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a  b  s  t  r  a  c  t

PMMA  opal  crystal  was  prepared  by  a  simple  hybrid  method,  which  includes  sedimentation,  meniscus
formation  and  evaporation.  We  investigated  three  surfaces  of  this  crystal  by  angle-resolved  reflective
light  spectroscopy  and  SEM  study.  The  angle-resolved  reflective  measurements  were  carried  out  in  the
400–1100  nm  range.  We  have  determined  the  high-quality  ordered  surface  of  the crystal  region.  Narrow
particle  size  distribution  of  the surface  has been  revealed.  The  average  particle  diameter  obtained  with
SEM  was  nearly  361  nm.  The  most  interesting  result  was  that  reflectivity  of the  surface  turned  out  up  to
98%  at normal  light  incidence.  Using  a fit  of  dependences  of  the  maximum  reflectivity  wavelength  from
an  angle  based  on the  Bragg–Snell  law,  the wavelength  of maximum  0◦ reflectivity,  the  particle  diameter
and  the  fill factor  have been  determined.  For  the  best  surface  maximum  reflectivity  wavelength  of  a  0◦
ngular resolved reflective spectroscopy angle  was  estimated  to be 869  nm.  The  particle  diameter  and  fill  factor  were  calculated  as  372  nm  and
0.8715,  respectively.  The  diameter  obtained  by fitting  is  in excellent  agreement  with  the  particle  diameter
obtained  with  SEM.  The  reflectivity  maximum  is  assumed  to increase  significantly  when  increasing  the  fill
factor. We  believe  that  using  our  simple  approach  to manufacture  PMMA  opal  crystals  will  significantly
increase  the  fabrication  of  high-quality  photonic  crystal  templates  and  thin  films.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Photonic crystals (PhCs) are attractive optical materials for
undamental research and practical applications in various fields
f technology due to their outstanding properties. Among these
roperties the photon stop-band (or photonic band gap, PBG), light-
avelength selectivity and high-performance photoluminescence

re of primary importance [1–8].
Structural periodicity in a PhC leads to light coherent scattering

rom a highly accurate, ordered structure that results in the forma-
ion of PBGs, which are optical analogues of electronic band gaps in
emiconductors [9]. The PBG is known to be in agreement with light

eflection from a periodic structure if the structure period is equal
o half of the incident light wavelength [10]. Moreover, wavelength

∗ Corresponding author at: Federal Research Centre Krasnoyarsk Scientific Cen-
er of the Siberian Branch of Russian Academy of Sciences, Akademgorodok 50,
rasnoyarsk, 660036, Russia.

E-mail address: ivan nemtsev@mail.ru (I.V. Nemtsev).

ttps://doi.org/10.1016/j.photonics.2017.11.007
569-4410/© 2017 Elsevier B.V. All rights reserved.
selectivity [4] and total reflection [11] take place entirely due to PhC
periodic order.

PhCs have worldwide been investigated for their possible
application in biological labeling [12,13], therapeutics [14,15],
biodetection [15], bioimaging [15,16] and solar cells [17,18]. Based
on their promising properties infrared quantum counter detectors,
temperature sensors and three-dimensional displays [19] are fea-
sible. There are some more attractive phenomena concerning PhCs,
such as extraordinary optical transmission [20], low-loss transmis-
sion [21], enhanced absorption [22,23] and multi-functional and
multi-responsive luminescence [24]. Some PhC devices are already
in use. For example, PhC fibers [25], LED [26], no-loss waveguides
[27,28], resonators [29] and compact solid-state lasers [30] have
already been fabricated.

Among PhCs, opals (natural or artificial) are distinguished as a
special class. Opals are three-dimensional periodic crystals of great
interest [31], which derives from the fact that opals can be pre-

pared using relatively simple and inexpensive production methods,
and considerable surface area of three-dimensional, highly pre-
cise, ordered templates of opal can also be obtained. Obviously
the most appropriate technique to fabricate colloidal crystal is the

https://doi.org/10.1016/j.photonics.2017.11.007
http://www.sciencedirect.com/science/journal/15694410
http://www.elsevier.com/locate/photonics
http://crossmark.crossref.org/dialog/?doi=10.1016/j.photonics.2017.11.007&domain=pdf
mailto:ivan_nemtsev@mail.ru
https://doi.org/10.1016/j.photonics.2017.11.007
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elf-assembly approach [31], the most popular methods of which
re gravity sedimentation, vertical deposition, electrophoresis, spin
oating as well as the melt-shear organization technique [32,33]
nd crystallization in physically confined cells [31]. Nowadays a
umber of researchers [34–37] have concentrated on combining
timulus-responsive materials with the self-assembled PhCs.

Inverted or inverse opals (IOs) are a particular case of PhCs
38–40], commonly used in gas and liquid sensing [41–43], bat-
ery electrodes [44] and catalysts [45–47]. More recently, a series of
orks [48–50] have been devoted to so-called smart devices based

n inverted opal structures. IOs are three-dimensional porous
tructures formed using sacrificial polymer[24] or silica [51] tem-
lates by filling the opal voids with a precursor. The original opal
emplate is then removed by etching or annealing. As a polymer
emplate, polymethyl methacrylate (PMMA) or polystyrene opal is
onveniently used. To obtain a high-quality inverse opal, the most-
rdered PMMA or polystyrene spheres in the opal template should
e fabricated.

One of the main methods to check opal template quality is
ptical reflection and scanning electron microscopy (SEM). The
eflection at normal incident light for an ideal opal template is 100%
nder certain wavelengths. Indeed, research works have confirmed
igh opal template reflectivity [3,52–54]. However, no studies have
een identified in which the opal crystal reflectivity reaches 100%
rom a relatively large area. An analysis of articles on this topic
howed that the highest reflectivity from a relatively large area of
pal crystal was ∼ 80% measured with incident light normal to the
kl = 111 crystal planes [55]. Thus, the purpose of this study was
o produce a high-quality opal crystal with reflectivity reaching
00% from a relatively large area by using a simple and inexpensive
ethod.
This study presents a high-quality opal surface with extrapo-

ated reflectivity up to 98% at normal incidence, as well as bulk
pal made from stacking uniform-sized particles into a face-centre
ubic (fcc) array. The opal crystal was produced using a hybrid
ethod, which includes sedimentation, meniscus formation and

vaporation. This method is simple and allows relatively large high-
rdered surfaces with high reflection. We  have found that our
ybrid method is similar to the methods specified in recent research
55,56]. However, different technological parameters were used
ere.

This study presents angle-resolved reflective measurements
nd an SEM study of opal PMMA  crystal with three surfaces.

. Experiment

.1. Synthesis of PMMA  spheres

Methyl methacrylate (MMA), distilled water and 2,2′-Azobis(2-
ethylpropionamidine) dihydrochloride initiator were used for

ynthesis of the PMMA emulsion. A necessary condition of the dis-
ersion formation of submicron PMMA  spheres with a narrow size
istribution is a short phase of intense multiple nucleation, chang-

ng with slow controlled growth of the particles without changing
heir numbers. The chain radical polymerization process of methyl

ethacrylate can be divided into three stages: activation of the ini-
iator, the reaction of the monomer with an initiator radical and
he growth of the molecule and breakage of the polymer chain.

hen heated, the initiator decomposes with the formation of active
adicals, which are the initiators of the polymerization reaction.

The emulsion polymerization procedure requires the heating

f methyl methacrylate emulsified in water to 70 ◦C or 80 ◦C. In
his study, the emulsion temperature was kept at 75 ◦C. We  used
40 ml  of MMA, 560 ml  of distilled water and 0.3 g of initiator to
ake PMMA  spheres of 360–370 nm.  The mixer speed was  fixed
ndamentals and Applications 28 (2018) 37–44

at 700 rpm. All polymerization procedures for mixing water and
methyl methacrylate lasted about 2.5 h. During nanoparticle (NP)
dispersion synthesizing, the IR spectra of the NP dispersion was
recorded by using a FT-801 IR Fourier spectrometer with a fibre
probe [57]. Thus, we were able to fully monitor the polymeriza-
tion process using IR spectra. Before polymerization, we  saw only
MMA peaks. However, after the polymerization process, we  saw
only PMMA  peaks. Peaks of MMA  and PMMA  were identified using
the following articles [58–60]. Thus, we assume that all chemical
reagents completely reacted.

The concentration of nanoparticles in water dispersion was  esti-
mated to be ∼15 vol% (∼6 × 1015 nanoparticles per one liter). The
polydispersity of the nanoparticles was less than 3% according to
SEM.

2.2. Preparation of PMMA opal-like structure

In this study, we used the hybrid method to form opal PMMA
crystals. This hybrid method included sedimentation, meniscus for-
mation and evaporation. Our method is slightly similar to Colvin’s
one [61], but there are a wide range of differences: materials
of colloidal particles, cavities for crystallization, evaporation and
sedimentation conditions, sample sizes. Hot emulsion of PMMA
spheres was  poured in a small bowl coated with polytetrafluo-
roethylene, which has hydrophobicity. Recent studies have shown
that hydrophobicity plays a key role in the formation of high-
quality opal crystals [55,56,62]. The bowl volume was  near 100
ml,  the diameter was 90 mm and the rounding radius between
the bottom and the wall of the bowl was  approximately 13 mm
(meniscus-like area).

During opal manufacturing, the bowl was not covered and kept
at room temperature. In addition, there was no shaking of the bowl
with the emulsion. We  waited 350 h until the water in the bowl was
completely naturally evaporated. The humidity in the room was
constant at 60%. Finally, the opal crystal was  obtained. Thus, the
use of a hydrophobic surface and a long duration of self-assembly
led to the formation of an opal crystal with a high-quality surface.

2.3. Apparatus and analytical conditions

The FTIR-spectra were performed with a VERTEX 80 V spectrom-
eter equipped with an A513 variable angle reflection accessory.
The FTIR-spectra were obtained in 25000–8000 cm−1 with reso-
lution 2 cm−1. Morphology analysis was  carried out with a Hitachi
S-5500 field emission scanning electron microscope (FE-SEM) at
3 kV using secondary electron imaging. No metal films were coated
on the sample surface prior to taking the SEM measurement in case
of a dielectric sample. During deposition, sputter coater damages
every polymer sphere and opal-like structure. That is why surface
charging occurs despite using the charge suppression scan mode of
the SEM.

3. Results and discussion

A bulk colloidal crystal with a high-quality surface was  grown.
A segment was  taken from the colloidal crystal centre as shown in
Fig. 1a. Places where samples were taken are shown in Fig. 1b.

Fig. 2 shows the SEM study of three surface types marked as
Samples 1, 2 and 3. Sample 1 is the part of the bulk opal correspond-
ing the bowl-opal interface. Sample 2 is obtained from a direct
meniscus (sample-air interface). Sample 3 is the middle-part of the
opal crystal (sample-air interface).
As shown in Fig. 2a, there is a short-range order in Sample 1,
but disorder is mainly observed. The inset in the top right corner
of Fig. 2a demonstrates that no ideal spheres are observed. Fig. 2b
shows that there is a long-range order with high-ordered polymer
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Fig. 1. The photo of the middle of the PMMA bulk opal crystal (a) and the scheme where the samples were taken from the opal crystal (b).
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Fig. 2. SEM micrographs of the three different surfaces: surface

pheres. Some domains, domain walls and vacancies are also vis-
ble in Fig. 2b. In the inset of Fig. 2b, a good order of spheres is
isible. Sample 3 has the best structure as shown in Fig. 2c and
ts inset. There is a long-range order of perfectly-ordered spheres.
here appear to be no domains in Sample 3.

To estimate the particle size distributions, we made a dis-
ribution histogram for Sample 1, Sample 2 and Sample 3. The
istribution histogram was built as follows. From each Fig. 2a–c
00 particles were taken. The diameter of each particle was
etermined using GIMP program. This program allows to mea-

ure scale bars as well as particle sizes in pixels. Since we know
he scale bar length in nanometres, we estimated PMMA  parti-
le sizes in nanometres using the pixel-to-nanometre ratio. We
uilt the distribution histogram and determined the mean diame-
mple 1 (a), surface of Sample 2 (b) and surface of Sample 3 (c).

ter for each sample by using OriginPro: DSample3 = 361 ± 6.62 nm;
DSample2 = 372 ± 4.50 nm;  DSample1 = 377 ± 4.66 nm.  Fig. 3 demon-
strates the distribution of PMMA  spheres for each sample. The
particle-size dispersity is no more than 14 nm;  relatively, the mean
value corresponds to less than 4% deviation.

It is probable that larger particles settle faster than smaller par-
ticles if we assume that larger particles are heavier than smaller
particles. Therefore, we see these particles in Sample 1. We  can
see the mean size in the meniscus-like area, where it is likely that
the process of sedimentation of larger particles is associated with

the process of sedimentation of smaller particles However, smaller
particles are easier so they swim for a longer time comparison with
larger particles. Thus, it is possible that these smaller particles are
located closer to the surface on Sample 3.
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Fig. 3. Histogram of size dispersity of sphere

Angle-resolved reflective measurements are represented in
ig. 4. Sample 1 shows reflectivity less than 4% as shown in Fig. 4a.
he most interesting reflectivity is in Sample 2 (Fig. 4b) and Sam-
le 3 (Fig. 4c). Sample 2 has shown reflectivity ∼30% and Sample

 has demonstrated ∼74% reflectivity. The reflection maximum is
bserved at 12◦ and is attenuated with angel rise. An extra peak of
eflection appears at about 70◦ for Sample 2.

Decreased intensity in Fig. 4 (from 4c to 4a) is observed because
f the three samples available. Fig. 4a is the worst opal, with no
rder (see Fig. 2a). For this reason, it has the lowest reflectivity (less
han 4%). Fig. 4b is a good opal with ∼30% reflectivity (meniscus-like
rea corresponding Fig. 2b). Finally, Fig. 4c corresponds to Fig. 2c,
emonstrating the best opal with perfectly-ordered spheres and
aximum reflectivity. Thus, decreasing intensity is related to non-

omogeneous assemblage of the opal.
We  collected three reflectance spectra obtained at 14◦ in Fig. 4d

or comparison. Fig. 4d shows that the peak of the maximum reflec-
ivity of Sample 2 is shifted to the short-wave region relative to the

aximum reflectivity peak for Sample 3.
The full width at half maximum (FWHM) was measured and

he bandwidth (�l/�) was estimated ∼0.083 for Sample 3 (74% of
eflectivity at 12◦ and �max = 866 nm). According to study [63], we
ave estimated the number of layers in Sample 3. The sample thick-
ess with perfectly ordered spheres was estimated to be around 9

ayers. The same result was turned out to visualize with SEM in
ross-sections, ∼9–11 layers.

Referring to Nair et al. [64,65], we measured spectrum at 56◦
or Sample 3 (see Fig. 5) and saw some peak splitting around 706
nd 725 nm.  Moreover, small diffraction peaks were also observed
round 481, 524 and 599 nm.  This could be explained by diffraction
rom different planes [66,67] of perfectly-ordered spheres.
ample 1 (a),  Sample 2 (b) and Sample 3 (c).

For Sample 3, the reflectivity fetch was made as shown in Fig. 6a.
It can be seen from Fig. 6a that there are several peaks in the short-
wavelength region of the spectrum. The peaks are possibly related
to the high-order PBG [68,69].

Maximum reflectivity values for the entire range of angles were
selected as shown in Fig. 6b. It is worth noting that the Bruker spec-
trometer does not allow setting of the incident angle at less than
12◦. For this reason, we  made a fit for maximum reflectivity value
dependence from angles for Sample 3. The curve of the fit allows
estimation of the maximum reflectivity value at an angle less than
12◦. As can be seen from Fig. 6b, maximum reflectivity becomes
98% at the 0◦ angle.

To estimate wavelength shift of maximum reflectivity from
angle, we  have built corresponding dependences for Sample 3 and
Sample 2 as shown in Fig. 6c and d, respectively. Maximum reflec-
tivity wavelength is seen in Fig. 6c–d to shift in longer wavelengths
when the angle decreases. To analyse the wavelength of maximum
reflectivity � max at 0◦ based on the Bragg-Snell law for angle-
dependent diffraction, the effective refractive index neff , particle
diameter D and fill factor f, a fit of dependences of maximum reflec-
tivity wavelength from the angle was made. The equation has the
following form [38,70]:

�max = d111

√
n2

eff − sin2�,  (1)

where d111 is the inter-planar spacing between (111) planes and

� is the incident angle with respect to normal incidence. d111 is
associated with particle diameter by the following equation:

d111 = D
√

2/3. (2)
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F types of opal surface: Sample 1 (a), Sample 2 (b) and Sample 3 (c). Insets are absolute
r sured at 14◦ (d).
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ig. 4. Angular and spectral properties of absolute reflectivity for three different 

eflectivity in%. Absolute reflectivity spectra from three samples (Sample 1–3) mea

In addition, neff is associated with fill factor by the following
quation:

2
eff = n2

1f + n2
2 (1 − f) ,  (3)

here n1 and n2 is the refractive index for PMMA and air, respec-
ively.

We have used neff and d111 as fitting parameters in Eq. (1).
ig. 6c–d shows the fit using Eq. (1) superimposed on the exper-
mental data. The wavelength of maximum reflectivity �max at 0◦

as 869 nm for Sample 3 and 860 nm for Sample 2. The d111 was
03.76 and 306.46 for Sample 3 and Sample 2, respectively. Taking
q. (2) into account, particle diameter D was 372 nm for Sample

 and D was 375 nm for Sample 2. neff was 1.4304 and 1.4033 for
ample 3 and Sample 2, respectively. Since the refractive index of
ir is 1 and the refractive index of PMMA  is 1.4833 (for 860 nm),
nd taking into consideration Eq. (3), f was 0.8715 for Sample 3 and
.8075 for Sample 2.

The calculated filling factors are exceed the value of 0.74 for rigid
pheres in the ideal defectless fcc lattice. However, PMMA  spheres
re sufficiently plastic and quite flexible, not hard and rigid. We
elieve that the particles are not in point contact with each other

ut are slightly pressed (partially flat wall contact but not point
ontact). It is confirmed by recent studies [55,56,62]. Thus there is

 wide range of works [33,71,72] devoted to drying polymer films
nd declared that polymer particle deformation plays a crucial role.
Fig. 5. Dependence of reflectivity from wavelength for Sample 3, measured at 56 .

That is probably a reason why the particles are packed more tightly
than in the Gauss fcc model. It could also be taken into account for

the high reflectivity. The obtained structural and optical parameters
of the Samples 1–3 were collected in Table 1.
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Fig. 6. The fetch of reflectivity for Sample 3, where the inset in the right top corner depicts the incident angle, ◦ (a). The dependence of maximum reflectivity from the angle
for  Sample 3, where red squares are experimental data and the solid line is a fit (b). The d
and Sample 3 (d), where red squares are experimental data and the solid lines are the fit
reader  is referred to the web version of this article.)

Table 1
Parametric summary table of Sample 1–3.

Parameter Sample 1 Sample 2 Sample 3

The place where it was  taken
from

bottom meniscus top

Mean diameter (determined
with SEM), nm

377 372 361

Mean diameter (determined
from spectra), nm

– 375 372

Filling factor – 0.8075 0.8715
Absolute reflectivity at 14◦ , % 4 30 70
Absolute reflectivity at 12◦ , % – – 74
Extrapolated absolute
reflectivity at 0◦ , %

– – 98

E
b
s
o
s

4

m
r

FWHM at 14◦ , nm – 74 70
��/�  at 14◦ – 0.087 0.081

It should be noted that the particle diameter obtained by fitting
q. (1) is in excellent agreement with the particle diameter obtained
y SEM study. In addition, it can see that the reflectivity maximum
ignificantly increases when the fill factor increases. Thus, we  have
btained an opal PMMA  crystal with a high-quality surface using a
imple hybrid method.

. Conclusion
We  have prepared an opal PMMA  crystal by a simple hybrid
ethod. Three surfaces of this crystal were investigated by angle-

esolved light reflection spectroscopy and by the SEM method.
ependencies of maximum reflectivity wavelength from the angle for Sample 2 (c)
s of Eq. (1). (For interpretation of the references to colour in this figure legend, the

The angle-resolved reflective measurements were performed in the
400–1100 nm wavelength range.

The best surface of this crystal was  found. The surface had
narrow particle size distribution, with an average particle size of
361 nm.  Most importantly, the extrapolated reflectivity of the sur-
face reached 98% at normal light incidence. From angle-resolved
reflective measurements, with the wavelength of maximum reflec-
tivity at 0◦, the particle diameter and the fill factor were determined
using the fit of dependences of maximum reflectivity wavelength
from the angle. The fit was based on the Bragg-Snell law. For the best
surface, the extrapolated wavelength of maximum reflectivity at 0◦

was 869 nm.  The particle diameter and fill factor were 372 nm and
0.8715, respectively. It was  shown that the diameter obtained by
fitting is in excellent agreement with the particle diameter obtained
with SEM. Furthermore, the reflectivity maximum is demonstrated
to increase significantly when the quality of lattice is improved.
Other optical properties, for instance, luminescence properties may
also be better in the case of high-quality PMMA  opal crystal.

Thus, we  believe that using our simple approach for manufactur-
ing an opal PMMA  crystal with a high-quality surface significantly
increases the production of high-quality templates and thin films
based on PhCs.
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