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Abstract: The opal photonic crystals were fabricated with silica colloidal particles. These opal photonic crystal sam—

ples were annealed at 150 300 450 °C separately. For the photonic crystals annealed at 450 °C

the central wave—

length of photonic band gap( PBG) was measured at 572.5 nm which was greatly different from the calculated result

at 605 nm. In addition the samples showed a blue shift for 22. 5 nm and a reduction of the photonic band gap width

upon increasing the annealing temperature. The shrink and deformation of silica colloidal particles were observed by

SEM. The influence mechanism of the deformation was analyzed quantitatively and the theoretical model was amen—

ded. The central wavelength of PBG re—calculated with the amended dodecahedron model was 558 nm which fit the

measured result much better than that calculated with the old sphere model. The new dodecahedron model provides a

way to analyze the optical properties of the deformed opal PCs in theory and shall be of significant value on the fabri—

cation and application of photonic crystals devices.
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1 Introduction

Photonic crystals ( PCs) are ordered nanostruc—
tures in which mediums with different dielectric con—
stants '* were arranged periodically. Much scientific
and technological attention has been atiracted for the
unique optical properties of PCs. The dielectric
materials in PCs act like the periodical nuclei in

the PCs

provide photonic band respect to the electronic band

crystalline solids. Like the semiconductor

in semiconductor. The PCs can yield a photonic
band gap in which electromagnetic waves with cer—
tain frequency are forbidden to propagate. If the
electromagnetic waves are forbidden in all the possi-

ble direction the complete PBG is achieved. The
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phenomenon of photonic band gap can be used to
control the flow of light ** . PCs can be used to fab—
ricate optoelectronic devices such as near—zero
threshold lasers °  waveguides ® antennas ’  cou—
plers *  filters > which will be of significant value
in the future photonic/optical circuits.

For the 1D and 2D PCs

programmed deposition of different dielectric material

it can be achieved by

layers holographic exposure and etching through a

1043
Some

mask and some other MEMS technics
precision machinery methods are the conventional
way to fabricate 3D PCs in the microwave and tera—
hertz wave band. However in near infrared or the
visible light wave band the period of PCs is usually

in several hundreds nanometers which takes great
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challenges to the precision machinery technics.

Thereupon new methods such as direct writing '*

. . 15 1547
multi-beam interference

and self-assembling
were proposed. Self-assembly methods are developed
as an inexpensive and simple way to fabricate 3D
PCs in a large area mimic the opal in nature. Com-
pared with the opal PCs the inverse opal PCs show
a complete photonic band gap ( PBG) . Using the o-

pal PCs as template the inverse opal PCs can be

d " . The self-assembly of colloidal crys—

1

fabricate
tals can be achieved by gravity sedimentation *
and spin

. . 22 . 23
vertical deposition electrophoresis

.4
coating etc.

Similar to crystal in solid state the
opal PCs fabricated by these methods will bring some
kinds of defects inevitably.

Vlasov et al. introduced the temperature gradient
field which provides an effective way to decrease the
defects of the colloidal crystals ® . Yan et al. fabri-
cated metallic opal PCs by double templa-ting meth—
od * . The work by Meng et al. proposed a new

method to fabricate high—quality large-scale inverse

opal PCs through controling the temperature
7

pres—
sure and infrared intensity in 15 to 30 min ” . Sun
et al. fabricated non-spherical colloidal crystals by
thermo—pressing spherical polymer colloidal crystal
chips ®* . These works provide novel ways for the
fabrication of the colloidal PCs. In the work of Sun
et al. because of the thermo—pressing the deforma—
tion of the colloidal particles is observed. Besides

the deformation widely appears in some other works

though many samples were fabricated without heat

930 .
. The deformation comes

treatment or pressing
from the compression of the internal stress. The in-
ternal stress makes the particles arrange closely to
each other which enhances the mechanical strength
and density of the opal PCs greatly. Therefore the
deformation of the particles makes it possible to fab—
ricate devices using colloidal PCs. However little
attention has devoted to the application of the de-
formed PCs. Besides

lack of knowledge about the influence mechanism of

until recently there is some

the deformation. In this paper the silica colloidal
crystals are fabricated with vertical deposition and

we focus on the influence of the deformation on the

optical properties and photonic band structure.

2 Theoretical Calculation

In calculation  silica colloidal particle is
deemed to sphericity( sphere model) . The diameter
(D) of silica colloidal particle is 275 nm ( standard
deviation <5%) and the refractive index ( n.) of
silica is 1.45 approximately. The central wavelength
of the PBG is calculated with the Braggs law and
the width of the PBG is calculated with plane wave
expansive ( PWE) method.
2.1 Bragg’'s Law

The central wavelength of PBG in face centre
cube ( FCC) PCs was calculated though a modified
form of Bragg’s law which provides a simple relation
between the central wavelength ( A) the spacing of
(111) domains (d,,,)
(n.) and the incident angle ( 6) :

A =2d,, \/nl; —sin’@ (1)

where d,,, =0.816d d is the spacing of the adjacent

the effective refractive index

two spheres. The effective refractive index ( n) is
related to the volume fraction (f) the refractive in—
dex of silica colloidal particles ( n,) and the refrac—
tive index of air ( n,) :
npff:\/nfxf+ng><(l—f). (2)
For ideal FCC PCs d=D f=0.74. The cal-
culated n; is 1.348 5. Inserting f and d into the

Eq. 1 A =605 nm is gained theoretically.
2.2 Plane Wave Expansive

Using PWE
band gap is calculated theoretically. Fig. 1. shows
the PBG of the silica colloidal opal PCs. A pseudo

gap is found in calculated result as shown in Fig. 1.

the width of the photonic crystal

The normalized frequency ( F = wa/2mwec = a/A) of
the PBG is ranged from 0. 632 to 0. 666. Using the

- Pseudo.»gap

a A"

X U L X W K
Fig.1 The PBG of the silica colloidal opal PCs
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equation F' = wa/2wc =a/A  the PBG ranged from

583 nm to 615 nm is gained.

3 Experimental Section

The silica colloidal particles is bought from Chi-
The slides

on which the opal PCs were fabricated were cleaned

nese university of petroleum ( Beijing) .

strictly according to the following process steps:
Firstly marinated in the chromic acid for not less
than 24 h. Secondly ultrasonic cleaned in acetone
ethanol and deionized water for ten minutes in se—
quence. The end dried on the hot plate for several
minutes. The colloidal suspension was diluted to 1%
by ethanol. Vertical deposition was used to fabricate
the opal PCs in room temperature for several days
until the solution evaporated completely. Finally
the opals PCs samples were annealed under 150
300 450 °C respectively. The samples were charac—
terized with HITACHI S4800 scanning electron mi—
croscopy and UV3101PC UV-VISNIR scanning

spectrophotometer.

4  Results and Discussion

4.1 The SEM Images of The Colloidal PCs
The SEM images of the opal PCs samples are

UM I S-4800 5.0kV 9.3mm x4.00k

Fig.2 SEM images of the PCs
defects in the PCs.

quality of the opal PCs.
The shrink and deformation of the particles
the dia-

meter of colloidal particles decreased from 275 nm to

were observed. After annealed at 450 °C
250 nm approximately as shown in Fig. 3. The
deformation of the particles is found not only in the
annealed PCs
any heat treatment as shown in Fig. 4. On the sur-

face of the ( 111)

but also in the PCs fabricated without

the particle is compressed to

shown in Fig. 2. In some region of the colloidal pho—
both (111) and ( 100) orientation

are observed on the same samples as shown in Fig.

tonic crystals

2(a). It is still unclear why ( 100) orientation
forms although the thermodynamic stability of the
(111) orientation is stronger than that of the ( 100)

. . 31
orientation

. We believe that the temperature fluc—
tuation and the shock of the samples during the pro—
gress are important reasons. The ( 100) orientation
in the samples influences the optical properties of the
colloidal PCs. Because there is no barrier exists in
the ( 100) domains for the whole wave band when
electromagnetic wave incidents on the samples. In
most region of the PCs the (111) orientation occu—
pies dominant. The thickness of the colloidal PCs is
about 16 pm which means the colloidal particles

are deposited for several hundreds layers as shown

in Fig. 2(b) .

fects and dislocations are observed in the SEM ima—

Some of the line-defects point-de—
ges of the samples as shown in the Fig.2( ¢) . Since
the experimental conditions are impossible to be con—
trolled perfectly it is difficult to avoid all the struc—
tural defects. The factors such as the fluctuation of
the temperature and humidity the vibration of the

samples during the growth of the PCs influence the

BRI

s

(‘a) the (111) and ( 100) orientation in the PCs; ( b) the thickness of the PCs; (c) the

nearly hexagon as shown in Fig. 4( a) and Fig. 4
(b) . Fig.4( c¢) indicates that the deformation was
found not only on the surface of the PCs but also in
the crack position. Therefore we can conclude that
the compression comes from all the orientation of the
PCs and the particles deform omnidirectionally. And
also the deformation phenomenon is observed in some
though the samples without

other researchers” works

annealing in their works ® . The deformation of the
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S-4800 5.0kV 8.3mm x80.0k

OkV 8.4mm x30.0k

Fig. 4 The deformation of the particles: (a) (b) the deformation of the particles in the ( 111) orientation; ( ¢) the deforma—

tion of the particles in the crack position.

particles comes from the internal stress which makes PCs. For example wet etching is usually used in the
the particles arrange closely. The deformation en—  fabrication of the photonic crystal devices the defor—
hances the mechanical strength and density of the col- mation can reduce the lateral erosion in wet etching

loidal PCs greatly which makes it possible to fabricate during the fabrication of the photonic crystal devices
photonic crystal optical devices using the colloidal owing to the close arrangement of the particles.

Table 1 The optical properties of the samples

Annealing temperature/C PBG/nm Width of PBG/nm Central wavelength/nm Absorption
Non-annealing 575 ~613.5 38.5 595 0.279 2
150 564.5 ~600 35.5 580 0.618 5
300 561 ~598 37 576.5 0.7059
400 560.5 ~588.5 28 572.5 0.734 2
Theoretical 583 ~615 32 605 -

The optical properties of opal PCs samples were nanometers. The PBGs of opal OPs overlap together
measured using the UV3101PC UV-VISNIR scan- due to silica particles with different diameters. these
ning spectrophotometer. Fig. 5 presents the absorp— overlaps broaden the width of the PBG. The broadening

tion rate of the opal PCs in visible waveband. Upon 08
(1)—Non—annealing

increasing the annealing temperature the width of 0.7 g;:%gg%

the PBG decreases from 38.5 nm to 28 nm and a 0.6 (4)—350C

blue shift of the central wavelength from 595 nm to g gi

572.5 nm is observed. At the same time the ab- g 0:3

sorption rate enhances from 0. 279 2 to 0. 734 2. 02

The optical properties are shown in Table 1. 0.1

Compared the test results of opal PCs samples %0 500 600 700 300

without annealing to the PBG calculated in theoreti— A/nm

cal the width of PBG of samples broadens for several Fig.5 The absorption rate of the opal PCs in visible waveband

© 1994-2012 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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degree is determined by the uniformity of the particle
diameters.

From Table 1
wavelength of opal PCs sample blue shift to 572. 5
nm after annealed in 450 °C. The width of the PBG
decreases to 28 nm. The blue shift and the reduction
of the width of the PBG come form the shrink and
the deformation of the particles. Obviously

it could be seen that the central

there
are difference between experimental results and cal-
culated results by sphere model. In order to explain
the phenomenon above the theoretical model is
amended.

4.2 The Amendment of The Theoretical Model

After annealing the diameter of the particles
shrank from 275 nm to 250 nm. The volume fraction
is declined from 0. 74 to 0. 556. The effective re-
fractive index is n =1.27 calculated through Eq.
2. The shrink of the particles dose not change the
interval of the particles and the lattice structure. the
spacing of ( 111) dominions is still d,, =0. 816d.
Inserts the above parameters into Eq. 1 the central
wavelength of the PBG is calculated about 570 nm
finally. The width of the PBG is calculated through
PWE. The normalized frequency of the PBG is
ranged from 0.677 1 to 0.724 9. The wavelength of
the PBG is calculated from 536 nm to 574 nm ap-
proximately through F =wa/2mc =a/A.

Because of the deformation of the particles il-
lustrated in Fig. 4 the silica colloidal particles com—
pressed together closely by the internal stress which
leads to the deformation of the particles from sphere
to dodecahedron as shown in Fig. 6( a) . At the same
time the volume of the particles decreased with the
deformation of the particles ~ which leads to the in—
creasing of the filling rate. The change of the filling
rate is the most important reason for the blue shift of
the PBG and the decrease of the width of the PBG
when increasing the annealing temperature.

In (111) orientation the cross section of the
particles changes form circle to hexagon as shown in
Fig. 6( b)

The parameters change as the deformation of the col-

which leads to the change of the radius .

loidal particles as is shown in Table 2.

Fig.6  The deformation of the colloidal particles ( a) the
particles deformed from sphere to dodecahedron;
(b) in the ( 111) orientation the cross section of

the particles is compressed from circle to hexagon.

Table 2 The changes of the parameters

r/nm D/nm a/nm
Ex-deformation 137.5 275 388.85
Deformation 119.08 238.15 336.76

The central wavelength can be calculated
through Eq. 1 and Eq. 2 For FCC structure the
volume fraction is defined as the volume of the
spheres v, divided by the volume of the primitive cell
Vel

v

f= (3)

Veenl

After the annealing of opal PCs samples the

spheres are compressed to dodecahedrons the vol-

umes of the dodecahedrons »”, replace the volumes

of the spheres v,. Because of the deformation of the

"
spheres v’ is smaller than p,. The different value is

the volume of the twelve spherical segments v_:

V’a = Vspheres -V (4)

The v, is given by:
h

1)5261Th2><(r—?) (5)

where h is the height of the spherical segment h =
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Inserting Eq.4 and Eq.5 into Eq.3 f=0.963 6
is obtained. Inserting f=0.963 6 into Eq.2 n =
1.436 1 is obtained. The spacing of the ( 111) do-
mains d,, = 0. 816d
spheres d is the spacing of the adjacent dodecahe—

drons which is 3r =238. 15 nm here. So inserting

the results above into Eq. 1

as the deformation of the

the calculating central
wavelength is 558 nm.

Using the PWE the width of the PBG is
gained. A pseudo gap is found as shown in Fig. 7.
The normalized frequency of the PBG is ranged from
0.598 99 to 0.608 48. We can gain the wavelength
of the PBG ranged from 553 nm to 562 nm approxi—
mately and the width of the PBG is 9 nm.

t2 et > N
- ’/.’ g,
1.0pwesr™ , it g
0.8 o ¥ g SEEL W B (’
’\< savt] . ¥ . ,pseudo.gapx'”"""' )
0.6l | e P A
04p o e fre
0.2} A
» Ed
0
X U L r X W K

Fig.7 The PBG of the deformed sample

For the central wavelength of the PBG  the re—
sults calculated with the amended model is 558 nm
which fits the measured results better than that cal-
For the width of the

PBG the results calculated with new theoretical

culated with sphere model.

mode is much smaller than the measured results.

The deviation between calculated results with the
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