Near-infrared transmission spectra for crystals with ac- FIG. 5. Tuning the impurity mode. This figure shows the varia-
ceptor impurities. All curves have been normalized, so that the fretion of the impurity mode frequency with the optical defect volume.
quency is expressed in units of the speed of light divided by theThe solid circles are for the donors, while the open circles are for
lattice parameterd/a). The undoped crystgldotted curvg has a  the acceptor impurities. The figure shows the overall behavior of
lattice parameter ci=0.581um with a host microsphere diameter the impurity peaks with changing impurity “strengths.” The mid-
d=0.173 um. The solid curve is for a crystal doped with 0.200- gap, and the polystyrene band-edge frequencies for undoped crys-
pm silica(2% number fractiohin a 0.173um host, while the solid  tals, have been marked to indicate the overall variation of the peak
curve with circles shows the case of 0.135% polystyrene impu-  positions compared to the undoped bandwidth. There is some un-
rity microsphereg10% number fractionin a 0.162um host. The  certainty regarding the exact positions of the defect peaks relative to
inset shows the impurity region magnified. the undoped optical stop band. The error bars represent deviations

observed between scans on the same or different crystals.

both the host and the impurity microsphere diameter SMeAIS, \ves form an ordered array. The TMM calculations also do

this effect. It is tempting to draw more inferences about this o . .
. o not adequately model the deviations in the host microsphere

system from the TMM calculations. However, it is Necessary ., . tore

to bear in mind that the TMM calculations simulate the An interesting question arises as to the nature of the silica

transmission spectra for one impurity microsphere in every.,, v, Does the silica impurity constitute a donor or an
unit cell (25% concentration Further, the impurities in our acceptor? The diameter of the silica microsphe@200

simulated structure are periodic. Since roughly one in eVery, m) is larger than the host PS microsphetésL73 um),

ten lattice sites is occupied by impurities in the case of thgyhjle the refractive index of the silica microspher@s3?

prepared samples, it is unlikely that the impurities them-(Ref. 23 is lower than that of polystyrene. To resolve the
guestion of whether this constitutes a donor or an acceptor
impurity, one needs to compare the 0.206% silica-doped

10° . . — . crystals(Fig. 3), with those doped with 0.204m PS micro-
‘g’ s sphereg(Fig. 4). Both these have the same 0.1iZ8 host
S dy=0.204 um microspheres. If the silica microsphere constituted a donor
% B ——dy=0.214m impurity, the corresponding impurity mode is expected to
S 107 ——dg=0222um ] appear closer to the water band edge than the 0.204-
g \\ ij PS-doped crystal. Since the silica impurity peak in the opti-
‘® ' LN ' cal stop band appears near the polystyrene band edge, one
‘é’ 102k {4 _ can conclude that it behaves like an acceptor instead of a
@ ‘ donor.
© v Since the impurity can have a refractive index different
= Doy A 064 ] from either the high{polystyreng or low-index (watep re-

10 e ™ s o0 o5 080 gions of the periodic dielectric structure, it is appropriate to

Frequency (in units of c/a) consider the optical volume of the impurity instead of its

actual volume. The impurity volume is thus defined as

FIG. 4. Near-infrared transmission spectra for crystals with
polystyrene donor impurities. All curves have been normalized so
that the frequency is expressed in units of the speed of light divided

by the lattice parameterc(a). The undoped crystal has a lattice o
parameter ofa=0.581 um. The host microsphere diameter Whereng andny, are the refractive indices, amt} andd are

d=0.173 um. The dotted curve shows the undoped crystal transthe diameters of the impurity and the host microspheres, re-
mission spectrum, while the others show the same for dopant mispectively. Figure 5 shows the variation in the position of the
crospheres of diameterdy=0.204, 0.214, and 0.222m (10%  defect states, relative to the undoped water band edge, as a
number fractiop The inset shows the impurity region magnified. function of the optical defect volum& normalized to

Va= g (nde)*~ (ngd), ®)
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centration may not be critical. Very high impurity concentra-

tions are likely to cause large changes in the local lattice
parameter, thereby modifying the overall optical stop band
structure. In semiconductors, it has been known that the in-
troduction of large impurity atoms leads to a strain in the

lattice which modifies the energy gap.

In conclusion, we presented a systematic study of impu-
rity modes in the optical stop bands of polystyrene colloidal
crystals. Since this system is not close packed, it offers con-
siderable flexibility in the choice of lattice parameters and
volume fractions. In addition, the impurity strength can be
varied by appropriate selection of the diameter and/or the
refractive index of the impurity microspheres. An acceptor
impurity mode tends to shift toward the water band edge
with increasing impurity strength. The donor impurity mode

FIG. 6. Increasing stop band widening with increasing impurity shifts away from the water band edge. This behavior of the
peak height. The various curves show the transmission spectra ghpurity modes is consistent with the overall trends seen in
various points on a crystal with lattice paramesier480 um, host  our TMM calculations. The silica impurity microsphere, with
microsphere diametett=0.162 um, and impurity microsphere of g |arger diameter than the host “atoms” but having a lower
diameterdy=0.135um. The inset shows the variation of tiel1]  refractive index, does not have a semiconductor analog.
optical stop bandwidtiiexpressed as a percentage of the undopedcrgm the position of the silica impurity peak in the optical
stop bandwidth with height of the impurity peak. Note that the giop pand, it can be concluded that a microsphere larger than
position of the impurity peak remains fixed for the various CUIVeSiha host microspheres constitutes an acceptor impurity pro-
S vided its index of refraction is smaller than that of polysty-
rene, even though its optical volume is larger than the host

-
n
o

-
=)

103

Transmission coefficient
g

% Increase in bandwidth

Transmission at the imburity peak

0.64 0.65 0.66 0.67
Frequency (in units of c/a)

(Mo/2)3. The total variation in the position of the donor im- . h
purity peaks is a significant fraction of the undoped bandM'crospnere. . - L .
gap. Clearly, the defect state frequency can be “tuned” by The presence of impurities leads to a significant widening

appropriately selecting the volume and the dielectric con-Of the optical stap band, which is proportional to the Impu-

stants of the impurity microspheres. It appears that the imf Y dpea_k hi'gtht'.ln motstloft:]he Worll; repfo rte_<t:i OTI mpugt}y
purities widen the stop band by shifting the polystyrene band"© hes mt pd ohonlcbcrys als, I (T n;Jhm er”o_dunll ce tS luse i or
edge toward lower frequencies, and that most of the interestHo @ Study has been smaf. 'n Ihe colloidal crystal system,

o ) P - although the dielectric contrast is low, the presence of
g,lgrlngzﬁgty effects occur in this widened part of the optical ~10° (111) planes along the direction of incidence permits

Since the colloidal crystal solution was thoroughly mixed the study of crystals with larger numbers of sampled impu-

before injecting it into the sample cells, there is no reason t(g't'et.s' Thf'sb ml(rjnlcsf _the W_ltqenln_g .?f tiantﬂ gaps ar}d the_ for-
expect a nonuniform distribution of impurities in the crystal. (Ta;on 0 _tra]\r;]_sho_ |mpu_:| 1es S|m|tar t'o € case of semicon-
The impurity features in the optical stop band were typically uctors with high impurity concentrations.

observed to be uniform across the entire single crystal; such An exciting possibility is t_he study of nqnlmear optlpal
k&&ffects in these systems. This can be realized by the intro-

samples served our previously discussed measurements. ™" . . o
However, some crystals displayed nonuniform impurity pea uction of optical n_onl!n_earlty into these doped crys_tals us-
' a background liquidinstead of waterand/or particles

heights, as shown in Fig. 6. In such cases, there appears to . ; : X
a correlation between the impurity peak height and the over\-’v'th intensity-dependent dielectric constants. When doped,

all widening of the optical stop band. The inset of Fig. 6thet_se Inotnllngar jysiﬁm? can have tfunﬁ.blﬁ defegt statets II? :jhe
shows the variation of band widening with increasing impu-Op Ical stop bands, the Trequéncy ot which can be controlie

rity peak height. Band widening has been known to occur irpy changing the intensity of the pump laser.

the presence of high impurity concentrations in the semicon-

ductor case, and has also been observed in calculations of We would like to thank Professor J. B. Pendry at the
two-dimensional photonic band structure of dielectric cylin-Imperial College, London, and his collaborators for making
ders in air** Note that the position of the impurity peak stays the TMM source code “opal” available to us, and Dr. An-
the same in all the spectra shown in Fig. 6. This suggestdrew Ward for his on-line help. This work was supported by
that, for studying the effect of changing impurity micro- the National Science Foundation under Grant No. DMR-
sphere diameter, maintaining exactly the same impurity con9510460.
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