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Chapter 1 Introduction: Photonic...

Abstract

This chapter provides a detailed coverage on the novel optical properties of photonic
crystals. A brief review on the construction of reciprocal lattice, important
mathematical issues related to plane wave expansion method to calculate photonic
band diagrams and required criteria to possess full photonic band gap are
discussed. Important concepts of density of states and refraction in photonic crystals
are presented. A wide variety of methods that have been used to fabricate photonic
crystals of different dimensions and their applications are discussed. An overview of

the thesisis presented at the end.
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Introduction: Photonic crystals

1.1 Photonic crystals

‘Nanostructured materials containing ordered arrays of holes could lead to an
optoelectronic revolution, doing for light what silicon did for electrons’ This
statement is made by Eli Yablonovitch and his pioneer work has lead to the field of
so called ‘ photonic crystals (PCs).” These materials open an avenue to explore novel
photonic applications based on the fundamental concepts of localization of light as
well as control on spontaneous emission. In 1887, Lord Rayleigh was the first who
studied the propagation of electromagnetic waves through 1D periodic layered
structure and proposed the concept of quarter wave stack.! 100 years later, the study
of spontaneous emission suppression in periodic structures by V. P. Bykov? in 1972
and extension of this work through complete photonic band gap (CPBG) structures
by E. Y ablonovitch® and S. John® in 1987 have led to increasing interest in PCs.

In an ordinary atomic crystal, the parallel planes which satisfy Bragg's law
diffract X-rays for certain angles of incidence. As the refractive index contrast (RIC)
for X-rays in crystals is very small, generaly 1 part in 10* the forbidden X-rays
form extremely narrow stop band.” The Bragg reflection equally applies to all
wavelengths larger than the wavelength of X-rays if some dielectric materials are
arranged periodically whose lattice constant approximately matches with the incident
wavelength. Thus the spatial arrangements of low loss materials whose dielectric
constants vary periodically either in 1D, 2D or 3D are classified into a novel type of
photonic materials called *PCs' or ‘ photonic band gap (PBG) materials'. A regionin
which the propagation of electromagnetic waves is forbidden is caled PBG. For
those wavelengths contained within these gaps, the associated wave vector takes an
imaginary value and light propagating along the crystal with those wavelengths is
exponentially attenuated.®
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The electronic band structure is described by solving the time independent
Schrodinger equation for the case of semiconductor crystals. Similarly band structure
of photons in PCs can be obtained by solving Maxwell equations. Just in the same
way as the strong periodic potentials in an ordinary crystal open up complete band
gap to the electron motion, the larger RIC and type of arrangement of materials will
decide the complete photonic band gap (CPBG) of PC.°

A quarter wave stack which consists of alternating layers of different dielectric
materialsis awidely used and well known example of 1D PC. Its schematic is shown
in figure l1a. In a quarter wave stack the gap to midgap frequency ratio is related to

the refractive indices of its constituent materials as given below’

Ao _ 4 | I\ _ 4 -1

w P ni{—m PR

= -sin 1( ! 2)=—sm 2 (1)
T

Wm s niyny A

Here Aw and w,, are width and central frequency of band gap; n; and n, are the
refractive indices of alternating layers with period ‘a’. Figures 1b-d represents the
dispersion relations of multilayer films with different RICs (RIC = n;:n,). These
band diagrams were calculated using RSoft's BandSOLVE commercial software,

which implements the plane wave expansion method.? In all cases, each layer has the

a

same width of a/2. The frequency is expressed in dimensionless units of % =5
where A and c are the wavelength and velocity (in free space) of light. In the case of
RIC = 3.6:3.5 (figure 1b), avery narrow band gap (shaded region) is opened between
the first two bands (n = 1, 2) and further increased RIC between the aternating
layers has resulted in a wider band gap (figure 1c and 1d) which confirms the band

gap width is proportional to RIC.

According to ‘Variational principle the maor power of the E-field of
electromagnetic modes below the gap is concentrated in high-g& regions and vice
versa. The band directly below a gap isreferred to as the dielectric band and the band
above the gap isthe air band. In between the two bands a frequency gap — the PBG —

4
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develops, where no extended modes can exist inside of the material. This is pretty
much the same situation as the electronic band structure in semiconductor physics

where the fundamental gap has the valence band below and the conduction band

above.
03 (b)
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Figure 1: a) A multilayer film of 1D PC containing alternating layers with refractive index
ny; and n, with the period ‘a’. The dispersion relations are calculated for different
multilayer films with refractive index contrast (RIC) of b) 3.6:3.5, ¢) 3.6:3 and d) 3.6:1. The

ordinate is plotted in dimensionless frequency units: % = %; A and ¢ are the wavelength

and velocity (in free space) of light. In all cases each layer has a width of a/2. Shaded
region indicate the photonic band gap.

1.2 Photonic band structure calculations

Optical properties of homogeneous isotropic materials can be simply characterized

by the dielectric constant €. Electromagnetic radiation of frequency ® in such a

medium propagates in the form of plane waves, E (7, t) or (H (7,t)) = Eoei(l?-r‘—wt)
5
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or (Hye'®™=o0) (E, and H, represents the amplitude of electric and magnetic
fields, respectively.) with vectors of electric field E (7, t), magnetic field H(7, t) and
a wave vector k forming an orthogonal triplet. In such materials, the dispersion
relation connecting wave vector and frequency isgiven by w(k) = ";—C (cisthe speed
of light) which is known as ‘light line'. The propagation of light modes lies along
this ‘light line'. However, to solve the dispersion relation w (k) in 3D PC structures,

one should know some basics of crystal structures and their transformation into

reciproca space which are discussed in the following section.
1.2.1 Reciprocal lattice

A 3D PC is generated by placement of duplicates of a basic dielectric structure, such
as a sphere or acube, at points of a 3D lattice generated by lattice vectors R = la; +
ma, + naz, where l, m and n are integers, and a;, a, and a; are primitive vectors
defining the lattice unit cell. The overal structure is periodic and its physical

properties, such as dielectric constant € (7) are invariant to the trandation by R.
e@)=€e(T+a) Vr. (2

This periodic function may therefore be expanded in a 3D Fourier series.

1 N L iGT
5= 2r@e ©)
where G = pb, + qb, + rb; isavector defined by the primitive vectors by, b,, bs of
another lattice, the reciprocal lattice, and p, g and r are integers. The b vectors are
related to the a vectorsvia

- ayxds = azxa,; = ayXay
by =2r—%*—=— b, = 2m—>—— by = 2m———*— (4)
ai.(azxas) az.(azxas) as.(ayxaz)
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Figure 2: a) The rhombohedral primitive cell (indicated by red lines) of the face-centered
cubic crystal. b) The corresponding reciprocal lattice is a body-centered cubic crystal. c)
The Brillouin zone of face-centered cubic is a truncated octahedron and the shaded
polyhedron region indicates the irreducible Brillouin zone whose corner points are marked
by the crystallographic symbols F'’XUKW . a;, a, and az are the primitive vectors in real

spaceand by, b, and l_)g aretheir corresponding primitive vectorsin reciprocal space.

Sothat by.a@; = 2m, by.@, = 0 and by. a3 = 0, i.e. byis orthogona to @, and a; and
its length isinversely proportional to a@,. Similar properties apply to b, and bs. It can
also shown that G. R = 2m. An example of 3D crystal lattice for face centered cubic
(fcc) and its corresponding reciprocal lattice (body centered cubic) with Brillouin
zone (BZ) are shown in figures 2a, 2b and 2c, respectively.

Given a lattice with primitive vectors R;, we can consider a plane passing
through the end of 3 trandation vectors as. (n,a;, n,a;, n3az) with (nq,n,, n3)
integer numbers. The inverses of the 3 integers define the Miller indices. However,
as the inverse is not necessarily an integer, the Miller indices are the smallest
integers with the same ratio as (1/n4,1/n,,1/n3). They are usually labeled as
(hkl). Clearly agiven (hkl) refersto afamily of parallel planes. One can show that
the vector ¥ = Y,;_; 3 x; @; belongsto a plane with Miller indices (hkl) if and only if
7.G = integer, with G = hG; + kG, + 1G;. Each vaue of the integer refers to 7
belonging to one plane in the family. Crystalline “directions’ use a different
convention. A direction defined by R = nya, + n,a, + nsas islabeled as [n;n,n;].

7
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A family of planes related to the (hkl) planes by arotational symmetry operation of
the lattice are denoted by < hkl) >. {hkl} refers to al the planes pardlel to the
direction [hkl].

The Wigner-Seitz Cell is defined as the primitive cell of a crystal in real space
which isformed as the set of points that are closer to a given lattice point than to any
other lattice point. Its analogy in reciprocal space is caled the first Brillouin zone
(BZ2). It plays a crucid role in the description in the analysis of the energy band
structure in electronic and PCs and also offers a vivid picture of diffraction within
the crystal. Details can be found in every solid state physics textbooks.*'® The
smallest region within the BZ for which the dispersion relations are not related by
symmetry is called the irreducible BZ and the shaded region in Figure 2c represents
the irreducible BZ for fcc crystal lattice. In chapter 3, the stop bands due to different
Miller index planes of 3D polystyrene PCs that present in the LU and LK path of the
BZ were discussed.

1.2.2 Plane wave expansion method

Schrodinger equation solves the band structure for electron motion; similarly the
band structure for photons in PCs can be solved using Maxwell’ s equations. With the
assumption that the medium is free of charges and currents, the wave equation for
both electric and magnetic fields can be written as below, which forms the Master

equation to solve the eigen values that give the allowed frequencies through the PC

structure®
Vv x %v x H(F) = (DA () (5)
VxVXEF) = e(f)(%)zﬁ(f) (6)

The information about PC is given by dielectric function e (i), which is periodic in
space. To analyze wave propagation in periodic systems and to compute the photonic
8
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band structure, the plane wave expansion method (PWM) is adapted. It is based on
the Bloch-Floquet theorem, which alows expanding the eigen functions E(7) or
H(@) of awave eguation in a periodic environment in the form of plane waves,

which are modulated by lattice periodic function
E, (F) = W, (Me'*” (7)
and Hy(r) = 7 (Me'" (8)

With a periodic function u; () and v, (i) which have the same periodicity asthe

latticei.e.

where a indicates the elementary lattice vector of the PC. Thus the eigen function of
awave equation 2 and 3 on a periodic lattice is the product of a plane wave e and

the lattice periodic function, i1, (¥), where the wave vector k can be restricted to the
BZ.

Similarly the dielectric function e(#) itsreciprocal value is expanded into a Fourier

series — = Y k(G) el (10)

@

With e(¥) = e (¥ + @). Here k(G) is the Fourier coefficient and it can be calculated
through integration over the Wigner-Seitz cell (WSC) with a volume V as given
below.

K(G) = (5) [, d3Fe 1 (Fe 6T (11)

Similarly the Fourier expansion of E (7) and H(7) leads to the following form of the

eigenfunctions
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Hy(7) = 36 Hp(G) !0 = ¥ . 52 pl. el lk4G)T (12)

where h;is the Fourier coefficient, and j labels the two transverse polarizations of

any plane wave such that eé—zl’zand k + G form an orthogonal triad. Because of the

discrete translational symmetry of the lattice, the wave vector k may be restricted to
lieinthefirst BZ.

Substituting equations 10 and 12 into master equations 5 and 6 leads an infinite,
Hermitic matrix eigen value problem for the eigen frequencies w(k) of the crystal

for agiven wave vector k of the form.

s .52 MU (G G =y (13)
G Lj=1"k ) k c2 'k

With the matrix elements

(14)

Mk(G, G') — |I_C + G”E + El K(G— G) x ( eg,-eg, —egz.eg,l)

—66—1. e(;'z egl. 65'1

After calculating H, the electric field corresponding to a given eigen frequency w (k)

can be obtained from the Maxwell’ s equation

Eng(F) = =i — € (VX Hyp (7) (15)

The band structure for the photons can be generated for a finite number of high
symmetric reciprocal lattice vectors which forms irreducible BZ. The band structures
shown in this thesis were computed using commercialy available RSoft's
BandSOLVE software.

An important property of Master equation is that it is scale independent. If all the
dimensions of the system are multiplied by 5, then the solutions are exactly the same

except the frequencies are divided by 5. Hence, the equations are solved once and the

10
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same result can be applied to problems at al length scales and frequencies. This
scale invariance leads to use dimensionless units for distance and time. Hence, in the
band structure calculations, a natural length scale ‘a (which is a periodicity) is

chosen and all the distance and angular frequencies w are the multiples of ‘a’ and

wa

(= %) respectively.

2mc

1.2.3 Towards Complete photonic band gap

The complete photonic band gap of a PC which provides band gap in al directions
for TE and TM polarizations, localizes light in three dimensions without any leaky
modes, strongly suppresses or enhances emission of dyes and reduces the threshold
for the lasing action.""** We discussed in the following paragraphs briefly about the
kind of band gap existed with different dimensional PCs.

TE/TM Band Structure

™

al\)

*

------------

Frequency (wa/2nc

Wavevector ka/2m

Figure 3: The band structure of a multilayer film of GaAg/Air (RIC = 3.6:1) generated using
RSoft (BandSOLVE). The on-axis bands (0, 0, k,) are shown on the left side, and an off-axis
band structure (0, ky, O) is displayed on the right. On-axis, the bands overlap—they are
degenerate. Along ky, the bands split into two distinct polarizations. Blue indicates TM
modes polarized so that the electric field points in the x - direction, and red indicates TE
modes polarized in the yz plane.

11
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As 1D PCs provide band gap only in the direction of periodicity (on-axis) and
there are no band gaps for off-axis propagation as shown in figure 3. This is always
the case for a multilayer film, because the off-axis direction contains no periodic

dielectric regions to coherently scatter the light and split open a gap.

A 2D PC is formed by fabricating a structure that has periodicity in two
directions, such as by etching a periodic array of dielectric rodsin air or poresin Si.
The PBG is naturally restricted to a plane, whereas in the third dimension EM waves
can propagate freely. Unlike the multilayer film, this 2D PC can prevent light from

TE/TM Band Structure

o
(=]
|

o
(7]

Frequency («waf2rc=alr)
o
=
|

o
[ ]
1

o
o

Figure 4: Calculated photonic band structure (using RSoft (BandSOLVE)) of 2D PC made of
dielectric cylindrical columns (RIC = 2.98) of radius r=0.2a organized in the form of a
square lattice with lattice constant ‘a’. The abscissa spans Bloch wave vectors defined by
points on the periphery of the irreducible Brillouin zone, the 'MK triangle (left inset). The

ordinate is plotted in units of % The right inset shows a cross-sectional view of the

dielectric function. The blue bands represent TE modes and the red bands represent TM
modes.

propagating in any direction within the plane of periodicity. 2D PCs show a strong
polarization dependence of the PBG, for example, a PC of dielectric cylindrical
columns with sguare periodicity possesses a CPBG for TM modes where as it shows

12
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adirectional band gap for TE modes as shown in figure 3. A detailed explanation can
be found in reference °.

An fcc lattice is more favourable for 3D PC since its BZ is a truncated
octahedron and therefore close to spherical (compared to the other Bravais lattices)
which improves the prospects for a forbidden gap to overlap all the way and may
lead to CPBG.**' As presented in figure 5a, an opa structure with RIC = 1.59
possesses a pseudo band gap between 2™ and 3 bands. An inverse opa structure
with a RIC of 3.2 produces CPBG and it is expected to open up between the 8" and
9™ bands as shown in figure 5b. Since the band is located between high-frequency
bands it is unfortunately very sensitive to disorder within the crystal structure.** The
gap opens between the 2" and 3 band and is approximately three times wider than

the gap in asimple fcc structure® and more robust against disorder and structural

@ (b)
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_ , . * R N Moo= 0.8 L L R SO0 e SN St w%,
ﬁ t .... T R .:_, A BRI \. £ Q‘.. v E i o S e = & ? . t".. .'.,
: » s ‘:u % i 0.7 e, * P B LAMTRAL I AR H Tt
G 08 Wy o s 4 u 1 "] o0t g KN o,
S ety " losst?® 06 T+t ¥ 2
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B SRS Mo < 051 Ex v
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0.0 - :
X U L T X W K X u L T X W K

Figure 5: Calculated photonic band structure (using RSoft (BandSOLVE)) for a) direct (RIC
= 1.59) and b) inverted opal (RIC = 3.2). A complete PBG cannot build up in direct opal
due to insufficient RIC (figure a). For inverted opal with a high refractive index a CPBG
emerges between the 8" and band 9" (figure b, shaded with * x’ marks). A directional gap
in I'-L direction is always present between the 2" and 3" band (grey shaded) for both the
structures.
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Hybrid Band Structure
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Figure 6: Calculated photonic band structure (using RSoft (BandSOLVE)) of Yablonovite.
CPBG isshaded in red color and the inset represents the lattice structure of Yablonovite.

defects.™ It should be mentioned that the diamond structure is even more favourable
to show a CPBG. The Bravais lattice of the diamond structure is fcc as well, but with
atwo-atom basis leading to a different structure factor that supports the opening of a
CPBG. The diamond structure is highly difficult to produce in artificial opals and
inverse opal structures which are mostly created by a self-assembly process of

spheres.

However, the first experimental observation of a 3D CPBG was made by Eli
Y ablonovitch in 1991 using a variant of the diamond lattice structure, now known as
the Yablonovite® This slanted-pore structure is fabricated by drilling a periodic
array of cylindrical holes at specified angles in a dielectric slab. Three holes are
drilled at each point of a 2D triangular lattice at the surface of slab; the directions of
the holes are parallel to three of the axes of the diamond lattice as shown in the inset
of figure 6. This structure has a CPBG as shown in figure 6 with a gap-midgap ratio

of 0.19 when the refractive index is 3.6.
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1.3 Refraction in photonic crystals

The group velocity and phase velocity of light are affected by a material’s dielectric
constant and results into a change of the direction of propagation of light. The group
velocity (v, = V. w) is a vector which indicates energy propagation while phase
velocity (v, = w/|k|) is ascalar indicating the speed of light or velocity with which
the electromagnetic phase wave front travel. The propagation of light is described in
terms of equi-frequency (or dispersion) surfaces (EFS). An EFS is the collection of
all allowed wave vectors for a particular given frequency. In a uniform and isotropic

media, the EFS are just spheres given by: k = % where n is the refractive index and

and c isthe speed of light in vacuum. In a uniform material the group velocity of the
incident and refracted waves are parallel to the wave vector k. Hence the direction of
energy flow coincides with the direction of the wave vector. Moreover, its direction

is perpendicular to EFS that is given by w = constant, which is denoted by a

w(k) = constant

@ (b)

Me(il uml /ﬁ?\m(k) = constant
1
\_r_l
k//
Medium 2 02

ny — \vg //k ! ‘ n,
n<n, n >Ny

Figure 7: a) Refraction at the interface between two homogeneous dielectric media. b)
Refraction at the interface between homogeneous dielectric medium and PC.

Medium 1

m

hemicircle in figure 7a. The wave vector inside the second medium is determined by

the conservation of the component of the wave vector parallel to the interface (k ),

15



Chapter 1 Introduction: Photonic...

and is paralel to the direction of propagation of energy. This yields the well known

expression for Snell’slaw:
n,sinf; = n,sinb, (16)

wheren; and 6, are the refractive index and propagation angles in each medium.

In a PC structure, the EFS are not smooth and deviate from the spherical nature
and lead to a marked difference'’ as shown in figure 7b. The wave vector of the
refracted wave has its end point on the EFS given by the band structure of PC,
which is drawn with a solid curve in figure 7b. Due to the acircular shape of the
EFS in PCs, the direction of the group velocity can be quite different from the
direction of the phase velocity (v,~k). This effect is especialy pronounced in the
vicinity of the band edges, as surfaces of constant frequency are distorted more
strongly at such frequencies. Therefore, when operated near the band edge, there
exist regimes where a considerable change in the angles 65 of atransmitted light can
be observed when an incident direction (angle 6;) is only slightly varied which leads

to ‘ super prism effect’.’®

1.4 Density of states in photonic crystals

The electronic density of states of the semiconductors undergoes a significant
modification if they are structured at nanometer scales.”® Similarly, the periodic
modulation of the refractive index at the scale of optical wavelengths leads to the
change in density of photonic states (or of electromagnetic modes, DOS) which
differs from the density of statesin free space. The DOS is defined as the number of
allowed electromagnetic modes for a unit frequency. In free space, the density of
states D(w) is proportional to w?, and can be expressed for a volume 'V’ by the

following equation:

D(w) =27 (17)

i
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This equation still applies to a homogeneous material of refractive index n where the
speed of light in the material can be replaced by v = ¢/n. For PCs this equation is
no longer valid due to the dispersion characteristics w (k) of the PC. The pDOS for

1k

=== Free space
— Pseudo Band gap
— Complete Band gap

pDOS

Frequency

Figure 8: Photonic density of states (pDOS) in PCs which possess a) pseudo gaps
(continuous red line) and b)complete band gap (black color) compared to free space (dotted
green line).

PC structure can be calculated by integrating the Dirac-6-function over the first BZ
with a summation of overall allowed transmission bands:

D(w) =X, [5,d° k 8(w — w,) (18)

The pDOS in PCs presents a significant deviation from the DOS in free space as
shown in figure 8. The pDOS significantly reduces in pseudo gaps and becomes zero
at frequencies located in the CPBG while presenting maxima near the edges of this

gap as shown in figure 8.

However, in a rea situation of quantum optical experiments in PCs, it is
necessary not to consider only the total availability of modes with a frequency w, but
also the local coupling arising between an excited atom emitting a photon at the
frequency w and the electromagnetic environment created by the PC in the region
where the atom is located . In other terms, the overlap which occurs between the
matrix elements of the dipolar moment of the atom on the one hand, and the electric

17
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field of electromagnetic modes on the other hand is the determining factor of such
guantum optical effects as the radiative life time of the atom. The overlap can be
clearly discerned from the local photonic DOS (LDOS) defined as follows.?

DF ) = Ty fy 4% e 1Bt (P28 — @) (19)

Thus the LDOS differs usually from location to location in the unit cell and also
from the pDOS. This indicates that the location of the active spices within the unit
cell strongly influences its emission properties. If therefore makes a difference to
have emitters uniformly distributed all over the unit cell or only at well defined

locations.

If a full gap cannot be obtained as for example shown in figure 8a, the pDOS
changes only marginally — thisillustrates the difficulty to analyze the influence of the
PC on the spontaneous emission, etc. in PCs with directional PBGs. Although the
emission properties are influenced strongly in certain directions, the average effect

can be very small.
1.5 Slow-photon effects

PCs exhibit an unique and interesting phenomenon of ‘slow light’ propagation which
is not exhibited by other materials® Moreover, it is expected to be relatively
insensitive (“robust”) to lattice disturbances, making it especially interesting for
opals. Because of the photonic band structure, light can propagate with extremely
low group velocities at specific frequncies.?*?*?* This effect is of basic as well as
application interest, as it can enhance non-linear optica interactions, laser

efficiencies, sensor efficiencies, and the photochemical activity of materials.”®

In normal media, there is only small difference between phase and group

velocity, but in PCs the situation aters dramatically, and v, can be much smaller

than v,. Thisis aresult of the band structure w (k), or after recalculation, the strong

dispersion n(w), of these media. Slow photons are defined as being when v, < c,
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independent of the value of the phase velocity. In some cases, v, can even be zero.

In PCs, the slope of the bands, decreases when approaching the band edges, that is,

the derivative of w(k), (';—:) tends to zero. This means that the group

Figure 9: Electromagnetic pulse propagation in PCs. Near the center of the band gap, light
travelswith v, = v, = ¢/n asusual. At photon energies approaching a band gap (partial or
complete), the group vel ocity decreases and approaches zero.

velocity is considerably reduced when approaching band gaps (Figure 9). The
practical applications of slow light are based on the possible strong enhancement of
light—-matter interactions, such as absorption and nonlinear effects. Such an
enhancement can be used in optical delay lines, phase shifters, optica

microamplifiers, and microlasers.>?

1.6 Natural Opals

Recently a nice review article has been published on various types of natural opals
discussing their shapes and various formation methods from the phenomenological
point of view.?® Natural opals have been known since ancient times. They are an
unusual type of gemstone: They are not hard, they do not impress with their regular
geometrical shape, but they amaze observers with their coloration, which changes
when the stone is moved. This mysterious property is called opalescence. The word
“opal” comes from Sanskrit (upala means “precious stone”), then it was used in
Latin and Greek, opalus and opallios, both meaning “to see a color change”.
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Generally the opal density lies between 2.0 and 2.2 g/lcm® and they contain
varying amounts of water (mostly 4-9%, sometimes 20%), and consist of silica in
which impurities such as Fe**, AI**, or Ti*" can be found.”"?® Silica spheres with
diameters ranging from 150 to 400 nm are often amorphous, but frequently they can

also contain crystobalite and tridymite, forming imperfect stacking layers.”®

Precious opals are considered to be one of the most beautiful gems owing to its
play of color. In earlier times, the coloration of opals was believed to arise from
contaminants, internal cracks, or liquids trapped within.?® The first aimost correct
explanation was proposed by Raman and Jayaraman, *° who suggested that the colors
arise from diffraction of light by regular arrays of silica layers with differing
refractive index. Finally, it was shown by Sanders et a.**** in the mid- 1960s that
the diffraction at regular arrays of silica spheres is responsible for the colors.
Electron microscopy showed that opals consist of periodic three-dimensionally
arranged silica spheres of sub micrometer size. The role of opals as a prototype for
PCs is twofold. Firstly, opals are three-dimensional periodic systems, which are the
most interesting PCs from the point of view of dimensionality.® Secondly, they
represent a basic fabrication approach employing self-assembly mechanisms
(bottom-up techniques) for PCs. PCsin general can be fabricated by both bottom-up
and top-down approaches. These approaches compete with each other, but

combinations of both are possible.

Generaly, opas have millimeter-sized single-color domains with very individual
irregular shapes. The color of the domains is not fully homogeneous, but appears to
fluctuate dlightly in the sub-millimeter range. In nearly all opals, the pores between
the silica spheres are filled with water-containing silica. This filling gives the opals
mechanica stability and lowers the RIC, which is advantageous for the visual
impression, as it reduces scattering. As a result, the opal appears less milky and the
colors seem to come from deeper regions. There is only one special sort of natural
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opals known that they have very incomplete filling, the so-called ‘hydrophane
y 29
S.

opal

FigurelO: a) A natural opal. b) SEM image of the opal nanostructure, which is responsible
for the color effects by interference. c)The fcc lattice used for the description of the
nanostructure lattice.

Their optical properties change dramatically from milky to transparent when water
soaks into the open pores. However, opals never have the so called CPBG, whichisa
central property of PCs.® Inverse opals can, however, exhibit this important property.
% With a complete band gap, opal-related systems can have al the basic PC
properties. Artificial opals are also fabricated in various forms. The mechanism of
synthesis and their optical properties are discussed in the second chapter of this

thesis.
1.7 Fabrication methods

Generaly, 1D PCs are prepared by layer-by-layer deposition of aternating materials
using molecular beam epitaxy,® rf sputtering,®® spin coating® etc. These methods
allow thin film stacks to be prepared on substrates larger than the area of few tens of
mm?. Dielectric mirrors (Bragg reflector) and interference filters were actually the
first (1D) PCs. However, they usually are not referred to as crystals because the
name crystal is normally reserved for 2D or 3D structures. A stop gap in a desired
spectral range can then be achieved by appropriately adjusting the dielectric contrast

and the thickness ratios of the alternating layers.”
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Lithographic methods, which use well developed techniques from the field of
microel ctronics were the first ones to yield structures predicted to have aband gap in
the near IR region.®®3%“° Electro-chemical etching® used to be a common top-down
method to fabricate 2D periodic structures at the early age of PBG structure
development. This method was able to etch porous materials with nano-scale holes
with nice order and high aspect ratio, yielding perfect 2D PBG structures: dielectric
constant change in the two dimensions and good uniformity along the third direction.
An obvious disadvantage is that it is limited to 2D structures. Few reports were
devoted to the fabrication of 3D PBG structures with the electro-chemical etching
method.*?

But efficient micro-fabrication of 3D photonic band gap microstructures,
especialy at a large-scale has been a scientific challenge over the past decade. So
far, a number of fabrication techniques have been employed to produce sub-micron
3D PCs or templates. They include: conventional multilayer stacking of woodpile
structures by using semiconductor fabrication processes,*® colloidal self-assembly,*

and multi-photon direct |aser writing.*

Among them, colloidal crystals offer a starting point for the fabrication of
periodic dielectric materials created through self-assembly. Here, one has the
potential to create samples with full three-dimensional ordering, a feature important
for engineering larger and more complete photonic band gaps. Also, self-assembly
methods™ can create thicker materias than those made using lithography. In
addition, self-assembly methods are not limited in their length scale, and it is feasible
to create materials that are active in the far infrared and even the near UV range
using colloids with smaller diameters. Finally, as has been demonstrated recently,
colloidal crystals provide an ideal scaffold for the creation of both polymeric and
inorganic samples with complex porous structures.”*4%*® Sych samples may
exhibit more CPBG than silica-air crystals as higher RICs are possible; in addition,

they also may find applications in catalysis and separation technologies. A popular
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method for creating colloidal crystals is the gravity sedimentation of colloids from
dispersions.®***? Recent progress in the area has focused on strategies for
strengthening the crystals and generating sample formats well suited for optical
testing. In one method silica colloids were crystallized between parallel plates, and
the solvent was then polymerized so as to trap their crystalline order. In another
work, silica colloids were crystallized in capillaries, and the solvent was allowed to
evaporate. The resulting silica-air structures have strong diffractive properties, and
transmission spectra can be collected over some regions. Gravity-sedimented
samples generally contain polycrystalline domains of unknown sizes. Other methods
for ordering colloids into arrays have been explored by investigators seeking to make
dense monolayer films of close-packed colloids for non-optical applications. Under
the right conditions, colloid solutions that are spun-coated onto surfaces provide high
guality monolayers. Convective self-assembly of wetting solutionsis also a route for
making ordered monolayers and structures of nanocrystals on a variety of substrates.
Another method applied to polymer colloids uses the flow of solvent through
micromachined channels to create dense colloidal arrays of multiple layers. Finally,
recent work by Nagayama et a.*** has exploited capillary forces to drive the
assembly of larger (D > 1 pm) polystyrene colloids on flat surfaces. This method,
which is conceptually similar to the Langmuir-Blodgett methods for film deposition,
creates ordered monolayer films on nearly any vertica surface. Under the
appropriate solvent and colloid conditions Nagayama et al.>*>* showed that patches
of bi- and tri-layer arrays could also be formed. All these methods have the
advantage of producing well-ordered films on planar surfaces quite rapidly; however,
in most instances the deposition techniques have been optimized for the formation of
monolayer films. Jiang et a.* used a self-assembly technique which relies on
capillary forces to organize colloids to fabricate colloidal crystal multilayers. These
arrays are ordered over long (1 mm) length scales and can be fabricated with
thicknesses ranging from two layers to severa hundred layers. Moreover, the

thickness of the resulting sample can be precisely dictated through control of sphere
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size and concentration in solution. This deposition behavior can be adequately
simulated using existing models of film formation developed for monolayer samples.
The vertical deposition method of crystallization of colloidal crystals, as introduced

by Jiang et al.,** will be used to prepare colloidal crystal alloys of various volume
fraction compositions.

Figure 11: 3D PC structures fabricated by a) lithography, b) self assembly and further
processing to obtain an inverse silica opal ¢) holographic lithography and d) laser direct
writing. (Images have been adapted from references 36, 71, 53 and 43, respectively.)
Holographic method, which utilizes the interference between two or more
coherent light waves to produce a periodic intensity pattern, have been used to
produce a periodic photo produced photonic structure in a resin (photo resist). Here,
theinitial laser beam is split into several beams and allowed to overlap in the resin at
angles predetermined by the desired periodicity. This fabrication method yields
samples of good quality in a reduced time (typically few hours), and in principle
does not require expensive equipment besides a laser, polymer and some basic
optics. The disadvantage of this method is high RIC PCs may not be achieved as the
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photo resist polymer materials, do not posses high refractive index like any other Si

or semiconductors materials.

1.8 Applications

As mentioned, PCs are expected to have a number of applications in optoelectronics
and photonics.®®>" They are mainly based on the modification (suppression) of
spontaneous emission and localization of light. In optical industries, 1D PC are
aready in widespread use in the form of thin-film optics™ with applications ranging
from low and high reflection coatings on lenses and mirrors to color changing paints

and inks.

Higher dimensional PCs are of great interest for both fundamental and applied
research, and the 2D ones are beginning to find commercia applications. The first
commercia products involving two-dimensionally periodic PCs are already available
in the form of photonic crystal fibers (PCFs),> which use a micron scale structure to
confine light with radically different characteristics compared to conventional optical
fiber for applications in nonlinear devices and guiding exotic wavelengths. The
losses of hollow core PCFs are faling dramatically. Researchers from Corning
reported 13 dB/km at 1.55 um wavelength —which is an improvement of almost two
orders of magnitude within one year. Taking into consideration greatly reduced
signal degradation, 100 times lower nonlinearities than current fibers and almost
perfect control of chromatic dispersion. PCFs are supposed to become an interesting
alternative to standard optical fibers in the future.®® The 3D counterparts are still far
from commercialization but offer additional features possibly leading to new device
concepts like optical computers® when some technological aspects such as

manufacturability and principal difficulties such as disorder are under control.

A PC also provides the prospect of designing optical micro- and nanocavities by
introducing appropriate point defects into it.%? Furthermore, an extended defect such
as line defect will work as a light waveguide.® There is a wealth of proposed

applications relating to this principle of functioning including linear waveguide,®
25



Chapter 1 Introduction: Photonic...

8596 junctions, add-drop filters,’ etc. All the devices

bendings,®* crossings, splitting,
in this category can direct the flow of light as electrons are directed by conductive
wires. These waveguides can be made to bend through sharp corners without energy
loss since scattering loss is prohibited by the nature of the PBG structures.
Waveguides in a 2D PBG structures have been studied extensively. A commercial

PBG fiber isbasically a2D PBG waveguide in cylindrical coordinates.

True PBG behaviour at visible wavelengths also promises real advantages for

light emitting devices. Applications include ultra-compact, low threshold lasers, >

smart lenses®® nonlinear optica materials,” single mode LEDs,”* sensors,’®"
random lasing’* and many more. For arecent overview one can see the references 47
and 70.

The existence of full and complete, non-polarization dependent PBG in 3D PCs
gives rise to a number of peculiar optical properties useful for photonic engineering.
Most important, the fabrication of 3D PCs with a complete PBG in visible and near

IR regimes remains a great challenge.
1.9 Organization of the thesis

Chapter 2 is devoted for the discussion on details of various experimental

techniques that carried out in this dissertation.

Chapter 3 discusses mainly the fabrication of polystyrene opals and their

angle dependant transmission and reflection characteristics.

Chapter 4 involves the study of transmission spectral characteristics of
different high Miller index Bragg planes with the incorporation of different alcohols

and their effect on microspheres.

Chapter 5 is dedicated to the investigation of non linear optical absorption of
polystyrene PCs with Z-scan technique using pico second pulses. The enhancement

in the nonlinear absorption is observed when the wavelength of the pump beam falls
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at the stop band edge of (111) Bragg plane and the possible mechanism was
discussed.

Chapter 6 presents a ssmple method to enhance the surface electromagnetic
fields by incorporating chemically prepared silver nanoparticles into the lattice of
polystyrene opal. Along with this a ssmple method of in-situ formation of silver
nanoparticles (through micro-Raman spectroscopy) with low power continuous wave
laser irradiation in a polymer matrix was investigated as an alternate route to diffuse

nanoparticles in the opal and inverse opal structures.

Chapter 7 summarizes the results obtained in this dissertation work and

future implications and perspective are discussed in brief.
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Abstract

We describe here briefly the experimental facilities that were used for the
characterization of the photonic crystals and the nonlinear optical studies. We
briefly described the commercial setups such as JASCO spectrophotometer, micro-
Raman spectrometer and the field emission scanning electron microscope, as these
instruments were used very extensively in our study. A modified Z-scan setup suitable

for the nonlinear absor ption studies of photonic crystalsis described.
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Experimental details
and techniques

2.1 Transmission/Reflection spectrophotometer

The transmission and reflection optical characteristics are carried out using a
commercial Ultra Violet-Visible- Near Infrared (UV-Vis-NIR) double-beam
spectrophotometer (JASCO V-670). The spectrophotometer uses two lights sources,
a deuterium (D;) lamp for ultraviolet region and a halogen lamp for visible and near
infrared region. It utilizes a unique, single monochromator design covering a
wavelength range from 190 to 2700 nm. The monochromator features dual gratings:
1200 grooves/mm for the UV/Vis region; 300 grooves/mm for the NIR region. A
PMT detector is provided for the UV/VIS region and a Peltier-cooled lead sulphide
(PbS) detector is employed for the NIR region. Both gratings and detector are

automatically exchanged within the user selectable 750 to 900 nm range.

The light from the source lamp gets reflected from mirror 1 and beam passes
through slit 1(S1) and hits a diffraction grating. The grating can be rotated allowing
for a specific wavelength to be selected. At any specific orientation of the grating,
only monochromatic (single wavelength) beam successfully passes through slit 2
(S2). Afilter (F) is used to remove unwanted higher order diffraction beam. The light
beam hits a second mirror (M,) before it gets split by a half mirror (M3) (half of the
light is reflected, the other half gets transmitted). One of the beams is allowed to pass
through a reference sample (air in the present case), the other passes through the
sample. The intensities of the light beams are then measured at the end as shown in
figure 1. The photometer computes the ratio of the sample signal to the reference

signal (1/1,) to obtain the transmittance.

The spectrometer is provided with three different measurement accessories: 1)

variable angle transmittance, 2) fixed angle and 3) variable angle reflectance. The
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schematic of the beam path in the spectrometer is shown in the figure 1. The optical
path of the fixed angle (5°) reflectance measurement accessory in the path of the
sample beam is presented in figure 1b. We have used an aluminum mirror for

standard reference.

(@) (b)
»D— =
D D 5

Figure 1: Schematic of the optical setup of the commercial JASCO spectrometer for a)
transmission and b) fixed angle (5°) reflection geometry. W1: Halogen lamp, D,: Deuterium
lamp, S Sit, F: filter, G: grating, BS. Beam splitter, M: Mirror, A: Accessory, Sam: Sample,
Ref: Reference beam, D: Detector.

Incident light

::l Polarizer

Figure 2. Schematic of the beam path of the absol ute refl ectance measurement accessory for
JASCO spectrometer.

The polarization dependent studies are carried out in the reflection geometry and
their spectral characteristics are compared with s-, p- and unpolarized light. The
schematic of the absolute reflectance measurement accessory is shown in figure 2.

The sample, reflecting mirror and detector are mounted on a single rotational stage.
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Absolute reflectance is measured by rotating this stage to determine the angle of the
light incident upon the sample. The detector is equipped with an integrating sphere
and thus it permits measurement of the relative reflectance of a diffusely reflecting
sample. The polarization of the beam is selected using Glan-Taylor prism polarizer.

This accessory allows recording the reflectance from 5-70° only.
2.2 Field Emission-Scanning Electron Microscopy (FESEM)

The scanning electron microscopy is a versatile technique that reveals detailed
information about the morphology and the composition of natural and manufactured
materials.

The wavelength of electrons accelerated by a voltage U is given by the well
known de Broglie wavelength:
A= h/2mgeU (1)
in the non-relativistic case, which is a good approximation for voltages below 100 kV.
Here h is Plank’s constant, m, the rest-mass of electrons and e the elementary charge.

The corresponding wavelength ranges from 38 pm for 1 keV electrons to 7 pm for 30

keV electrons.

Due to the short de Broglie wavelength of electrons in comparison to visible light,
the SEM offers a much better resolution which is not diffraction limited in comparison
to optical microscopes. Whereas the resolution of optical microscopes is limited by the
wavelength of the light used (it is ~ 200 nm at A=500 nm), the resolution in modern
SEMs is limited by lens aberrations. Recent efforts to compensate these errors using
magnetic correction lenses resulted in resolutions better than 0.1 nm.>** The routinely
used standard SEM which raster a focused electron beam across a sample surface,

provide high- spatial resolutions down to several nm.

A field-emission SEM provides narrower probing beams at low as well as high
electron energy, resulting in both improved spatial resolution and minimized sample

charging and damage. There are two classes of emission source: thermionic emitter
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and field emitter. Emitter type is the main difference between the Scanning Electron
Microscope (SEM) and the Field Emission Scanning Electron Microscope (FESEM).
Thermionic Emitters use electrical current to heat up a filament; the two most
common materials used for filaments are Tungsten (W) and Lanthanun Hexaboride
(LaB6). When the heat is enough to overcome the work function of the filament
material, the electrons can escape from the material itself. Thermionic sources have
relative low brightness, evaporation of cathode material and thermal drift during
operation. Field Emission is one way of generating electrons that avoids these

problems.

A Field Emission Gun (FEG); also called a cold cathode field emitter, does not
heat the filament. The emission is reached by placing the filament in a huge electrical
potential gradient. The FEG is usually a wire of Tungsten (W) fashioned into a sharp
point. The significance of the small tip radius (~ 100 nm) is that an electric field can
be concentrated to an extreme level, becoming so large to exceed the work function
of the material and electrons leave the cathode. FESEM uses Field Emission Gun
producing a cleaner image, less electrostatic distortions and spatial resolution < 2 nm
(that means 3 or 6 times better than SEM). The images formed by the field emission
scanning electron microscope are from secondary electrons, backscattered electrons,
characteristic X-rays, Auger electrons and others that are emitted by the sample.
Figure 3 represents the schematic diagram of field emission scanning electron

microscopy.

A field emission gun is a type of electron gun in which a sharply-pointed
Schottky-type emitter is held at several kilovolts negative potential relative to a
nearby electrode, so that there is sufficient potential gradient at the emitter surface to
cause field electron emission. Schottky type emitter is a thermal field emitter (TFE)
cathode, in which thermionic emission is enhanced by barrier lowering in the

presence of a high electric field. Schottky emitters are made by coating a tungsten tip
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with a layer of zirconium oxide. A high energy (typically 10-30 keV) electron beam,
emitted from a tungsten tip is focused to a spot size of 1 nm to 5 nm by the

Electron Electron Gun
Beam -~

T

‘“ Magnetic
L[] [ {1 {][[15 |- — | ans

Anode

To TV
Scanner

Scanning

Electron |
Detector 8 "ll |||,.'
-\_—r

M /2 ey

Detector

Stage
Sample

Figure 3. Schematic diagram of field emission scanning el ectron microscopy.
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condenser magnetic lenses. The focused beam passes through a pair of scanning
coils, which raster the beam across the surface. The incident electrons cause low
energy secondary electrons generation. The secondary electrons emitted from the
sample are detected by a scintillator-photomultiplier device and the resulting signal
is rendered into a two-dimensional intensity distribution that can be viewed and
saved as a digital image. The most common imaging mode monitors low energy
(<50 eV) secondary electrons which originates within a few nanometers from the

surface.

There are the high-energy electrons which are elastically scattered and essentially
possess the same energy as the incident electrons called as back scattered electrons.
The probability of backscattering increases with the atomic number Z of the sample
material. Back scatter electrons are used to detect contrast between areas with

different chemical compositions. Because these electrons are emitted from a depth in

the sample, the resolution in the image is not as good as for secondary electrons.

2.3 Z-scan

The Z-scan technique is a single beam technique, which allows the determination of
the real and imaginary parts of the third order susceptibility’. This technique is a
simple, sensitive, single beam method that uses the principle of spatial beam
distortion to measure both the sign and the magnitude of refractive nonlinearities of
optical materials. The experiment uses a Gaussian beam from a laser in tight focus
geometry to measure the transmittance of a nonlinear medium through a finite
aperture in the far field as a function of the sample position Z, from the focal plane.
In addition to this, the sample transmittance without an aperture (or fully opening the
aperture to allow the transmitted beam after the sample to detector as shown in figure
4) is also measured to extract complementary information about the absorptive

nonlinearities of the sample.
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2.3.1 Open-aperture Z-scan for nonlinear absor ption

The presence of multi-photon (two or more) absorption suppresses light at higher
intensities, while saturation of absorption produces the opposite effect. The
sensitivity of the experiment to refractive nonlinearities is entirely due to the
aperture. The removal of the aperture will make the Z-scan sensitive to absorptive
nonlinearities alone. Thus by doing the Z-scan with and without aperture both the
refractive and absorptive nonlinearities of the sample can be studied. The schematic
of an open aperture Z-scan is as shown in figure 4. Spatially filtered input beam is
focused using a lens. The sample is scanned across the focus using a stepper motor.
The transmitted light is then collected using another lens (large area) of f ~ 100 mm
and fast photodiode (FND100). The data collected by the detector D; is divided with
the data obtained from D, in order to reduce the error from the fluctuations in the
power level of laser beam. Different neutral density filters are used for attenuation to

ensure that the photodiode does not get saturated.

D,
ND
filters
L,
ND
filters A
P i
D,
Inputbeam
BS
_ : |

ND
Representative trace for s
multiphoton absorption

Figure 4: Schematic of open aperture Z-scan experimental setup. L: Lens, D: Detector, BS
Beam splitter, ND filters: Neutral density filters, A: Aperture, PC: Photonic crystal on a
glass plate. Dotted and thin lines represent the normal to photonic crystal structure and
optic axis.
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The translation stage with stepper motor is used to move the sample under
investigation along the Z-axis of the laser beam during the experiment. The stepper
motor driver is the interface between the computer and the stepper motor on the
translation stage. It controls the movement of the stepper motor based on the
commands from the computer. A program in C++ language was developed to control
the motion of the stepper motor and for data collection. An oscilloscope is used to
inspect the signal form detectors and the boxcar integrators visually. This allows the
adjustments on the boxcar average to ensure correct overlap of the boxcar’s gate and
signals from the large area photodiodes. This output from the boxcars can also be
checked to ensure that the data acquisition card is not saturated or damaged.

2.4 Micro-Raman spectrometer

Raman spectroscopy is a light scattering technique, and can be thought of in its
simplest form as a process where a photon of light interacts with a molecule in the
sample to produce scattered radiation of different frequencies. If frequency of
scattered photon is less than the incident photon, then it is known as Stokes
scattering. If frequency of scattered photon is greater than the incident photon then it
is called anti-Stokes scattering. Raman spectroscopy is extremely information rich,
for example it is useful for chemical identification, characterization of molecular

structures, effects of bonding, environment and stress on a sample.

In Raman experiments, the sample is irradiated with monochromatic light and the
scattered light is traditionally observed at right angles to the incident radiation.
However, in modern confocal Raman microscopes, the scattered signals are
recollected by a microscope objective in 180° geometry. Selection of appropriate
light source for micro-Raman spectroscopy is of great importance because the
Raman signals are usually much weaker than the excitation intensity. For strong
scattering material only one Raman scattered photon can be explored for every 10’
incident photon. Further a coherent light source (laser) is preferred due to its high

power, monochromatic and collimated beam nature. The most commonly used
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Figure. 5: Schematic of a micro-Raman spectrometer.

laser sources in Raman applications are He-Ne, Ar* ion and diode lasers delivering at
632.8, 514.5 and 785 nm respectively.

In the present work Raman scattering measurements were performed with a
LabRAM HRB800 micro-Raman spectrometer manufactured by HORIBA Jobin
Yvon. It includes a variety of optical components arranged as illustrated in Figure 5.
A collimated laser beam is sequentially passed through several optical components
including the spatial filter, optical density filters, an edge filter which serves as a
dichroic mirror, and the microscope objective lens which focuses the beam on the
core sample. An automated x-y motorized stage allows moving the sample to acquire
Raman spectra at each position. The scattered radiation emanating from the sample is
collected through the same objective lens and is passed through the edge filter for
elimination of the excitation line. A controllable slit and a confocal hole are used
before the Raman radiation reaches the spectrograph. The spectrograph utilizes two
gratings with 600 and 1800 lines/mm. The spectrograph focuses the scattered
wavelength spectrum on a CCD camera. All these optical components are controlled
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through a graphical user interface on a computer attached to the system. A brief
description of optical components such as filters, confocal hole, CCD and calibration

of micro Raman spectrometer are provided in the following paragraphs.
Parts description

Filters: There are several holographic filters or wavelength selectors used
throughout the laser path. At first, a narrow band-pass filter (interference/absorption
filter) is placed in between a source and a sample to isolate a single exciting line.
Another most important filter used in the Raman spectrometer is an edge filter. This
serves as both dielectric mirror, which reflects the pump to the sample and as a high
pass filter, which eliminates the excitation line prior to passing it to the spectrograph.
It transmits less than 0.5% of the backscattered laser line while allows more than

90% of the remaining frequencies to reach the detector. The drop off is at 50 cm™.

Confocal hole: Confocal optics means that the sample is illuminated with diffraction
limited spot and that the illuminating spot is imaged on an ideally point-like detector.
Practically, the point-like detector is realized with an adjustable pinhole called
‘confocal hole’ in front of the real detector (hole placed at the spectrograph
entrance). The advantage of confocal sampling is a considerable reduction of the
depth of focus and thus an increased Z discrimination. For example, this means that a
confocal microscope allows separating the signal from each layer of a
laminar/multilayer sample, or isolating the signal from an inclusion against the signal
coming from the surrounding medium. The smaller the confocal hole, the faster is
the drop of the Raman signal as one goes out from focus. In our experiment we have

used a confocal hole of 300 pm.

CCD: CCD (charged coupled device) camera has rectangular two dimensional
arrays of pixels (standard 1024x256 pixels, pixel size = 26 ym X 26 pm) that
convert the light falling to each pixel into a charge, which is proportional to the

integrated light intensity. Raman signal after passing through slit is focused on CCD
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after being separated by the diffraction grating into discrete wavelengths, where each
frequency is measured simultaneously. Photoelectrons are created in the CCD upon
exposure to the scattered beam. The dispersed beam is spread vertically across
horizontal lines of pixels, which are summed. Data acquisition was then obtained
from computer by using the Labspec software. This software allows the user to set
the spectral range for the spectrum, exposure time of the CCD and read-out the

spectrum appears on the computer screen which can be stored and manipulated.

Calibration: In order to have the maximum accuracy in the frequency of Raman
signal careful calibration is required. For this purpose we use the crystalline Si wafer
throughout the measurements. Si is used for calibration in our case because it
exhibits strong first-order Raman signal at around 520.5 cm™.> The excitation
energies used for Raman measurements were greater than the bandgap energy of the
silicon so the laser light is strongly absorbed in the upper layer of Si thus making it
ideal for the alignment of spectrometer optics which is required on the occasion.

2.5 Modified Bragg's law

The modified Bragg’s law® which is a combination of Bragg and Snell’s law allows
knowing the central wavelengths of stop bands of close packed fcc opals at each
incident angle. When modeling the diffraction of light by a periodic medium as a
layered structure as shown in figure 7a, one computes the phase difference
accumulated by rays that suffer scattering from different planes in the stack and add
up those with a multiple of 2x (constructive interference). To arrive at a simplified
picture for deriving the Bragg formula, we assume the region where the PS spheres
are in contact as ny;g, region. As one goes to midway between these regions, the air
gap increases leading to ny,,, . Therefore figure 7b is taken as two layers with high
refractive index reflection occurring at these layers. However since the medium in
between these layers contains both PS and air, for simplicity we have taken the
refractive index between the layers as n.¢ Which is the effective refractive of close

packed fcc structure. By considering an equivalent thin film of thickness similar to
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that of interplanar distance of (111) planar array as shown in figure 7a, the path
difference (AS) between rays R, and R; (which comes from the two consecutive
layers of (111) planes of fcc structure) that interact with two media of different
refractive indices, n ;. and n.g can be calculated as below.

normal R1

Figure 7: Schematic for a) parallel arrays of (111) plane of close packed fcc structure and
b) reflected and refracted wave combination for interference in the equivalent film of
thickness d; 11 .

AS = 2neffE - nairE (2)

Here, the effective refactive index (n.g) of the close packed fcc structure can be
defined as below.

ngff = fpsNbs + fair Neir (3)
where fpg and f,;. are volume fractions of PS microsphere and air; npg and n,;,. are
refractive indices of PS and air respectively. The values for fpc and f,;. can be taken
as 0.74 and 0.26 based on the perfect close packed fcc structure of identical particles
respectively. The path difference AS can be expressed in terms of d;;;and 8 from
figure 7b.

AS = 2n g (dm) —n, [(dlA) 20 sinZB] 4)

cosf cos8 / neg

where, dq;1iS the inter-planar spacing of (111) planes. For (111) planes,
d;11=0.816D, where D is the diameter of the PS sphere.
Using Snell’s law

nySind = nyersinf (5)
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and trigonometric relationships, we obtain upon substitution of equation 5 into

equation 4:
2
AS = 2n.4 diq; \/1 — =% sin20 (6)
eff

The phase difference 6 between the two paths is & = (2/A)AS.
For constructive interference 8 = 2mmn and then mA = AS, where m is the order of

refelction for which interference occurs and A is the light wavelength,

mi = Zdln\/ngff — nsin?0 @)

Using the above equation 7, the basic parameters of interplanar spacing of (111)
plane (d11) and effective refractive index (n.s) of PC structure can be evaluated

and details are given in the next chapter.
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Abstract

Different sizes of polystyrene microspheres were synthesized through emulsion
polymerization method and 3D colloidal photonic crystals were grown using vertical
deposition method. By analyzing the stop band features due to different Bragg planes
using transmission and reflection spectral characteristics, important parameters
such as interplanar spacing for diffrent Bragg palnes, effective refractive index and
thickness of these colloidal photonic crystals were calculated. The study of
polarization dependant reflection spectral characteristics due to (111) Bragg plane

was also carried out.
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Fabrication and optical characterization of
3D colloidal photonic crystals

3.1 Introduction

In recent years, interest in the synthesis of colloidal microsphers such as silica or
polymer has grown markedly in order to fabricate 2D or 3D photonic crystal (PC)
structures under ambient conditions and explore their photonic applications.* The
colloidal crystals made out of the microsphers typicaly in the range of 150-500 nm
lead to a band gap in the visible region. The position and width of the band gap of
resulting PCs are determined mainly by the effective refractive index and refractive
index contrast of the constituent materials of the PC. More the refractive index
contrast, wider will be the band gap of PCs. Among the colloidal microspheres of
silica, poly(methyl methacrylate) (PMMA) and polystyrene (PS), PS has highest
refractive index and hence, it is chosen to fabricate colloidal structures and their
characterization. Even though some sizes of the PS microspheres are available
commercially, the stop band of those colloidal PC structures is not desirable to our
studies; hence we synthesized different sizes of microspheres for fabricating

colloidal PC structures that produce stop gaps which meet our requirements.

According to literature, the first studies on these colloidal PCs were focused on
the first order Bragg-diffraction due to (111) plane. Lopez et al.? have studied the
transmission spectral characteristics along the LU and LK paths of the first Brillouin
zone (BZ) using un-polarized light. Many people have used polarized light to study
the diffraction effects due to different planes in the PS,** poly(methyl methacrylate)
(PMMA)>® and silica’® opals. It has become challenging debate for the explanation
of Bragg planes other than in the optical spectra of 3D opals. Un-polarized light
consist of all components, so one would get the information of all Bragg planes

whereas in case of polarized light, p-polarization couples to PCs very weakly
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compared to s-polarization.” So in this work, we have used an un-polarized light to
study the transmission spectral characteristics by rotating the 3D PS PC in clock-
wise (CW) and anti clock-wise (ACW) directions placing the PC grown on a glass
substrate vertically. If the transmission spectra characteristics of PCs don't have
sharp band edges and steeper band gap depths then there would be problem in
identifying the features for a particular Bragg plane at the lower wavelength region.
Schutzmann et a.* have not discussed about the Bragg planes even though they
observe planes whose features are more prominent in the LK path. In the current
chapter, we present the data with all Bragg planes that exist in the LU and LK paths
with better quality. The clearly distinguishable stop band in the transmission
spectrum with increasing angle of incidence due to different planes resemble the
band gaps obtained with the hetero structure PCs, where by multi band gaps can be
achieved.” Some of the basic parameters of these PC parameters like effective
refractive index, inter-planar spacing and thickness are investigated using the angle
dependent transmission spectra. To exploit the effect of thickness on band width of
the stop band due to (111) plane, the transmission experimental data at normal
incidence is compared with the scalar-wave approximation. Finally, the chapter is
concluded by summarizing some important issues regarding polarization properties
of these colloidal PCs.

3.2 Synthesis of polystyrene microspheres

3.2.1Emulsion polymerization

Emulsion polymerization or a variation of this, such as micro-, miniemulsion,
emulsifier-free, or dispersion polymerization have been well investigated to
synthesize colloidal polymer particles consisting of PS or PMMA.*** Among these
methods, emulsifier free emulsion polymerization'? yields different sizes of highly

monodisperse microspheres that have average diameter in the range from 180 - 350
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nm with the polydispersity of < 5%. The classic emulsion polymerization involves
the following procedure.

The monomer emulsion is made up of water-immiscible monomer droplets
stabilized by surfactant molecules, empty micelles (colloidal surfactant vesicles) and
monomer-swollen micelles. Water-insoluble monomers are dispersed into water with
asmall amount of a surfactant, in this case sodium 4-styrenesulfonate. The monomer
droplets can range in size from less than 1 um to 10 um. A water-soluble initiator, in
this case potassium persulfate, which has aweak peroxide bond, forms radicals when
heated, and these radicals initiate chain reaction polymerization of the monomersin
the water. Polymer chains grow in the water and are either trapped by surfactant
micelles, which then become the primary polymer particles, or polymer chains
aggregate to form primary particles. The size of the primary particles is probably
only 10-20 nm diameter. The primary particles swell with monomers. After the
primary particles have formed, all further polymerization increases the size but not
the number of particles. Growth continues until all of the monomer is consumed. As
polymerization proceeds, the monomer droplets decrease in size and eventualy
disappear. When the polymer particles become large, the surfactant molecules in the
micelles suspend the polymer particles. Final particle diameters typically are 50-500
nm, depending on al of the possible variables in the experimental procedure. The
particles are stabilized electrostatically against coagulation in water by the ionic
sulfonate groups on their surface. A fraction of the sodium counter ions of the
sulfonate groups dissociate in water, leaving the particles negatively charged. The
nonpolar PS resides in the core of the particles to avoid water. A high concentration
of ionic groups on the particle surface increases colloidal stability. The
polymerization can be carried out in one or more stages of addition of monomers.
The physical character of the final polymer depends on the temperature of reaction,
the formulation and the manipulation of the reaction conditions, such as when and

how much of the ingredients are added to the reactor. Required chemicals and the
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brief procedure to synthesize different sizes of PS microspheres are outlined in the

following section.

Materials: Styrene, procured from Merck, Germany was washed with 10% sodium
hydroxide solution using separating funnel three times in order to remove the
antipolymerizer. Sodium styrene sulfonate, sodium hydrogen carbonate and
potassium persulfate of Sigma-Aldrich make were used without further purification.

H,C=CH H,C=CH (-CH-CHz-) n

K2S,0s
80°C

SO3 Na+
Styrene Sodium 4-styrenesulfonate Polystyrene

Figure 1: Chemical eguation for emulsion polymerization.

To synthesize monodisperse PS microspheres, 225 ml of deionized water was
poured into 500 ml of four-neck round bottom flask, kept at 80+4 °C with constant
stirring at 350 = 10 rpm. 15 mg of sodium styrene sulfonate as emulsifier and 125
mg of sodium hydrogen carbonate as buffer were added to the water. After 10 min,
28 ml of styrene was added to the solution. One hr later, 125 mg of potassium
persulfate was added and the polymerization was performed under argon atmosphere
for nearly 20 hrs. A chemical equation which represents the polymerization reaction
is shown in figure 1. The solution was filtered with glass wool in order to remove
agglomerations. Again, the solution was centrifuged three times at 10,000 rpm for
one hour and re-dispersed in water and stored at 4 °C. These microspheres are highly

stable for more than ayear. The average diameter of micropsheres formed through
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20 m EHT= S000V | A= InLans. Date 8 May 2012
H Mag= S100KX  yps 3imm Tiara 140607

Figure 2: Different sizes of PS microspheres of diameter a) D = 186 nm, b) 225 nm, ¢) 260
nmand d) 331 nm. The relative standard deviation is <5% for all microspheres.

this recipe was 186 nm. By changing only the weight of emulsifier and remaining all

the weights of the reactants same (using the same temperature), different sized

Table 1: Weights of reactants to synthesize PS microspheres of different
sizes. Same temperature and stirring speed is maintained for all reactions.

DI water | Sodium | Sodium | Styrene | Potassium | Temp Avg.
(ml) styrene | hydrogen | (ml) | persulfate | (°C) | diameter
sulfonate | carbonate (mQ) (nm)

(mg) (mg) D

225 15 125 28 125 80 186
225 25 125 28 125 80 226
225 50 125 28 125 80 260
225 75 125 28 125 80 331

52



Chapter 3 Fabrication and optical ...

microspheres were synthesized whose averages sizes are tabulated in table 1. A very
dilute concentration of the solution of microspheres was spin coated on a glass plate
to estimate the average size and their relative standard deviation from field emission
scanning election microscope (FESEM) micrographs. The FESEM micrographs of
different sizes of microspheres are shown in figure 2. The relative standard deviation
is estimated by taking the sizes of 100 particles and found that it is less than 5% for

all sizesin our present study.
3.3 Vertical deposition method

In the present work, we have undertaken the task of fabricating colloidal crystal
structures that produce stop bands in the visible region so as to explore the novel
optical characteristics of these structures which will be discussed mainly in the
chapter 4. Hence, we have selected only D = 226, 260 and 331 nm microspheres to
fabricate PCs. There are variety of bottom-up approaches to fabricate 3D colloidal
PCs such as gravity sedimentation,® centrifugation,** electrophoresis,™® vertical
deposition,'® horizontal deposition,*” controlled drying, **° etc.> All these methods
work on the unique process of self-assembly. Among these methods, vertical
deposition is widely accepted due to low cost and rapid production. Moreover, this
method has gained great interest because it does not require any special training and

is highly reproducible without generating major cracks.

In a typical procedure of vertica deposition method, a flat glass substrate of
dimensions 6 x1.5 cm? was bathed in a mixture containing concentrated sulfuric acid
and hydrogen peroxide (3:1, volume ratio) over night in order to make it hydrophilic.
The substrate is then washed ultrasonically with deionized water and dried. It was
kept in a vial containing aqueous solution of PS microspheres. Then the vial was
kept in a vibration-free temperature controlled oven (Incucenter, Cole-Parmer) at 50
°C. The relative humidity was maintained around 55-60%.
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@

Evaporation

Figure 3: a) Schematic diagram for the formation of multilayers at the meniscus. b) Lateral
capillary forces can arise when colloidal spheres are partially immersed in a thin layer of
liquid. Such forces can cause an attractive interaction between two spheres. ¢) A single layer
of PScolloidal spheres.

Although extensively used for more than a decade now, the crystal formation is
not completely understood to the present date.® Due to the hydrophilic nature of the
substrate a meniscus is formed where the substrate, air and liquid meet as shown in
figure 3a. Crystal growth begins at the point where the meniscus thickness is less
than the diameter of the sphere. Menisci formed between two spheres, which are
pulled towards the substrate and attracted to each other by lateral capillary forces,
organize them into close-packed monolayer array. During evaporation, solvent flow
towards the meniscus region drags spheres towards meniscus to form monolayer. A
close packed monolayer of colloidal microspheres is observed as depicted in figure
3c when the solution contains 0.1% (weight percent) of PS microspheres. However,
under the appropriate conditions like concentration of solution, wettability of the
substrate, temperature and humidity, more than one layer may begin to grow at the
meniscus. Without atering the temperature and humidity, a weight percent of PS
microspheres around 1- 2 yield amultilayer structure as displayed in figures 4 and 5.
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Figure 4: Surface morphology of (111) Bragg plane of D = 331 nm PS PC with different
magnifications. a) scale bar 10pum and b) scale bar = 1um. Inset of (b) shows the FFT (fast
Fourier transform) image.

These conditions were kept constant to grow the multilayer structures using various
diameters. During the formation of multilayers, planar arrays of spheres can be
arranged as either ABCABC... (face centered cubic (fcc)) or ABAB... (hexagonal
close packed (hcp) structure). However, computer simulations performed by
Woodcock® showed that the stacking of hard spheres in a fcc structure is more
stable than that in a hcp structure by an amount of Gibbs free energy of 0.005RT per
mol, which corresponds to AG = 0.13 meV per particle. In the self-assembly process,
(111) plane of fcc structure grows paralel to glass substrate and this is confirmed
through FESEM picture as shown in figures 4a and 4b. Inset of figure 4b shows the
FFT (Fast Fourier Transform) image. Moreover the cross sectional FESEM pictures
of our samples did not show any rectangular alignment with one sphere in the center
and four spheres at the corners, that is typical of hcp stacking. Other than (111)
plane, few planes such as (200) and (111) can be seen in the cross sectional view of
FESEM pictures as presented in figure 5. Some of the experimental results*32%2324
have proved that these planar arrays formed into close packed fcc structure only. The

experimentally measured single domain area of PC is larger than 50 x 50 um using
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the optical microscope images. The PC prepared with other diameters also show
similar results.
(200)

(111) (11)
@ (b)

1 um oo = 18785 X EHT = 1.00 kv Signal & = SE2 Date 8 Judl 2010 3um = 4B KX EHT = 100KV Signal A = SE2 Date 8 Jul 2010
" WD= 3.5 mm Phete Mo, = 580 Time 213419 WO = 38mm Photo No. = 581 Time :21:17:47

Figure 5: (a) and (b) represent the FESEM images recorded in the cross sectional view.
Arrowsindicate the (111), (111) and (200) planes of fcc structure.

3.4 Optical Characterization

The transmission and reflection optical characteristics are carried out using UV-vis-
NIR double-beam spectrophotometer (JASCO V-670). In the transmission geometry,
the beam dimensions are 1 x 6 mm? at normal incidence and the fixed angle
reflection geometry presents the circular beam with the diameter of 2 mm. The
transmission and reflection spectra at normal and near normal incidence for D = 226,
260 and 331 nm PCs are shown in figures 6a and 6b, respectively. These spectra
show around 50% of light attenuation with their maximum transmission losses at 531

nm, 612 nm and 771 nm, respectively.
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Figure 6: @) Transmission and b) reflection spectra of D = 226 nm (green), 260 nm (red)
and 331 nm (pink) PS PC recorded at #=5" with the Bragg-peaks at 531 nm, 612 nm and

771 nm respectively. The small oscillations on either side of the stop band indicate the
Fabry-Perot fringes.

3.5 Thickness measur ement

The Fabry-Perot fringes on either side of the stop band can be observed in both
transmission and reflection spectra as shown in figure 6 and these oscillations are
due to the interference of light reflected from the top and bottom surface of the PC
film. These fringes indicate the homogeneity of the thickness and effective refractive
index of the PC within the illuminated area. The experimental spectra could be
compared with the theoretical data to know the lattice parameters but calculating
them from an analytical expression would be more appropriate in order to determine
the quality of the PC. From the spectral separation of the Fabry-Perot fringes, the
thickness of the sample can be quantified. The amplitude of local reflectance maxima

due to the Fabry-Perot resonances will appear at®

mA = Zhneff (1)
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For opals and inverse opals, the effective refractive index n.s can be taken as

ngff = fpstps + far Noir ()

where fpg and f,;. are volume fractions of PS microsphere and air; nps and n;,. are
refractive indices of PS and air, respectively. The values for fps and f,;. can be taken
as 0.74 and 0.26 based on the perfect close packed fcc structure of identical particles

and the refractive indices of PSand air are nps=1.59 and n_;. =1, respectively.

=
e

Ur (x10'3) (n m'1)
o

Figure 7: Plot of m versus //4 for D = 331 nm PS PC. Sguare symbol represents the
experimental values and line represents the linear fit based on equation 1.

m (an integer) is the resonance order and h is the sample thickness. Plotting the
inverse wavelength as a function of the resonance order, alinear relation is obtained.
The plot of m versus 1/A for D =331 nm PS PC is shown in figure 7. From the slope
(=1/2hn.s¢), the thickness of the sample can be calculated. For close packed fcc

structure the thickness of the crystal is related to the number of layers N as follow.?
A(N) =D x [(N — 1) x 0.816 + 1] )

Thicknesses (h) and the number of layers of al PCsare given in the table 2.
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Table 2: Calculated thickness and the corresponding
number of layersfor different sizes of PSPCs.

Diameter | Thickness | No. of layers
D (nm) h (um) N
226 4.2 23
260 6.13 29
331 6.3 23

3.6 Angle dependent spectral characteristicsdueto (111) stop band

As the (111) plane of the fcc structure is parallel to substrate, we measured the
transmission spectrum by changing the external angle 6 (it is measured with respect
to the normal of the (111) plane) from 0 - 45° and found that the central wavelength
of the stop band is changed from 532 - 468, 617 - 534, 771- 676 nm for D = 226, 260

and 331 nm diameter PCs as shown in Figure 8a-c.

The modified Bragg's law?’ which is a combination of Bragg and Snell’s law
allows knowing the central wavelengths of the stop band due to (111) plane at each
incident angle.

mi = 2d111\/n§ff — nsin?0 (4)

Here, dy;;1 is the inter-planar spacing for (111) planes. For (111) planes dq1; =
0.816D, where D is the diameter of the PS microspheres. n.s, is the effective

refractive index and 0 is the external angle between the incident wave and normal to
the (111) plane.

The inter-planar spacing, thereby the diameter and effective refractive index can
be calculated from the angle dependent transmission spectra as A? will vary linearly
with sin’® from equation 4. The results are shown in figure 8d for D = 226 nm PS
PC. The slope (= —4d%,;) and intercept (= 4d#;,nZ;) of sin?@ versus A% plot would
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give the values of d;y; for (111) plane and n.sr, respectively. The calculated

diameter D using d;;1=0.816D isin good agreement with the value obtained from

(a) (b)
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% 20 % 20
= 101 = 104
5'\/ &N
0" 40300200100 o’ 0" 300200 10° o°
500 600 700 50 600 700 800
Wavelength (nm) Wavelength (nm)
(€)
70
— €0; 284
S 50
S 50 <
£ 30 <
X 24
@ 20 X
5 o <
= )
0
600 700 800 900 1000 00 01 02 03 04 05
Wavelength (nm) sin0

Figure 8: Angle dependent transmission spectra of a) D = 226 b) 260 and c¢) 331 nm PSPC.
0 is changed from O - 45° in steps of 5°. d) Plot of A2 versus sin26 based on the Bragg
diffraction formula for D = 226 nm PS PC (where 1 is the central wavelength of the

transmission spectrum and & is angle of incidence). Square symbol represents the
experimental values and line represents the linear fit based on equation 4.

FESEM pictures. From equation 2, n.¢¢ can be calculated as 1.45 and thisisin good

agreement with the calculated value from the linear fit for all PCs. For D = 226 nm,
260 and 331 nm PSPCs, d;1; and n,sr aregivenin table 3.
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Table 3: Calculated effective refractive index and
interplanar spacing of (111) plane for different sizes of

PSPCs.
Calculated D Neff di11 (NM)
(nm)
226 1.45 184.88
260 1.45 212.57
331 143 271.14

Even though all these colloidal PCs are made out of same material, the shifting of
(111) stop band in the range of 45° is different for different diameter PCs. The
differences between the central wavelengths of the stop bands obtained at 6 = 0 and
45° for D = 226, 260 and 331 nm diameter PCs are 64, 83 and 95 nm, respectively.
Higher the diameter, larger will be the lattice constant and they diffract higher
wavel engths compared to smaller diameter PCs.

3.7 Scalar-Wave Approximation (SWA)

In this study, we adopted the scalar-wave approximation®®® (SWA) which is a well
known tool to analyze the beam-propagation characteristics in periodicaly varying
dielectric structures. Unlike modified Bragg's law, SWA gives the full profile of stop
band due to (111) plane and the results can be compared with the experimental data.
In the SWA, the vector nature of the electromagnetic wave is ignored. This puts a
limitation in analyzing the wave propagation aong an arbitrary direction in a 3D
crystal structure. As detailed by Shung and Tsai, 2 it is possible to solve the Maxwell
equation for an electric field in a periodic medium, where the dielectric function is
the sum of an average dielectric constant ¢, and a periodic part € . The solutions of

such a system depend on the sign of afunction given by F(w).
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F(w) = GTZ+ g0 X (%)2 — \/GZ X g X (%)2 + U} (%)4 (5)

where G=2n/d;1; IS a reciprocal wave vector and U; the corresponding Fourier
coefficient in the Fourier development of the periodic function € . When the system
resulting from the Maxwell equations is resolved, nontrivial solutions with the
following general expression are found:

k =

N D

+ q for band region, where F(w) = 0

k ==+ iq forbandregion, where F(w) <0

N

Whereq = /F(w)

The final form of the equations for transmission rate for band and gap regions are
obtained by applying the boundary conditions at the interface of the periodic
dielectric structure.

For band regions

1
r= 1+(p—1)sin?(kNd111) (6)

and for gap regions
T 1

- 1+(kg+1)sin2(gNd111) (1)
where N and d;;; are the number of layers and separation between the two
successive (111) planes. Other constants k;, like k,;, and etc. are analytic expressions
depending on other parameters not described here (see reference 28 for more details).
A MATLAB program is developed to compare the experimental data. Here we have
chosen reflection spectra of D = 260 nm PCs obtained for two different thicknesses.
We normalized the experimental and predicted data using proper conversion factors
and compared their normalized absorbance spectra as shown in figures 9a and 9b.

The values of inter-planar spacing (d11) and effective refractive index (n,s¢) that
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were obtained with the linear fit of modified Bragg's law were given as input
parameters. We adjusted only the parameter N to match the Fabry-Perot fringe
positions as these fringes play a main role in determining thickness of the crystal. By
fitting the experimental data with SWA, the thicknesses of the two crystals were
found to be 17 and 35, respectively. The increased number of layers resulted in
reduced FWHM (from 64 - 49 nm) and fringe spacing as demonstrated

(a) (b)
1.0 A 1.0
g 08 NE17 g 08
g 0.6 é 0.6/
2 04 2 04
< <
Z 0.2 ‘J ta Z 0.2 ﬁ
0_0_/\/\/\/\/\} 0.0-
480 540 600 660 720 780 840 480 540 600 660 720 780 840
Wavelength (nm) Wavelength (nm)

Figure 9: Comparison between experimental (circles) and simulated optical transmission
spectra using SWA approximation (solid line) for D= 260 nm PS PC with different number
of layersa) N=17 and b) N=35, respectively.

in figures 9a and 9b. Our results match well with those observed in the reference 29.
The good agreement between the experimentally observed and theoretically
predicted spectra gives evidence of superior quality of the crystals.

3.8 Spectral characteristics in the LU and LK path of the first

Brillouin zone

Till now we have discussed only the diffraction due to (111) plane in order to
calculate crystal parameters such as effective refractive index and inter planar
distance. To explore the study of stop bands due to other planes we have chosen D =
331 nm PC and recorded the transmission spectral characteristics by changing the
incident angle 6 from O - 75° in both clock-wise (CW) and anti clock-wise (ACW)
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directions by keeping the substrate vertically as shown in figure 10. The spectral
range is 300 - 1000 nm. Here we have used the following equation to find Bragg

resonances for other planes (hkl).®

At = Zdhklneff\/l — sin? {ﬁ — arcsin (:;i)} (®)

Here d;,;; are the inter-planar spacing for (hkl) planes and g is the angle between
the normals of (111) and any other (hkl) planes. 0 is the external angle between the
incident wave and normal to the (111) plane. In the shorter wavelength region the

Normal

Figure 10: Schematic illustration of the incident light on the surface of the PC in the CW
and ACW directions.

transmittance decreases drastically at normal incidence indicating that the Bragg
diffraction is due to other planes and these planes are getting well resolved and they
move to longer wavelength region with increasing 0 as shown in figure 11. In CW
(ACW) rotation of the sample from 6 = 20 to 75°, a dip has appeared, represented by
unfilled triangles (filled triangles), that shifts from 481 nm to 708 nm (525 nm to 710
nm) as shown in figure 11. These dips are coinciding with each other after 6 = 50% as
shown in figure 11. By fitting the experimental data with the equation 8, it is found
that the dips in CW direction agree with the (111) plane and in ACW direction the
data fits well with the (200) plane up to 6=50°. After 6 =50° it again fits well with
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Figure 11: Transmission spectra recorded in CW and ACW directions from 8 = 30 - 65°.
The arrows and unfilled triangles represent the respective (220) and (111) planes in CW
direction and the filled triangles represent the (200) plane until 50° and then (111) planein
ACW direction. Star marked dips correspond to (111) plane in both directions.
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the (111) plane. From these fittings it is found that CW represents the LK path and
ACW represents the LU path in the first BZ of the fcc structure. We observed that
the average stop band depths for (200) and (111) planes are 4% and 9% upto 6 = 50°
respectively. After 6 = 55° the stop band depth for (111) plane in the LK and LU
paths is not same even though the dips represent the same Bragg plane and found
that average stop band depths in both the paths are 9% and 4%. In the CW direction
another dip appears at 6 = 10° and it has shifted to longer wavelength region till 6 =

1
»O

Wavelength (nm)
38888838

20 30 40 50 60 70 80
External angle (degree)

Figure 12: Transmission dips corresponding to (111) and (200) CW (filled triangles) and
ACW (open circles) directions from 6 = 20-75°.

55° and again shifted to shorter wavelength region up to 6 = 75°. This is represented
with an arrow mark as shown in figure 11. This dip is well fitted to the (220) plane.
This also confirms that CW direction is LK path where K point represents the (220)
point in FBZ of the fcc structure.® The (220) plane has attained 25% of stop band
depth at 6 = 35° in this LK path which is the normal incidence for (220) Bragg plane.
This is the maximum depth for the stop band due to (220) plane that has been
reported till now to the best of our knowledge. After this angle the stop band depth
monotonically decreases and at 6 = 75° it attains a value of 4%. The theoretica fits
using equation 8 for different planes are shown in figure 13a by continuous lines.
From the fits, the inter-planar spacings and angles 8 for (200), (111) and (220)
planes are 233, 263 and 166 nm and 53°, 66° and 35°, respectively. The 8 obtained
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for (111) plane is better than the value obtained in reference 7 which indicates the
superior quality of the PC.
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Figure 13: (a) Experimental transmission dips corresponding to (111) (squares), (200)
(open circles), (111) (filled triangles) and (220) (filled circles) planes in the CW and ACW
directions from 6 = 10 - 75° and line represents the theoretical fitting. (b) FBZ of fcc
structure which indicates the LK and LU paths in the CW and ACW directions.

In ACW direction the features of the (220) plane are aso present but with less
stop band depth compared with the CW direction. At 6 = 50° the two dips due to
(111) and (111) planes merge up in the CW direction, while in the ACW direction
there is a clear splitting of dips as shown in figure 11. This behavior is expected due
to the phenomenon of simultaneous diffraction by the (111) and (200)/(111)
families of planes.®® But in the CW direction the dips do not split as the (111)
plane makes more angle than the (200) with the (111) plane. In our study we found
the features of (200) plane appear from 6 = 20 to 50° in the LU path. After 6 = 50° it
follows the (111) curve fitting. The interplanar spacing which is nearly equal for
these two planes (d,o, = a2 and d11; = &1.732) probably resulted in the observation
of this kind of behavior after 6 = 50°. The band structures calculated for (111) plane
are samein the LU and LK paths? and the data obtained here follow the same. In our
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study we observed that the diffraction efficiencies are more for (111) and (220) and
less for (200) and (111) planes. For (220) plane the FWHM increases from 24.4 nm
(6 = 30°) to 38.7 nm (6 = 65°) and then decreases to 34.3 nm (6 = 75°). For (200) and
(111) planes the FWHMs have not followed any particular monotonic increase or
decrease. Finally, the observations are viewed such that the PC is oriented in the LK
and LU paths of the first BZ when the transmission spectrum is recorded in the CW
and ACW directions as shown in figure 13b. The more pronounced stop bands due to
different planes in the LK direction from 6 = 30 to 50° are as shown in figure 11.
This large stop band depth with 6 till 45° due to different planes in our PC is
reminiscent of the PBGs that present in the hetero structure PC. The clear
observation of (200) and (111) planesin the LU and LK paths with large stop band
depths and steeper band edges over a wide range of incident angle are reported for
the first time. This, we feel, signifies the high quality of PCs prepared by us. Many
studies in the literature report the observation of (200) or (111) or mixing of these
Bragg planes in the same path.*%3**® This study clearly brings out the contribution
of different Bragg planesin different paths (LU and LK). This again could be dueto
the good crystalline structure of PC. These stop bands due to different Bragg planes
certainly promises many applications in the area of integrated optics, e.g. optical
switches and filters.

3.9 Polarization dependent reflection spectral characteristics

The polarization dependent spectral characteristics due to (111) plane are carried out
in the reflection geometry using s-, p- and unpolarized light. The beam dimensions at
near normal incidence (5°) are 5 x 3 mm?. Reflectivity spectrawith external incident
angle from 0 = 5 to 60° for D = 331 nm PS PC are shown in figures 14a-d. The peak
height and FWHM are the two important properties that get mainly affected with
increasing incident angle when recorded with polarized and un-polarized light. First,

in the case of the s-polarized light a nearly constant reflectivity was observed at each
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external angle, while a decrease of peak height is observed with both the p- and un-
polarized light as shown in figures 14a-c. The changes in the height of the absolute
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Figure 14: Measured reflectance spectra for a) s- b) p- and c) un-polarized light for D =
331 nm PSPC. d) Normalized reflectance spectra at 0=40° for s-, p- and un-polarized light.

reflectance are 2, 8 and 6% for s-, p- and unpolarized light respectively. This effect
can be attributed to Brewster angle effect. Around at 8 = 55°, the appearance of two
peaks is attributed to the simultaneous diffraction due to (111) and (111)/(200)
Bragg planes. For s- and un-polarized light the two peak behavior is observed while
it is absent in the case of p-polarized light. As the volume fraction for (111) planeis
larger compared to other planes in the fcc lattice,® only a small percent of the peak
corresponding to (111) plane is expected to appear in the case of p-polarized light as
presented in figure 14b.
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Figure 15: a) Measured FWHM at each internal angle of incidence for s- (square), p-
(circle) and unpolarized (triangle) light. b) FWHMSs of s- (square) and p- (circle) polarized
light compared with band gap calculations (lines) using RSoft (BandSolve). ¢) Comparison
of FWHMs of s-(square, 1&4), p-(circle, 2&3) and un (lines) polarized light. The internal
angle for every 0 can be found using Snell’s law (n.s is used for PC structure which is
obtained in the section 3.6).

The normalized reflectance spectra obtained at 8 = 40° for s-, p- and unpolarized
light are shown in figure 14d which clearly shows the (second) important property of
FWHM of reflection spectra is different for different polarizations. The FWHM at
normal incidence remains constant irrespective of polarization and shows a reduction
with increasing angle as presented in figure 15a. The four lowest lying calculated
energy bands represented by lines (1, 2, 3 and 4) as shown in figure 15b are identical
irrespective of the tilting the of the PC around the normal to (111) plane for the
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angular range of 0 = 5 to 45°.% Hence, the corresponding data obtained in this
angular range is compared with the band gap calculations as shown in figure 15b.
The external angles are converted into internal angles using Snell’s law (n,¢f is used
for PC structure which is obtained in the section 3.6) in order to compare the
experimental FWHMs obtained at each 6 with the band gap calculations. Galisteo-
Lopez et a.* have reported that the electromagnetic modes of s-polarized light
couple to bands 1 and 4 while the inner bands 2 and 3 couple to p-polarized light in
the band diagram calculations (lines) and the same is observed with our sample as
shown in figurelSb. Moreover, it is mentioned in the reference 32 that the
el ectromagnetic modes of un-polarized light couple to outer bands only as the modes
which couple to 2& 3 will be hidden as the broader peaks correspond to s-polarized
light contain narrow peaks correspond to p-polarized light. In contrast, we observed
that the FWHM due to un-polarized light (represented by line) falls in between the
1&2 and 3&4 band lines as shown in figure 15c and it is more pronounced for the
external angle range of 6 = 20-45°. Moreover, the decrease in FWHM for p-polarized
light is more and it is less in the case of s and unpolarized light. According to
previous discussion in section 3.7, the reduction in the FWHM with higher number
of layers indicates that the penetration length for p-polarized light is more compared
to s-polarized light. Hence, p-polarized light experiences more number of bulk
defects and cracks resulting in smaller narrowing for s-polarized light while larger
narrowing for p-polarized light.***® However, the unpolarized light which consists of
both the components of s and p-polarization components penetrates much deeper
inside the crystal compared to s-polarized light and result in smaller peak widths than
that of s-polarized light.

3.10 Conclusions

In summary, different sizes of PS microspheres were synthesized using emulsifier-
free emulsion polymerization and PCs were fabricated using vertical deposition

method. The crystal parameters of effective refractive index and inter-planar spacing
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were found out using angle dependent transmission spectral characteristics. The stop
band features due to (111) plane for two different thicknesses are compared with the
scalar wave approximation and the number of layers are calculated. By comparing
the Fabry-Perot fringes The features of different planes like (200), (220) and (111)
with predominant optical quality in terms of large stop band depth and steeper band
edges are discussed from the transmission spectral characteristics. It is confirmed
that the features of (200) and (111) planes are more prominent in the LK path while
the features of (200) plane for lower angles and (111) plane features for higher
angles in the LU path due to the increasing area of the (111) planes contributing to

the spectral features with angle variation.

Finally, it is found that the experimentally observed peak widths of reflection
spectra obtained for 6>20° for unpolarized light do not follow the theoretical bands
calculated using plane wave expansion method and they fall in between the bands
1& 2 and 3&4. This observation indicates that the unpolarized light penetrates more
deep inside the crystal structure compared to s-polarized light and it is maximum for

p-polarized light.
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Abstract

We report the Bragg diffraction due to different high Miller-index planes in the
transmission spectral characteristics of 331 nm diameter polystyrene photonic
crystals with different alcohols as background media. The stop band features due
to (311) Bragg plane are observed over a wide range (33% of incident angles
with ethanol as background. We also investigated systematically the results on
the change of the volume fraction of polystyrene microspheres and the uniform
shifting of different high Miller-index Bragg plane features when the photonic
crystal isintroduced in different alcohols.
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Spectral and morphological changes of
3D polystyrene photonic crystals with the
Incorporation of alcohols

3.1 Introduction

Detecting specific organic molecules is of great interest for environment
protection and human health and many efforts have been made to develop and
improve effective and simple means of sensors. Today, there are many novel
sensor methods especially that based on optical measurements enabling advanced
sensing with faster, environmentally safer and easier to implement than those
employing the electrical measurements.* Lately, porosity in materias is well
investigated for the application of optical sensors. Mainly they show enormous
changes in the prominent characteristics such as refractive index, absorption or
emission when these porous structures are occupied by the probed
substance.>#**° Similarly, opals which consist of organic polymer microspheres
in fcc structure will provide templates for the optical sensors. Although opals are
known for the absence of complete photonic band gap, the stop band positions
are quite sensitive to the change in refractive index of the 26% interstitial
volume. Properties such as long-range ordering, maximal packing density, well-
defined pore size, and high surface-to-volume ratio make these self assemblies
suitable candidates for physical, chemical and biological sensors®’® and display

products.”

In the last few years several researchers are focusing on understanding the
colloidal crysta geometry through various experimental and analytical
techniques which enable one to know the details of stop bands due to various
planes that present in afcc structure and improve the efficiency of opal structures
as sensors. For example, Asher et a. have studied diffraction efficiencies of the
putative fcc (111), (200), (220) and (311) planes and the structural characteristics
of the colloidal photonic crystals (PCs) using Kossel ring analysis.® Khunsin et
al.™* have reported quantitatively, based on the Fourier transform analysis of
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scanning electron microscope (SEM) images. They find an improvement in the
hexagonal lattice formation and better ordering of Bragg planes with acoustic
noise agitation during the crystal growth. Polarization dependent studies were
also done to understand the colloidal crystal geometry by Schutzmann et al.'?
Most of the experiments in literature are focused on the study of polarization
dependent photonic band structures of colloidal PCs*'** and it has become a
challenging debate for the explanation of Bragg-diffraction due to the high Miller
index (hMi) planes of the optical spectra of 3D opals. Hence, the work presented
here focuses on the study of stop bands due to different hMi Bragg planes by a
simple technique of incorporating ethanol into the interstitials of D = 331 nm PS
PC. This aso helped us to identify hMi Bragg planes with large stop band depth
due to their shifting towards the longer wavelength region. This shift in the stop
bands due to hMi Bragg planes is proposed to help improve the sensitivity of the
PC sensors. Earlier studies™ report the effect of alcohols on the stop bands of
different Bragg planes using silica PCs. Here we study the hMi Bragg planes of
PS PC and the effect of alcohols on them. We interpret our observed results with

the changes in volume fractions and the refractive index contrast.
3.2 Experimental Details

The transmission spectral characteristics of D = 331 nm PC are recorded using
UV-Vis-NIR spectrophotometer (JASCO: V-670) in the range from 300 nm to
1000 nm in steps of 0.2 nm using beam dimensions of 1 mm x 6 mm at normal
incidence. The PC was dipped in a cell (25 mm x 25 mm x 4 mm) containing
alcohol solution for recording the transmission spectra. When alcohol solution
was completely removed and the PC was dried, the PC exhibited the same spectra
as before the immersion in alcohol. Reproducibility of the spectra was observed
even after severa cycles of immersion and drying. This demonstrates that PC
does not lose its generic symmetry of lattice and mechanical stability with the
treatment of the alcohols. Since the fcc structure is anisotropic, the periodicities
along different directions are different. The transmission spectrum was therefore

measured by changing the angle of incidence from 0-75° and 0-63° for PC with
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air (bare) and alcohols as background media respectively. The lower limit to the
anglesis due to equipment limitation of accommodating the glass cell.

3.3 Results and Discussion

Two equations are used to find Bragg resonances for (111) and other (hkl)

planes as follows.***

M1 = 2dy1q ’ngff — sin*0 )

Ahkl = Zdhklnefle - Sin2 {ﬂ — arcsin (ﬂ>} (2)

Neff

Here, dy11 and dyy,; are the inter-planar spacing for (111) and (hkl) planes. For
(111) planes d;1,=0.816D, where D is the diameter of the PS microspheres. n, ¢
is the effective refractive index defined as

2 — 2 2
nger = fpstps + fyniy (©)
8014 m Tablel
s 50+ plane Exptvalue | Calculated
8 4 (nm) value (nm)
c 22
S 30 (220) 393 395
‘= 222 380 389
£ 201 222)
c (311) 358 358
S 10+
-
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Wavelength (nm)

Figure 1: Transmission spectra of bare PC at normal incidence. Inset shows the dips
corresponding to (311), (220) and (222) Bragg planes respectively. Table 1 indicates the

central wavel engths of stop bands due to different hMi Bragg planes at normal incidence
in bare PC.

fps and f,, are the volume fractions of PS microspheres and background media of
PC for the close packed fcc structure of identical microspheres and the refractive

indices of PS and background are n,,; (=1.59) and n;, respectively and 0 is the
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external angle between the incident wave and normal to the (111) plane. 8 is the
angle between the normal of (111) and any other (hkl) planes. The central
wavelength and stop band depth for (111) plane at normal incidence are 776 nm
and 35% respectively as shown in figure 1. The hMi Bragg planes like (220),
(222) and (311) planes are shown in the inset of figure 1 and their corresponding

experimental and calculated values of the central wavelengths are given in table
1

From the Fabry-Perot fringes'® as shown in figure 1 the thickness of the
sample can be estimated as 6.6 um. From the thickness the number of layers can
be found as 26. These fringes indicate the homogeneity of the thickness and
effective refractive index of the PC within the illuminated area. The inter-planar
spacing, thereby diameter and effective refractive index can be calculated from
the angle dependent transmission spectra for the set of (111) planes as A3, varies
linearly with sin?6 from equation 1. The linear fit parameters, slope (=—4d?,,)

and intercept (=4df,;n%;;) of A% vssin?6 plot, are d;1;= 270 nm and

Transmittance (%)
N (2] o (4]
o o

o
L

10

650 700 750 800 850 900 950
Wavelength (nm)

Figure 2: Transmission spectra recorded at normal incidence for bare PC (thick line)
and when it isinfiltrated with methanol (thin line), ethanol (dashed line), butanol (dotted
line) as backgrounds.

nerr=1.459 respectively. These values are used for fitting the stop bands due to

other planes obtained in the transmission spectra for bare PCs. The diameter D
can be calculated as d;;,;=0.816D for the close packed fcc structure and it is

found to be 331 nm which is in good agreement with the FESEM values. Now
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the PC was kept vertically in a cell which contains 5 ml of alcohol solution and
the transmission spectra were recorded at normal incidence.

1
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£675-

<
600 -
c

D

< 525-

5

= 450
375-

0 10 20 30 40 50 60 70 80
External angle (6)

Figure 3: Theoretical fitting for the experimentally observed diffraction features of
different planes obtained in bare opal; filled squares, triangles and circles represent the
corresponding (111), (111) and planes (220) respectively.

The shifting of (111) Bragg dips from bare PC (thick line) to PCs with methanol
(thin line), ethanol (dotted line) and butanol (dashed line) as the background
media are shown in figure 2. We observe huge shift of PBG towards longer

wavel ength region compared to bare PC due to increment of background

900
- = 800
S E (111
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£ 2 600-
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2 ® 500 W
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Figure 4: (a) Transmission spectra of PC in ethanol as background at 8= 5° (thin line)
and 40° (dashed line). (b) Theoretical fitting for the hMi Bragg planes obtained with
ethanol as background; filled sguares, triangles, circles, open circles and sguares
represent the (111), (111), (220), (311) and (222) planes respectively.

refractive index. This shift to longer wavelengths finds application in the field of

chemical and physical sensors as reported elsewhere.®® From figure 2, it is
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observed that the stop band depth for butanol is approximately 20% and a

maximum of 30% for methanol.

The full width half maximum (FWHM) AA of the stop band mainly depends

on the volume fraction of PS/background and the refractive index contraston, .

The A4 and the volume fractions of PS (fpg) microspheresin different alcohols
as background media are calculated using the following equation 4™ and they are

giveninthetable 2.

AL = A, 4(sint —tcost )dn 2 @

w2a3(fps 6n§+1)+\/n4a6(fpg 6n%+1)2 —46n?(sint —tcost )2

Here 1, is the central wavelength of the stop band, t = (3/2)a3n?fpg, on, =
r;ﬂ and a = /3 for T-L direction. Theincrease of fpswith the increment of
b

Table 2: Estimated values of f,; and FWHM using equation 4 in different
alcohols as background media.

Background | Refractive | Calculated | Calculated Expt. Expt. A,
index fos FWHM | FWHM | g0 397y
i (nm) (nm) plane (nm)
air 1 0.742 67.45 67.13 776
methanol 1.33 0.786 44.96 44.96 835.9
ethanol 1.36 0.794 41.97 41.91 840
butanol 1.39 0.808 39.71 39.74 848.1

refractive index of the background is an indirect evidence of swelling of

microspheres in the alcohol mediaand it is maximum for butanol.

Similar studies were carried out for the swelling of microspheres in water®®?

which were confirmed through atomic force microscope studies. As 0.74 can be

the largest value for fps, the observed values for fps >0.74 in acohols indicate
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the non-uniform swelling of the microspheres (into the air gaps), which is being
reported here for the first time. The experimental AA for different background
media were found to decrease with increasing refractive index of background as
shown in the table 2.

As the shift for the PBG with ethanol as the background medium is much
larger than for the methanol, we chose ethanol to study the hMi Bragg planes by
recording the angle dependent transmission spectra. From the linear plot of
A%,1vs sin?6 with ethanol as background, the values of d;;;and Nerp are
obtained as 279 nm and 1.548 respectively. It may be noted that these values are
for the swollen microspheres in ethanol. By substituting f,, for ethanol in
equation 3 we get avalue for n.¢s as 1.545, which isin good agreement with the
value obtained from the linear plot with ethanol as background. This value is
used for fitting the stop bands due to other planes with ethanol as background.
The transmission spectrum is recorded in the LK path of the Brillouin zone (BZ)

of close packed fcc structure.

At the shorter wavelength region the transmittance decreases drastically at
normal incidence as shown in figure 1 due to the Bragg diffraction by other
planes. These planes get well resolved and shift towards longer wavelength
region with increasing 6 for both bare and a cohol doped PCs. However stop band
due to (222) plane shifts towards shorter wavelength region due to its
characteristic nature. The (220) plane features appear from 6=10-75° and (111)
plane features appear from 6=20-75°. The fittings (lines) for (111) (triangles) and

(220) (circles) plane for bare PC are shown in figure 3.

At 0 = 54° the two dips due to (111) and (111) planes coincide and after this
angle they shift towards their corresponding directions. The appearance of these
two dips/peaks in transmission/reflection spectra at 54° is attributed as the

phenomenon of wave coupling that occurs when the incident wave vector reaches
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Figure 5: Comparison of various stop band features obtained with ethanol as
background with the band diagrams generated in the LK path of BZ of close packed fcc
structure using Bandsolve software. Filled squares, triangles, circles, and open squares
indicate (111), (111), (220) and (222) respectively.

the U/K point, and diffracted by the (111) and (200)/(111) families of planes
simultaneously.” From the fitting of equation 2 for wavelength vs. angle of
incidence, the inter-planar spacing and angle p for (111) and (220) planes are
calculated as 263 and 166 nm and 66° and 35° respectively for the bare PC.

For the PC with ethanol as background we observe additional features
belonging to (311) and (222) planes along with the (111) and (220) Bragg planes
as shown in figure 4(a). The (111) (filled triangles), (220) (filled circles), (311)
(open circles) and (222) (open squares) plane features appear for 6 values of 0° to
63°, 0° to 63°, 30° to 63° and 5° to 30° respectively as shown in figure 4b. The
solid lines correspond to the fittings using equation 2. From these fits one can
obtain the inter-planar spacing for (111), (220), (311) planes as 274, 167, 149 nm
respectively and the corresponding angles 3 for these planes are 66.5° and 32.6°,
28.9°. The inter-planar spacing for (222) plane is 142 nm. This is approximately
half of the d;;;. In bare PC the features of (311) and (222) planes can be
observed well only at normal incidence. Features due to these two sets of planes
appear better with ethanol as the background and also over wide range of incident
angles. Earlier report™ shows the features due to (311) plane appears at only one
incident angle. We attribute our observation of these planes over wide angles due

to larger 6n,. for PS PC compared to silica PC and also to the incorporation of
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alcohol. We strongly believe that this is the first report on the observation of
(311) and (222) planes over a wide range (33°) of incident angles for PS PCs.
Larger the diameter more will be the shift of the stop bands due to different
planes towards the longer wavelength region.? The study of hMi Bragg planes by
incorporating acohols inside the interstitials of PC leads to an indirect method to
realize the features due to different planes which otherwise cannot be seen with
bare PC. The values of A_for different Bragg planes are compared with the band

diagrams calculated in the LK path of BZ of fcc structure using RSoft’s
BandSOLVE commercial sfotware® which implements plane wave

Table 3: The central wavelengths of the stop bands due to
different hMi Bragg planes at 8 = 45° and 5° in different alcohols
as background media.

Background | (111) (1112) (220) | (311) | (222)
0=45°19=45°10=45°|9=5°|06=5°
(nm) (hm) (nm) (nm) | (nm)

ar 6714 623.9 476.3 -- --

methanol 736.1 651.8 5115 | 4604 | 417.2

ethanol 742.2 655.8 5145 | 4616 | 4214

butanol 749.7 659.7 5182 | 463.9 | 4224

expansion method. Figure 5 shows the comparison of observed and calculated
values for the stop bands due to (111), (111), (220) and (222) planes. The X and
Y- axes represent the internal angle in PC with ethanol as background and the
frequency in the reduced units of ‘a/A’ respectively. Here ‘a’ is the lattice
constant of the crystal. It is found that there is a good agreement between
experimental data and the calculated band diagrams. As the (311) plane zone
does not contain the high symmetry points of irreducible BZ of fcc, the stop
band features due to (311) Bragg plane cannot be compared with the band gap
calculations which are calculated based on plane wave expansion method.*
However in our present study, we could achieve a very good fit for the stop band

due to (311) plane using equation 2.
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The stop bands show a maximum depth at normal incidence to a particular
hMi planes. figure 6a and 6b show the stop bands due to (222), (311), (220) and

(111) planesin different alcohols as background. Transmission shows
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Figure 6: Transmission spectra of PC (a) at 8 = 5° (b) 6 = 45° when it isinfiltrated with
the methanol (thin), ethanol (dashed), and butanol (dotted) background media. The
vertical lines represent the variation of 4, for the (222), (311), (220), (111) and (111)

planes.

adip at 6 =5° for (222) plane and at 6 = 45° for (311), (220)and (111) planes as
these angles are close to the normal’s of their corresponding planes. The vertical
lines in figure 6a and 6b show the shifting of corresponding planes in methanol
(thin) ethanol (dotted) and butanol (dashed) as background media. From table 3 it
can be inferred that the shifts uniformly increase as one goes from methanol to

butanol. These uniform shifts also indicate that the alcohols penetrate the PC
uniformly.

The shifting of the stop bands due to (111) and (220) planes is very close to
that of the shifting of stop band due to (111) plane. In comparison to the shifting
of stop bands due to (111) and (220) planes, (311) and (222) planes show smaller
stop band shifts with the addition of alcohols. The uniform shifting of the stop
bands due to hMi planes in alcohols as background, therefore, enhances the

measurement accuracy for different alcohols that show a variation in the second
decimal of the refractive index.
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3.4 Conclusions

In conclusion, different hMi Bragg plane characteristics were investigated with
the incorporation of highly volatile solvents into the interstitials of PCs and the
observed stop bands were compared with the calculated band diagrams. The
volume fraction of PS microspheres was found to increase by 6.6% in butanol in
comparison to bare PC. We showed that observation of the hMi Bragg planesin
addition to (111) plane can essentialy improve the sensitivity of the PC

application as arefractive index sensor.
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Abstract

The enhancement of nonlinear absorption of polystyrene was investigated using 3D
polystyrene photonic crystals with Z-scan technique. The Z-scan experiment was
carried out at 532 nm in the picosecond regime. The transmittance of the photonic
crystal was found to get modified because of the non linear absorption of polystyrene
particularly when 532 nmis near the band edges of photonic band gap. Calculations
show that the field gets enhanced by 1.4 times the input field intensity within the
crystal when the 532 nm wavelength falls at the band edge while keeping the crystal
at an angle of 35°.
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Experimental verification of enhanced
electromagnetic fields at the band edge of
3D polystyrene photonic crystals using Z-

scan technique

5.1 Introduction

In 1993, Dowling et al. have observed the enhanced gain in photonic band edge
lasers [PBEL].! In semiconductor physics, for an electron at the band edges, the de
Broglie wave is nearly standing and effective mass of the electron becomes very
large.? In a similar analogy, at the band edges of PC, the group velocity of light
approaches zero. As a result, the photon undergoes many multiple reflections in the
crystal structure and leads to the increased path length which would enhance the
effective gain and thus results in low threshold lasers. In the same year, Scalora et al.
investigated the ultrashort pulse propagation through 1D PCs and proposed the band
edge optical limiting and switching mechanisms® based on intensity dependent
transmission or reflections of PC. These pioneer works motivated many scientists to
fabricate the low threshold lasers and ultrafast optical switches with 3D opal
structures.*>® A good amount of literature is available on the study of enhanced
nonlinear optical properties with 1D PCs.”®%° |n particular, Hache” and Bourgeois
et al. have observed enhanced two photon absorption (TPA) and Kerr nonlinearity
using silicon based 1D PCs™ In the case of colloida PCs the depth/height
(transmission/reflection spectra) of photonic stop band (PSB) dueto (1 1 1) planeis
maximum as it occupies larger filling fraction compared to other planes.*? However,
the overlapping of PSBs due to the high Miller index planes such as (2 0 0), (2 2 0),
(2 2 2), etc. lead to larger attenuation in the transmitted light than that due to the (1 1
1) plane. Here, in thiswork we look at the EM field enhancement at the edges of the
PSB dueto (11 1) plane.
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5.2 Nonlinear absorption

Nonlinear absorption refers to the change of transmittance of a material as a function
of intensity or fluence. The high intensities associated with nanosecond, picosecond
or femtosecond pulses can induce profound changes in the optical properties of a
material leading to a nonlinear response of the real and imaginary parts of
polarization. The imaginary part of the nonlinear polarization is associated for
instance with two/multiphoton transitions and will exhibit a n-photon resonance
when two level of an atomic or molecular system can be connected by n optical
quantavia an intermediate virtua state, as schematically shown in figure 1.
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Figure 1. Schematic energy level diagram for (a) Two-photon absorption (TPA); (b) Multi-
photon absor ption.

In this case, the attenuation of the incident light is described by

d@__
4 a,1"(2)

where a™is the n-photon absorption coefficient.
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Figure 2: Schematic diagram of focused laser beam.
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1

T=
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+(n —1)oan(| © /(1Jr (z/z,) ))1]y1

where o, is the effective multi photon absorption coefficient (n = 2 for two photon

= TOA(nPA) = L

absorption; n = 3 for three photon absorption, and so on), | isthe peak intensity (at
Z=0), li, isintensity at sample position (if Z- is the distance from focal point I, (I2)
is the intensity at that point), Z¢= nwo?/A is the Rayleigh range, wo is the beam waist
at the focal point (Z=0), dz is small dlice of the sample, I, isinput intensity and | oy
is output intensity of the sample. The Z-scan technique was introduced by Sheik-
Bahae et al.™® for accurate and sensitive measurements of nonlinear absorption (o.2=

B) and refraction by translating a sample along the optical axis of a focused

Gaussian beam. The main consequence of two photon absorption or multiphoton
absorption in nonlinear optics is optical limiting. In literature people have reported
the OL studies with semiconductor, metal, organic nanoparticles and graphene
composites.***>® A wide variety and well known nonlinear optical phenomenon like
multi photon absorption, excited state absorption, self-focusing or defocusing and
nonlinear scattering are exploited for achieving OL.***" OL is a nonlinear optical
process in which the transmittance of a material decreases with increased incident
light intensity. Optical limiters are one of the most important types of devices used to
control the amplitude of high intensity optical pulses. These devices work due to
intrinsic properties of the materials used for their fabrication. An ideal optical limiter
has a linear transmittance at low input intensities, but above the threshold intensity
(I'th) (at which non linear absorption takes place) its transmittance becomes constant.

The ideal behavior of such adeviceisshown infigure 3.
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Figure 3: Anideal optical limiter.
5.3 Motivation of the Experiment

We show in this section the effect of photonic band gap on the emission spectrum of
Rhodamine B (RhB) by doping the PC with a dye. RhB is chosen as its
characteristic emission spectrum overlaps with the stop bands of D = 260 nm PS PC
from 6 = 0 - 45° and the dye is easily soluble in water. D = 260 nm PS microspheres
are put in 10° M of RhB*® water solution and the crystal growth is carried out at the
same temperature and humidity of the bare opals. The RhB doped PC is found to
have the same thickness as that of bare PC. This low concentration of RhB has not
atered the the position of the stop band and the crystal structure. The stop band due
to (111) plane of RhB doped PC at near normal incidence given in theinset of figure

L

S
Ar+ laser

D

Figure 4: Schematic of emission collection for PC. S: PC substrate, L: Lens, D: detector, 6:
incident angle and dotted line indicates the normal to PC.
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5. The dye in the PC is excited with the 514.5 nm wavelength from the continuous
wave Ar’ laser and it is transmitted through the PC as it falls outside region of the
stop band of D = 260 nm PS PC. A low excitation power of the beam 4 mW was
used in order to avoid the bleaching of the laser dye in the crystal. The spectral
characteristics are recorded with a fiber connected to the Ocean Optics spectrometer
in the reflection geometry as shown in figure 4. The laser beam is focused to 30 pm
by using alens of 200 mm focal length. The PC is mounted on arotational stage that
has resolution of 1°. The emission is collected at a distance of 5 cm from the sample
surface and the same distance is maintained for every angle of collection. One can
see that the stop band due to (111) plane at normal incidence for the D = 260 nm PS
PC (inset of figure 5) falls on the larger wavelength side of the emission of the dye.
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Figure 5: Emission changes of RhB doped in D = 260 nm PS PC by changing the angle of
incident from &= 10-40°. The suppression due to stop band of (111) plane is indicated by
an arrow for each angle. Thicker line represents the characteristic emission of RhB doped in
D = 331nm diameter PS PC. Inset shows the reflection spectra of RhB doped D = 260 nm
PSPCat 6= 5°.

Thick continuous line in figure 5 is the characteristic emission of the same dye which
is doped in D = 331 nm PS PC (for which the stop band is far from the emission of

RhB). The peak wavelength of emission is a 579 nm with FWHM of 34 nm. The
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emission spectrum is collected for different orientations/angles with respect to the
excitation wavelength at 514.5 nm of Ar” laser. The detector position is kept dightly
away from the specular reflection of the PC in order to avoid the saturation of
spectrometer with the excitation wavelength. Though the characteristic emission
gpectrum of the dye should remain the same for any excitation ray angle, the
emission from the dye doped in D = 260 nm PS PC recorded at different angles as
shown in figure 5, clearly indicates the effect of the photonic band gap. The emission
gets suppressed on the shorter wavelength side with the increase of the incident angle
0. This clearly shows that the emission is not from the surface of the PC but comes
from the inner layers of the PC. This inhibition of emission wavelengths due to
photonic band gap would be very useful in achieving the increased gain at different
wavelengths. Our results also indicate the good crystalline structure of the PC and
the uniform distribution of the dye throughout the crystal structure. This change in
emission observed could lead to the realization of low threshold lasers in which
control of spontaneous emission is a key factor. This inhibition of spontaneous
emission at different positions of emission of RhB for different incident angles leads
to an experiment of Z-scan to investigate the control of nonlinear absorption of PS
using PC structures.

5.4 Experimental details for Z-Scan

A frequency doubled Nd:Y AG laser with 30 ps and 10Hz repetition rate was used for
nonlinear optical studies. Optical limiting and Z-scan studies were performed with
different incident angles from 0-50° by focusing the input beam onto the sample
using a lens of focal length 120 mm and collecting the output effectively with a
large-area fast photodiode (FND100). The PCs (used in this work) fabricated from D
= 225 and 331 nm PS microspheres, show stop bandsin ‘green’ and near ‘infrared’
wavelength regions, so they will be termed as GRPC and IRPC respectively
throughout this work. From the Fabry-Perot fringes we estimated the thickness of the
GRPC and IRPC are around 3.3 um.
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Figure 6: (a) and (b) show reflectance spectra recorded with JASCO spectrometer with p-
polarization light of beam dimensions 1 mm x 6 mmfor GRPC at § = 5, 15, 30, 35, 40 and
50° and for IRPC at 6 = 5°respectively. The vertical line shows the position of 532 nm.

5.5 Results and Discussion

The angle dependent reflection spectrafor GRPC with incident angles 8= 0-50° (LU
direction) recorded with large beam (1 mm x 6 mm of JASCO spectrometer)
dimensions indicate weak Fabry-Perot (FP) fringes at the band edges as shown in
figure 6a. As the transmission/reflection spectral characteristics of 3D opal structures
are polarization dependent and the laser source used in this experiment delivers p-
polarized 532 nm light, we show the corresponding p-polarization dependent spectral
characteristics of PSB due to (111) plane as shown in figure 6a. For GRPC the
central wavelength of the PSB due to (111) plane changes from 528 to 466 nm for 6
= 0 to 50°. The height and full width at half maxima (FWHM) of PSB vary with
increasing 0 and they reduce from 50% (6 = 5°) to 11% (8 = 50°) and from 35 nm (0
=5°) to 18 nm (0 = 50°) respectively. Around 6 = 35°, 532 nm falls at the edges of
the PSB, which isindicated by a vertical line as shown in figure 6a. Figure 6b shows
the reflection spectra of IRPC recorded at normal incidence for which 532 nm falls
very far from the PSB.
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The Z-scan beam waist for 532 nm was calculated to be around 28 um. The peak
intensity, loo at the focus is ~ 13 GW/cm?. The observed valley behavior from the
open aperture (OA) Z-scan curve represents TPA of the PS in which the material
absorbs maximum energy at higher intensities and with lowest transmission. From
figure 7a it is observed that for GRPC the normalized transmittance (NT) has
decreased from 0.94 to 0.46 for 6 = 0° to 35°. After 6 = 35° NT hasincreased to 0.6
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Figure 7: a) Open aperture Z-scan curves of GRPC recorded from = 0-50°. b) Open

aperture Z-scan curves of IRPCs with thicknesses of 3.3 um and 6.5 um recorded at 6= 0°.
c) Linear absorption spectra of PSthin film.

at 0 = 50°. For GRPC the effective thickness is around 5 pm at the incident angle 6 =
50°. In order to confirm that the transmission variation is not due to the thickness
variation during the rotations, we compared this transmission with a IRPC whose
PSB is far from the 532 nm and also of two different thicknesses, 3.3 um (IRPC1)
and 6.7 um (IRPC2). The NT falls to 0.76 and 0.73 for IRPC1 and IRPC2
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respectively as shown in figure 7b. This indicates that there is no significant
variation in the NT for IRPC even for larger thicknesses at higher angles and we can
neglect the effect due to thickness variation caused by angular studies in the Z-scan
experiment. The 532 nm, which falls at the center of the PSB of GRPC at normal
incidence, shifts along the right edge of the PSB with increment of 6. This allows the
transmission of the pump intensity increase monotonically with increase of 6 to build
up enhanced fields in each layer. The observed behavior resembles controlling the

nonlinear absorption of PS using PC.

As the absorption peak of PS is around at 260 nm as shown in figure 7c , the
nonlinear absorption behavior obtained with PS can be attributed as the phenomenon
of TPA process and we have considered a simple two level model (as shown in
figure 8) for theoretical fitting. The rate equations for the 2-level model are as

follow.

Ny __ A7 N,

dt 2w 7 St
B 2
aN, _ At N X
dt 2w 1, g
>
dl ) S
— =_4A
dz P
2 t2 2 Figure 8: Schematic energy level model of
with | =1, (—2—) exp(——) exp(— PS Dotted line represent the virtual state.
OO(COZ(Z)) p( tﬁ) p( 0)2(2)) ep
va. , _ et

and o(2) = w,(1+(z/ z,)*)"?; z,

A

where N, and N, are the corresponding populations of ground and excited states;
7,isthe life time of the excited state; | isthe intensity asafunction of r, t and Z;

l o isthe peak intensity at the focus; 7 is the pulse width of the beam used; @ (Z)
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and w,are the beam waist at different values of Z and focus respectively and S is

the TPA coefficient. The differential equations are solved numerically using the
Runge-K utta fourth-order method. The differential equations are first de-coupled and

1.0 A
<4} ]
:
8 £ 08 GRPC 350
é %
g =
© 0.6 . 0.6
= =
z‘ L
@ (b)
I T S — — 04 —————7——
-2 -1 0 1 2 2 1 0 1 2
Z (cm) Z (cm)
1.0}

4]

Q

=

S o8t

£

wn

=

o

~ 0.6}

z‘ 4

©
0.4 ' L '
-2 -1 0 1 2

Z (cm)

Figure 9: (a) (b) and (c) show the variation in the transmittance and theoretical fits for the
GRPC at @= 15, 35 and 50° respectively.

then integrated over time, length, and aong the radial direction. Assuming the input
beam to be a Gaussian, the limits of integration forr , t and Z are varied from 0 too
, —oto wand 0 to L (thickness of the PC) respectively. A typica number of slices
used forr, t and Z are 60, 30 and 5 respectively. S isthen estimated from the least-

squares fit of the experimental data.

Out of the several curves recorded at different angles, we show in figure 9 the
experimental and theoretical fits of OA Z-scan data which were obtained at 6=15,
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35 and 50° for GRPC using the rate equations. From the fits we obtained fandl,

while the value of 7, was taken from the literature™ in order to reduce the number of
variables and the fits are reliable. First we made a theoretical fit for the IRPC shown
in figure 7b at @ =0° which yielded a value of § as 12.3 cm/GW. With these values
of r;and S as the input parameters we arrived at the theoretical fits for GRPC Z-
scan data and arrived at the values of |,. From figure 9 and table 1 it can be
observed that the value of |,, reaches a maximum for GRPC at ¢ = 35° and falls

again for higher angles. All other parameters were kept the same for the curve fitting.
At 35°, 532 nm excitation falls right at the band edge, for small angles it falls within
the band gap and for angles higher than 35° it falls away from the band gap.

Table 1
l oo Ploo
(GW/cm?) (/cm)
IRPC 13 159.9
GRPC 15° 9 110.7
GRPC 35° 18 221.4
GCPC 40° 16 196.8
GCPC 50° 15 184.5

Here the product Al ,, indicates the change in nonlinear absorption coefficient due
to TPA. From table 1 it is observed that the value of gl for GRPC at 6 = 35° is

enhanced nearly 1.4 times compared to IRPC. Thus the field gets enhanced by 1.4
times within the PC and this enhancement is attributed to band edge effect. At the
edges of PSB, the group velocity of light reduces which results in large interaction
time of EM radiation with the PC.>*%? This leads to an increased effective path

length and field enhancement due to many multiple reflections. It has been observed
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that the reduction of group velocity at the band edges of PS opals by Galisteo-L 6pez
et a.?® which support the observation of enhanced fields in the PC structure. The
measured group delays reported in the case of silica opals are around 100-150 fs
(femtoseconds) and approximately the same reduction in the group velocity can be
expected for our experimental conditions.®*® At normal incidence (6 = 0°), the
diffraction in the PC lattice rgjects large portion of 532 nm laser beam from entering
the PC interior which results as very weak TPA as shown in figure 9a (represented
by filled squares). The linear transmittance values for 532 nm at 6 = 30, 35, 40 and
50° are 25, 35, 35 and 35%, respectively. But the observed NT due to TPA fadls
down. This indicates that the field enhancement is due to the band edge effect and
not due to the variation in the linear transmittance. The NT falls more steeply for
lower angles (0 < 35°) and less rapidly for higher angles (8 > 35°) and it reaches a
minimum value of 0.46 at 6 = 35°. This is because at lower values of 0, the 532 nm

falls more rapidly into the PSB while for higher values of 6, 532 nm still remains in
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Figure 10: Optical limiting curvesfor IRPC at = 0° and for GRPC at &= 0, 40 and 50°.

the edge of PSB. As 0 increases the PSB moves towards shorter wavelength region
and 532 nm moves along the right edge of the PSB due to (111) plane. Our
observations can be assumed to be free from any band crossing which is expected for

0> 50°.
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In order to confirm that the observed changes in the Z-scan transmittance curves
are indeed due to the field enhancement, we have taken a5 um thick PS film coated
on a glass plate using spin coating technique and adjusted the input 1,, as 11

GW/cm? to get aNT of 0.7 at the beam waist. We subsequently measured the NT vs
input intensity by increasing the input power. We observed that the NT falls to 0.4
(exactly as that observed with GRPC at 35°) when the 1,, reaches 15 GW/cm?

which is exactly 1.4 times of the original value of 1.

In order to show that the PC can be conveniently demonstrated as an optical
limiter with different threshold intensities, the data was obtained for IRPC at 6 = 0°
and GRPC for different angles are shown in figure 10. The limiting threshold values
for IRPC at 0 = 0° is 401 m¥cm? and for GRPC at 0 = 0, 35 and 50° are 401, 395 and
398 mJcm? respectively. At the PSB edge of GRPC (6 =35°) the limiting threshold
is reduced by 6 m¥cm? compared to IRPC (6 = 0°). The major contribution for this
behavior is attributed to the enhanced electric field and TPA at the PSB edge of the
PC. Though the observed changes are small at present, we expect large
enhancements with improvements in the PC preparation and introduction of organic
molecules or quantum dots in the interstitials that can enhance nonlinear absorption

and refractive index contrast.
5.6 Conclusions

In conclusion we have shown that the nonlinear absorption of PS can be controlled
easily through PBG. We observed from the OA Z-scan data, the peak intesnsity in

the PC and hence the nonlinear absorption g, is enhanced by 1.4 times. Due to the

enhanced electric field and two photon absorption coefficient, the limiting threshold
values are decreased from 401- 395 mJ/cm?.
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Abstract

Surface enhanced Raman scattering experiments are carried out both in silver
nanoparticles doped polystyrene opal structures and polyvinyl alcohol + silver
nitrate thin films. The Raman scattering signal of polyvinyl alcohol, which acts as a
stabilizing agent for the silver nanoparticles was found to get enhanced with the
formation of the silver nanoparticles. In-situ studies were carried out to record the
Raman scattering as well as the Mie scattering to monitor the growth of the silver
nanoparticles. Mie scattering was observed in a solution of polyvinyl alcohol +
silver nitrate mixture in particular which was not observed in the case of thin films.
The diffraction pattern which was seen in the solution was elucidated in the context

of bubble formation due to the silver nanoparticles.
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|n-situ investigation of the formation of
silver nanoparticlesin polyvinyl alcohol
through Raman spectr oscopy

6.1 Background of Raman scattering

When a monochromatic light of a certain frequency v, interacts with a molecule,
there occurs both elastic and inelastic scattering. Elastically scattered light has the
same frequency v, as the incident light and is called Rayleigh scattering while the
inelastically scattered light has frequency v, + v is called Raman scattering, where
(vs) is related to the characteristic vibrational frequency of the molecule shifted to
higher and lower frequencies from incident light. If the frequency is shifted to lower
frequencies, vy — vy, it’s called Stokes shift. Otherwise, if the frequency is shifted to

higher frequencies, v, + v, it’s called anti-Stokes shift.

A simple, classical electromagnetic field description of Raman spectroscopy can
be used to explain many of the important features of Raman band intensities. The
induced dipole moment, u with an incident electric field, E = E, cos(2mvyt) (E, is

the amplitude and t is the time) can be given by
u = aE = aE, cos(2mvyt) 1)

where a is the polarizability and its tensor components depend on the conformation
of the molecule. If the molecule is vibrating with a frequency v, the nuclear
displacement dq about its equilibrium position is written as

dq = q cos(2mvt) 2
where q, is the vibrational intensity. However, the polarizability changes with small
displacement from equilibrium position (i.e. molecular vibration), and can be

expressed as a function of g using Taylor series,
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a
a=ay+ (%)0 dq 3)
Here, a is the polarizability of the molecular mode at equilibrium position and ‘;—Z IS

the rate of change of a with respect to the change in g, evaluated at the equilibrium

position.

By substitution of o in equation 1, the induced dipole can be calculated in the

following way

U = agEy cos(2mvyt) + ((Z—:)O q()%) {cos[2m(vy — vy)t] + cos[2m(vy + vs)t]} (4)

N
___________________ Virtual
E 1+ state
Y S A Incident
) photon Scattered
Incident Scattered photon
photon photon
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A 4 levels
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k Amnti-Stokes
| |
Vo =V Yo Vo TV

Figure 1: Idealized model of Rayleigh, Stokes and anti-Stokes scattering.

Here the first term describes the Rayleigh scattering of frequency v, and second term
gives the Raman scattering of frequencies (vo —v,) and (vy + v,) which may be
detected as shifts from the Rayleigh frequency although they are very weak. This
equation depicts that either molecules should possess larger polarizability or they

should experience stronger electric fields in order to achieve higher intense Raman

110



Chapter 6 In-situ investigation of...

signal. If Z—Z = 0, the second term of equation 4 vanishes and indicates that the

vibration is not Raman active because the molecular polarizability doesnot change

during the vibration.

A general question is that if the vibrational modes are Raman-active or IR-active,
which concerns the so-called selection rules. In infrared absorption, the vibrations
can be detected if the dipole moment, u of a molecule is changes during the normal
vibration, while in Raman spectroscopy, the molecules are Raman active if the
polarizability a is changes during the vibration. The intensities of an infrared
absorption band, I;;, and Raman active band, I, , are proportional to the square
of derivative of the polarizability, a, and dipole moment, u, during the vibration,

respectively as given below.
9
I~ G2 ®
Ja
Iraman N(E)Z (6)

From the group theory, it is straightforward to show that if a molecule has a center of
symmetry, vibrations that are Raman active will be "weak™ in the infrared, and vice
versa.® As a consequence of the selection rules, infrared spectroscopy provides a
detailed information about the functional groups and Raman spectroscopy,
especially, contributes to the characterization of the carbon backbone of organic
substances or polymers. Moreover, Raman scattering has become a well-known
technique that provides information on vibrational energies of molecules which are
the finger prints for unique chemical identification. Despite its small interactive
cross-section (10 to 10% cm?/molecule), the Raman scattered signal is very
sensitive to the changes in the crystal structure due to impurities, doping, phase

transformations etc.'®? These extremely small cross sections of Raman scattered
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signal can be enhanced enormously through the unique property of localized surface

plasmons which lead to the field of surface enhanced Raman spectroscopy (SERS).
6.2 Surface enhanced Raman spectr oscopy

Metal nanoparticles (NPs) show very complex and interesting optical properties.
When a metal NP interacts with the electric field of the incident light, there is a
collective oscillation of free electrons in the opposite direction of the electric field,
which are termed as plasmons. As a consequence, most metals possess a negative
dielectric constant at optical frequencies which causes a very high reflectivity.* For
metallic NPs with high conductivity which are much smaller than the wavelength of
the electromagnetic radiation, if the radiation’s wavelength is optimal, the electrons
oscillate coherently producing a localized surface plasmon.* These localized surface
plasmons are characterized by frequencies which depend upon the size, shape and
dielectric constant of the object to which the surface plasmon is confined®. When a
scatterer is placed near to the metal NP, the Raman scattering signal is greatly
enhanced and it is known as the so called ‘surface enhanced Raman spectroscopy
(SERS)’. The first SERS phenomena was discovered by Martin Fleischman and his
colleagues® in 1974 from pyridine adsorbed on electrochemically roughened silver
materials. However, they concluded that the greatly enhanced signals were from the
increased surface area. Basically, there are two models that explain SERS
mechanism: “electromagnetic (EM) model” and “charge transfer (CT) model”. In
1977, Richard Van Duyne and his group confirmed the SERS phenomena and firstly
proposed the EM enhancement mechanism.® Later, Albrecht and Creighton proposed
a CT effect to the mechanisms behind the SERS phenomena’. Both Nie and Kneipp
groups achieved single-molecule detection independently with different experimental

conditions.®®
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6.2.1 Electromagnetic model

Let us consider a metal NP with a complex dielectric constant e(v) = & (v) +
ie,(v) surrounded by a dielectric constant ¢, is interacting with a incident light of
frequency v. The diameter of the sphere is 2R (R is the radius of NP) and it is
assumed to be small compared to the incident wavelength (Rayleigh limit). Then a
molecule at a distance r away from the metal surface will then experience the total
electric field E;; which is a superposition of incoming field E, and the induced

electric field from the metal sphere, E, .

Ey = Ey +Eg, (7

_ e(v)—¢g R 3
where Esp - EO e(v)+2¢g (R+r) (8)

Then field enhancement factor A(v) is the ratio of the field at the position of the

molecule to incoming field and can be expressed as below.

_Ey®@) _ e)-go (R )3
A(V) - Eo(v) e(v)+2¢ (R+r) (9)
The enhancement takes a maximum value when e(v) = —2¢,. Thus, a metal is
suitable for use in SERS as it has negative real part of the dielectric function and a

small imaginary part of the dielectric function.

The SERS effect has become most popular as the field enhancement process
occurs twice in the mechanism of EM model. Initially, the incident field is magnified
by localized surface plasmons which will excite the Raman modes of the molecule,
thereby increasing the signal of the Raman scattering. The radiative photons (either
stokes or anti-stokes) are then amplified by the same mechanism, resulting in a

greater increase in the total output signal of the experiment. Taking into account the
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enhancing effect at each stage the electromagnetic enhancement factor G (v) can be

written as

2 e(vs)—eg

e(vg)+2ep

e(v)—¢g
e(v)+2¢

() (10)

G) = [AW)*|A(v)|* =

Here A(v,) represent the enhancement factor for stokes or antistokes components.
Thus, the enhancement scales as the fourth power of the local field of metal NP and
it is strongly enhanced when the excitation and scattered fields are in resonance with
the surface plasmons. Moreover, EM SERS enhancement does not require direct
contact between molecule and metal but it strongly decreases with increasing

distances as (1/r)!2.%°
6.2.2 Chemical Enhancement

Another contribution to the SERS scattering is a chemical enhancement which is also
referred as charge transfer (CT) and short-range effect. Actually, it has been proved
to be very difficult to study the chemical enhancement mechanism selectively for
two reasons. First, it is generally thought the contribution has only a factor of 10-10?
compared to a factor of 10°-10" for EM enhancement. Second, almost any
experimental parameters which can be varied to probe a system will have an
influence via both mechanisms, making the separation of two effects very difficult.
EM enhancement should be a nonselective amplifier for Raman scattering by all
molecules adsorbed on a particular surface yet the molecules CO and N, differ by a
factor of 200 in their SERS intensities under the same experimental conditions.™
This result is very hard to explain invoking only EM enhancement. The
polarizabilities of the molecules are nearly identical and even the most radical
differences in orientation upon adsorption could not produce such a large difference.
The second evidence comes from potential-dependent electrochemical experiments.
When the molecule adsorbed on the ‘flat’ surface in the nanometer scale, the

enhancement factor is dependent on the electrode potential.*!
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Chemical enhancement can be explained by a resonance-like Raman mechanism.
Figure 2 depicts the operative charge transfer mechanism for a molecule adsorbed on
an electrode. The resonance Raman process is very unlikely because of the large
energy gap between the highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) in spite of the perturbed redistribution of the
energy levels for a molecule adsorbed on a rough surface. However, the resonance
Raman scattering can occur through photon-driven charge-transfer processes
between the metal and adsorbates. It is assumed that transitions from states near the
Fermi level (Ef) are preferred because of favorable matrix elements involving wave
function overlap of localized electron density of states. The process occurs 1) with
the annihilation of photon by the metal which creates an electron hole pair and the
electron is excited as a “hot electron’. 2) The so called “hot electron’ tunnels into the
available energy levels such as LUMO of the adsorbate generating a negatively
charged excited molecule. 3) The resulting negative ion, i.e. the complex of the
adsorbate molecule and an electron, has a different equilibrium geometry with the
original neutral adsorbate molecule. 4) Therefore, the charge transfer process induces
a nuclear relaxation in the adsorbate molecule which, after return of the electron to
the metal, leads to a vibrationally excited neutral molecule but also to the emission of
a Raman shifted photon.

Metal Adsorbate
Hot electron

=~ 2 LUMO

hv

-3

Er [

Vwﬂﬂﬂ/kﬁ

HOMO

Figure 2: Schematic representation of a charge-transfer mechanismin SERS
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This mechanism is site-specific and analyte-dependent. Although the chemical
enhancement mechanism is not a general mechanism and is restricted by its chemical
specificity, it can provide useful information uniquely on chemisorptive interactions

between metals and adsorbates.

6.3 Micro-Raman studies of silver nanoparticles incorporated
polystyrene photonic crystals

Recently, there has been a rapidly growing interest in the fabrication of metal NPs
incorporated photonic crystals (PCs) due to their enormous applications like
substrates for SERS and as chemical and biological sensors.**** Djaoued et al.'* have
shown that gold NPs embedded polystyrene (PS) PCs enhanced the Raman signal of
PS nearly 100 times as compared with a single monolayer of PS. However, in our
work silver nanoparticles (AgNPs) were chosen to incorporate them in the crystal
structure because of their easiness of preparation and low cost associated with their

manufacture.
6.3.1 Experimental Results and Discussion

One of the most popular methods to synthesize AgNPs through chemical methods is
by the use of ice-cold sodium borohydride to reduce silver nitrate.’> A 10-mL
volume of 1.0 mM silver nitrate was added dropwise (about 1 drop/second) to 30 mL
of 2.0 mM sodium borohydride solution that had been chilled in an ice bath. The
reaction mixture was stirred vigorously on a magnetic stir plate. The solution turns
light yellow after the addition of 2 mL of silver nitrate (AgNO3) and a brighter
yellow when all of the silver nitrate had been added. The entire addition took about
three minutes, after which the stirring was stopped and the stirrer was removed. The
average size of the NPs obtained in this recipe was 30 nm (calculated from the
FESEM pictures) and the peak corresponding to surface plasmon absorption was
obtained at 410 nm (Inset of figure 4 shows the absorption spectra of AgNPs). To
embed the AgNPs in the PC lattice structure, 1 mL of the colloidal solution
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containing around 200 pg/mL of AgNPs were mixed with a solution of 331 nm
diameter PS microspheres (weight percent =1). The crystal growth was continued
with the same conditions as discussed in the chapter 2. The thickness of the crystal is
found to be 5 um. As presented in figure 3, the AgNPs have settled down on the

@ I ©

Figure 3: FESEM images of a) surface morphology of (111) Bragg plane and b) cross
sectional view of AgNPs incorporated D = 331 PSPC.

surface of the spheres and as well inside the crystal structure because these AgNPs
also experiences same capillary forces and convection fluxes as that of PS
microspheres. The Raman spectrum of the PC was recorded using micro-Raman
spectrometer (HORIBA Jobin Yvon: HR800). A continuous wave (CW) Ar® ion
laser which delivers a wavelength of 514 nm was employed as an excitation source.
The spectrometer was operated in the confocal geometry with a 50X microscope
objective. The laser power before the microscope objective was 3 mW. All the
spectra were recorded with an average time of 5 sec in the range of 50 - 3500 cm™. A
bare PC (without AgNPs) having the same thickness of AgNP doped PC is used for
comparison. The band at 1001 corresponding to ring breathing mode of PS is the
most intense peak and the other significant bands at 1602 (C=C), 2909 (CH, and
CH; symmetric and asymmetric vibrations) and 3052 cm™ (CH ring vibrations)*®
were enhanced more than 3 times compared to bare PC. The enhancement is
expected due to EM effect as the wavelength of the excitation source is falling at the

edges of the surface plasmon absorption peak. The PCs of diameter less than 331
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nm possess the stop band in the visible region and consists of smaller interstitial
widths compared to larger diameter PCs. For example, the interstitial width (=
0.1547 x D) for D = 331 and 220 nm PCs are 51 and 34 nm respectively. The
smaller diameter PCs allows the excitation wavelengths (514, 532 and 633 nm)

available with commonly available

0.8
1001 g,
2
9000 =02
> 0.0
)
D 30 400 500 600
c Wavelength (nm)
D 6( )00
3000- 2905

700 1400 2100 = 2800
Raman shift (cm™1)

Figure 4: Raman spectra of bare PC (red line) and AgNPs doped PC (black line). Inset
shows the absor ption spectra of AgQNPs.

Raman instrument to fall at the stop band edge at which the interaction time of EM
field with the probed material increases*® and gives multiple enhancements of Raman
signal along with the surface plasmon effect. Moreover, the enhancement of Raman
signal depends on the concentration of NPs in the probed region.'® However with the
incorporation of higher concentration of AgNPs in the PS solution during the crystal
growth yielded whitish colored substrates indicating the destruction of the crystal
lattice. The incorporation of volatile solutions?® and low viscous polymers? in the
interstitials after PC growth will not affect the crystal structure. We, therefore,
decided to incorporate the polymer solution with AgNO3 in the PC and irradiate with

laser to create the AgNPs in the interstitials. Hence, we initially undertook the study
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on the formation of NPs and their growth during laser irradiation through scattering

phenomena.

6.4 In-situ observation of silver nanoparticle formation through

micro-Raman studies

In this work, we have made use of a polymer matrix as reducing and capping agent
for AgNP formation with an aim to monitor the SERS signals of the polymer, which
otherwise would have been difficult to observe. The metal NPs have been
synthesized through numerous techniques such as the chemical method,?*%*%
sputtering® and pulsed laser deposition.?*® Advantage in the present experiment is
that we would be able to monitor the growth of the AgNPs by observing the SERS
signals, where it has been well established in the literature that one requires an

optimum size for the NPs to observe maximum SERS signal.?’

Thus, the present
experiment deals with the metal NPs homogeneously dispersed in the polymer
matrix. Such systems have added advantage of being used as sensors,?® as materials

3031 surface

with solvent switchable electronic properties,® as optical data storage,
plasmon enhanced random lasing media® etc. Earlier, our group reported the
synthesis of Ag and Au NPs in polyvinyl alcohol (PVA) free standing film which
involves a sacrificial layer of PS and the biosynthesis of AgNPs towards optical

limiting studies.®®

Photochemical synthesis of AgNPs using high power laser and fluorescent light

sources>**°

is one of the powerful techniques that has recently attracted substantial
interest of researchers as it offers a versatile and convenient process with
distinguishable advantages such as space selective fabrication. However, there is no
literature that talks simultaneously the fabrication as well as its characterization or
influence on the surroundings. This study exploits the in-situ synthesis of the NPs by
employing CW laser sources such as He-Ne (633 nm), Ar* (514 nm) and diode (785

nm) lasers and 6 ns pulsed laser at 532 nm and monitoring the formation of the NPs
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through the SERS of the encapsulating molecules. The formation of NPs through
laser irradiation was also confirmed through absorption and scattering studies. The
formation of NPs within an area of a 1 pm?, shows its potential in many applications

such as memory devices and biomedical applications.

6.4.1 Experimental Details

Thin films of PVA+AgNO; were prepared by mixing the solutions of 100 mg of
AgNOj; dissolved in 5 ml of water and 1.44 gm of PVA (MW = 88,000 gm/mole)
dissolved in 30 ml of water and stirring for eight hours for complete miscibility in a
dark room to avoid photo-dissociation of silver nitrate. Next, an aliquot solution of 1
ml was uniformly distributed on a 2 cm x 2 cm glass plates using spin coating
technique. These homogeneous films were dried in an oven for two hours at 300 K.
The thickness of the film was 4 pum. Absorption spectra of these films were taken
immediately to confirm that there was no absorption peak in the visible region due to
surface plasmon resonance of AgNPs. This confirms that the film does not contain
any species of AgNPs before laser irradiation. The work carried out in this paper is
divided into four sections. 1) To study the surface plasmon absorption characteristics
of AgNPs, the PVA + AgNOs thin films were irradiated with frequency doubled
Nd:YAG laser delivering 532 nm wavelength of pulse width of 6 ns at the repetition
rate of 10 Hz. The beam diameter on the film was 8 mm. The energy used for
irradiation was 20 mJ. 2) The Raman spectrum of the freshly prepared PVA +
AgNO3; films were recorded using Raman spectrometer (HORIBA Jobin Yvon:
HR800). CW 514, 633 and 785 nm were used as the excitation wavelengths and the
spectrometer was operated in the confocal geometry with a 50X microscope
objective. The Raman spectrum was periodically collected at finite time intervals.
This was continued till the laser damaged the film. The damage was confirmed
through the imaging system. The laser power before the microscope objective for
both 514 and 633 nm was 3 mW. We used a higher power level of 20 mW for the
excitation source at 785 nm as the lower power levels of 3 and 10 mW did not induce
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any changes in the spectra. The Raman spectra were collected from 50 to 3100 cm™
for 514 and 633 nm and 50 to 1200 cm™ for 785 nm at room temperature. The
calculated diameters of the focal spots were 0.84, 1 and 1.3 um, respectively, for the
514, 633 and 785 nm excitations. 3) As recording the in-situ absorption spectra of
AgNP formation within a 1 um? area was not possible, a parallel experiment was set
up for recording absorption spectra as a function of irradiation time. A 8W diode
pumped CW laser at 532 nm (Spectra-Physics, Millennia) was used to achieve nearly
the same intensities as that in the confocal-micro-Raman setup over a much larger
area so that we could record the absorption spectrum very easily with the absorption
spectrometer (JASCO, V-670). 4) An in-situ light scattering experiment to monitor
the AgNP formation was carried out in a solution of PVA + AgNO3; using both a
pulsed Nd:YAG ns laser and a diode pumped CW laser.

6.4.2 Results and Discussion

6.4.2.1 Studies with nanosecond pulsed laser excitation in polyvinyl alcohol +
silver nitrate thin films

Initially, we irradiated the thin films of PVA + AgNO3; with ns laser delivering 532
nm at a rep rate of 10 Hz. The energy and beam diameter were 20 mJ and 8 mm,
respectively. We recorded absorption spectra after one minute of exposure time and
some of them are shown in figure. 5a. Subsequent to the irradiation time duration of
one minute the film changes from originally transparent to yellow color and all the
recorded absorption spectra showed a plasmon peak around 426 nm which indicated
the formation of AgNPs. Figure 5b shows the FESEM picture of AgNPs obtained
after 6™ min of irradiation and the corresponding particle size histograms are shown
in the inset. The mean diameter of the AgNPs is estimated to be around 12 nm. The
intensity of surface plasmon absorption was found to be increasing with successive
irradiations as shown in figure 5a. This could be attributed to the formation of more
number of AgNPs with continued exposure time. No significant changes were

observed in the peak position of the absorption spectra obtained with increasing
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irradiations. Very few NPs of larger size were also observed after 6" min of
irradiation but they did not show any significant changes in shifting of the peak

positions.
— without irra
1.00- —— 3" min of ira
() —— 6" rin of ifra
——9" min of irra
0.75- ——12" min of irra

——15" min of irra

Absorbance

400 500 600 700 800
Wavelength (nm)

Figure 5: a) Absorption spectra recorded with increasing number of irradiations using ns
laser. b) FESEM picture of AgNPs and (inset) the corresponding size histograms at 6™ min

of irradiation.

Significant efforts have been made to investigate the mechanisms involved in the
formation of AgNPs which are synthesized through the photo synthesis method.*
Kutsenko et al.>” explained the photo synthesis of AgNPs in the PVA matrix which
were formed with mercury lamp irradiation. According to their proposal, the
reduction of Ag" ions into AgNPs was accompanied by the formation and

stabilization of hydroxyl radicals.
6.4.2.2 Confocal-micro-Raman studies on SERS

The spectra obtained from figures 6 to 8 show the effect on the Raman bands of PVA
due to the SERS of AgNPs. With subsequent irradiations, we observed a drastic
increase in the intensity of the Raman bands. Our discussions below focus on the
effect of 514, 633 and 785 nm excitations. In each case, the spectra were recorded in

time duration of one minute (where the laser in the confocal-micro-Raman
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spectrometer was used as the excitation source and forms the heat source for

generating AgNPs). The time duration for each collection was 15 seconds.
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Figure 6: Raman spectra of PVA+AgNO; film recorded with subsequent irradiations using

the excitation wavelength of 514 nm. Table 1 summarizes the most pronounced bands of
PVA and Ag-PVA composite. v = stretching, 0 = bending, y, = wagging.
Table 1 summarizes the most pronounced Raman bands of pure PVA and their
corresponding assignments given in the literature.®3%%° A new band at 245 cm™
starts appearing with irradiation and it corresponds to the stretching vibrational
frequency of the Ag-PVA composite.*’
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6.4.2.3 514 nm CW excitation

Raman spectra were recorded for the PVA with AgNOj3 casted films using confocal-
micro-Raman setup. With the 514 nm irradiation, the bands at 245, 646, 921, 1039,
1428, 2112 and 2913 cm™ were clearly seen and show large intensity changes with
increasing laser irradiations as shown in figure 6. The bands at 245, 646, 921 and
2913 cm™ are blue-shifted monotonically by 8, 16, 9 and 8 cm™ respectively. The
band at 1039 cm™ which corresponds to a stretching vibration of a nitrate ion** did
not show any shift. The band at 1428 cm™ was red shifted by 17 cm™ after the 5"
min of irradiation. The band at 1343 cm™ does not appear after the initial 1% min of
irradiation but appears after the 2" min of irradiation and attains maximum intensity
at the 4™ min of irradiation. It did not show any shift in its energy. Similarly, the
band at 2112 cm™ appears at the 3 min of irradiation and did not show any shift.
Interestingly, we observed that the band at 1121 cm™ disappear after the 3" min of
irradiation and the possible reasons for this behavior and the shifting of the bands are

discussed later.
6.4.2.4 633 nm CW excitation

Compared to 514 nm irradiation, 633 nm irradiation took a long time to observe the
changes in the intensities of the Raman bands of PVA. With this irradiation, only
bands at 245, 818, 921, 1039, 1428 and 2913 cm™ show clear enhancement as shown

in figure 7.

The band at 245 cm™ was blue-shifted by 9 cm™ at the 18" min of irradiation and
did not show any shift with further irradiation. The bands at 818, 921, 1039 and 2913
cm™ did not show any shift. The band at 1428 cm™ was red-shifted by 17 cm™ at the
18™ min of irradiation and did not show any shift with further irradiation. The band
at 1121 cm™, which disappeared with 514 nm irradiation was seen throughout the
633 nm laser irradiation. A very weak band at 1723 cm™ corresponding to the

stretching vibration of a residual carbonyl group is found with both 514 nm and 633
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nm irradiations. The experimental data thus give evidence of the change of the
alcohol group to a carbonyl group which has been established as the route to the
formation of AgNPs.
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Figure 7: Raman spectra of PVA+AgNO; film recorded with subsequent irradiations using
the excitation wavelength of 633 nm.

6.4.2.5 785 nm CW excitation

The 785 nm laser irradiation had a much weaker effect on the formation of the

AgNPs as could be noticed from the Raman spectral enhancement (6™ min of
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Figure 8: Raman spectra of PVA+AgNO; film recorded with subsequent irradiations using
the excitation wavel ength of 785 nm.
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irradiation) as shown in figure 8, where the bands corresponding to 245, 921 and
1039 cm™ only appear.

Other than PVA and Ag-PVA bands, low frequency bands at 141, 88 and 76 cm™
were also observed. These low frequency bands were labeled as lattice vibrations of
AgNPs*. These bands were not present in the spectra at the 1% min of irradiation
with any of the three excitations, 514, 633 and 785 nm, but appeared only after
longer irradiation dose. The broad peak that appears at 141 cm™ was blue shifted by
11 cm™ in the case of 514 nm irradiation and is comparatively weak with 633 nm
irradiation. This indicates that fewer NP form with 633 nm irradiation. The other two
low frequency bands (76 and 88 cm™) were obscured in the case of 633 nm
irradiation. Moreover, these low frequency bands were not seen in the case of 785

nm irradiation.

The sample was found to get damaged after the 6, 38 and 6™ min of irradiation
with the 514, 633 and 785 nm excitation wavelengths respectively. The relative
enhancement factor (EF) for each band with each irradiation was calculated as EF =
LnMirad! 12 irag, Where 1n"Mimag and ;™ iaq are the intensities at the n™ min of
irradiation and the 1% min of irradiation for each band. We considered only those
bands that
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Figure 9: EF for each band calculated with subsequent irradiations using the excitation
wavel engths of a) 514 and b) 633 nm.
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showed a large change with increasing irradiations to calculate the EF. These bands
are 245, 646, 921, 1039, 1428, 2112 and 2913 cm™. The major difference in the EFs
was that the bands of PVA show faster enhancement with 514 nm irradiation
compared to 633 nm irradiation with the same power level as shown in figure 9a and
9b.

In both cases, the bands at 245 and 921 cm™ gained maximum enhancement
compared to other bands. However, the characteristic band at 2913 cm™
corresponding to the CH stretching vibration of CH, did not show any significant

enhancement on the formation of AgNPs.

The enhancement of different bands was expected due to the formation of
AgNPs. Once the AgNPs are formed with the laser irradiation, the same incident
wavelength would excite the surface plasmons simultaneously and this results in
producing a localized EM field around the AgNPs. This localized EM field is
proportional to the square of the inverse of the wavelength and the difference of the
dielectric constants of metal NPs and the surrounding media.® In our study, the
excitation source 514 nm is closer to the surface plasmon resonance maxima, while
the 633 and 785 nm excitations are far from the surface plasmon resonance
maximum. Hence, the EFs for different bands with a 514 nm excitation source were
large compared to the 633 nm excitation source as shown in figure 9a and 9b. As 785
nm is far from the surface plasmon absorption of AgNPs and the absorption region
of PVA, the yield of NPs and the increase in the EFs of the PVA bands is very small
compared to the other two excitation sources. This localized EM field also decays
exponentially with a distance r from the metal surface as r°. To experience the
maximum enhancement, the molecule must be within 2 nm of the metal surface.'® As
PVA caps around the NPs, the enhancement obtained in the present study is

maximum.
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Metal NPs absorb the light up to several times their geometrical cross section if
the incident wavelength falls in the region of surface plasmon absorption which
results in the effect of local induced heating.”® The local induced heating around the
NP causes a rise in temperature and it is greater for 514 nm compared to 633 and 785
nm. Hence, we observed a drastic increase in the EF of bands of PVA with 514 nm
irradiation using the same power level in shorter time duration. This gave evidence
of the cumulative production of AgNPs with 514 nm irradiation. A more detailed
explanation of temperature increase due to AgNPs formed with 514 nm irradiation is

provided in the section 6.4.2.7.

As the AgNPs get heated, polymer chains move far apart due to which a
weakening of H bonds and a decrease in the streak of the carbon skeleton chains
occur. This results in either a blue or red shift of the corresponding bands of PVA.
The PVA gets adsorbed on the surface of the resulting AgNPs as a capping agent due
to which the stretching of the Ag-PVA band occurs and is blue shifted with the
increased amount of AgNPs. As the number density of the AgNPs and their size
increases, the absorption of the laser increases. This induces more heat in the
surrounding area resulting in the formation of a greater number of AgNPs. The
disappearance of the 1121 cm™ band after the 3 min of irradiation in the case of 514
nm irradiation could be due to the cleavage of the C-(OH) bonds in PVA
surrounding the AgNPs.** Since the heat generated with 633 nm excitation is very

small, this 1121 cm™ band does not disappear.

6.4.2.6 Studies with CW laser excitation in thin films of polyvinyl alcohol +
silver nitrate

In order to have a good comparison of absorption of the AgNPs that were formed
with the irradiation of the CW laser used for the Raman spectra collection, we
recorded the absorption spectra for the same thin films for every minute by
irradiating them with the 532 nm CW laser as shown in figure 10. The power
(around 8W) and the beam dimensions of the CW laser were selected in such a way
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to get approximately the same intensity as that of 514 nm used in the micro-Raman

studies.
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Figure 10: a) Absorption spectra recorded with increasing number of irradiations using CW
532 nm laser at 8W power. FESEM pictures of AgNPs and (insets) the corresponding size
histograms at b) 3" and c) 6™ min of irradiation.

The surface plasmon absorption peak appears at 432 nm and did not show any shift
for subsequent irradiation doses as shown in figure 10a. Figure 10b and 10c show the
FESEM pictures of AgNPs obtained at 3 and 6™ min of irradiations. The picture
obtained at 6™ min of irradiation also contains larger size NPs which might have
formed through agglomeration of smaller size NPs. The particle size histograms
(insets of figure 10b and 10c) of AgNPs obtained at 3" and 6™ min of irradiations
show that mean diameters are 20 and 30 nm, respectively. Subsequent irradiations
result in an increase of amplitude of absorption peak similar to that of ns laser
irradiation. The observed full width at half maxima (FWHM) at 6" min of irradiation
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is 110 nm which is larger than the FWHM obtained at 15" min of irradiation with ns
laser (74 nm). This may be because the CW beam creates larger number of seed
particles and resulting in the formation of particles with wider distribution in size. It
has also been established that the pulsed laser breaks the larger sized particles into
smaller ones.”® Therefore the absorption spectra with the pulsed laser irradiation are
narrower than with the CW laser irradiation. It has been noticed that with CW laser
beam irradiation, the particle size does not increase monotonically but reaches a
maximum of around 30 nm and any further irradiation lead to the damage of the

surrounding PVA matrix as mentioned earlier.

A corresponding shift was not observed for the surface plasmon absorption peaks
obtained with different irradiations even though the FESEM pictures of 10b and 10c
show different average sizes of NPs. This could probably due to much smaller

number of larger size NPs compared to smaller size NPs.
6.4.2.7 Heat generation dueto silver nanoparticles

The absorption laser radiation by the free electrons in metal NPs cause strong heating
effects. The incident electric field of laser wavelength that falls wihin the surface
plasmon absorption band strongly drives the free electrons inside the nanocrystals
and the energy gained by free electrons turn into heat. Then the heat diffuses away
from the NP and leads to an elevated temperature of the surrounding medium. By
solving the heat transfer equation in the absence of phase transformations, one can
estimates the increase in the local temperature around a single NP.* For an ensemble
of metal NPs, the local temperature enhances dramatically as the heat flux from
individual NP can be added. The increase in the temperature of a structure which
consist of ‘N’ NPs embedded in a matrix of dielectric constant &, and are separated

by a distance A, can be calculated as below. >

R L

ATtot = ATmax ZN n (11)
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Figure 11: The increase in temperature (AT;,;) with &) number of particles (N) and b)

average distance between particles (A) for 2R = 20 and 30 nm, respectively.

Here, AT,,,, describes the temperature due to a single NP of radius R and can be

expressed as given below.

_ 2mR%IgIm(enp)

380
Almax = 3koA

2
| (12)

2e0+enp

where gyp is the complex dielectric constant of metal NP, I, and A are the intensity
and wavelength of light irradiation, k is the thermal conductivity of the surrounding
medium and n is the dimension of the structure. The equation 11 is valid only when

the particles are separated by a distance more than the size of the NP.

From equation 11, it can be inferred that AT;,, increases with the number of metal
NPs ‘N’. Hence, the increase in the value of absorbance at each irradiation with 532
nm CW laser (as shown in figure 10a) indicate the increased NP formation at each
step of irradiation which leads to the increase in the temperature AT;,.. Using
Equations 11 and 12, we approximated the increase in the temperature at 3 and 6™
irradiation by counting the number of AgNP from FESEM pictures shown in figure
10b and 10c respectively. From histograms, the particle number on the surface is
estimated to be around 100 and 750 for 3" and 6™ irradiations, respectively. The

average distance A between the AgNP is calculated to be around 70 nm. With the
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assumption of same number of particles formation along the thickness direction, the
maximum number of particle yield in the area of focal spot with 3 and 6"
irradiations are 800 and 3000, respectively. The value of eyp= -9.2767+0.4041i for
514 nm is calculated using equations available in reference 47. For the values of
ky=0.0046 W/cm/K,* £,=2.403 and I, = 5.42 x 10° W/cm?, the calculated increase
in temperatures AT,,, with the variation of N and A for 2R = 20 and 30 nm are
presented in figure 11a and 11b. From figure 11a, the AT,,,= 40K, which indicates
the increase in temperature after the 3 irradiation. This increase in temperature
additionally causes the formation of more number of NPs along with the photo
synthesis process as the chemical synthesis of AgNPs requires only a minimum
temperature of 323 K.* Thus, the temperature increase with each irradiation
generates the excess number of AgNP and leads to increase in the Raman signal of
PVA as shown in figure 6. The increased number of AgNPs which form after 6
irradiation causes the AT,,.= 323K. As the melting temperature of PVA is around
500 K and the calculated temperature after the 6" irradiation is greater than this
temperature and any further irradiation will damage the film, which is observed
through microscope. As the real part of the dielectric constant of the Ag decreases
with longer wavelengths,? less amount of heat might have been generated compared
with 514 nm irradiation causing the damage of the film after 36" irradiation in the

case of 633 nm and 6" irradiation in the case of 785 nm with higher power.

It needs to be mentioned here that the calculated increase in temperature due to
surface plasmon absorption of AgNPs is only approximate as the exact calculations
require the exact count of NPs, their average separation, photon flux and thermal

diffusion coefficient, etc.
6.4.3 Light scattering in a pure solution of polyvinyl alcohol + silver nitrate

We observed scattering of light with the formation of NPs, when the solution

containing PVA+AgNO3; was irradiated with 532 nm pulsed laser, while the films
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did not show any scattering. Further, we did not observe any scattering with 514, 633

and 785 nm CW laser excitations either in thin films or solutions.

A freshly prepared solution of PVA+AgNO3; was taken in a cuvette of 100 um
thickness and the ns laser beam was focused on the sample with a lens of focal
length f = 120 mm. The cuvette was kept exactly at the focus and the intensity at the

focal spot was estimated as IMW/cm?.
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Figure 12: Black line represents transmitted intensity versus time which is observed in the
beam direction of incidence and blue line represents scattered intensity versus time which is
collected at an angle of 10° respectively.

We recorded both transmitted and scattered (at 10° angle) intensities using a
silicon photodiode which was connected to a boxcar averager. The details of the
experimental set up have described earlier.®® Figure 12 shows the recorded
transmitted and scattered intensities with time, where we do not observe any
scattering for the first 30 sec. After 30 sec we observe a continuous increase in the
scattered signal with the formation of AgNPs. With increase in the size of the
particles and the number density, the absorption cross-section increases. This
increase in absorption due to the localized surface plasmon band then results in an
increase in local temperature. It is also a known fact from the literature that the

AgNO; breaks up leading to the formation of NO, gas* while forming the NP. With
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pulse excitations, the NO, gas would be close to the irradiation region and then it
slowly diffuses into the solution with time. We, therefore, expect the formation of a
microbubble around the irradiation area consisting the AgNPs,>? which then leads to
scattering of light when excited with pulsed laser. No scattering was observed with
CW laser excitation as the NO, gas diffuses through the solution. Similarly, we
observe decrease in the transmitted light with irradiation time. The scattering reach
saturation after sometime. This is well expected as the number of Ag® ions are

limited leading to a limit to the number density.
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Figure 13: a) Schematic diagram of the circular aperture diffraction pattern which is formed
due to a microbubble around AgNP. L: lens, S;: sample, S,: screen, ® :microbubble
around AgNP. b) Shap shot of scattering which contains circular fringes in the far field
pattern at the intensity of 1 MW/cn?.

235455 also indicated the formation of a bubble around the AgNP

Earlier studies
leading to Mie scattering. The formation of the bubble along the path of the focused
beam is shown in figure 13a. The Rayleigh range and laser beam waist at the focus
were calculated as 4.3 mm and 27 pm respectively. We observed diffraction rings in
the far-field as shown in figure 13b, which was captured on a white paper in the
transverse direction to the beam propagation and recorded with a CCD camera. The
formation of diffraction rings is explained by assuming the formation of microbubble
in the path of the beam as shown in figure 13a. Ignoring the size of the NPs, this
bubble acts as a circular aperture leading to diffraction rings in the far field.>® The

aperture size was estimated using the formula:>” sin@=1.224/d , whered, d and A
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are the angle between the center of the axis and the first dark fringe, aperture
diameter and incident wavelength, respectively as shown in figure 13a. The
calculated aperture size d = 14 pm gives the approximate bubble size formed in this
experiment. We did not observe any scattering with thin films which were 4 um
thickness, as NO, from the AgNO3 dissociation could possibly have escaped out of

the film very easily.
6.5 Conclusions

In this work, the in-situ monitoring of AgNP formation was studied for the first time
to the best of our knowledge in thin films and solutions using CW laser source and
pulsed lasers. We proposed observation of SERS and scattering as the novel and
simple techniques to record the growth of AgNPs in PVA films and solutions.
Observed enhancement in the Raman bands of PVA were explained through the
localized surface plasmon resonance of AgNPs. Influence of the excitation
wavelength on the enhancement of Raman modes of PVA with 514, 633 and 785 nm
excitations was compared. Formation of the surface plasmon of AgNPs in films and
solutions was confirmed through absorption and FESEM recordings. The appropriate
reasons for the formation of AgNPs were exploited in terms of local temperatures
generated by AgNPs along with the photosynthesis process. The in-situ monitoring
of the scattering in solutions was also carried out. The scattering was explained
through the formation of microbubble around the AgNPs. As we did not observe any
band corresponding to Ag-O (200 cm™) stretching vibration, this method provides
oxidation free AgNPs for SERS studies, where the molecules of our interest can be
mixed with the PVA solution. This simple method may open a new window to
infiltrate the precursor solution of metal NPs in the opal and inverse opal structures
to explore the combined effect of localized surface plasmons and photonic band gap

effect in the enhancement of Raman signal of the probed materials.
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Conclusions and future perspectives

7.1 Conclusions

With homemade PS microspheres of different sizes, opal type 3D colloidal photonic
crystal (PCs) structures were fabricated using self-assembly method. The surface and
cross sectional morphologies were examined with FESEM. The transmission and
reflection spectral characteristics were studied using UV-vis-NIR spectrometer. The
thickness dependant behavior of transmission spectral characteristics of PCs due to
(111) plane were compared with scalar wave approximation and found a good
agreement between the experimental and theoretical data. Angle dependent spectral
characteristics enabled us to calculate various PC parameters such as interpalnar
spacing for different planes and effective refractive index of the crystal structure.
The polarization dependent characteristics of PC structures are carried out in the
reflection geometry and compared with photonic band structure calculations using
RSoft (BandSOLVE). The experimentally observed peak widths of reflection spectra
obtained for 6>20° for unpolarized light do not follow the theoretical bands and they
fall in between the bands 1&2 and 3&4. This is not observed by earlier group® and
they mentioned that the peak widths will merge with the outer band 1&2 only. This
observation indicates that the unpolarized light penetrates more into the crystal
structure compared to s-polarized light and it is maximum for p-polarized light. The
peak height decreases with p- and unpolarized light and remains almost constant for
s-polarized light with increasing incident angle can be attributed to Brewster angle

phenomenon.

By incorporating different alcohols in the interstitials of PCs, the studies of
Bragg diffraction due to various high Miller index (hMi) planes over wide range of
incident angles and swelling of micropsheres were exploited. The realization of
uniform shifting of stop bands due to hMi Bragg planes in addition to that of the

stop band due to (111) plane to the refractive index variation of 10, may allow the
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improvement in the sensitivity of the PC while allowing us to use it at any incident

angle.

Till now optical limiting studies were reported on the various phenomena such as
multiphoton absorption, reverse saturable absorption and nonlinear scattering. The
enhanced two photon absorption of PS PC at the band edge leads to the reduction in
the threshold value of optical limiting. In this connection, a Z-scan experiment is
performed at different incident angles using photonic crystals and explored the
concept of enhanced electromagnetic fields at the stop band edge due to reduction in

the group velocity of light.

A simple phenomenon of incorporation of silver nanoparticles (AgNPs) in the
interstitals of opal structure was used in order to achieve enhanced Raman scattering
of PS microspheres. In addition, an in-situ formation of AgNPs in PVA matrix was
demonstrated in terms of surface enhanced Raman scattering (SERS) technique. In
this process different low power CW lasers were used for the formation of AgNPs
and as well to collect the enhanced Raman scattering of host matrix simultaneously.
The approximate local temperatures due to surface plasmon absorption were
calculated which causes the NP formation along with the photo chemical process. An
increased scattering with time was observed when the precursor solution of AgNPs is
irradiated with nano second laser. Along with the scattering circular aperture
diffraction fringe pattern was also observed which indicates the formation of
microbubbles along with the AgNPs. From the observed fringe pattern the diameter

of the microbubble is estimated as 14 pm.

7.2 Futur e per spectives

The spectral characteristics due to hMi Bragg planes were resulted at the high energy
region as discussed in chapter 3. Our next step is an elaborate study of the
polarization dependent reflection/transmission spectral characteristics of hMi Bragg
planes using bare and alcohol doped opals which would allow us to exploit some
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more interesting results with these good quality PCs. Higher refractive index contrast
(more than 2.8) of PC structure resulted into full photonic band gap. Hence, the good
quality opal structures fabricated in our work will be used as replica for creating high
refractive index contrast inverse silica, titania and zinc sulphide for many photonic

applications.?®

This inhibition of emission wavelengths due to photonic stop band of (111)
Bragg plane would be very useful in achieving the increased gain at different
wavelengths. This change in emission of RhB observed could lead to the realization
of low threshold lasers in which control of spontaneous emission is a key factor. This
guides us to the next step of fabrication of micro laser system with the RhB doped
PC.

The reduction in the group velocity of light mainly depends on the number of
layers and refractive index contrast.” Calculations show that the refractive index
contrast possessed by opals will result in the reduction of light velocity around of
10% of vacuum speed.” As cadmium sulphide (CdS) NPs are good candidates for
nonlinear absorption® and possess high refractive index, creating inverse opals with
CdS NPs may reduce the group velocity to a greater extent compared to normal opals
and thus resulting in the further reduction of limiting threshold value of optical

limiters.

The method of in-situ formation of AgNPs with low power CW laser can be
extended to other metals such as gold and copper and as well to their precursor
solutions. Extremely intense electromagnetic fields have been observed at “hot
spots” and located at gaps between metallic nanostructures that are in the order of
tens of nanometers.®’ Hence, the precursor solutions of metal NPs can be spin coated
on a single layer of PS microspheres to create hotspots in the interstitial gaps which
are essential in the realization of effective SERS substrates. Preparation of metal NPs
by laser irradiation can hold a tremendous advantage as by irradiating the PS PC

with the precursor solutions, metal NPs can easily be dispersed in the PC, which
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otherwise is very difficult to prepare a PC with metal NPs by diffusing them through

the crystal structure. Thus all might aggregate on the top layer. The same method can

be treated to incorporate high refractive index materials such as semiconductor,

titanium dioxide and zinc sulphide NPs in a PC structure. This may yield a PC

structures with wider band gaps (towards full photonic band gap) and results in

larger electric field confinements to enhance the Raman signal of probed molecule.
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