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Three-dimensionally ordered photonic crystal heterostructures
with a double photonic stop band
Rajesh V. Nair and R. Vijayaa兲
Department of Physics, Indian Institute of Technology, Bombay, Powai, Mumbai 400 076, India
共Received 14 July 2007; accepted 19 July 2007; published online 10 September 2007兲
The recently reported inward growing self-assembling method is used to fabricate photonic crystal
heterostructures in less than 6 h using polymeric colloidal suspensions. Structural characterization
shows good ordering of the two types of photonic crystals constituting the heterostructure. The
reflection/transmission spectra measured from the 共111兲 plane of the heterostructure clearly
demonstrate the signature of the double photonic stop band. The reduction in the reflectance values
obtained for the heterostructure is explained in terms of the interface roughness. The double
photonic stop band of the heterostructures exactly matches the stop bands of the individual photonic
crystals. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2777120兴
Photonic crystal 共PhC兲 heterostructures have been fabricated in the past using convective self-assembling,1–3
Langmuir-Blodgett 共LB兲,4,5 and controlled dip-coating6
methods. Double photonic stop band is obtained in
transmission/reflection for opal PhC partially filled with
semiconductor materials.7 Very recently, the inward growing
self-assembling method has emerged as an easy route for
making three-dimensionally 共3D兲 ordered PhC from colloidal suspensions, requiring lesser cost and time of
fabrication.8 This method results in samples of very high
optical quality, but this technique has not been studied extensively. In the present work, a glass substrate with a dimension of 2.5⫻ 2.5 cm2 was treated with chromic acid overnight, washed with de-ionized water and ethanol, and dried
in an oven. The colloidal solution of known concentration
and a volume of 0.1 ml is dropped on the glass substrate,
using a 1 ml syringe pipette, spread uniformly, and left to dry
under ambient conditions. After a minute, depending on the
sphere diameter, beautiful colors start appearing and move
towards the center of the film as the growth takes place. After
the growth of the first crystal, the samples are heated at
75 ° C 共below the glass transition temperature of the polymer
material兲 for 2 h to enhance the mechanical stability of the
crystals. The surface becomes hydrophobic after crystallization of the first crystal made of polymeric materials. To overcome this, a few drops of ethanol are added to the colloidal
suspension for the smooth growth of the second crystal.
In this paper, we present the results on PhC heterostructures fabricated only from polymeric materials, using the inward growing self-assembling method. These heterostructures are made by a sequential growth of one PhC over
another within a total time span of 6 h. Even though one
paper9 reports the fabrication of PhC heterostructure using
this method, the present work interprets the results in terms
of interface roughness, bandwidth analysis, peak reflectance
of the PhC heterostructure, and the angle resolved photonic
stop band. In addition, the optical features presented here are
better resolved compared to the optical properties of the PhC
a兲
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hetrostructures fabricated using other methods.1,2,4,6,7 We
show in this paper that the surface roughness of the initial
PhC will play a major role in deciding the final optical quality of the PhC heterostructures. We have used colloidal
spheres made of polystyrene 共PS兲 and polymethyl methacrylate 共PMMA兲 with different diameters in making the PhC
heterostructure.
The structural characterization is done with the scanning
electron microscope 共SEM, Hitachi S3400N兲. The thicknesses are measured using a profilometer 共Ambios Technology兲. The near-normal incidence 共 = 2 – 3 ° 兲 reflection and
normal incidence transmission spectra are measured using a
Shimadzu UV-Vis spectrophotometer with a halogen lamp as
the light source. The spot size of the beam is 5 mm on the
sample. The angle resolved reflection spectrum is recorded
using a Perkin-Elmer Lambda-950 spectrophotometer with a
halogen lamp as the light source, having beam dimensions of
12.5⫻ 5 mm2 using unpolarized light.
Figure 1共a兲 is the SEM image of the heterostructure represented as PMMA410+ PS280, where PMMA410 is the
lower PhC and PS280 is the upper PhC 共the number indicates the diameter of the sphere used兲.This clearly shows the
growth of one PhC over another with good ordering. The
hexagonal arrangement seen in the image confirms the presence of 共111兲 plane of the fcc lattice10 in both the crystals
constituting the heterostructure. Figure 1共b兲 shows the SEM
image for PMMA287+ PMMA410 heterostructure. Both the
lower and upper structures are made of the same material in
this case. Apart from this, the upper crystal has colloids of
larger diameter compared to the lower one. Both Figs. 1共a兲
and 1共b兲 confirm that good quality PhC heterostructures can
be fabricated using this method in a short time span. The
measured thicknesses were 7.8 and 6.1 m for PMMA410
+ PS280 and PMMA287+ PMMA410, respectively.
The optical spectra are usually probed from the 共111兲
plane of the fcc lattice, which is the densely packed plane for
the close packed structure. The approximate wavelength at
which high reflection is expected is given by the modified
form of Bragg’s law11 as  = 2d111冑共eff − sin2 兲, where d111
is the interplanar spacing of the close packed 共111兲 planes
102, 056102-1
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FIG. 2. 共Color online兲 共a兲 Reflection 共black solid line兲 and transmission 共red
dash dotted line兲 spectrum for the PhC heterostructure PMMA410+ PS280.
共b兲 Reflection spectrum for the PhC heterostructure PMMA410+ PS280 for
light incident from air 共PS280 PhC first兲, shown as a black solid line, and
light incident from substrate 共PMMA410 PhC first兲, shown as a red dash
dotted line. 共c兲 Reflection spectra for the PhC heterostructure PMMA410
+ PS280 共black solid line兲, only PMMA410 PhC 共red dash dotted line兲, and
for only PS280 PhC 共blue dashed line兲. 共d兲 Reflection spectra for the PhC
heterostructure PMMA287+ PMMA410 共black solid line兲, only PMMA410
PhC 共red dash dotted line兲, and only PMMA287 PhC 共blue dashed line兲.
FIG. 1. 共Color online兲 SEM images of PhC heterostructures. 共a兲
PMMA410+ PS280 and 共b兲 PMMA287+ PMMA410. Scale bar is 5 m.
given by d111 = 0.816D, D is the diameter of the spheres used,
and  is the angle of incidence of light on the sample with
normal along the 关111兴 direction in air. The effective dielectric constant eff is given by eff = sphere f + void 共1 − f兲, where
f is the filling fraction of the sphere, which is ideally 0.74 for
the fcc arrangement. sphere and void are the dielectric constants of the material of the sphere and the void 共which is
usually air兲, respectively.
Figure 2共a兲 shows the near-normal incidence reflection
spectrum and normal incidence transmission spectrum for
the PhC heterostructure PMMA410+ PS280 with two peaks/
dips having a one-to-one correspondence confirming the signature of the photonic stop band. The transmission spectrum
shown in Fig. 2共a兲 is well resolved, with minimum transmission at wavelengths corresponding to the sphere diameter
and the effective dielectric constant, with high transmission
region on either side of the photonic stop band. This is possible only if good ordering is present with less disorder, since
the transmission scans the whole thickness of the heterostructure. Figure 2共b兲 shows the reflection spectra for the
PhC heterostructure PMMA410+ PS280 when the light is incident independently on either side of the heterostructure.
The black solid line shows the reflection spectrum when the
light is incident first on PS280. The gap size 共⌬ / 兲 is 8%
for PS280 and 11.7% for PMMA410, with peak reflectance
of 34% 共near  ⬃ 610 nm兲 and 24.5% 共near  ⬃ 860 nm兲,
respectively. The light reflected from the lower PMMA410
crystal encounters the extra disorder present at the interface
due to the mismatched lattice constant of the two crystals.
This results in increased bandwidth, reduced peak reflectance, and increased transmission at the photonic stop band
wavelength for PMMA410 compared to PS280. On the other
hand, when the light is incident through the substrate from
the PMMA410 side of the same heterostructure, shown by
the red dashed line, the gap sizes are 11.2% for PMMA410
and 10.8% for PS280, with peak reflectance of 43% and
24%, respectively.
When the second crystal 共PS280兲 is grown on the top of
the first one 共PMMA410兲, the substrate for the second crystal
is the 共111兲 plane of the first crystal instead of the flat glass
substrate as for the first crystal. This change in the substrate
quality will influence the growth of the second crystal. The
increased roughness of the initial PhC compared to the bare
substrate will introduce disorder and defects other than those
inherent to the self-assembling process. These affect the optical quality of the PhC heterostructures. When the light is
incident on the PS280 side first, it sees the well ordered top
layers, from where the reflection takes place, so the reflection
corresponding to PS280 at 610 nm is larger. However, the
reflected light intensity at 860 nm, which is due to the lower
PMMA410 PhC, passes through the disordered region on the
top of PMMA410 due to the formation of PS280 PhC. This
wavelength gets multiply scattered in this disordered region,
which reduces the intensity of light reflected from the
PMMA410 PhC when the heterostructure is probed from the
air side 共PS280兲. However, when the light is incident through
the glass substrate, the reflection from the PMMA410 PhC
will be larger because the reflected intensity will scatter only
due to the inherent disorder present in the PMMA410 PhC.
The light intensity reflected from the PS280 PhC passes
through the disordered region at the interface of the two crystals before it emerges from the substrate. Due to this additional diffusive scattering, the reflected intensity of PS280 is
reduced in this case.
The oscillations observed on either side of the photonic
stop band in Figs. 2共a兲 and 2共b兲 result from the uniform
thickness of the photonic crystals fabricated. The wavelength
Downloaded 24 Feb 2012 to 14.139.97.76. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
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region shown by the arrows in Fig. 2共b兲 indicates the presence of second order Bragg reflection and other high-energy
features known to signify the quality of the photonic
crystals12 since they are more sensitive to disorder effects. It
may be noticed that the high-energy features of PS280, expected near  ⬃ 300– 350 nm, are observed clearly when the
light is incident first on PS280, while the high-energy features of PMMA410, expected near  ⬃ 410– 480 nm, are resolved better when the light is incident first on PMMA410.
This justifies our interpretation given in the last paragraph
and shows that the interface disorder plays a crucial role in
deciding the final optical quality of the PhC heterostructures.
Figure 2共c兲 shows the reflection spectra for the heterostructure PMMA410+ PS280 共black solid line兲 and the individual crystals of PMMA410 共red dash dotted line兲 and
PS280 共blue dashed line兲 grown under identical conditions.
One can see clearly that the double photonic stop band of the
PhC heterostructure matches very clearly the photonic stop
band positions of the individual PhCs. Since the structure is
probed from the PS280 side, the second order and other
high-energy peaks associated with only PS280 are visible
and those associated with PMMA410 are lost. Figure 2共d兲
shows the photonic stop bands for PMMA287+ PMMA410
heterostructure 共black solid line兲 as well as for its counterparts given by PMMA287 共blue dashed line兲 and PMMA410
共red dash dotted line兲. Here, again, the photonic stop bands
for the PhC heterostructure exactly match the individual photonic stop bands 共PMMA287 and PMMA410兲. In the case of
Fig. 2共c兲, the lower PhC of the heterostructure has larger
diameter spheres and, hence, larger surface roughness. When
the second PhC, made of spheres of smaller diameter, grows
on top, it will encounter a greater extent of disorder. Due to
this, one may notice the reduction in reflectance from 58% in
the individual PhC to 25% in the heterostructure at 860 nm.
In the case of Fig. 2共d兲, the reduction in reflectance at
860 nm is from 44% to 24%, in view of the lower disorder
encountered due to smaller values of roughness when a crystal of larger diameter spheres grows on top of a crystal containing spheres of smaller diameter.
For these heterostructures, as  increases, the two photonic stop bands shift to the shorter wavelength region, as
expected from the modified Bragg’s law. This is shown in
Fig. 3. The variation in the peak reflectance wavelength was
compared between the heterostructure and the individual
PhCs at different angles of incidence. A perfect correspondence was achieved between them even up to 45° of incidence angle. This result is a direct indication of the quality of
the heterostructures and the superiority of the inward growing self-assembly method for fabricating the heterostructures. As  increases, the spot size of the beam on the crystal
also increases, so that it scans a larger area of the samples. At
higher  values, the light path inside the PhCs is larger, leading to an enhanced light scattering. Both these factors reduce
the reflected light intensity. It should be noted that the peak
associated with PS280 dies off fast, due to the disordered
region between the two PhCs, since the sample is probed
from the PMMA410 side. Apart from the standard use of
FIG. 3. 共Color online兲 Angle resolved reflection spectra for a PhC heterostructure PMMA410+ PS280 at 15° 共black line兲, 30° 共red line兲, and 45°
共blue line兲 incidence of light, when the sample is probed from the
PMMA410 side. The arrows indicate the photonic stop band corresponding
to the PS280 photonic crystal.
these heterostructures as a filter for two widely separated
wavelengths, they can be extended to create a 3D ordered
defect layer sandwiched between two 3D ordered PhCs, thus
enabling the localization of light, and experiments in this
direction are under way.
To conclude, PhC heterostructures made of polymeric
colloids have been fabricated using the inward growing selfassembling method. Heterostructures having two wellresolved photonic stop bands with peak reflectance 艌25%
with a corresponding fall in transmission have been obtained
irrespective of the sphere diameter and the material of the
sphere. These are fabricated in less than 6 h compared to
other conventional methods of fabrication. The angle resolved optical characterization of the double photonic stop
band shows the extent of ordering of the PhC heterostructure, and these photonic stop band wavelengths exactly coincide with the photonic stop band positions of the individual
crystals.
The authors are grateful to DST and UGC for financial
support.
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