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ABSTRACT 

Photonic crystal heterostructures containing two materials and/or two lattice constants are synthesized using the colloids 
of polystyrene and polymethyl methacrylate by a self-assembling technique. These direct heterostructures with double 
stop band are infiltrated with zinc oxide by sol-gel method, followed by the removal of the original polymer template by 
a wet-etching process to result in inverse heterostructures made of zinc oxide. A red shift in the wavelength of stop 
bands is observed when the crystal is infiltrated with zinc oxide and a blue shift after inversion, in concurrence with the 
changes in the effective index of the structure. The stop band is also calculated to extract the number of layers and the 
extinction co-efficient contributing to the heterostructure. This structure made by a room-temperature low-cost tech- 
nique produces a sparsely-filled zinc oxide crystal with a single refractive index but containing two different peri- 
odicities in a layered arrangement that can be used as a lab-on-a-chip for dual- or multi-wavelength sensing applica- 
tions. 
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1. Introduction 

Colloidal photonic crystals (PhCs) with their spatially 
periodic variation of refractive index forbid a certain 
range of wavelength of electromagnetic waves from pro- 
pagating along a particular direction through the structure. 
If this transmission stop band is engineered to be in an 
appropriate wavelength range of the electromagnetic spec- 
trum, applications such as miniaturized optical filters, 
low-threshold lasers [1] and optical switches/sensors [2] 
become possible. The scope of utility of these structures 
can be further increased if two or more wavelength ranges 
can be controlled simultaneously with the help of multi-
ple stop bands within a single structure such as in PhC 
heterostructures (HS). Two- and three-dimensionally (2- 
D and 3-D) ordered HS made of PhCs have been used for 
different applications such as low-loss waveguides, wave- 
length selective mirrors, high-efficiency add-drop filters 
[3], polarization beam splitters [4], and nanocavities with 
high quality factor [5]. 

A minimum of two lattice constants or two refractive 
index contrasts within a periodic structure constitute a 
HS. In the fabrication method of colloidal self-assembly, 

the lattice constant variation is possible by using a mate- 
rial with two different colloidal diameters, while the re- 
fractive index can be changed by using two different col- 
loidal materials during fabrication or by infiltrating with 
different dopants. Earlier work has demonstrated the ca-
pability to fabricate non-polymeric and polymeric PhC 
HS by different techniques [6-8]. In contrast to these works, 
we discuss the fabrication and characterization of a po-
rous structure containing periodically-arranged air spheres 
connected by a fine solid skeleton made of ZnO and pos-
sessing two different lattice constants by a simple room- 
temperature technique. 

Throughout this work, inexpensive techniques have 
been used in the growth and subsequent inversion of the 
PhCs. The ease of fabrication of these direct and inverse 
HS as well as the clarity provided by the characterization 
results establish the possibility of obtaining devices such 
as a broadband reflective filter and wavelength-selective 
spectrometer proposed in [9,10]. The PhC HS can also 
serve as a lab-on-a-chip template, since the porous struc- 
ture can be infiltrated with a variety of materials for fur- 
ther studies. It is especially useful for those materials that 
cannot be processed as colloids or grown in an ordered 
arrangement independently by self-assembly. *Corresponding author. 
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2. Experimental Details 

Colloidal particles of poly methyl methacrylate (PMMA) 
with average sphere diameters of 287 nm (referred to as 
A1) and 411 nm (A2) as well as polystyrene (PS) spheres 
with average diameters of 264 nm (B1), 277 nm (B2), 306 
nm (B3) and 803 nm (B4) are used in the fabrication of 
PhC, using the inward growing self-assembly technique 
[11]. In this method, the colloidal globules arrange them- 
selves in a face-centered cubic (fcc) lattice geometry and 
contain tetrahedral and octahedral interconnected voids. 
The second type of PhC is grown on the top of the first 
PhC after it is heated in an oven at 50˚C for 2 h to ensure 
complete drying and then cooled down to the room tem-
perature. The resulting composite structure is a direct 
HS. 

Five different direct HS with three types of stacking 
are fabricated and characterized. In the first structure, 
PMMA 411 nm PhC is grown on the top of a PS 264 nm 
PhC (named as B1A2). This contains two different mate- 
rials and two different lattice constants. In the second 
case, PMMA 411 nm PhC is grown on the top of PMMA 
287 nm PhC (A1A2), PMMA 287 nm crystal is grown on 
PMMA 411 nm PhC (A2A1) and PS 306 nm PhC is 
grown on PS 277 nm PhC (B2B3). In these cases, the ma- 
terials are the same but the lattice constants are different. 
In the third combination, PS 803 nm PhC is grown on 
PMMA 287 nm PhC (A1B4). This is similar to the first 
case but more complicated due to the large difference in 
colloidal diameters. 

One may note that the set of five HS studied here in- 
cludes PS on PMMA, PMMA on PS, as well as the two 
different cases of large/small diameter colloids on the 
top. The voids of HS are then infiltrated with ZnO pre- 
pared by sol-gel method and the polymer is removed by 
wet-chemical technique to result in inverse HS. Details 
of the sol preparation, infiltration and inversion pro- 
cedure have been reported earlier [12]. Other than these 
techniques, the inverse PhC can also be fabricated using 
a variety of templates by different infiltration and in- 
version methods [13]. In the present work, the infil- 
tration of the ZnO sol into the voids of the HS is carried 
out after growing both layers of the PhC unlike the case 
in [14]. 

3. Results and Discussion 

Images are recorded on scanning electron microscope 
(SEM) for the individual PhCs and the HS, both in their 
direct and inverse forms. In the individual PhC, the hex-
agonal arrangement on the top surface parallel to the 
substrate (Figure 1(a)) and square arrangement in the 
cross-section of the crystal perpendicular to the substrate 
(Figure 1(b)) represent the 111  and 100  planes of 
the fcc lattice, respectively [15]. In Figures 1(c) and (d), 

the SEM images of ZnO inverse PhC obtained from 
PMMA 287 nm and PS 264 nm respectively are shown. 
The ZnO net surrounding the air spheres is clearly visible 
in both the pictures. The original lattice arrangement of 
the direct PhC is not disturbed during infiltration and 
inversion process. The underlying layer of the crystal is 
also visible in these images. The average diameter of the 
air spheres in the case of Figures 1(c) and (d) are 277 
nm and 234 nm respectively as measured from the SEM 
images. These values are nearly equal to the diameters of 
the polymer spheres before inversion. 

The SEM images of the direct and inverse HS are 
shown in Figures 1(e) and (f) respectively. The SEM im- 
age of B1A2 direct HS is shown in Figure 1(e). The lower 
PhC is seen on the left and the upper PhC is seen on the 
right of the image. The hexagonal arrangement of the 
spheres in both the layers of the HS is noticeable and the 
colloidal diameter of the lower PhC is lesser than that of 
the upper PhC. Figure 1(f) is the ZnO inverse HS ob- 
tained from A2A1 with the lower crystal on the left and 
the upper crystal on the right of the image. The hexago- 
nal arrangement of air spheres with ZnO skeleton in the 
two layers of the PhC can be seen. The sphere diameter 
 

(b) 

(d) 

(f) (e)

(c)

(a)

 

Figure 1. SEM images of (1) ZnO infiltrated PS 264 nm 
PhC where the (a) 111  plane is seen on the top (scale bar 

is 200 nm) and (b) the 100  plane is seen in the cross-sec- 

tion (scale bar is 100 nm), (2) ZnO inverse PhC obtained 
from (c) PMMA_287 nm PhC and (d) PS_264 nm PhC 
(scale bar is 100 nm) and (3) direct B1A2 HS is seen in (e) 
(scale bar is 1 µm) while inverse HS obtained from A2A1 is 
seen in (f) (scale bar is 1 µm). 
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(d) for 111  plane of the fcc lattice is given by 
3d a  while 2 2a 

of the lower part is more than of the upper part as re-
quired for A2A1. D , where a is the lattice con-

stant and D is the diameter of the colloidal sphere. The 
modified Bragg’s law for first-order diffraction from the 
111  plane gives 2 22 sino effd n    where o is 

the wavelength of maximum reflectance and  is the an-
gle of incidence. 

The reflection spectrum of the crystal is recorded us-
ing a spectrophotometer (Perkin-Elmer Lambda-950 
UV-Vis-NIR) attached with a universal reflectance ac-
cessory for angle-dependent specular reflectance meas-
urements. The beam from the spectrophotometer covers 
an area of (12.5 × 5) mm2 on the crystal surface, thus 
illuminating multiple single-crystalline domains. These 
domains have an average area of (300 × 300) m2. This 
measurement gives the quantitative information about the 
photonic stop band wavelength, its dependence on the 
effective refractive index of the crystal, and the number 
of ordered layers present, as well as a qualitative indica-
tion of disorder. The effective refractive index is 

1 1 2 2effn f  

The variation of specular reflectance (R) as a function 
of wavelength () is shown in Figure 2. The single PhC 
gives predictable results. The solid line in Figure 2(a) is 
the reflection spectrum of PS 264 nm PhC showing a 
maximum of 38% reflectance at 598 nm. Considering the 
refractive indices of PS, PMMA, ZnO and air to be 1.59, 
1.49, 2.00 and 1.00 respectively, and assuming the ideal 
fill fraction (of 0.74 for the sphere) in an fcc lattice, the 
neff of the PhC increases from 1.46 to 1.70 when the 
crystal is infiltrated with ZnO. As a result, the reflection 
maximum is observed to shift to 634 nm (dotted line), 

f , where  is the dielectric constant and 
f is the fill fraction, while 1 and 2 refer to the sphere and 
the background, respectively. The inter-planar distance 
 

 
                                (a)                                                       (b) 

 
                                (c)                                                        (d) 

Figure 2. Reflection spectra of (1) direct PhC (solid line), ZnO infiltrated PhC (dotted line) and ZnO inverse PhC (dashed line) 
fabricated from (a) PS 264 nm and (b) PMMA 411 nm. (2) PS 264 nm (dashed line), PMMA 411 nm (dotted line), and B1A2 
HS (solid line) shown in (c) and (3) ZnO infiltrated HS (dashed-dotted line) and ZnO inverse HS (thick line) obtained from 
B1A2 shown in (d) (All at 8˚ incidence angle). INF: infiltrated, INV: inverse. 
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which is a red shift of 36 nm. The index contrast, which 
is the difference between the refractive index of the 
sphere and the background, is decreased from 0.59 to 
0.41 after infiltration. The peak reflectance of the infil- 
trated crystal is significantly lower than the peak reflec- 
tance of PS 264 nm PhC. This is because a layer of ZnO 
is left on the top surface of the PhC after the infiltration 
which affects the reflectance measurement. 

The reflection maximum is shifted to 428 nm, a de- 
crease of 206 nm, when the PS spheres are removed from 
the structure after inversion (dashed line). In the case of 
inverse PhC, the refractive index contrast increases to 
1.00 but neff decreases to 1.33 because of the lower filling 
fraction of higher index material (ZnO) in the structure. 
Similar shifts are observed in the case of PMMA 411 nm 
PhC (Figure 2(b)). For this case, neff of PMMA PhC in- 
creases from 1.37 to 1.63 after infiltration and reduces to 
1.33 after inversion, resulting in the stop band peak at 
851 nm, 887 nm and 746 nm for direct (solid line), infil- 
trated (dotted line) and inverse (dashed line) PhCs, re- 
spectively. 

Subsequent to the single PhC, the reflection spectra of 
the HS are recorded to obtain their two different stop 
bands and to understand the extent of ordering present in 
the two constituent structures. The thin solid line in Fig- 
ure 2(c) is the reflection spectrum of B1A2 for 8˚ inci- 
dence angle. Two well-resolved stop bands with peaks at 
598 nm and 851 nm are observed. The two bands arise 
because the Bragg planes of the individual PhCs made of 
PS and the PMMA respond to two different ranges of 
electromagnetic waves. The lattice constants of lower 
and upper layers are 373 nm and 581 nm respectively, 
and neff is 1.46 and 1.37 for PS and PMMA PhC respec- 
tively. The peak positions of both these stop bands match 
with the wavelength of the peaks in the stop bands of 
individual PS 264 nm and PMMA 411 nm PhCs, as 
shown in the figure with dashed and dotted lines, respec- 
tively. 

When the HS is infiltrated with ZnO, the reflection 
peaks (Figure 2(d), dashed-dotted line) shift towards 
larger wavelengths to 617 nm and 875 nm. The peaks 
have shifted by 19 nm for PS and 24 nm for PMMA after 
infiltration. The slight difference in the shifting range 
may be due to the smaller size of the voids in the case of 
PS 264 nm PhC as compared to PMMA 411 nm PhC, 
allowing lesser volume of infiltration of ZnO in the for- 
mer and the interface between the two PhCs leading to 
incomplete infiltration in the lower layer PhC. However, 
the second reason is unlikely in view of the results on the 
inverse HS that follow. The infiltrated HS is inverted by 
chemical method and the photonic stop bands shift to 
lower wavelength region with peaks at 449 nm and 838 
nm, shown with thick solid line in Figure 2(d). The in- 
verse HS has a single neff of 1.33 throughout the thick- 

ness. But the lattice constant of the top layers (579 nm) is 
different from the lattice constant of the lower layers 
(372 nm) resulting in two stop bands. 

In order to understand the versatility of fabrication of 
HS by this method, other combinations of materials/col- 
loidal diameters are also discussed. While the results on 
direct HS are presented below in view of their larger ab-
solute reflectance values, they can be inverted by the 
same techniques discussed above. In Figure 3, the re-
flection spectrum of direct HS is shown with a solid line 
while that of individual PhC is shown with dashed or 
dotted lines. In Figure 3(a), the reflectance spectrum of 
A1A2 HS is shown with a thick line. Here, the PhC con- 
taining larger colloids (411 nm) is grown on the PhC 
with smaller colloids (287 nm). The lattice constant of 
the lower and upper layers are 404 nm and 579 nm re- 
spectively. Two stop bands are observed for this HS at 
611 nm and 819 nm with the reflectance from both the 
layers being nearly equal. The thin line in the figure is 
the reflection spectrum of HS when the crystal is grown 
in the reverse order, namely A2A1. While the stop bands 
of the two types of HS match with each other as well as 
with that of the individual PhCs fairly well in terms of 
the stop band wavelength, the peak reflectance from 
PMMA 287 is significantly lower in comparison to the 
peak reflectance from PMMA 411 in A2A1. The full 
width at half maximum (FWHM) of the reflection spec- 
trum associated with PMMA 287 and PMMA 411 in 
A1A2 are 82 nm and 133 nm, respectively. On the other 
hand, the FWHM in the case of A2A1 are 29 nm and 97 
nm corresponding to PMMA 287 and PMMA 411, re- 
spectively. The significance of these values is discussed 
later. 

The peak reflectance of the two stop bands in B2B3 HS 
is nearly equal in Figure 3(b). A broader reflection band 
with two peaks due to the two stop bands is obtained in 
this case. The two peaks are at 595 nm and 643 nm 
which correspond to PS 277 and PS 306, respectively. 
For this HS, the material used in both the layers is the 
same and their diameters are also comparable. As a result, 
one may notice that the peak reflectance value is rela- 
tively large in this case. The reflection spectra measured 
for the individual PS PhCs with sphere diameter of 277 
nm and 306 nm are shown in the figure with dashed and 
dotted lines, respectively. Liu et al. reported fabrication 
of binary PhC HS by modified self-assembly method 
[16]. In that work, PS particles with three different di- 
ameters were used to fabricate the HS and the reflectance 
corresponding to top layer was less compared to bottom 
layer when larger particles were grown on smaller parti- 
cles. In the present work, the reflectance of both the lay- 
ers are found to be nearly equal (thick solid line in Fig- 
ures 3(a) and (b)) when larger particles are deposited on 
smaller particles. 
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                               (a)                                                        (b) 

 
                               (c)                                                        (d) 

Figure 3. Measured reflection spectra of (a) A1A2 HS (thick line), A2A1 HS (thin line), PMMA 287 nm (dashed line) and 
PMMA 411 nm (dotted line); (b) B2B3 HS (solid line), PS 277 nm (dashed line) and PS 306 nm (dotted line); (c) A1B4 HS (solid 
line), PMMA 287 nm (dashed line) and PS 803 nm (dotted line); and (d) Measured reflectance spectrum (solid line) of B2B3 
HS shown along with the calculated reflectance spectrum of the constituent PhCs (symbols). (All the measurements are done 
at 8˚ incidence angle). 
 

Figure 3(c) is the reflection spectrum of HS made of 
two different materials, namely PMMA 287 nm and PS 
803 nm, termed as A1B4. The lattice constant of the lower 
layer (404 nm) is very less as compared to the upper 
layer (1132 nm). The growth of HS is possible in spite of 
such a large lattice mismatch. As expected, two peaks are 
observed in the reflection spectrum of the PhC HS at 591 
nm and at 1824 nm, with one stop band in the visible 
range and the other in the near-IR range. The reflection 
spectrum of the individual PMMA PhC with sphere di-
ameter of 287 nm and PS PhC with sphere diameter of 
803 nm are shown in the figure with dashed and dotted 
lines, respectively. 

Amongst the several insights that these results provide, 
there are three issues to be analyzed. One is to do with 

the reduction of peak reflectance of light emerging from 
the lower layer due to scattering losses at a mismatched 
interface. The second is the extent of growth (number of 
layers as well as the ordering within the layers) possible 
for the upper layer, in the two cases of larger colloids on 
the top as against smaller colloids on the top. The third is 
to do with the growth of two different materials (with 
equal or disparate diameters) over each other as against 
the growth of the same material with two different dia- 
meters. 

Peak reflectance from both the constituent PhCs in the 
case of HS is reduced as compared to individual crystals 
in Figure 3, in spite of similar growth conditions such as 
the volume and concentration of the colloidal solution. 
Light scattering losses at the mismatched lattice interface 
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between the two PhCs in the HS can explain the lowering 
in peak reflectance for the lower PhC but not the upper 
PhC. A lowering of peak reflectance from the upper PhC 
is possible only if the number of well-ordered layers is 
lesser than the expected number. From the result in Fig-
ure 3(c), it is clear that the peak reflectance due to the 
lower-lying PMMA 287 remains large (and unaffected) 
when the lattice mismatch is significantly large with the 
upper layer being PS 803. 

The FWHM of the reflectance band is directly propor-
tional to the index contrast and the extent of disorder, and 
inversely proportional to the number of layers. Since the 
two constituents are of the same material in Figure 3(a), 
the larger FWHM in A1A2 can be attributed to fewer lay- 
ers and/or more disorder. When the upper and lower 
PhCs are both made of PS (colloids of comparable di- 
ameters) as shown in Figure 3(b), larger and nearly 
equal peak reflectance is obtained for the two stop bands. 
The value of peak reflectance is directly proportional to 
the number of ordered layers and inversely proportional 
to the extent of disorder. 

PS PhC grows better on another PS PhC as seen in 
Figure 3(b) but this does not apply to two PMMA PhCs 
grown over each other (Figure 3(a)) and PS grown on 
PMMA (Figure 3(c)). Liu et al. reported that the optical 
property of HS formed by depositing bigger particles on 
smaller ones was found to be superior to the HS grown in 
the reverse order [8]. To analyze if this is supported in 
the present study, one may consider the cases shown in 
Figures 3(a) and (b). PMMA 287 has a peak reflectance 
of more than 40% when grown as the lower PhC in Fig- 
ure 3(c), but gives only 12% as peak reflectance when 
grown as the lower PhC in Figure 3(a). While the second 
result could be due to larger interface losses, it cannot be 
confirmed and the ease of growth of larger colloids on 
smaller ones cannot be established conclusively. 

It is possible to calculate the reflectance spectra of the 
two constituents of the HS by choosing an appropriate 
number of layers and including the effect of extinction 
coefficient in the refractive index to account for the in-
terface losses [17,18]. The experimentally measured re-
flectance spectra of the individual PhCs are shown in 
Figure 3(b) as dashed and dotted lines, while the calcu-
lated reflectance spectra of the individual PhCs that 
match the composite HS are shown in Figure 3(d). The 
calculated reflection spectra of independent PhCs (not 
shown here) that match the spectra in Figure 3(b) gave 
the number of layers and extinction as 20 and 0.06 for PS 
277, and 16 and 0.06 for PS 306. These are the lower and 
upper PhCs respectively in the composite HS. The num-
ber of layers and extinction for these two PhCs in the 
composite structure required to obtain the solid line in 
Figure 3(d) are 20 and 0.13 for the PS 277 (shown by 
triangles), and 16 and 0.12 for the PS 306 (shown by 

circles) respectively. This indicates that the extinction is 
distinctly increased for both the PhCs in the composite 
HS while the number of layers that grow in a well-or- 
dered manner is not affected. 

Lastly, it may be noted that during the process of in-
version by the wet-chemical method, any crystalline re-
gion of the original polymeric structure that has not been 
infiltrated by ZnO will get washed out by toluene. Since 
the adhesion of the crystalline structure to the substrate is 
through the lower layers, infiltration of ZnO into the 
lower layers is essential to retain a structured crystal after 
inversion. Even though the infiltration was carried out 
after growing the complete structure in the present work, 
its success is proven through the optical studies on the 
inverted HS and the wavelength range of the dual stop 
bands. From the present work on HS that contain two 
PhCs made of two different polymer colloids, one may 
state that ordered heterstructures are possible in spite of 
material mismatch and lattice mismatch. Berdosova et al. 
fabricated the HS using SiO2 and PS colloids, where the 
diameter of the SiO2 colloids was just double the diame- 
ter of PS colloids [19]. In the present work, the relative 
size of the colloidal spheres used for the fabrication of 
upper layer in the HS is even larger. 

The variants obtained by growing HS with the help of 
PhCs have the ultimate goal of simpler applications. In 
this connection, one may refer to [9,10] for two novel 
and simple devices. The ease of fabrication of the direct 
and inverse HS discussed in the earlier sections establish 
the possibility of obtaining such devices in combination 
with the advantages of HS, such as short times of fa- 
brication and versatility of using different materials 
and/or lattice constants. More importantly, these inverse 
HS can serve as lab-on-a-chip templates, since the porous 
structure can be infiltrated with a variety of materials 
(especially those that cannot be processed in colloidal 
form) in a sequential manner for further studies on multi- 
wave-length sensing. 

4. Conclusion 

The fabrication and characterization of 3-D HS with mul- 
tiple combinations of polymeric colloidal particles is 
demonstrated with all the processes carried out at room 
temperature. The stop band wavelengths of the HS match 
exactly with the peak positions of individual PhCs. Parti-
cles with very large sphere diameter (almost three times) 
could also be grown successfully on the surface of PhC 
having smaller particles. The extent of disorder result-
ing due to stacking of colloids of unequal size in a HS 
arrangement is estimated by calculating the reflectance 
spectrum using an extinction coefficient for the medium. 
The five types of HS discussed here bring out the success 
of the method in a variety of combinations through a 
comprehensive approach. The results indicate the free-

Copyright © 2012 SciRes.                                                                                  OPJ 
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dom of choice of various polymeric colloids of any di-
ameter to form HS. Multiple stacking of different PhC 
layers with appropriate stop band positions followed by 
inversion can result in an interesting single-solid PhC 
with multiple lattice constants suitable for specialized 
applications with a variety of materials (that can not be 
processed in colloidal form) by in-filling them in the 
skeletal structure, to understand their properties in a pho- 
tonic crystalline environment. Thus, these low-cost crys- 
talline structures made by room-temperature techniques 
within a few hours can serve as lab-on-a-chip templates 
for sensing applications. 
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