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1. Introduction

One of the most important milestones in the development
of solid-state science was the work of Frenkel and Schottky
on interstitial and substitutional point defects in the atomic
crystal. Understanding the formation thermodynamics and
diffusion kinetics of different types of intrinsic and extrinsic
defects and the effects of these defects on, for example, the
electronic, optical, magnetic, mechanical, and reactive proper-
ties of crystalline solids, facilitated the emergence of con-
densed matter physics, materials chemistry, and materials
science and engineering in the form that we know it today.
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Current progress in the exciting and burgeoning field of functional de-
fects in colloidal photonic crystals (CPCs) is reported. After a brief in-
troduction into the importance and nature of defects in CPCs the state-of-the-art in fabricating
point, line, and planar defects is described. Measurement and characterization techniques as
well as the corresponding theory are discussed. Besides normal, passive defects, the recent de-
velopment of reversibly tunable defects adds important functionality. In particular, the addition
of chemical functionality is demonstrated to open a path to a wide range of color readout de-
vices for ultrasensitive optical detection of biomolecules and pharmaceuticals.
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We often tell our students that there exists no such thing as
a perfect crystal and if it did exist it would not be terribly use-
ful. This is to convey the idea that useful function can best be
built into stoichiometric and non-stoichiometric solids
through defect design and control of the population and ar-
rangement of defects, like points, lines, planes, defect clusters,
and grain boundaries, “perfecting imperfection” so-to-speak.
A few familiar examples of solid-state devices based on the ju-
dicious utilization of functional defects include F-center la-
sers, doped semiconductor electronics, and optoelectronics,
fast-ion conductor battery and fuel-cell electrolytes, optically
transparent electrically conducting doped metal-oxide elec-
trodes, high critical temperature (Tc) ceramic superconduct-
ing magnetic sensors, and giant-magnetoresistance magnetic
recording heads.
A recent exciting development in solid-state science is the

photonic crystal,[1,2] a three-dimensional light scale construct
in which the periodic nanometer-scale lattice of an atomic
crystal is replaced by a periodic micrometer-scale lattice of a
dielectric crystal. Instead of using quantum mechanics and
solving the Schr�dinger wave equation to obtain the allowed
energy states and wave functions of electrons in atomic lat-
tices one uses quantum electrodynamics and solves Maxwell’s
equations for the allowed energy states and wave functions of
photons in photonic lattices. A remarkable collection of useful
analogies emerges from these quantum calculations for elec-
trons and photons in atomic and light scale crystals that prove
to be very useful in materials and defect design of functional
3D photonic crystals. Noteworthy analogies are those be-
tween electronic and photonic dispersion and band diagrams,
electronic and photonic bandgaps, electron mobility and
photon group velocity, effective electron and photon mass,
and the focus of this article: intrinsic and extrinsic defects in
3D photonic lattices.
Defect design and control aimed at building function into

3D photonic lattices have been mainly centered on point
(light trapping, microlaser), line or bend (light confinement,
waveguide), and plane (light localization, optical cavity) ar-
chitectures. Elegant strategies have been described, using mi-
crofabrication[3,4] and laser-writing methodologies[5–8] that
have the ability to incorporate certain types of extrinsic de-
fects in 3D photonic crystals that have been made by top-
down approaches. Achieving this objective using materials-
chemistry approaches, in 3D photonic crystals made by bot-
tom-up self-assembly is a recent development, some examples
of which will be described in the remainder of this article.

2. Linear and Point Defects in Colloidal Photonic
Crystals (CPCs)

The incorporation of linear defects into a CPC creates engi-
neered functionality and the potential for applications in inte-
grated optics. In a silicon inverse opal lattice,[9] one possessing
a full photonic bandgap over a given frequency range, a single
row of missing spheres can serve as an optical waveguide,

which can provide a path for light to be guided through the
periodic lattice efficiently and with low loss. A bend can be in-
troduced in the waveguide on the order of the wavelength of
light, with a bend radius on the order of one sphere diameter.
By combining numerous line defects a circuit pattern can be
produced, and owing to this reduced bend radius the pattern
can be created on a scale several orders of magnitude smaller
than those currently used in integrated optics, allowing the
miniaturization of existing optical circuits.
To date, a number of different approaches for the fabrica-

tion of line defects in colloidal crystals have been taken by
both our group and others. These can be generally grouped
into the three categories of a) conventional photolithography-
based methods, b) direct writing by confocal microscopy, and
c) direct surface writing using a high-energy beam.
The insertion of a photolithographically defined linear air

cavity into the interior of a lattice of silica spheres[10] constitu-
tes the first step to a functional air-core waveguide in a silicon
inverse opal. The production involves the printing of a pattern
of photoresist lines on the colloidal-crystal surface via photoli-
thography, followed by a second deposition of silica spheres
to cover the photoresist pattern. The photoresist is then selec-
tively removed, leaving behind a pattern of linear air cavities
embedded in the colloidal-crystal film (see Fig. 1a and b).
Photolithography was shown to be a versatile method for this
task, since a large-area pattern can be produced in a single ex-
posure, and furthermore the alignment of the pattern relative
to the orientation of the colloidal crystal lattice can be fully
controlled. Additionally, full tunability of the feature dimen-
sions, namely the width and height, can be achieved through
variation of the exposure time and the spin-coating parame-
ters of the photoresist, respectively. While common contact
photolithography has a resolution on the order of ca. 1 lm,
advanced projection lithography can offer a resolution on the
order of 0.25 lm or smaller and so this method offers a route
to the production of features smaller than the sphere size. Pat-
terning colloidal crystals using photolithography has been ex-
plored by other groups; recently, the same approach was used
by Zhao and co-workers[11] to produce a linear air defect
structure in a lattice of silica spheres, which was then infil-
trated with a sucrose solution to yield an inverted defect-engi-
neered lattice in carbon. While it is noted that Ye et al. origi-
nally demonstrated the formation of an air-cavity pattern at
the interface of a silica opal and a substrate by a similar ap-
proach,[12] the resulting structure is limited in photonic func-
tionality due to the existence of a non-periodic substrate as a
bounding surface of the air cavity. To minimize deleterious
light losses, it is necessary that the waveguiding cavity in the
final inverted structure is fully encapsulated by a finite num-
ber of periods of the photonic-crystal lattice.
Direct writing by laser confocal microscopy is another

method that has been used to produce line defects in colloidal
crystals. The principle utilizes the small focal volume offered
by confocal microscopy. After infiltrating a colloidal crystal
with a prepolymer, the focal volume can be scanned through
the interior of the crystal to induce local polymerization. Any
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unpolymerized material can then be removed to leave a poly-
meric pattern within the interior of the opal. Braun and co-
workers were the first to demonstrate this technique,[13] using
a silica opal imbibed with a combination of a monomer and
photoinitiator. A linear polymeric pattern with a linewidth on
the order of 2 lm was written inside the lattice at a depth of
0.5 lm beneath the surface (see Fig. 2). More recently, the
group of Norris and co-workers used confocal laser writing to
produce a similar structure in the interior of a silicon inverse
opal;[14] here, a lattice of silica spheres was imbibed with an or-
ganosilica sol–gel precursor that was then polymerized into a

silica pattern within the template of silica spheres. The unpo-
lymerized organosilica precursor was then removed and the
remaining host lattice containing the silica defect was infil-
trated with silicon to produce a silicon–silica opal composite.
The silica lattice plus line were lastly removed to yield a sili-
con inverse opal containing an embedded defect with a diam-
eter of roughly 1 lm (see Fig. 3). This work represents the
first fabrication of an extrinsic defect of any dimension inside
a silicon inverse opal. One factor that must be taken into ac-
count with confocal microscopy is matching the refractive in-
dexes of the spheres and the infiltrated material to reduce

scattering and to minimize any limits of the pattern
writing depth. Another challenge involves mini-
mizing the edge roughness of the written feature,
which is related to both the properties of the pre-
cursor and the focusing limit of the system. When
present on the surface of the final waveguide struc-
ture, such roughness could cause scattering of
the propagating light signal and deleterious light
losses.
High-energy beams of various kinds have been

used to write linear patterns directly on the surfaces
of colloidal crystals. This involves the scanning of
either a laser- or electron-beam (e-beam) across the
surface of a colloidal crystal to either induce a trans-
formation in the material (such as recrystallization
or bond cleavage) or to remove a certain volume of
the material. Direct surface writing has been ap-
plied to produce a linear defect on the surface of a
silicon inverse opal microfiber.[15] An Ar+ laser was
used to induce local recrystallization of amorphous
Si (a-Si) to nanocrystalline Si (nc-Si) over a linear
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a)

b)

c)

Figure 1. a,b) Scanning electron microscopy (SEM) images of photolithographically defined buried air cavities remaining after removal of the photore-
sist. c) Micro-optical transmission spectroscopy measurements taken at 1.5 lm intervals across the width of a single 5 lm wide linear air cavity em-
bedded in a 270 nm opal (solid lines). The spectra have been vertically offset 0.6 units for clarity. Numerical calculations for the solid opal and the de-
fect cavity are shown as dotted lines. The inset shows the spatial mode distribution taken along the dashed line. Reproduced from [10].

a)

b) c) d)

b)

c)

d)

5 µm 5 µm 5 µm

Figure 2. Laser-confocal microscopy images of a waveguide fabricated via two-photon
lithography inside an opal photonic crystal. a) Cross-sectional view, showing the de-
fect inside the structure. b–d) Different planes of the photonic crystal as indicated in
(a). Reproduced from [13b].



section of the surface that has 5 lm widths. This resulted in a
localized reduction of the refractive index from n= 4.0 to 3.6,
corresponding to the conversion of a-Si to a nc-Si material, and
it was proposed that the resulting line could serve as an optical
waveguide. In a different approach, Zentel and co-workers
used an e-beam to expose poly(methyl methacrylate)
(PMMA) spheres to radiation levels high enough to result in
structural changes involving bond cleavage.[16] The exposure
dose was sufficient enough to cause solubility in an organic sol-
vent, allowing the exposed material to be removed in a subse-
quent development step. This idea draws upon the process used
in e-beam lithography, which also makes use of PMMA as a
photoresist. Line patterns with widths on the order of 0.5 lm
were demonstrated, and it was shown that the depth could be
controlled over a range of 0.4 to 1.8 lm by varying the beam
energy. It was suggested that the patterns could be introduced
into the interior of the lattice by depositing an additional layer
of PMMA spheres prior to the development step. In a similar
vein, an F2 laser was used to ablate layers of spheres on the sur-
face of a silica opal in a digital fashion.[17] A laser power capa-
ble of ablating a single monolayer was identified and was then
applied in pulses to remove multiple layers in a controlled
monolayer-by-monolayer fashion. An exposure mask was used
to define a pattern of lines or points on the surface with single-
sphere resolution. After exposure to the high-energy radiation,
a large region of spheres on the opal surface was shown to have
been removed cleanly and without traces of ablation debris.
When used in conjunction with linear defects, the point-de-

fect incorporated into the lattice of a photonic crystal can add
yet another dimension of photonic functionality. Many inte-
grated optical systems utilize point defects to create a reso-
nant cavity for single-frequency filtering applications, also
known as add/drop multiplexing. Therefore, it is of technolog-
ical importance to be able to include point defects in a circuit
pattern. Many of the techniques described above for the crea-
tion of line defects in the lattice can also be used to create a
point defect. Ideally, the capability to alter the condition of
the smallest unit of a photonic-crystal lattice, namely a single
lattice point, requires a process resolution smaller than the

sphere diameter. Thus, e-beam writing and projec-
tion photolithography, which both have resolutions
below 0.25 lm, meet this criterion, while confocal
laser writing and contact lithography can likely be
extended to this range by taking special measures
based on materials post-processing. Very recently,
nanoimprinting lithography was used to create an
array of 0.5 lm points in a PMMA film spin-coated
onto the surface of a colloidal crystal.[18] The pat-
tern was then incorporated into the lattice by sub-
sequent deposition of colloidal spheres. One can
envision with recent advances in nanorobotics that
single-sphere manipulation will allow pick-and-
place creation of designer point and line defects in
colloidal crystals.
While the creation of point and linear defects in-

side CPCs is a challenge from a fabrication point
of view, proper optical characterization and comparison with
numerical simulation yield insight into the quality of the struc-
tures fabricated. Especially, the direct comparison with nu-
merical simulations can be used as a measure of the structural
perfection achieved during fabrication. Care has to be taken
that the numerical tools chosen are suitable to mimic the ex-
perimental conditions as close as possible. In the CPC com-
munity one method finds widespread use: the scalar wave ap-
proximation. Although this method is an essential 1D
approach and neglects the polarization of the light, it was
proven to be a versatile and accurate tool as long as one only
is interested in describing the optical properties of the funda-
mental stopband along the growth direction, that is, the [111]
or CL direction in CPCs. At the heart of this method is the de-
scription of a CPC slab, that is, a CPC of finite thickness de-
scribed via the number of sphere layers, as an effective medi-
um with a “dispersion relation” k(x) (for a derivation see,
e.g., Mittleman et al.[19]). As only experimentally accessible
parameters like the sphere diameter and the refractive indices
of the spheres and the surrounding materials enter the theory,
it provides a straightforward way for a direct comparison of
numerical and experimental spectra; hence, a direct feedback
of the sample quality is achieved. Furthermore, different slabs
with different properties (e.g., different sphere diameters, dif-
ferent materials) can easily be combined using textbook trans-
fer-matrix techniques. Along these lines even complex struc-
tures like planar defects inside CPCs can be described. This
allows the retrieval of experimental parameters, which are not
accessible otherwise. While planar defects are easily accessi-
ble experimentally due to their large lateral extensions linear
defects pose their own challenges. There are two possible
ways of probing linear defects inside a CPC. First, one could
send light along the defect to probe its waveguiding capabili-
ties. Although this might be the preferred experimental geom-
etry from an applications point of view there are experimental
obstacles that have not been overcome until now for three-di-
mensional colloidal crystals. True waveguiding will only occur
if the linear defect is surrounded by a material with a com-
plete photonic bandgap, hence, a material that does not allow
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Figure 3. SEM images of waveguides embedded in a silicon inverse opal. Reproduced
from [14].



for the propagation of photons outside the waveguide. So far,
most of the experimental realizations of linear defects in
CPCs yielded silica or polymer templates, which means struc-
tures of insufficient dielectric contrast to open a complete
gap. Although the samples fabricated by Norris and co-work-
ers should possess this property, no measurements were pre-
sented.[14] Nevertheless, there is a second way to probe the
optical properties experimentally and to prove that the wave-
guide actually extends throughout the structure. Coupling a
spectrometer to one eyepiece of a microscope allows for spa-
tial resolution of roughly one micrometer and hence for spec-
troscopy of the buried waveguide at the C point. Along these
lines, our group was the first to demonstrate that the wave-
guides fabricated were indeed structurally and optically well-
defined and extended throughout the sample (see Fig. 1c).
Scalar wave-approximation calculations were even able to fit
the measured optical spectra almost quantitatively (see dotted
lines in Fig. 1c), demonstrating the high quality of the struc-
tures fabricated.

3. Planar Defects

Planar defects in photonic crystals act like optical dopants,
giving rise to allowed photon states within the forbidden fre-
quency range. In this sense, such allowed states appear as a
minimum within the reflectance peak associated with the pho-
tonic bandgap. Such states can be observed in Figure 4a, in
which we have simulated the reflectance spectrum of a latex
CPC with (thick solid line) and without (dotted line) a planar
defect. From the comparison of both spectra, we can also find
a difference in the reflectance maximum width, which broad-
ens due to the presence of a defect state, as reported else-
where.[20] In order to explicitly show the effect of such locali-
zation, we have calculated the spatial distribution of the
square magnitude of the electric field along the direction of
incidence of the light for two different wavelengths. These cal-
culations are based on the scalar wave approximation and
have been performed as described in the literature.[21] The
first one, k1, corresponds to a maximum of the reflectance
peak, while the second, k2, corresponds to the dip observed in
the reflectance associated to the defect state. From such calcu-
lations, the different features of light propagation at those
wavelengths can be clearly seen. Waves impinging on the crys-
tal at forbidden frequencies become evanescent within the
crystal, causing a high reflectance. At k2, a resonance appears
around the dielectric slab embedded within the crystal, as can
be seen in Figure 4c, highly increasing the probability for
those photons to reach the transmission medium. Such a phe-
nomenon is observed as a sharp transmission dip in the reflec-
tance peak associated with pseudogap frequencies. The wave-
length at which the defect state appears within the pseudogap
depends on the dielectric slab thickness and its refractive in-
dex, as described in detailed elsewhere,[22] allowing one to
perform a fine tuning of the defect state, as it will be shown
later on.

Experimentally, planar defect layers of different materials
and with different chemical functionality have been em-
bedded within CPCs by a number of creative bottom-up ap-
proaches. It has been shown that a monolayer of spheres sand-
wiched between two opal films made of spheres of different
diameter can be prepared with the Langmuir–Blodgett tech-
nique and this behaves as a 2D defect (see Fig. 5a).[23–25] An-
other approach for the incorporation of spheres and various
nanocrystalline aggregates as defect layers in CPCs is spin-
coating (see Fig. 5b). The particle dispersion is spun on the
surface of a CPC and a new colloidal crystal is self-assembled
on top of the defect slab. To prevent penetration into the CPC
voids, the particle size has to exceed the size of the colloidal-
crystal entrance windows.[26] Furthermore, a universal synthe-
sis method that allows the integration of dielectric planar de-
fects in inverted CPCs using chemical vapor deposition
(CVD) has been reported:[22,27] A colloidal-crystal template is
control over-infiltrated using CVD to create a homogeneous
surface layer. A second CPC is grown on top, fully infiltrated
as well and the opal matrix removed afterwards (see Fig. 5c).
Additionally, we have demonstrated a bottom-up method for
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Figure 4. a) Calculated reflectance spectra of a face-centered-cubic lattice
made of spheres of refractive index n = 1.59 (like latex) and diameter of
720 nm. Crystal thickness is 50 monolayers. The thick solid line corre-
sponds to a crystal in which a planar defect of n = 1.75 and thickness
220 nm has been introduced between the 25th and 26th sphere layer.
The thin dotted line corresponds to a crystal without defect. Arrows point
out the wavelengths at which the spatial distribution of the squared mag-
nitude of the electric field is plotted in the graphs shown below, namely
k1 = 1.681 lm (b) and k2 = 1.715 lm (c). Distance increases along the di-
rection perpendicular to the [111] direction of the crystal assuming the
crystal surface is at x= 0. The beginning and the end of the planar defect
is highlighted by two vertical dashed lines. Calculations shown herein are
based on the scalar wave approximation, as described in the literature
[21].



incorporating planar defect layers into CPCs based on poly-
electrolyte multilayers (PEMs) (see Fig. 5d). The chemical di-
versity and functionality of the PEM introduces further
“smart” features into the tailored photonic-crystal structure
and allows for active tuning of the defect state by several ex-
ternal stimuli.[28,29] This active element makes the materials
interesting for applications as sensors, tunable filters or—if
light emitters are incorporated—tunable PC-based laser
sources. Two fabrication strategies have been developed: in
the first method we directly layer-by-layer (LbL) self-as-
sembled a PEM stack onto the surface of a colloidal crystal by
engineering a wettability difference between the bulk and sur-
face of the crystal. In the second method we preform a PEM
stack onto a flat piece of polydimethylsiloxane (PDMS), and
the entire multilayer is transfer-printed onto the surface of the
colloidal crystal. A second layer of CPC is then grown on top
of this surface layer to form the embedded structural defect.
The position of the defect state wavelength can be actively
tuned by varying the thickness and refractive index of the
PEM, as well as by modifying the effective refractive index of
the colloidal crystal. The extent of these effects can be tai-
lored by changing the nature of the PEM material and the sur-
face properties of the CPCs. Precise and reversible tuning of
the defect position is possible by controlled-pressure solvent
vapor condensation into the PEM and the CPC cladding
layers[28] as well as by thermal cycling of PEM CPC hetero-
structures.[29] Besides that, chemical functionality is intro-
duced into the defect layer by incorporating photochemically
active azobenzene based polyelectrolytes and redox-active

polyferrocenylsilane (PFS) metallopolyelectrolytes into the
PEM stack. The azobenzene containing polyelectrolyte allows
for active tuning of the defect state due to photochemical
trans–cis isomerization and thermal backisomerization of the
azo group.[29] The defect transmission state of PFS defect
CPCs can be dynamically tuned by oxidizing and reducing the
ferrocene units in the PFS PEM.[30] This PEM-based platform
does not only allow for the incorporation of organic, inorgan-
ic, or organometallic polyelectrolytes but is also ideal for em-
bedding charged quantum dots and dyes, diverse colloids, or
biological polymers, such as DNA and proteins.[31] In addition,
these defect heterostructures are highly suitable for optical
monitoring of various aspects of chemistry and biochemistry
in a functional thin film, such as chemical reactions, conforma-
tional changes, or intercalation of molecules. We have pre-
pared CPCs with designed DNA and polypeptide defect
layers (see Fig. 6). Through shifts of the photonic intragap de-
fect mode, for example, DNA conformational changes and
the enantioselective intercalation of a chiral anticancer drug
can be optically monitored.[32] This capability for optically
monitoring biochemistry bodes well for the development of a
new generation of simple on-the-spot color readout biosen-
sors for monitoring a wide range of bioevents from DNA mu-
tation, testing the potential activity and toxicity of drugs, to
elucidating enzyme mechanisms.

4. Conclusions

We have presented a brief overview of the exciting and bur-
geoning field of functional defects in CPCs. Especially, the ad-
dition of chemical functionality will result in a wide variety of
color readout devices for ultrasensitive optical detection of
biomolecules and pharmaceuticals, explosives, and inflamma-
bles. A grand challenge for the field remains the in-coupling
and out-coupling of light using any kind of passive or active
defect with quantification of the amount and type of light loss.
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Figure 6. Examples for active macromolecules embedded in PEM defect CPCs. a) trans–cis isomer-
izable azobenzene based polyelectrolyte. b) Redox-active PFSs. c) DNA denaturation and hybrid-
ization. d) Enantioselective intercalation of the anticancer drug daunorubicin into DNA.
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Perfecting Imperfection—Designer
Defects in Colloidal Photonic Crystals

Defects in colloidal photonic crystals
(see figure) add custom engineered
functionality to their fascinating optical
properties. The state of the art of this
exciting field is reviewed, starting from
basic principles and spanning fabrica-
tion, optical characterization, and
numerical simulation as well as chemi-
cal functionalization.


