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Abstract. Photonic crystals fabricated from the colloidal spheres of polymethyl
methacrylate (PMMA) using the inward-growing self-assembly technique were subsequently in-filled with zinc oxide (ZnO) prepared by the sol–gel process. The polymer
template was removed by heat treatment and chemical method to get ZnO-inverse photonic crystal. The structural quality of the inverse photonic crystal obtained by the
chemical method was found to be superior to that obtained by heat treatment. The
ZnO-inverse photonic crystal obtained by the chemical method was further treated at
an elevated temperature to ensure the crystalline nature of ZnO. Laser-induced emission
studies on ZnO-inverse photonic crystals were carried out at an excitation wavelength of
325 nm. The emission spectra showing UV and visible bands at collection angle of 45◦
from the direction of excitation helped to establish the role of crystalline ZnO.
Keywords. Photonic crystals; inverse photonic crystals; sol–gel; photoluminescence.
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1. Introduction
Three-dimensional (3D) photonic crystals consist of a structured dielectric material
with a periodically varying dielectric constant in all three orthogonal directions in
space. These structures have gained popularity because they can control the propagation of electromagnetic waves in a selective manner. In the absence of absorption,
these crystals can show high reflection associated with low transmission for a range
of wavelengths known as the photonic stop band of the crystal. The centre wavelength of the stop band is decided by the lattice constant of the crystal and its
effective index of refraction. The photonic crystal is called a pseudophotonic band
gap (PBG) material when the wavelength of the stop band changes with the angle
of incidence and state of polarization of light. Earlier works have shown that PBG
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crystals can be used to suppress or enhance the spontaneous emission of radiative
materials such as laser dyes, quantum dots [1,2] and rare earth ions [3] embedded
into the structure. When the position of the stop band of the crystal is independent
of all conditions, one obtains a complete PBG structure. The photonic crystal with
complete band gap is realizable when the constituent materials of the crystal have
a high index contrast. Pseudo and complete PBG structures can be used to design
low threshold lasers, resonators and waveguide structures. There are a number
of techniques by which 3D photonic crystals can be fabricated, among which the
self-assembly technique is the simplest and the least expensive [4]. In earlier works,
a high index contrast in self-assembled polymeric photonic crystals was achieved
by infiltrating the direct 3D photonic crystals with a higher index material such
as silica, ZnO, titania, silicon and germanium by different techniques [5–8] and the
polymer template was subsequently removed to get the inverse photonic crystal.
ZnO is a direct band gap semiconductor with a refractive index (RI) ∼2.0 in
the visible range. It is used in UV light-emitting device applications because of
its band gap at 3.3 eV. High-quality ZnO inverse photonic crystal can be used
to produce a blue laser [9]. Scharrer et al infiltrated the ZnO into polystyrene
(PS) photonic crystal by atomic layer deposition technique and observed a high
UV photoluminescence (PL) in the inverse crystal after removing the PS template
by heat treatment [6]. Yang et al infiltrated ZnO into PS photonic crystal by electrodeposition technique and showed the broadening of PBG of the inverse crystal
due to higher dielectric constant ratio [8] and discussed the effect of the photonic
stop band on the PL of inverse crystal. An earlier work by our group [7] reported
the infiltration of SiO2 and ZnO, prepared by sol–gel chemistry, into PS photonic
crystals and a shift of nearly 100 nm in the reflection spectrum of the infiltrated
crystal towards higher wavelengths due to the increased effective index in the structure. Scharrer et al obtained UV lasing with 3D ZnO inverse photonic crystal by
pumping it along the (1 1 1) direction with the third harmonic of Nd:YAG laser at
355 nm. The lasing wavelength was tuned by changing the lattice constant of the
crystal [9].
In the present work, large area ZnO inverse photonic crystals have been fabricated to study their emission properties. First, 3D photonic crystals are fabricated
by inward-growing self-assembly method [4] using PMMA colloids. The crystal contains periodically arranged PMMA spheres (RI = 1.49) surrounded by air voids.
Secondly, the voids are infiltrated with ZnO prepared by sol–gel process. Finally,
the infiltrated crystals are inverted by heat treatment [10] and chemical method [8]
resulting in the selective removal of PMMA with the ZnO skeleton remaining intact.
All the crystals are analysed by structural characterization and reflection measurements. Laser-induced emission studies are carried out at an excitation wavelength
of 325 nm on the ZnO-inverse photonic crystals obtained to evaluate the presence
and extent of emission due to band-to-band transition and defect transition.
2. Experimental details
Aqueous suspensions of PMMA with a mean colloidal sphere diameter of 287 nm
(obtained from M/s Micro-particles GmbH, Germany) are used for self-assembly.
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The chosen diameter of the colloid results in a photonic stop band in the visible
range at normal incidence. Simple glass slides are used as substrates and crystals are grown within 3 h in the ambient conditions. Details of the fabrication
process can be found elsewhere [11]. ZnO is prepared by sol–gel technique [7]. The
PMMA photonic crystals are heated at 50◦ C for 10 min and dipped into the sol and
withdrawn after 30 s in a controlled way. The crystal soaks the sol into its voids
quite effectively because it is at a slightly higher temperature than the sol. The
infiltrated crystals are dried in air for 12 h. The colour of the infiltrated crystal
changes when it dries completely. The infiltration cycle is repeated three times,
each time with fresh sol, to ensure that all the voids are fully infiltrated. A longer
duration of 3 days and 1 week are required for complete drying of the crystal, after
second and third infiltration cycles, respectively. The crystals appear opaque after
the third infiltration cycle, perhaps due to a layer of ZnO formed on the surface of
the photonic crystal after all the voids are fully infiltrated. The index contrast in
ZnO–PMMA crystal is not very different from air–PMMA crystal numerically. To
increase the index contrast further, PMMA template is removed by heat treatment
and chemical etch, resulting in large spherical air voids surrounded by thin net-like
ZnO solid. In the heat treatment, the infiltrated crystals are heated at a rate of
7◦ C/min and kept at 400◦ C for 4 h, followed by cooling it to the room temperature
at the same rate as heating. The chemical method involves dipping the infiltrated
crystal in toluene for 30 min and then drying the crystal in air. The ZnO-inverse
photonic crystal looks blue.
The photonic crystals are structurally characterized using scanning electron microscope (SEM), atomic force microscope (AFM) and optical microscope (OM)
images. The reflection and transmission spectra of the crystals are recorded with
Perkin-Elmer Lambda 950 Spectrophotometer. A halogen lamp with unpolarized
light having a spot size of 12.5 mm × 5 mm is used as the source for reflection and
transmission measurements. Laser-induced emission is studied at an excitation
wavelength of 325 nm from a continuous-wave He–Cd laser at a fixed excitation
power of 3.4 mW at a collection angle of 45◦ .
3. Results and discussion
3.1 Characterization studies
Figure 1a is the SEM image of PMMA photonic crystal with scale bar 10 µm
showing well-arranged colloids in the domains. Hexagonal arrangement of these
spheres in the inset of figure 1a indicates the (1 1 1) plane of the cubic lattice.
Figure 1b is the 3D AFM image of the same plane of the photonic crystal in an
area of 1 µm × 1 µm. It confirms the hexagonal arrangement of the spheres and
gives an average diameter of 283 nm for the PMMA colloids. The SEM and the
AFM images provide information from a small area of a few µm2 of the crystal.
OM image of the crystal is recorded to observe a larger area. Figure 1c is the OM
image of the (1 1 1) plane of the crystal, which shows domain sizes of about 2.0 mm
× 0.8 mm, separated by grain boundaries (dark lines).
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Figures 2a and 2b are the SEM images of the ZnO-inverse photonic crystal obtained by the heat treatment and the chemical method respectively. The inverse
photonic crystal obtained by heat treatment has small-scale ordering. It contains
broken net of ZnO and the diameter of spherical voids of air is reduced to 212 nm
which is significantly lesser than the diameter of PMMA globules. On the other
hand, the average diameter of the air sphere is 277 nm in chemically treated inverse crystal which is nearly equal to the diameter of the original PMMA spheres.
Well-connected ZnO net is observed throughout the domain for the ZnO inverse
photonic crystal obtained by the chemical method.
The reflectance and transmittance spectra are recorded from the (1 1 1) plane of
the PMMA photonic crystal, ZnO-infiltrated PMMA photonic crystal and ZnOinverse photonic crystal. The PMMA photonic crystal has a maximum reflectance
of 25% at 597 nm at an incident angle of 8◦ shown with solid line in figure 3a.

(a)

(b)
Figure 1. (a) SEM image of 3D PMMA photonic crystal (the inset shows
the hexagonal arrangement of spheres from the (1 1 1) plane of the fcc lattice)
(scale bar = 0.5 µm), (b) AFM image of 3D PMMA photonic crystal gives an
average sphere diameter of 283 nm (scan area = 1 µm × 1 µm).
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(c)
Figure 1. (c) OM image of the (1 1 1) plane of the 3D PMMA photonic
crystal. Dark lines are grain boundaries, which separate different domains
(scale bar = 500 µm).

The reflection peak and the dip in transmission spectrum (dotted line in figure
3a) are at the same wavelength. This wavelength of maximum reflection (λ) of
the photonic crystal is related to the other crystal parameters
and the geometry
q

through the modified Bragg’s law given by λ = 2dhkl n2eff − sin2 θ, where dhkl =
√
√
2d/ 3 for (1 1p1) plane in fcc arrangement, d is the diameter of the colloidal
spheres, neff = n21 f1 + n22 f2 where n1 and n2 are the refractive indices, f1 and
f2 are the packing fractions of the constituent materials in the crystal and θ is the
angle of incident light. For PMMA photonic crystal, neff = 1.37. The value of λ
calculated from Bragg’s law for θ = 8◦ is 642 nm which differs from the experimental
value perhaps due to the polydispersity in the colloidal sphere diameter and the
disordered packing in some areas. The inset of figure 3a shows the shift in the
position of reflection spectrum for larger angles of incident light. The full-width at
half-maximum (∆λ) of the reflection spectra at different angles is nearly constant
at 67 nm, resulting in a gap size (∆λ/λ) of 11%, which represents a fairly good
ordered crystal. Fabry–Perot oscillations are observed on both sides of the reflection
maximum. When the PMMA photonic crystal is infiltrated with ZnO, the effective
index of the infiltrated composite crystal is calculated to be 1.63, assuming 100%
infiltration of the air voids. The infiltrated crystal has a maximum reflectance (at
8◦ ) of 7% at 625 nm, as shown with a dashed line in figure 3b, which implies a
shift of 28 nm after infiltration. For comparison, the reflection spectrum of PMMA
photonic crystal for the same angle is shown by a solid line in the same figure. The
reflection maximum of infiltrated crystal is reduced significantly because an opaque
layer of ZnO is formed on the top of the crystal after the third infiltration cycle.
The dotted curve in figure 3b gives a maximum reflectance of 10% at 462 nm for
the ZnO-inverse photonic crystal. The shift in the reflection maximum to the lower
wavelength range is due to the lower effective index of 1.33 for the inverse crystal
and the reduced dhkl in it.
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(a)

(b)
Figure 2. (a) SEM image of the (1 1 1) plane of the ZnO-inverse photonic
crystal obtained by heat treatment where broken ZnO skeleton is observed. (b)
SEM image of the ZnO-inverse photonic crystal obtained by chemical method
where well-connected ZnO net representing large scale ordering is observed
(scale bar = 1 µm).

The crystalline nature of ZnO in the inverse photonic crystal is studied by X-ray
diffraction (XRD) technique. The inverse photonic crystal obtained by chemical
method shows a diffraction peak at 34.6◦ only after being heated to 400◦ C at a rate
of 7◦ C/min. This peak indicates the presence of (0 0 2) plane of crystalline ZnO
after the high-temperature treatment, as confirmed from JCPDS XRD software.
3.2 Laser-induced emission studies
For laser-induced emission studies, the ZnO-inverse crystal obtained by both heating and chemical techniques is excited with the continuous-wave He–Cd laser at
980
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Figure 3. (a) Transmittance (dotted line) and reflectance (solid line) spectra of PMMA photonic crystal for an incident angle of 8◦ match with each
other; the inset shows the reflectance spectrum of the same photonic crystal
at different angles; the arrow indicates the shift of the spectrum. (b) Reflection spectra at 8◦ from PMMA photonic crystal (thick line), ZnO-infiltrated
PMMA photonic crystal (dashed line) and ZnO-inverse photonic crystal (dotted line).

325 nm. The emission is collected at 45◦ from the incidence direction unlike the
standard photoluminescence experiments. Figure 4a shows the emission spectrum
of ZnO-infiltrated PMMA photonic crystal (solid line) as well as the emission spectra from the ZnO-inverse photonic crystals obtained by the heating (dotted line)
and the chemical (dashed line) methods. The infiltrated crystal and the inverse
photonic crystal obtained by chemical method have a broad UV peak and a feeble
emission in the visible. The UV spectrum of the inverse photonic crystal obtained
by chemical method is centred at 372 nm. On the other hand, the emission intensity
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Figure 4. (a) Emission spectra of ZnO-infiltrated PMMA photonic crystal (thick line), ZnO-inverse photonic crystal obtained by chemical method
(dashed line) and ZnO-inverse photonic crystal obtained by heat treatment
(dotted line). (b) Emission spectrum of ZnO-inverse photonic crystal obtained
by chemical method and subsequently heated at high temperature. Excitation
wavelength is 325 nm from a He–Cd laser and emission is recorded at 45◦ to
the excitation direction in both the figures.

of the inverse photonic crystal obtained by heating method is reduced significantly
throughout the measurement range. Also the peak position in the UV region is
observed to shift to 384 nm for the crystal obtained by heating process.
Yang et al in 2006 infiltrated PS photonic crystal with ZnO and inverse photonic
crystals were fabricated by dissolving the PS template in toluene and by combustion
method [12]. The emission spectra of both the samples were recorded by exciting
them with He–Cd laser at 325 nm and a shift in the peak position of the UV band
was observed in the inverse photonic crystal obtained by heating method similar to
the result observed in the present work. The UV peak in the emission spectrum is
because of the band-to-band transition of ZnO and the visible emission is because of
the presence of deep level defects due to oxygen vacancies and interstitial ZnO ions
[8,13]. In [8], the ZnO-inverse crystal prepared by chemical method showed a large
UV peak with a broad visible emission under excitation at 325 nm, similar to the
present work. In another work [6], ZnO-inverse crystal prepared by heat treatment
showed only the UV peak, which is also seen in the present work as in the dotted
curve in figure 4a. It is clear from these results that the method of inverting the
ZnO crystal plays a role in the emission.
In order to ascertain the role of crystalline ZnO, the inverse photonic crystal
obtained by chemical method is subsequently heated to a higher temperature of
400◦ C as given in the XRD discussion in the previous section. Its emission spectrum
shown in figure 4b has a UV band with its peak at 371 nm along with a broad visible
band. It may be noticed that the emission intensity of both the bands is nearly
equal in this crystal but the emission in the UV region is significantly narrower
in spectral width compared to the dashed line in figure 4a. The over-all emission
intensity is also significantly reduced compared to the spectrum shown with dashed
line in figure 4a. On the contrary, the intrinsic emission of amorphous ZnO (not
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shown here) recorded from the dried ZnO sol deposited as a thin film on a similar
substrate shows a narrow UV band centred near 370 nm with very large intensity
along with a broad lower-intensity visible emission. This establishes the role of
crystalline ZnO in its emission characteristics.
In conclusion, good quality ZnO-inverse photonic crystal is fabricated using the
simple sol–gel technique. From the laser-induced emission and XRD experiments,
it is inferred that the crystalline ZnO shows the presence of both band-to-band
transition and deep level defects, nearly to an equal extent.
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