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Introduction



1.1. Nano/Micro-Photonics - an Introduction:

The concept of nano-science has evolved from the visionary lecture delivered by
Richard Feynman, at California Institute of Technology entitled “there is plenty of room
at the bottom”.[12] After the invention of advanced microscopy techniques, the principle
of nano-science and technology®! has been applied to various fields of research such as
Chemistry, Physics, Mathematics, Biology, Medicine, Engineering, etc. As a result of this
interdisciplinary approach, many technological breakthroughs and innovations have
been achieved in various disciplines, particularly in the area of nano-photonics by
combining chemistry and physics.[*-8!

Research in the area of nano-photonics provides an alternative opening to
overcome the restrictions in electronic and opto-electronic devices.[®11l The key
technologies in nano-photonics are based on the development of optical methods and the
creation of low-cost novel materials suitable for the production of high performance
miniaturized photonic devices. For decades, chemists and materials scientists have been
playing an important role in the synthesis of molecular materials and their
miniaturization into micro- or nano-structures suitable for photonic devices.[12-16] From
the perspective of chemical composition, nano-photonic materials can be categorized
into inorganic and organic materials. The former materials have been most extensively
examined from the beginning of the upsurge of nano-science and the latter materials are
not well explored so far though it is superior to inorganics. To understand the advantage
of organic nano-photonic structures over inorganic structures, it is important to look into
the physics of these materials during the light-matter interaction. For example, in
semiconductors, the most interesting forms of light-matter interaction is the formation
of exciton-polaritons (EP).[17-20]1 By the absorption of light from the irradiation source, the
electron in the ground state of semiconducting materials will go to the excited state
leaving a hole, thereby forming an electron-hole pair, called an exciton. In the confined
system, exciton and photon combine to produce a quasi-particle called EP. This exciton
can either recombine into a photon (radiative recombination) or thermally dissipate

(non-radiative).



An important difference between inorganic and organic semiconductor
materials is their exciton binding energies (Es). The stability of EPs can be expressed by

using the Es, the Es is associated with Bohr radius® 211 (a,) by

2

EB: a 9 1_1

28,0,

Where q is the electron charge and ¢, is the relative permittivity or dielectric constant.#
The dielectric constant is related to materials permittivity (&) and free space permittivity

(&) by the relation ¢, = /80. The & is a dimensionless number, is generally a complex-

valued and it is not a constant but a function of frequency, &().

Another important difference between organic and inorganic semiconductor is
their ¢, values, which is in the range of 3 and 6-12, respectively. The band structure of
inorganic semiconductor consists of discrete bands with filled valance bands and the
empty conduction band.[22-25] The band structure of organic semiconductors is composed
of orbitals by the highly occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) represent the energy gap (Figure 1.1).

The Wannier-Mott excitons are the lowest-lying electronic excitations in
inorganic semiconductors.[26] In Wannier-Mott excitons, the separation of electron-hole
is an order of magnitude greater than lattice dimensions. This is due to the large ¢, values
and consequence reduction of the Coulomb interaction between the electrons and holes
(decrease of Eg). Wannier-Mott excitons dissociate at room temperature (RT), because of
their lower binding energy (Ez ~ 10-20 meV) in comparison to RT thermal energy (ksT =

25.6 meV, where is ks Boltzmann’s constant).

EThe Bohr radius, which is conventionally defined as the radius of the maximum probability for finding the

ground state electron in the hydrogen atom is defined as ao= # =0.529 A, 0.053 nm, 53 pm. Here ao is Bohr
radius, h is plank constant, m stands for mass of electron and e corresponds to electron charge.

#Generally the value of n = vE& 1., where L, is the relative permeability. For a non-magnetic material, , ~ 1.
Therefore n = /g, . Since &, is the complex function with the real and imaginary parts, &, = &', +ig",. and so the
value of n also a complex function, &, = n? = (n’+in”)%

&, is related to the refractive index (n) and electric susceptibility (x) of the material by the following relation;

n= g =,1+y



The Frenkel type excitons are characteristic excitons in organic semiconductors

(charge-transfer character).[28] The Frenkel excitons are stable at RT because of their

strong binding energy (Es, 0.1 - 10 eV) facilitated by the location the electron and hole in

the range of Bohr radius (small ao). The Ep of organics is higher than inorganic

Energy

Wannier exciton
(typical of inorganic
semiconductors)

000000
© 0,6 060
@ %o @ 0o
2 0'0.20.% @
@200 20

Semiconductor band structure

4 | conpucTiON
BAND
ahv :
+
VALENCE L
BAND

Ground state Wannier exciton

Binding energy ~ 10 meV
radius ~ 100 A

A

Energy

Frenkel exciton

(typical of organic
materials)

2 © © ©
@ 05 O

2 © © ©

Organic electronic structure

LUMOI 1S
: hv
%H%g $Q

HOMO

i

—H—

Ground state  Frenkel exciton

Binding energy ~ 1 eV

radius ~ 10 A

@ : electron, @: hole.

Figure 1.1: Types of excitons propagation in inorganic and organic semiconducting molecules and

their corresponding band structure diagram, respectively.[27]

semiconductors. In charge transfer excitons, the carriers are typically located on nearest

or next-nearest neighbour molecules. This remarkable excited-state (exciton) features



make organics essentially dissimilar from their inorganic systems, which after forming
EPs provide excellent photonic properties down to micro-scale such as subwavelength
waveguides, high-quality resonators, and RT lasers.[2]

The organic nano-structures materials exhibit relatively high optical loss
compared with inorganic materials it is because of the low n (low &,.) of former and, they
still attract the attention of materials chemists and physicists because of their diverse
structural shapes and opto-electronic properties. The optical and opto-electronic
properties of organic solid state materials are dependent exclusively on their weak
intermolecular interactions[30] because organic nanostructures are shaped through
interactions such as hydrogen bonding[31l, m-m stacking32], van der Waals forces[33] and
charge transfer interactions.343¢] These weak intermolecular interactions allow
fabrication of more simplistic superior organic nano-structures under mild conditions
compared to their inorganic counterparts. Further, it is established that well-ordered
organic molecules in the solid state show diverse energy/electron transfer processes and
have excessive charge-carrier mobility,[3738] thus allowing intense luminescence,
effective photon confinement, stronger EP coupling, etc. Organic materials also show
tunable optical properties based on molecular design (conjugation, symmetry,
polarizability, refractive index), size and shape-dependent light confinement, flexibility,

optical (linear and nonlinear), opto-electrical, and opto-mechanical properties.[39-42]

The above attributes offer organic nano-materials better optoelectronic and
photonic performances such as optical waveguiding, emission at diverse wavelengths,

low-threshold nano-lasers, light-emitting devices, photon-detecting devices, etc.

1.2. Fabrication Methods for Photonic Structures:

Fabrication methods are classified into Top-down and Bottom-up approaches
based on the way of the assembly of atoms or molecules within in the system.[43-45] Using
the above techniques organic molecules can be easily processed into nano-/micro-

structures of various shapes via solution and sublimation based technologies.



1.2.1. Top-Down Approach:

Breaking down a large piece of a macro-scopic material down to nano-scopic level
in an orderly fashion is known as a top-down approach. Renowned techniques, such as

photolithography and electron beam lithography,[#¢! anodization, ion- and plasma-
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Figure 1.2: Approaches toward nano-/micro-structure production.

etching, and micro-contact printing all belongs to this type of approach. Here the former
technique can be used to achieve feature less than 100 nm. Nano-imprint lithography can
be used to achieve sizes down to 10 nm, and further improvement of this technique is

still in the research stage (Figure 1.2). [47-49]

1.2.2. Bottom-Up Approach:

In the bottom-up approach “smaller atomic and molecular components are
arranged into larger nano-/micro-scopic assemblies. This type of assembly is driven by

intermolecular interactions viz. hydrogen bonds (~5-30 k]J/mol), m-m interaction



(~8-12 kJ/mol), and van der Waals forces (~2-4 k]J/mol), which are weaker than the
chemical bonds between atoms (~150-1000 k]/mol).[50-521 The examples of bottom-up
methods are, self-assembly of nanoparticles or polymers, [53] small organic molecules, 54
chemical or electrochemical reactions for precipitation of nanostructures, sol-gel
processing, laser pyrolysis, and chemical vapor deposition (CVD). Although the use of the
bottom-up self-assembly principle for miniaturization is cost-effective, the potential of

self-assembly is not in small size but in a complex organization and collective action.[5556]

1.3. Organic Photonic Solids:

1.3.1. Organic Optical Waveguides:

An optical waveguide is a physical micro-and nano-structure is one of the
essential tools of miniaturized nano-photonic devices. These structures are used for

guiding the electromagnetic waves into the desired path from one point to other along a
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Figure 1.3: Cartoon representation of the cross-sections of various organic optical waveguides in
comparison with a commercial silica fiber. n = refractive index. Reproduced from ref. 62 with
permission from The Royal Society of Chemistry.

particular direction.[37:581 [n 2009, Prof. K. Kao has received the Noble Prize in Physics for
his breakthrough experiment on the light transmission in silica fibers for optical

communication.[5?1 Commercial optical fibers are much thicker than the human hair (10

7



- 100 pum) composed of either transparent polymers or silica (Figure 1.3). These fibers
consist of core and cladding, where refractive index (n) of the core is higher than that of
the cladding. Consequently, the light is transmitted inside the core because of total
internal reflection (TIR). Due to the high refractive index (n ~ 1.56-1.6), organic one
dimensional (1D) structures such as fibers, tubes, and rods, can also confine photons and
propagate them along their long axis. One of the exciting properties of organic optical
waveguides is their micro-size, high-flexibility, which are important to alter the target of
the guided source light down to micro-domain. Organic optical waveguides are
categorized into two types such as active waveguides(9.61] and passive waveguides [62-65]

based on the type of light-organic matter interaction within the structures (Figure 1.3).
1.3.2 Active Organic Optical Waveguides:

In an organic active optical waveguide, the building block molecules absorb the
input laser radiation and propagate the spontaneously emitted fluorescence (FL)
towards the output end of the elongated structure via EP type propagation
mechanism.[66-691 One of the main criteria to excite an active optical waveguide is that the
wavelength of the interacting light should be within the solid-state absorbance range of
the molecular matter. Nano-/micro-organic optical waveguides fabricated from small
organic building blocks possess 1D structure for example nano-wires, nano-fibers, nano-
ribbons, nano-rods, and nano-tubes, etc. Besides, 1D-waveguides, 2D structures such as
sheets, and tiles have drawn much more attention due to their directional 2D light
propagation (1D optical confinement). Recently, multidimensional shape-shifting
organic waveguides are also of interest since these shapes can be exploited in directional

waveguiding and also in light harvesting applications.

For example, Zhao et al prepared tubular 1D micro-rods and micro-tubes from
9,10-bis(phenylethynyl)anthracene (BPEA) molecule via self-assembly technique on a
quartz substrate. BPEA is a light-emitting dye with very high luminescence efficiency.[70]
The FL microscopy image of the BPEA tubes displayed a typical green to yellow emission.
Further, a very bright luminescence spot which appeared at both tips of each tube and

relatively weaker emission from the tube bodies confirmed their optical waveguiding



characteristics (Figure 1.4a). Further BPEA tubes let the locally excited FL propagate

along the long axis of the
elongated structures and out-
couple at the tube tips (Figure
1.4b). The refractive index of
the BPEA is ~1.65, and that of
the quartz substrates is ~1.5
at the measured wavelength.
The small difference in the
refractive indices results in a
substantial optical energy
leakage from the micro-rods.

However, in tubular

Figure 1.4: a) FL microscopy image of some isolated BPEA tubes
excited with blue light (460-490 nm). Scale bar is 20 um. b)
Bright-field image and micro area FL images obtained by
exciting the identical tube at three different positions. Scale bar
is 10 um. The squares indicate the excited positions. Reprinted

structures, propagation of

light at the boundary of BPEA GmbH & Co. KGaA, Weinheim.
and the air inside the tube, eliminating the optical loss

considerably.
1.3.3 Passive Organic Optical Waveguides:

Passive optical waveguides,[6364] on the other hand do not
absorb (elastic light-matter interaction) the input light source,
except some weak scattering interactions (Raman scattering,
etc.,), consequently they guide the source laser light along the
waveguide. The function of passive organic waveguides is quite
similar to commercial optical fibers. Passive organic
waveguides can be activated by exciting them with a light
source of a wavelength away from the molecular absorbance
window of the material. Thereby electronic excitation and PL
can be avoided and the input light can be guided to the output
end of the waveguide. In 2013, for the first time, Chandrasekar

et al. at the University of Hyderabad have demonstrated, the

with permission from ref. 70. Copyright 2013 Wiley-VCH Verlag

1.5: Passive
waveguiding

Figure
optical
behavior of an organic
bent tube. Reproduced

from ref. 62 with
permission from The
Royal Society of
Chemistry.



passive waveguiding nature of self-assembled organic submicro-structures (Figure

1.5).[6566]

1.4. Optical Micro-Cavities:

Optical cavities or resonators play an essential role in laser devices, optical
filtering, nonlinear optics (NLO) and so on.[71-76] Photons are trapped in all dimensions
depending upon the geometry of the optical cavities, subsequent producing optical
resonance within a small a b
volume of materials. This

> s
optical confinement enhances e = >
light-matter interactions x ' >
within or surface of the cavity
(dye material, single molecule,
single virus, etc.) and thus Figure 1.6: Micro-cavity configurations according to

improving the intensity of the different confinement methods. a) Fabry—Perot micro-

cavity. b) Whispering gallery mode micro-cavity.
resultant optical signal
compared with that in free space.[77-81]

In a conventional optical cavity, trapped light reflects several times between the
mirrors and subsequently, only a certain number of frequencies of light will be sustained
by the constructive interference, while the remaining will be suppressed by destructive
interference. [82-85]

Generally speaking, the configuration of micro-cavities can be classified based on light

confinement geometries as (Figure 1.6);[86-90]

e Fabry-Perot (F-P) micro-cavity

o Whispering-gallery-mode (WGM) micro-cavity

In this thesis F-P and WGM resonators are presented, hence their basics will be discussed

briefly in the following sections.
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1.4.1. F-P Micro-Cavities:

In F-P resonators extremely reflecting mirrors are employed and numerous
reflecting light beams superimpose to produce interference patterns, producing clearer

optical fringes. For this purpose, a combination of mirrors which are mounted parallel to

R, R,
r—

Input Light -
At Each Angle, Light

/ Interferes, either

I Mirror Surface C°"S""“'YEIV'°r
3 Face Each Other — Destructively.

Figure 1.7: a) F-P micro-cavity with two mirrors (R: and Ry). Here Ry is fully reflective and R; is partial
reflective mirrors. b) F-P resonator representing with standing waves.
each other is used.[?l] Amongst organic micro-structures mainly, nano-wires, micro-rods,
micro-sheets and micro-tapes act as F-P resonators (Figure1.8).092-94]

To understand the function of F-P resonators, at the start, let us consider a beam

of unicolor light of wavelength A, and intensity Ii is incident on the flat parallel mirror

Figure 1.8: The different geometries of organic F-P resonators. The geometries a, b, c and d are
nanowire, nano-/micro-tapes or ribbons, micro-rod, and micro-sheet, respectively.
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separated by some distance (also known as cavity length L) to a second mirror and is
reflected several times back and forth by the reflecting surface of the mirrors. At resonant
condition, that is, when the round-trip path length of light is equal to an integer number
of the light A, constructive optical interference takes place inside the cavity. [°4 This is

mathematically expressed as,

A
nL = rnE .......... >1.2

where n, and L are the phase refractive index of crystal and round-trip distance,
respectively, and m (an integer) is the order of mode. If the above condition is not

fulfilled, due to destructive interference, the light is almost completely suppressed.

For 1D organic structures such as micro-wires, micro-rods, nano-/micro-tapes,
and 2D structures like micro-sheets, and micro-tiles the expected resonator type is F-P
(Figure 1.8). For example, Zhao et al reported F-P type micro-wire (MW) cavities
composed of 2-(2’-hydroxyphenyl)benzothiazole (HBT) molecules, (Figure 1.9a), which
were self-assembled via a liquid-phase method.[°5] The FL microscopy image of the HBT

micro-wire, shown in Figure 1.9b presents an intense green FL. The scanning electron

L=5.3 ym As14nm=8.1 nm

L=7.7 um Ms14nm=0.8 NmM

L=14.5 pm Mg14nm=3.2 NM
Microcavity

)

Figure 1.9: a) SEM image of a HBT micro-wire with square cross-section and smooth face. Scale bar:

480 500 520 540 560 580 600
Alnm —

2 um, chemical structure of HBT. b) FL image of some discrete HBT wires excited with the UV band
(330-380 nm) of a mercury lamp. Scale bar: 10 um. c) Bright-field (top) and FL (middle) images of a
single HBT wire (L=14.5 um) excited with a pulsed laser (355 nm). EX: excited spot; WG: waveguided
spot. Scale bar: 5 um. Bottom: depiction of a nanowire waveguide, with cleaved ends defining a F-P
cavity. d) Modulated FL spectra collected at the guided tips of three HBT nanowires with different
lengths. Reprinted with permission from ref. 95. Copyright 2013 Wiley-VCH Verlag GmbH & Co.
KGaA. Weinheim.
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microscopy (SEM) image showed a distinct wire-like morphology with smooth surfaces
of HBT micro-wire (Figure 1.9a). When a single HBT micro-wire was excited locally with
a focused femto-second pulse laser beam (355 nm, 150 fs), a guided propagating green
light from excitation point to the tip ends was observed (Figure 1.9¢). This revealed that
the photons can be efficiently confined and guided along the wire axis, and outcoupled
selectivity from the tips. The HBT micro-wire can be treated as F-P cavity, with two flat
end facets serving as mirrors for the reflection action to occur. This leads to a discrete set
of resonant modes in the FL spectra (Figure 1.9d). To investigate the micro-cavity effects,
FL spectra were collected from the end tips of HBT micro-wire of different lengths (L =
5.3, 7.7, 14.5 pm). As shown in Figure 1.9d, with an increase of cavity length the
modulated FL spectra presented an increasing number of modes. This is because the
mode spacing (AA) or free spectral range (FSR) is inversely related to nano-wire length

(L) as per the equation

FSR (or) AA=A*/2Ln, e 513

where ng is the group refractive index as a function of wavelength. The linear relationship
between A?/2Ln, and the length of the nanowires indicates that the FL modulation is

resulted from the axial F-P-type cavity resonance. [Discussed in detail section 1.4.4]
b 14
12

10 |

Intensity (Arbitrary Unit)

| Wi

568 570 572 574 576
Wavelength (nm)

Figure 1.10: a) The FL image of a BP3T crystal under ultraviolet light and BP3T chemical structure.
b) Spectrum of the BP3T crystal due to the natural F-P resonance of parallel crystal edges.
Reprinted with permission from ref.96. Copyright 2013 Springer Nature.
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Similarly, Bisri et al reported a single-crystal F-P micro-crystal cavity composed
of 5,5"-di([1,1'-biphenyl]-4-y1)-2,2":5",2"-terthiophene (BP3T) molecules, self-assembly
via a liquid-phase method.[?¢] Figure 1.10a presents the FL microscopy image of the BP3T
single crystal with sharp and parallel crystal edges showing a strong orange FL from its
edges. The high-resolution FL spectrum of BP3T crystal clearly depicts sharp modes due
to F-P resonance (Figure 1.10b).

1. 4. 2. Optical WGM Micro-Cavities:

The term whispering-gallery-waves (acoustic waves) was first coined by Lord
Rayleigh in to describe the sound amplification phenomenon of the gallery located under

the dome of St. Paul’s Cathedral in London.[°7.98] Later, Raman and Sutherland visited the

Figure 1.11: a, b) Schematic of light confinement inside a spherical and hexagonal WGM micro-
cavities by total internal reflection.

same cathedral and conducted a series of experiments to improve the observation made
by Lord Rayleigh.[°9] This effect can also be observed in light waves trapped within micro-
sized circular or spherical or hexagonal structures producing WGMs or resonances in the
FL spectrum. These modes correspond to the frequency of the waves circling around the
cavity. In a 2D WGM micro-cavity, light is confined as a result of numerous TIR which
occurs at the interface of the cavity surface and air (Figure 1.11). Further, the strong
optical confinement is due to the large refractive index contrast between the resonator

material and its surrounding.[100,101]
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Suppose if the circular cavity is optically lossless then self-interference between
waves occurs after the light traveling one round, light waves which satisfy the following

fundamental resonance condition can be self-reinforced while others are blocked.

mA = 2mng R e > 1.4
Nefr is the effective refractive index of the resonant mode, R is the resonator radius, A is
the light wavelength in vacuum, and m is an integer giving the number of wavelengths in

around trip of the resonator (mode number).

WGM resonators (WGMRs) can sustain transverse electric (TE) and transverse
magnetic (TM) modes¥.[102103] The following equations are needed to comprehend the

polarized resonant wavelengths inside the cavity.[104]

27TRTl1
ATE ~ _ - 15
1 1 nq
m+1.856ms3 + >~
[n? -1
2mRN4
ATM ~x —————— >1.6

1
m+1.856m3 +| - !

2 nq n% -1
Equations 1.5 and 1.6 are the expression for the TE and TM resonant modes in a

WGM micro-cavity surrounded by air. The prerequisite for a WGM micro-cavity is nz > 1

nq
’n% -1

and TE modes resonate at longer wavelengths than TM modes for the same mode

so that light can be confined via total internal reflection. Thus, is larger than

_r
number m.

Importantly, circular resonant cavities provide much higher quality (Q) factors
compared to WGM cavities. The optical resonant modes which are formed in cavities is
dependent on the geometric properties, such as size, shape, and composition of the

supporting structure. Till now, various structures are reported for sustaining optical
¢

In the TE mode, the electric field is transverse to the direction of propagation while the magnetic field is normal

to the direction of propagation. In the TM mode, the magnetic field is transverse to the direction of propagation
while the electric field is normal to the direction of propagation.
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WGMs. These WGMRs are fabricated by using both organic and inorganic molecules.
Here, organic WGM resonators are highly advantageous in providing different resonator
geometries such as micro-spheres, micro-rings, micro-disks, micro-tubes, micro-
capillaries, micro-bubbles, and micro-hemispheres (Figure 1.12) which are tested in
various applications.[106-111]

WGMRs provide high Q-factor, low mode volume, and a large optical storage
density.[112]1 These are important parameters, which can define and characterize WGMRs,

some of them are discussed below.

Figure 1.12. Geometries of organic WGMRs: a) micro-ring, b) micro-sphere, c) micro-sheet, d) micro-
tube, e) micro-hemisphere and f) micro-frustum.

1.4.3. Q-Factor:

In order to measure the light trapping efficiency of a micro-cavity, Q-factor is used.
Itis defined as the ratio of the optical energy stored in the cavity to the energy dissipated
per cycle. It can be estimated from an intense optical mode of the resonance spectrum

according to the following equation.
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__ Stored Optical energy

A
= = —_— 1.7
Q AL Optical Power loss 9

where A is the resonance wavelength of the peak, and 44 is the line width (FWHM) of the
resonant mode. Consequently, Q-factor can be simply calculated from the transmission
or PL spectrum of the resonant mode. The Q-factorl112-115] js also affected by various
optical losses which occur in a resonator. The total optical losses of a resonator coupled
to a waveguide consist of material absorption loss (Qmat), scattering loss (Qss), radiation
loss (Qrad), and external coupling loss (Qex). Totally all these loss mechanisms are known
as the intrinsic loss of the resonator. The global Q-factor is estimated by the individual
loss terms according to where Qmat is associated with light absorption of the material
constituting the resonator, Qss signifies scattering loss due to surface in homogeneities
and contaminants, Qrqd is connected to the radiation loss, i.e., leakage of light through the
curvature surface, and Qex relates to the loss induced by the waveguide coupling or light

coupling.[113-115]

1 1

1 1 1
+ — 4+ +— >1.8
Q Qmat Qss Qrad Qex

Scattering loss can be decreased by reducing the resonator surface roughness or
removing impurities attached to the resonator surface by improving the fabrication
process. Radiation loss directly depends on the size of the resonator and can be reduced
by increasing the size to a certain extent. When the resonator size is larger than a certain
value, light bending radiation loss becomes insignificant compared to other loss

mechanisms.

High-Q micro-cavities are extremely important for the realization of low-threshold
lasers. Regrettably, organic F-P type micro-wire cavities usually show very small Q-
factors (from hundreds to thousands) because of their low end/lateral-facet reflectivity.
This is because of the undesired out-coupling of photons from such F-P-type cavities.[116]
In comparison, organic micro-rings or micro-disks can support WGM resonances, where
the FL photons can be firmly confined by TIR at the cavity periphery, possibly

contributing to a very high Q-resonances. The Q-factor is directly related to photon
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lifetime (tr) of a resonator, tr is the time necessary for the optical energy in the resonator

cavity to decay to 1/e of its original value.[116]

1.4.4. Free Spectral Range:

The free spectral range (FSR) is used to describe the size-effect of an optical
resonator on the number of modes. FSR value characterizes the spacing (in optical
frequency or wavelength) between two successive optical modes belong to the same
family.[1171 FSR gives a quantitative measure of the length or diameter of the cavity (see
equations 1.3).

The FSR or AA can be calculated from the distance between two adjacent angular
mode numbers m and m — 1. In a WGM micro-cavity, we have the following equation for

the fundamental modes (radial mode number r = 1):
2Mg TR = MAy = (M= DAy = (M= DAy + A1) oo 519

where n,; is the effective index or n, group refractive index, in case of pulse laser
excitation. R is the radius of the WGM micro-cavity, m4,, and (m — 1)A,,_, are
wavelengths of two successive modes. The FSR is related to R by the following equation.

AZ
annR

FSR = AA =

In correspondence with the refractive index, ng of a material can be defined as the ratio

of the vacuum velocity of light to the group velocity in the medium.

1.5. Polar Molecular Crystals:

In a polar crystal, there is a direction which is not transformed in the opposite
direction by any symmetry operation of the crystal class; that direction is named as the
polar axis of the crystal. The unit cells of polar crystals possess a nonzero dipole moment
due to non-centrosymmetric nature.[118 Hence these crystals are NLO active and further,
it is exploited for various advanced technological applications, such as pyroelectricity,
piezoelectricity, ferroelectricity, second harmonic generation (SHG), terahertz (THz)

production, and electro-optic effect.[118-120]
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In centrosymmetric crystals, the center of symmetry transforms each direction in
the opposite one thereby making them non-polar. Interestingly, only 10, out of the 21
crystal classes are polar. Structural point of view, ferroelectric polar crystalline materials
are generally classified as inorganic, organic-inorganic, supramolecular and single-
component-organics.[121-126] Amongst the later type of crystals, molecules owning high
molecular hyperpolarizability () add together due to near parallel order of the
molecular dipoles thus increase the macroscopic second-order nonlinear susceptibility
(%(3)). The dipole-dipole intermolecular forces play a significant role in crystals of dipolar
organic molecules. Further, organic polar crystals are decisive for their optical
transparency, stability, light-weight, lower-cost, solution processability, and
environmentally friendly nature.[127]

A recent example of a polar organic crystal which is grown from 2-[3-(4-
hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene]malononitrile (OH1) molecule shown
in Figure 1.13a.[128] The molecule OH1 is nearly planar with the exception of the C(CH3):

3 NG . Polar axis
/ CN & " " "
T
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b - » _re :"
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s \ /
¥ b
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Figure 1.13: a) Chemical formula of the molecule OH1. b) photograph of OH1 c) View of the unit cell
of OH1 projected along the a axis. The charge transfer axes of the molecules form an angle 8,= +20.2°
with the crystallographic c axis in this plane. Reprinted with permission from ref.128. Copyright 2013
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

group. It crystallizes in the orthorhombic space group Pna21 (point group mmz) with four

molecules within the unit cell. The main direction of the first hyperpolarizability S of the

molecules (charge transfer axis) forms an angle of 6= +28° with the polar c axis. The
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molecular arrangement in the bc plane of the unit cell is presented in Figure 1. 13(c). The
angle between the polar axis and the projection of the molecular main axis ff onto the bc
plane is 64, = *20.2°. The dielectric axes also coincide with the crystallographic axes

because of the orthorhombic symmetry of the crystal.

1.6. Ferroelectricity:

Polar crystalline materials act as ferroelectrics via electric switching of their
inherent electric polarization.[129-135] After the discovery of Rochelle salt, a double
salt of tartaric acid, [KNaC4H406]-4H20 with the ferroelectric transition temperature (7<)
of 296 K, the pursuit for room temperature ferroelectric materials is an ever-continuing
one.[13¢] Especially, ferroelectric random access memory and ferroelectric field-effect
transistors are contemporary goals for practical applications.[137]

In a ferroelectric material, the individual dipole moments add up producing a net
permanent dipole moment or macroscopic polarization (P). Therefore P cannot be
generated in a structure which has a center of symmetry, because any dipole moment
produced in one direction would be forced by symmetry to be zero. Consequently, non-

centrosymmetric materials exhibit ferroelectrics property.
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Figure 1.14: The hysteresis loop of electric field (E) against polarization (P) is one type of evidences
for ferroelectricity. This electronic behaviour occurs because of the lattice distortion that rearranges
the orientation of dipoles within a material in the presence of an electric field. The polarization value
in the absence of an electric field is known as the remnant polarization (P;) and the electric field
needed to reverse the polarization is called the coercive field (Ec). Reprinted with permission from
ref.138. Copyright 2013 Springer Nature.

20



In ferroelectric materials, the critical electric field necessary for reversing the
polarization is known as a coercive field (Ec) (Figure 1.14). The electric displacement (D)
as a function of field strength (E) accordingly draws a hysteretic curve (D-E loop)
between opposite polarities, and this electric bistability can be used for non-volatile
memory elements. When the applied electric field returns to zero, a remnant polarization
Pr remains which is either positive or negative depending on the history of the applied
field. The field at which the polarization switches sign is called the coercive field Ec. To
enable low voltage switching, Ec must be small or the ferroelectric needs to be thin.

Ferroelectric materials differ from dielectrics by their behavior in response to an
electric field. A dielectric is an electrically insulating material which becomes polarized
in an electric field. Its behavior is described by the electric displacement field D, which is

defined as:
D= gE+P e 111
with &; the permittivity of free space, E the electric field and P the polarization density.

Both D and P have charge per unit area (C/m2) as dimensions. Most dielectrics are
adequately termed as linear, homogeneous, isotropic and instantaneously responsive to
the electric field. In such a case, the polarization P or Pj;, is proportional to the applied
field E. Hence, a measurement of D versus E forms a straight line through the origin:

Pin=¢xE e 5112
D = 80(1 +X)E =& &E 0 e >1.13
where, Py, is the linear polarization, y the electric susceptibility, and &, the relative

permittivity or dielectric constants, which are dependent on the nature of dielectric
material.

The hysteresis loop of the electric field (E) against polarization (P) is one type of
evidence for ferroelectricity (Figure 1.14). For a true ferroelectric material, the remnant
polarization is persistently reversible by an electric field. These bistable states are
thermodynamically stable due to cooperative interactions which favour a parallel
alignment of electric dipoles. The appearance of these dipoles depends on the type of

ferroelectric material those are (i) displasive type and (ii) order-disorder type (Figure
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1.15).[139-141] The first type is triggered by the relative displacement of ions, which
generates spontaneous polarization, an example is as PbTiOs. This type of ferroelectricity
involves some structural instability that produces spontaneous lattice deformations into
a polar state. This state can happen only when an electrostatic attractive force is
originally in a subtle balance with the rival short-ranged repulsion force between the

ions. The second type is the order-disorder ferroelectric which is composed of polar ions

Thiourea

Displacement

Figure 1.15: Representation of ferroelectric materials and the origin of their dipole moment p or
polarization P (open arrows). a) Typical examples of displasive type ferroelectric inorganic materials.
b) Conventional organic ferroelectric substances. Reprinted with permission from ref.142. Copyright
2013 Springer Nature.

or molecules with a permanent dipole. In the paraelectric phase, these permanent dipoles
are randomly oriented which results in a zero net dipole. In the ferroelectric phase, the
permanent dipoles are aligned in such way that a net macroscopic dipole arises. An
example is the organic compounds like thiourea, OH1, 2,2,6,6,-tetramethyl-1-
piperidinyloxy (TEMPO) free radical and copolymers of vinylidenefluoride and
trifluoroethylene.[142143]

In ferroelectric materials, the Curie temperature (7¢) defined the paraelectric to a
ferroelectric phase transition. In addition to usual ferroelectricity, upon femtosecond
optical pumping polar organic crystals might display technologically useful second-order
nonlinear optical (NLO) effects such as (i) second harmonic generation (SHG)[144145]
under proper phase-matching conditions, wherein two low energy photons (®) are
destroyed in non-centrosymmetric materials to create one photon of twice the energy

(2w) and (ii) terahertz (THz) generation[146] via optical rectification of femtosecond laser
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pulses. SHG is useful in ultra-fast all-optical processing, electro-optical modulation, and
frequency conversion, sensors, and memory device applications[47-150] and THz is
essentially useful to investigate phase transitions, ferroic order excitations,
magnetization dynamics, ferroelectric excitations, superconductive properties, and

linear and nonlinear phonon excitations.[151-154]

1.7. Nonlinear Optical Properties:

In NLO materials, the response of an optical material is no longer proportionate
to the amplitudes of applied electric and magnetic fields.[155-1601 NLO phenomena are only
observable during the interaction of highly intense light such as a pulse laser with NLO
material. Here the laser light is sufficiently intense to modify the optical properties of
matter (for example an electronic intensity of 5 x 1011 V/m binds the electron in a

hydrogen atom) and hence produce detectable NLO effects. The NLO response of atoms
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Figure 1.16: Graphical representation of TPL, SHG, and OPL processes. Here Sp is ground state, S; is
first excited state, and S, corresponds to virtual state.

arises due to an anharmonized distortion of the electron clouds of an atom induced by
the incident intense light energy. The electric field, E causes a separation of charge in the
direction collinear to it due to the displacement of the positively charged nucleus in the
E-direction and the negatively charged electron cloud in the opposite direction. The
response of an optical material is articulated in terms of the induced macroscopic

polarization.[161-165]
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In NLO materials the polarization (P) depends upon the strength of the input
electric field (E).[166-169] The interaction time between the electrical oscillations and the
bound electrons in the atoms is extremely short, producing an instantaneous response of
the medium. To describe more precisely the concept of an optical nonlinearity, let us
consider how the dipole moment per unit volume or time-dependent polarization P(t)
depends on the strength E(t) of an applied field.

In linear optical materials, the induced polarization is proportional to the
amplitude of the applied electric field:

P(t) = gxE(®) e > 1.14

In NLO materials, the relation between P and E is no longer linear. The
microscopic polarization P,,;.., induced in an atom or a molecule by an external optical
field E can be written as Equation 1.15, where the vector quantities P,,;.-, and E are
related by the tensor quantities «, f and y, which are often denoted to as the linear

polarizability, first hyperpolarizability, and second hyperpolarizability, respectively.
Ppicro(t) = aE(t) + BE?(t) + yE3() +-- >1.15

Similarly, the simplest form of macroscopic polarization P, ., induced in a medium
by optical fields can be represented by a power series in the optical fields as given in

Equation 1.16,[170 where E is the total optical field, the ¥ is the nt-order dipole

susceptibility.
Pracro(®) = &[xPE®) + xPE2(t) + x®E3 ()] + -+ e 5116
Pmacro(t) = P(l)(t) + P(Z)(t) + P(3)(t) F e 3117

Where y®@and y®are known as the second- and third-order NLO susceptibilities,
respectively. Typical values can range from 1 to 100 pm/V for xPand from 10-24to 10-19

m2/ V2 for y®.
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The ratio of successive terms in the polarization P can be described approximately
by Equation 1.18, where E,; is atomic field strength at a distance equal to the Bohr radius

ao of the proton. So, E,;; = e/4n‘g 2= 5.15x10° V/ cm. This corresponds to laser power
o*o

7x1016 W/ cm?, while irreversible NLO effects appear generally with laser powers less

than 1011 W/ cm?.

|p(n+1)/P(n)| N |E/Eat

y(Mis of the order of unity for condensed matter, y (2 =1 /(Ea)2=1/Ea=1.94 x 10-12m/V
and y®)=yM/(Ea)? =3.78 x 1024m?2/V?,

1.7.1. Second-Order NLO Interactions:

The important outcomes of the second-order NLO effects are (i) SHG) and (ii) THz
production. In the former case, two low energy photons () are destroyed in non-
centrosymmetric materials to create one photon of twice the energy (2»), whereas in the
latter case, and THz pulses are generated via optical rectification (OR) of the fundamental
femtosecond laser pulses. The second-order term of the nonlinear polarization is given
in eq. 1.19,

P(Z)(t) = EOX(Z)E(t)Z .......... >1.19
As pointed out earlier, second-order NLO interactions can arise only in non-
centrosymmetric crystals, that is, in crystals that do not exhibit inversion
symmetry (P(—E)) = —P(E) which leads to the cancellation of induced polarization.

The principal prerequisite for a material to produce a second-order NLO response
is noncentrosymmetry of the structure along the direction of the electric field. Consider
a material with inversion center such that it is symmetric in all directions. If the electric
field with time-dependent magnitude

E(t)=E,coswt e > 1.20
is incident upon such a medium, the magnitude of the subsequent second-order
polarization filed is written as

P,(t) = gox PE2(t)

Due to the inversion symmetry, the following relation must exist:
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—P,(t) = 30)((2) [-E2()] = e 5121
_Pz(t) = goX(Z)Ez(t) .......... >1.22

Equations 1.21 and 1.22 can both be true only if the polarization field is zero,
representing x@= 0 for centrosymmetric media. Further, this can be exemplified by
bearing in mind that the induced dipole moment of a second-order NLO molecule in a
sinusoidal electric field polarization in the plane of the page, both linear media and
centrosymmetric nonlinear media yield a polarization field that includes only odd

harmonics.

In a second-order NLO process, the resultant nonlinear polarization created in a

NLO medium can be written as
P@ () = %eox(z)Eg + %eoX(Z)Eg COS2Wt e >1.23

Equation 1.23 shows that P@(t) consists of two terms, the first term is a non-
frequency contribution known as OR and second term contributes to generation of 2w
(SHG).

OR, which is the generation of a steady polarization or low-frequency polarization
in certain nonlinear crystals by the action of an intense femtosecond pulse optical field,
was first observed in crystals of KH2POs4 (KDP) upon transmission of ruby-laser
radiation. As per the linear electro-optic effect, the polarization of a crystal is changed
by the application of an electric field. On the other hand in case of OR process, the reverse
happens; a change in the polarization of an NLO material generates a direct current (DC).
One of the important outcomes of OR process from the NLO material is a generation of
radiation in the order of THz in the range of 0.1 THz and 20 THz. OH1 crystal as

discussed earlier in section 1.5 is well-known for the generation of THz waves.[171-173]

1.7.2. THz Radiation Generation:

The THz frequency gap is positioned between high-frequency electronics
(microwaves) and long-wavelength photonics (Far IR).[174178] THz generation via OR

process is currently the driving force for developing and optimizing advanced NLO
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materials. For this, the crystal should be transparent in the THz region and must possess
a high electro-optic coefficient. Many dielectric crystals like ZnTe, GaP and organic
crystals such as DAST, and OH1 are known for THz generation via OR process (Figure
1.17). The organic materials show higher THz wave generation efficiency than inorganic
materials, due to the low dispersion of the dielectric constant (refractive index).

OR is a second-order mixing process in which an envelope of a femtosecond pulse

interacting in NLO crystal produces a time-varying low-frequency polarization in the THz

femtosecond laser pulse nonlinear medium single cycle THz pulse
(10-100fs) (3 (ps)

d?P/d’t

Figure 1.17: THz generation through optical rectification in a nonlinear medium (taken from internet
source).

region. For efficient conversion, the optical group velocity (v,) of the generating pulse

should match with generated THz phase velocity which is given in equation 1.24.

%P (t,w)

7 o< wxl(wx) .......... >1.24

Ery,(t, )

Fundamentally, the produced THz wave is proportional to second order derivative of
second order polarization (from equation 1.24) and the second order polarization is
proportional to the intensity of the femtosecond pulse. Basically, THz is second order
derivate of optical pulse envelope (Figure 1.17).

The THz radiation range is dependent upon the duration of the pulse. The shorter the
pulse, the broader the possible THz frequency range will be. For instance, a femtosecond
laser pulse with a pulse length of 20 fs can generate a broadband THz pulse in a NLO
crystal extending up to about 20 THz. The main requirement for OR is again good phase

matching between the pump optical wave and the generated THz wave, often referred to
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as velocity matching, because the generated THz wave should travel at a speed close to

the pump optical pulse in the crystal.
1.7.3. Phase Matching Condition:

The efficiency of the NLO frequency conversion will be maximum only when
the second harmonic (SH) waves generated by different atoms interfere constructively
or, at best, do not cancel each other (Figure1.18a). For an efficient production of SHG and
THz, the condition, k, = 2k, is to be satisfied, where k;and k, are wave vectors. This
requires same phase velocity of both SH and fundamental beam and can be written more

generally for 2D space as

kZ = Zkll Ak = 0 .......... > 1.25
The above relation is known as perfect phase matching condition,[179-182]1 were Ak is
phase mismatch factor. The phase matching condition needs conservation of linear
momentum to endure a mutual interaction over extended regions of space between the
fundamental and the generated harmonic field.
a b
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Figure 1.18: a) Second harmonic generation is phase-matched when both the fundamental and the
SH waves travel with the same velocity. b) Vectorial representation of phase-mismatched and phase-
matched conditions.

That is, for efficient SHG and THz generation, the n of the material should be the
same at frequencies ® and Zm. Nevertheless, most optical materials demonstrate

dispersion of refractive index, wherein the normal dispersion region, the refractive index
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increases with increasing frequency of light, thus usually, nze > ne. Hence, mostly the
above condition in Eq. 1.26 is not met, and therefore generally the phase mismatch factor
is non-zero Ak # 0. Here, the coherence length [, relates to the distance over which the

SHG intensity drops to zero after propagating in the material.

_2m _ 27 _ Ao 51.26
Ak k2w=2kg B 2(nzp—nw) '

Le

A, is the wavelength of the fundamental beam. The [, indicates the maximum

(homogeneous) crystal or medium length that is use full in producing the SH power.

1.7.4. Two-Photon Absorption and Emission:

The theory for two-photon excitation was first proposed by Maria Goppert-
Mayer,[183]1 which was later experimentally substantiated by Kaiser and Garret.[184] In
two-photon absorption (TPA), the molecule interacts with two photons of light
simultaneously in its ground state and gets excited whereas, in one photon absorption
(OPA) the electron gets promoted to its excited state from its ground state by absorbing
one photon. In TPA, the virtual or intermediate transition state is of importance for
understanding and describing the total event. TPA is of a great interest in numerous
applications[185186] including microscopy, optical power limiting, 3-D fluorescence
imaging, photodynamic therapy, non-invasive bioimaging, localized release of bio-active
species, up-converted lasing, micro-fabrication and three-dimensional data storage.

In two-photon excitation process a fluorophore or chromophore simultaneously
absorb two photons and gets electronically excited as shown Figure 1.16. In contrary, the
normal OPA process typically requires high energy photons in the ultraviolet or
blue/green spectral range. Nevertheless, the same excitation process can be generated in
two-photon active materials by the simultaneous absorption of two less energetic
photons (in the infrared spectral range) under suitably intense laser illumination.

Distinctive from OPA, TPA is governed by different selection rules, [187-190] jn
highly symmetric molecular systems an entirely different set of electronically excited
states can be accessed and probed. An elegant description of selection rules for TPA can

be found in ref. [185]. In particular, a TPA transition is allowed only between two states
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possessing same parity. In molecules with an inversion center, allowed two-photon
transitions are from a gerade (g) state to another g state or from an underage (u) to
another u state, but not between g and u states, whereas in one photon transition
opposite parity (from g to u, or vice versa) is allowed. Consequently, in centrosymmetric
molecules, if the transition from the ground state to any given excited state is one-photon
allowed then TPA is not allowed and vice versa. For molecules without center of
inversion, certain transitions can be both one-photon and two-photon allowed.[291] The
observation of these one-photon forbidden transitions provides invaluable molecular
information complementary to the one-photon spectrum. The theoretical basis for TPA
is as follows:

According to the basic theory of TPA, the weakening of a light beam passing through

an optical medium of thickness z can be written as:

d;(ZZ) = —al(2)-BI%(2) — yI3(z) o >1.27

Here I is the intensity of the incident light beam propagating along the z -axis and «, f3,
and y, are one-, two-, and three- photon absorption coefficients of the transmitting
medium.

The nonlinear refraction (n,) can be related to the real part of ¥ and written as

n, = 3  PRe X(3)] .......... >1.28

T 4gong(w)?e

Where ¢, is the free-space permittivity, ng(w) is the linear refractive index at
frequency (w), and c is the speed of light in vacuum.[1% The unit of n, is m2/W. This
quantity expresses itself as a change in the refraction of a material that is dependent on

input intensity:

n=n0+n2] .......... >1.29

The change in refractive index induces a phase change in the incident optical field and

this phase change is intensity-dependent:
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Ag :i—nnZIL .......... - 1.30

Where L is the length of the nonlinear material and 4, is the wavelength of the optical
field. This intensity-dependent phase change can affect the field propagation in space by
speeding up or retarding the phase front and causing certain propagation effect such as
self-focusing and self-defocusing.

The magnitude of TPA can be characterized as a TPA coefficient () or TPA cross
section (o). Just like the nonlinear refractive index, the TPA coefficient is a macroscopic

quantity and can be related to the imaginary part of 1@ and is written as

3w

g = Im[)((S)] .......... 3131

- 280710(6())26'2

Where the units of £ is in m/W; moreover, f can also be written as a term in the overall

absorption coefficient (a),

a=a0+’8[ .......... >1.32

Where «a is the linear absorption coefficient.

Normally, it is assumed that the incident light has a uniform transverse intensity
distribution and the initial intensity is not dependent on time. The intensity attenuation
via TPA can be described as a function of propagation distance in the z-direction i.e. TPA

appears when there is no linear absorption (a, = 0),

a@ _ _pr2ey
2= —pI*(2) >1.33

The effect of B(A) induce an intensity- dependent attenuation of the amplitude of the
incident optical field as it propagates through a TPA medium.
B (A) is a macroscopic parameter which depends also on the concentration of the

TPA molecules, therefore,

B(A) = 6,(MHNy = d,(A)N,ydy X 1073 [in units of cm/ GW] ~ -eoveeeee > 1.34

Where, 672(A) is the molecular TPA cross-section, in units of cm*/ GW that illustrates

average TPA per molecule, No is the molecular density in units of 1/cm3, Na is Avogadro’s
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number, and do is the molar concentration of the absorbing molecules in units of M.

Similar expression for TPA cross section is

0,(1) = 0 ,(A).hv [incm*/(photon/s) or cm* s units] e > 1.35

Here 1GM = 10-30 cm*s.
The magnitude and phase of y® are associated to its real and imaginary

components (determined by the Z-scan technique) as follows: |)((3)| =

JIRe(x®)2 + Im(x®)2]and ¢ = arctan[Im(x3)/ Re(x?)]. This can be equivalently
expressed as (where ¢ is argument of y®)

Re(x®) = | x®|ecos ¢, Im(x®) = | xPlesing e >1.36

Re(y®) is associated with nonlinear refraction while the Im(y3) is related with

nonlinear absorption.[184

7.1.5. NLO Materials:

Swift progressions in the field of photonics have increased the demand for new
NLO materials. NLO materials possess applications in various fields, such as optical data
storage, telecommunications, and optical information processing. These materials
nonlinear response is determined by the nature of the electronic environment of the
medium, its symmetry and the nature of the nonlinear interaction. These applications
and properties have attracted many chemists to perform the chemical synthesis, and
physicists to target and characterize their functional properties. These materials can be
organic, inorganic, semiconductors and polymers.[18¢]

Inorganic materials can be covalent or ionic, which are commercially available and
are used as modulators, optical switches, electro-optic devices, frequency doubler or
parametric oscillators. Examples of inorganic materials are lithium niobate (LiNbO3),
potassium dihydrogen phosphate (KDP), and BariumBoronoxide (BBO). Semiconductor
materials like gallium arsenide or Cadmium selenide (these being used as quantum dots)

are also used extending Indium antimonide (InSb) has one of the largest known x(? value.
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LiNbOs is the most widely investigated material for electro-optic device applications KDP
is used in high-powered near-IR lasers because it produces phase-matched SHG.[18°]

Organic materials are chemically bonded molecular units interacting through
weak van der Waals interactions. They are emergence as an alternative to inorganic
materials because of their specific advantages such as fast response time, cost-effective,
intrinsic tailor ability and versatility from the chemical synthesis.[184-187] Aromatic
organic dye compounds and compounds with extensive m-electron delocalization can act
as nonlinear materials. These molecules can be easily dispersed in solutions and
crystallized into molecular solids. Basically organic NLO single crystals require molecules
with electron donating and accepting groups connected by a conjugated linker. There is
a tradeoff between the nonlinearity and the wavelength range of optical transparency.
Longer m-conjugated units normally give a larger hyperpolarizability § but also lower the
energy of the first allowed optical transition. The hyperpolarizabilities are strongly
dependent on the length L of the molecular system.[184]

a o L3

B« 3 > 1.37
In addition to longer conjugated m system, the use of suitable functionality at the end of
the m-system can augment the required asymmetric electronic distribution in either the
ground state or the excited state configuration or both. These functional groups can be
electron donating (D) or accepting (A) nature connected to the elongated m-systems.
Mostly, D groups possess p character (sp?) bonding and often have accessible electron
pairs on a p-orbital, and the A groups are categorized by more s-character (sp? or sp)
bonding. Representative D groups are —0~, —NMe2, —NHz2, —OCH3 and —CH3, and typical
acceptors are —CN, —CF3, —CHO, —COCH3, —NO2z and —Nz*.

The second generation NLO materials are made from organic compounds and
polymers. Among these, the most central feature of these organic compounds is their high
nonlinear optical coefficients. It can be several orders of magnitude higher than those of
the best inorganic compounds. Though difficult, a virtuous molecular design may lead to
NLO material possessing both high nonlinearity and a wide transparency range, which is

imperative for practical applications using non-resonant NLO interactions.[18]
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Organic NLO materials may be used in a crystalline form, such as N-(4-
nitrophenyl)-(L)-prolinol (NPP) and 4-N,N-dimethylamino-4'-N'-methyl-stilbazolium
tosylate (DAST). Exciting NLO molecules include compounds having benzobisthiazole,
benzobisoxazole and benzobisimidazole units, substituted benzenes, and conjugated
molecules and polar aromatic compounds.[187.190.191] Dye molecules such as thiacyanine
(TQ), 4-Dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran (DCM),
tartraphenine (yellow dye), porphyrin, and photochromic molecules have been used
individually or in combination with optically transparent polymers such as polystyrene,
polydimethyl siloxane (PDMS), polymethylmethacrylate (PMMA) to fabricate micro-
photonic devices for instance optical waveguides, modulators, optical-filters, mach-
zehnder circuits, resonators, and lasers. In this context, our group, for the first time, has
exploited NLO organic dye molecules to fabricate ultrathin organic surfaces covered with
WGM micro-resonators to achieve high SHG output.[?78] Particularly, organic NLO
materials with room temperature ferroelectricity is of great interest. Recently, several
approaches have been followed on a trial-and-error basis to understand and achieve high
THz conversion power with broad bandwidth in pure organic crystalline materials (such
as OH1, DAST, NPP, graphenel27°1) using OR process. One of the current challenges in
organic materials is discovering novel ferroelectrics with NLO characteristics for electro-
optical applications.

The main work of thesis entitled “Photonic Properties of Organic Micro-Resonators
and Ferroelectric Polar Crystal: Two-Photon Luminescence, Second Harmonic Generation,
and Terahertz Wave Production” is given in four chapters (2-5). The motivation of this

thesis work is discussed in the introduction part of each chapter.
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Single-Particle to Single-Particle
Transformation of an Active Type
Organic Micro-Tubular Homo-
Structure Resonator into a Passive
Type Hetero-Structure Resonator
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Chapter 2 Organic active passive photonic micro-tubular resonators

2.1. Abstract:

Organic micro-tubes with hexagonal cross-section are self-assembled from
back-to-back coupled 2,6-bis(pyrazolyl pyridine) connected to 1,4-positions of biphenyl
(M-1) molecules. These micro-tubes upon electronic excitation with a UV laser display
an active type polarized WGM resonance in the visible part of the electromagnetic
spectrum (400-600 nm). Due to photonic cavity effect, these tubes show FL signal
intensity five times greater than the corresponding powder state. Further, the same
tubes which are passive to a visible laser, produce yellow-orange emitting carbonaceous
lumps when burnt with an intense laser beam (488 nm Ar* laser; 42 mW) forming a
chemically binary heterogeneous micro-structure. This binary hetero-structure upon
excitation with a visible laser at the passive tubular part showed emission in the Vis-
near infrared range (500-800 nm) with WGMs thus producing a passive/active type

hetero-structure photonic resonator.

2.2. Introduction:

WGM emission has been exhibited by organic micro-resonators of different

shapes viz. rings, spheres, hemispheres, and fibers, but one of the missing geometry

Core (n,)

a4
%

J/ Air (n,)

Scheme 1: a) The cartoon represents the length (L), radius (R), and thickness (T) of a self-
assembled hexagonal submicro-tube. n stands for the refractive index. b) The cartoon of
submicro-tube with hexagonal cross-sections, represents light confinement within hexagonal
wall of submicro-tube.
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Chapter 2 Organic active passive photonic micro-tubular resonators

is tubular shape.[101,206-208,192-203] Tybular ring resonators have advantages over the
other resonators as the air medium within a hollow area and around the tube provides
a tight confinement of the trapped light (Scheme 1). Due to the WGM resonance, the
micro-resonator enhances the normal FL intensity by many folds.[202.204] [n this
context, the tubular resonators with a hexagonal cross-section are interesting and
recently ZnO hexagonal tubes showed wall thickness (T) dependent mode
patterns.[205]

So far almost all the reported resonators are active type in nature i.e., the
electronic excitation of a molecular building block followed by trapping the FL light
within the micro-resonator. A passive type resonator can be realized in a photonic
hetero-structure waveguide when it is comprised of chemically distinctive active and

passive type segments (two-in-one). For example, a visible light active structure,
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Figure 1: a) Self-assembly of molecule M-1 into hexagonal micro-tubes.[208] b) Solid state
absorbance of M-1. The inset shows the FESEM image of a micro-tube. c) FL image and
spectrum of an active type submicro-tubular resonator excited with a 355 nm UV laser. The
cartoon represents the length (L), radius (R), and thickness (T) of a submicro-tube. d) FL image
and spectrum of a tip burnt tube (hetero-structure) acting as a passive resonator under visible
laser excitation. The bottom cartoon represents the passive type photonic hetero-structure
resonator.
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Chapter 2 Organic active passive photonic micro-tubular resonators

locally created in a visible light passive waveguide, might act as a passive type
resonator if the excitation and detection are performed in the passive part of the
waveguide. To our knowledge, there is no report verified this concept due to
difficulties in creating two-in-one hetero-structures displaying excitation wavelength
and position dependent emissions. There are reports, which demonstrated both the
active and passive type wave guiding tendency of a single epitaxially grown binary
hetero-structurel?12] and a self-assembled single homo-structure.[213]

Recently, for the first time, Chandrasekar et al. demonstrated the passive type
wave guiding tendency of organic hexagonal submicro-tubes down to the single
particle level.[6270207.210] These submicro-tubes were fabricated via solvent-assisted
self-assembly of a back-to-back coupled 2,6-bis(pyrazolyl pyridine) (BPP) (acceptors)
units connected to 1,4-position of biphenyl (donor) (Figure 1a), M-1.[208] These tubes
acted as passive waveguides upon excitation with visible lasers, since the laser energy
is outside the molecular absorption window (Figure 1b).[691 we have also evidently
observed that at high visible (488 nm) laser power these waveguides burn and
subsequently form highly luminous lumps. Hence these submicro-tubes were taken
as test candidates for creating hetero-structure waveguides cum resonators (Figure
1d).

This chapter presents (i) self-assembly of active type WGM submicro-tubular
resonators from M-1 by bottom-up self-assembly technique (Figure 1c). (ii) Single-
particle to single-particle in situ transformation of an active type submicro-tubular
resonator into a passive type hetero-structure resonator using a high power 488 nm
laser (Figure 1c, d), (iii) detailed investigation of the hetero-structure resonator using
various microscopy techniques (Figure 1d), (iv) comparative performance analysis of
these active and passive type single-particle resonators using single-particle micro-
FL and polarization-resolved spectroscopy studies, and v) the NLO properties such as

TPA and TPL of M-1 in thin film and self-assembled submicro-tubes.
2.3. Results and Discussion:

2.3.1 Synthesis of M-1:

The molecule M-1 was synthesised as per the reported procedure.[208]
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Chapter 2 Organic active passive photonic micro-tubular resonators

2.3.2 Single Crystal Molecular Structure of M-1:

Molecules of M-1 upon slow solvent evaporation in a mixture of MeOH and DCM
(2:3) readily formed colourless needle-shaped single crystals. Single crystal X-ray
analysis of the formed crystals revealed the trigonal R-3 space group (Figure 2,

Appendix B). In the solid state, the torsion angle (®) of the two BPP units and the 4,4'-

Figure 2: a) Single crystal X-ray structure of M-1 with atomic labels. b) Top-view and side-view
of m-n stacked dimer of M-1. c) The solid state molecular packing of M-1 along the

crystallographic b-axis.

biphenyl ring bridge is about 16.5° (Figure 2a). The presence of pyrazole ring
nitrogens in M-1 played a pivotal role in the supramolecular ordering and self-
assembly through intermolecular hydrogen bonding interactions. The two pyrazolyl
rings in BPP core adopted a transoid conformation around the C-N single bonds due
to the repulsive interaction of the lone pairs of the ring nitrogen atoms (N1, N3, and

N5) and C-HeeeN hydrogen bonding interactions. Each unit cell comprises eleven
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Chapter 2 Organic active passive photonic micro-tubular resonators

molecules of M-1. The distance between two adjacent layers of molecules is ~4.25 A
which is away from a typical m---m interaction distance. The other bonding type weak
intermolecular interactions between the molecules of M-1 drive their self-assembly
into submicro-tube with hexagonal cross-sections. The molecular packing view of M-
1 along the crystallographic b-axis displayed a layer type arrangement of molecules

(Figure 2c).
2.3.3. Fabrication of Submicro-Tubes from Molecule M-1:

The submicro-tubes were fabricated as per our reported procedure.[208]
Briefly, in a clean test tube 0.2 mg of compound M-1 was dissolved in 1 mL of DCM (c
~ 0.35 x 10-3 M) and 2-3 drops of the clear solution was slowly evaporated on a clean
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Figure 3: Schematic representation of a solvent-mediated self-assembly of M-1 into micro-
tubes

glass substrate at RT to get nearly micro-tubes (Figure 3). These micro-tubes were

studies by FESEM, TEM, AFM and single-particle micro-FL spectroscopy studies.
2.3.4. Single-Particle Photonic Studies:

In the solid-state, molecule M-1 showed absorption maximum (Amax) at 330 nm
with its absorption tail extending up to ~ 410 nm (Figure 1b). Electronic excitation
within the molecular absorption range displayed a blue FL spectrum with a peak
maximum at 451 nm. Excitation beyond the absorption range (with visible lasers)
produced characteristic Raman signals corresponding to M-1 vibrational modes. For
single-particle micro-FL spectroscopy studies (reflection mode) the tubes (n~1.6)
were self-assembled on a clean glass substrate (Figure 4a). UV laser excitation (355
nm) of one of the tips of a tube showed the active type optical wave guiding tendency
along the tube axis (Figure 4a, b, see the red circle). The micro-FL spectrum collected
from the irradiation area showed a spectrum with a broad feature with an intensity

maximum centered around 440 nm (Figure 4g). Interestingly, laser irradiation away
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Chapter 2 Organic active passive photonic micro-tubular resonators

from the tube ends showed a high-intensity spectrum with a periodic modulation of
the FL intensity indicating the resonator behavior of the tube (Figure 4c-g). A
maximum FL intensity was detected for the localized optical excitation performed at

the middle part of the tube (Figure 4e and g). It is expected that the observed FL
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Figure 4: a) Optical micrograph of a submicro-tube. b-f) FL images of a waveguiding submicro-
tube selectively excited at five different positions. The red circles show the laser excitation and
spectral collection points. g) The corresponding FL spectra with WGM resonance. h) Bright field
image of a tube. i) FL image of a tube with labels. j,k) The corresponding FL spectra displaying
position sensitive TM/TE modes.

intensity modulation is due to the repeated TIR of the trapped FL light inside the
hexagonal tube walls, thereby creating WGM resonance (Schemel). Further
compared to the powder state, the photonic micro-tubes showed five times

enhancement in the FL signal intensity due to the optical cavity effect (Figure 4).
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Chapter 2 Organic active passive photonic micro-tubular resonators

The FSR values of different tubes are intricate by two parameters. For example,

in tubular resonators, apart from diameter (D), according to a plane wave model,[20]

the wall thickness T and R should satisfy the relationship T > ‘/§R/ g so that TIR (at

the interface of the tube wall and air) and optical interference can occur to produce
WGMs. Although the dimension D is feasible to estimate, the measurement of T is not
possible for any tubular structure with a confocal optical set-up. Furthermore, several
micro-FL spectroscopy measurements performed along the tube axis showed only a

slight variation of the FSR values (~11.6 — ~12.2 nm) for the same wavelength modes
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Figure 5: Comparative WGM peak intensity from micro-tube and spontaneous solid-state
emission from the thin film.

(Figure 4 h-k). The variation of the FSR values can be attributed to the small disparity
between the tube D and T values. Interestingly the observed FL spectra consisted of
pairs of several sharp lines. The observations of these split peaks are very much
sensitive to the measurement positions. Generally, these polarized pairs of peaks
correspond to TE and TM modes indicating the orientation of the electric and
magnetic fields, which appear due to the collapse of TE/TM degeneracy (see section
1.4.2 for more details).

One of the important findings of this single-particle experiment is that the
recorded out-coupled emission intensity from the micro-tube is several orders of

magnitude higher than the corresponding homogeneous thin film (Figure 4). This
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Chapter 2 Organic active passive photonic micro-tubular resonators

emission enhancement is because of tight confinement of photons within the mirror-
like reflecting hexagonal optical cavity structure. Further, compared to the powder
state, the photonic micro-tubes showed five times enhancement in the FL signal

intensity due to the optical cavity effect (Figure 5).
2.3.5. Polarization-Resolved Experiments:

A close look at the peaks observed in the FL spectra showed the presence of TE

and TM modes (Figure 4 and 6) which is characteristics of a WGM cavity. To
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Figure 6: a) Polarization-resolved active type single-particle FL spectra of a tube supporting
WGM resonance (Aex= 355 nm). b) The polar plots of the emission intensity observed for TM
(red line) and TE (blue line) polarized modes.

investigate the type of polarization of the pairs of multiple sharp lines observed in the
WGM spectrum, polarization-resolved single-particle microscopy studies were
performed (Figure 6a). Generally, for the same angular mode number (m), the TM
modes resonate at shorter wavelengths than TE modes.[204] The intensity of these
pairs of peaks (TM/TE) is sensitive to the polarizer angle (0). For instance, the
intensities of ~480 nm (TM) and ~485 nm (TE) modes are very much responsive to
the 0 values. At a polarizer angle of 90°, the spectrum mostly consisted of strong TM

polarized WGM resonance modes. At 30°, equal intensities of TE and TM modes were
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Chapter 2 Organic active passive photonic micro-tubular resonators

recorded. Interestingly at 0°, the spectrum displayed a clear TE polarized WGMs
(Figure 6). In agreement with the experiment the TM/TE polar plots showed
vertically and horizontally oriented lobes (Figure 6b). This result indicated that these
tubular micro-resonators can be employed to generate polarized micro-lasers.
Further, in tubular resonators, the Q-factor gives an estimation of light trapping
efficiency and also an important quantity for lasing applications. The Q-factor of the
tubes as a function of D exhibited an increasing trend beyond D~3.5 um, reaching a

maximum value of 280 for TM modes (Figure 7). The lower magnitude and the slight
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Figure 7: A plot of Q versus D for the TM and TE modes.

variation of the Q-values for D values ~ 2.0-3.5 um are probably due to various loss
factors such as radiation (curvature) loss due to smaller D, scattering loss due to
surface inhomogeneity and leakage of the light to the surrounding at the air-organic/
glass-organic interfaces as an evanescent field. The evanescent field occurs via the
Goos-Hanchen shift during each TIR along the circular tube wall. During each TIR, due
to the above shift, light leaks into the low dielectric medium (n:) as evanescent waves.
The property of the evanescent wave is very much dependent upon wall thickness (T)
in tubular geometries. The Q-factor specifies light confinement and the evanescent
wave indicates light loss (low Q). Additionally, for each mode, the TM-polarized peak
showed higher Q-values than the TE-polarized peak as a result of larger light loss (in
comparison to TM modes) during each reflection of the TM-polarized wave along the

circular path.[211]
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2.3.6. Effect of the Substrate:

To investigate the influence of a substrate on the resonator characteristics of
submicro-tubes, nano-manipulation was performed using a confocal microscope
equipped with an atomic force microscope (AFM).[204] One of the selected tubes was
picked up by an AFM cantilever by placing some force on the tube and the cantilever

carrying the tube was titled and subjected to single-particle photonic studies (Figure

AFM
Cantilever

400 450 500 550
Wavelength/ nm

Figure 8: a) An AFM cantilever carrying a tube. b) FL image displaying laser excitation of tube
area (position a), which is not in contact with AFM cantilever. c) FL image exhibiting excitation
of tube area (position b) which is in contact with the cantilever. d) The corresponding spectra

recorded at positions a and b.

8a). Upon local excitation (355 nm) of a tube area, which is not in contact with any
substrate, a clear, highly-resolved WGM resonance peak (Figure 8b, see label a) was
observed, whereas the tube area which is in contact with the AFM cantilever (n=2.01)
showed the poorly-resolved spectrum due to the seepage of light to the high refractive

index medium (Figure 8c, see label b). Further, this experiment also confirmed the

origin of WGMs from the submicro-tubes.
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2.3.7. Fabrication of hetero-structure resonator:

Interestingly, when a single submicro-tube attached to AFM cantilever
(Figure. 9a) was point focused with a 488 nm Ar* laser beam (power = 42 mW), the
tip of the tube started burning(?10] in a few seconds with a bright yellow-orange

radiance forming a black color lump (Figure 9b, c) at the tube ends. Continued burning

Figure 9: a) Bright-field confocal micrograph of a single tube with carbonaceous lumps at both
ends. b and c) FL images of the same tube captured during tip burning. d, e) FESEM images of
the tube with spherical lumps. f, g) TEM image of the tube with lumps on its both ends. h)
Selected area electron micrograph collected from the lump shown in g. j) Selected area electron

micrograph collected from the tube body shown in j.

decreased the tube length by converting the organic matter into a dark carbonaceous
mass (Figure 10) thereby creating a hetero-structure. FESEM studies of the same
hetero-structure (attached to a cantilever) revealed the formation of a nearly
spherical lump with a smooth surface morphology shaped by the surface tension

effect (Figure 8d and e). Furthermore, energy dispersive X-ray analysis (EDAX) of the
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lump exhibited the presence of C and N elements. The AFM cantilever carrying a
hetero-structure was carefully transferred into a carbon coated TEM grid for further
investigation (Figure 9f). The TEM micrograph exhibited a dark contrast without any
notable distinction between the tube and the lump, but selected area electron

diffraction (SAED) analysis of the tube and the lump demonstrated their single

Burning

d i = tube middle

700 -
.o ' lrlghllump
soo- Il
700 - A
-..‘ = - left lump
800- /
1609 cm™!

700 At/ NP L

1000 1500 2000 2500
Raman shift/ cm-1

Figure 11: a) Bright-field optical micrograph of a tube with lumps. b, c) Bright-field and FL
image of a optical tube with lumps showing a passive wave guiding nature by 633 nm laser
excitation. d) A selected area Raman spectra of a tube with lumps collected at different
positions.
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crystalline (with diffraction spots) and amorphous natures, respectively (Figure 9h
and j). Single-particle micro-Raman spectroscopy studies (633 nm: He-Ne) of a
hetero-structure exhibited a strong Raman signal from the tubular area, whereas the
lumps showed a signal at 1609 cm-! (without any PL) corresponding to the sp2 carbon
(C=C) indicating a possible conversion of the building block molecules M-1 into other
low band-gap organic solid matter (Figurel1l). It can be also noted that the weak
Raman signals correspond to M-1 observed in the spectrum probably occurred due
to excitation of tubular part. The chemical composition of the visible light absorbing
and yellow-orange emitting lump is not clear yet. Nevertheless, the final hetero-
structure consisted of both active and passive type binary constituents which are

chemically and electronically different.
2.3.8. Passive Type Hetero-Structure Tubular Resonator:

The homo-structure submicro-tubes, when excited with a 488 nm laser
displayed a Raman spectrum, which corresponds to molecule M-1 (Figure 12b).
However, during selective excitation (488 nm laser) and collection at the
carbonaceous lump (active part) of the chemically binary hetero-structure (Figure
12a) showed a broad Vis-NIR emission (500-750 nm) with a weak signature of WGMs
(Figure 12c and e). Conversely when the excitation (488 laser) and collection were
performed at the tubular part of the hetero-structure a notable yellow-orange FL
spectrum (500-750 nm) together with Raman signals (sharp: C=C; 1609 cm-1) was
observed due to the contributions from both tube (Raman) and lumps (FL) (Figure
12d). Remarkably, the broad Vis-NIR spectrum is also comprised of strong WGM
resonance peaks with a very high FSR value. This observation demonstrates the
occurrence of the passive type WGM resonance in the passive tubular part attached
to FL lumps. The mechanism of the formation of the passive type WGM resonance
within the hetero-structure is as follows: upon CW excitation with a 488 laser, the
waveguiding tube passively propagates the 488 nm radiation towards carbonaceous
lumps. This 488 nm light was absorbed by the carbonaceous matter subsequently

releasing a broad 500-750 nm range emission (act as a FL source). Apart from
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scattering loss, some part of this emission passively propagates into the hexagonal

tubular structure via TIR and generates WGM resonance.

The FWHM of each peak was rather broad reducing the Q-value. This is
possibly due to light loss into the high n cantilever and reduced FL life-times which
broaden the resonance modes, resulting in low-quality factors. An illustration
defining the transformation of an active type single-particle resonator into a passive

type single-particle hetero-structure resonator is given in Figure 13. Besides, a similar
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Figure 12: a) An AFM cantilever carrying a hetero-structure tube. b) Single-particle micro-
Raman spectrum of a homo-structure tube. c-e) Selected area single-particle micro-Raman/FL
spectra of a hetero-structure excited (488 nm) at the right lump, three different areas of the
tube, and left lump, respectively. The red circles show the excitation/collection spot. The insets

show the corresponding FL images.
hetero-structure resonator created on a glass surface demonstrated WGM resonance

in the Vis-NIR spectrum (500-750 nm) with TE/TM modes and slightly improved Q-
values (~200).
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Figure 13: a) Single particle micro-FL spectrum of a tube supporting WGMs. b) Single-particle
micro-Raman spectrum of a tube which is passive to 488 nm light. c) Single particle micro-
FL/Raman spectra of a burnt tube.

2.3.9. NLO Spectroscopy Studies:

To study the NLO properties of molecule M-1 in the solid state, a thin film of the
sample was excited with a Ti: Sapphire 800 nm femto second pulse laser, with pulse
width 100 fs, and a repetition rate 1 kHz. The two-photon excited fluorescence (TPL)
signal was detected by a charged coupled device (CCD). The experiment was
performed by keeping the sample at focal volume having a spot size of 101.8 um and
exposed by linearly polarized light with different input powers. The intensity at the
focus was increased from 0.5 mW to 5.0 mW by adjusting the wave plate and the
corresponding TPL spectra are shown in Figure 14a. Compared to one photon
luminance (OPL) the TPL of molecule M-1 in the thin film showed 65 nm red-shifted
band with a maximum intensity at ~440 nm, indicating their different excited-state
emission processes (Figure 14a red line). A plot of TPL band intensity with the square
of pump power of M-1 showed a slope of 1.9 (Figure 14b) within the experimental
accuracy. This result revealed that the second-order origin of the TPL signal. Similar

experiements on a group of submicro-tubes exhibited a greenish-blue emission and
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the obtained a broad TPL spectrum showed a maximum at 450 nm, which is akin to

TPL of M-1 in the crystalline state (Figure 14a blue line).
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Fig.14: a) Single-photon and two-photon (800 nm) excited emission spectra of thin film of M-1
(red line), submicro-tubes (blue line). b) The TPL intensity verse square of input pump power
plot of M-1 in thin film state. The red line shows the linear fit.

2.4. Conclusions:

In summary, the single-particle micro-FL spectroscopy experiments
demonstrated the occurrence of active type polarized WGM resonances (TE or TM)
from a blue emitting homo-structure submicro-tubular resonator. In comparison to
the powder state, the tube showed nearly 5x times increase of the FL intensity due to
the photonic cavity effect or increased light-matter interactions. Furthermore, these
active type of homo-structure submicro-tubes were transformed into (active/
passive) chemically binary hetero-structures by laser burning. The burnt tip (lump)
part was composed of carbonaceous visible light active matter. Remarkably, upon
excitation of a visible light passive part of the hetero-structure with a 488 nm laser
displayed WGM resonances in the Vis-NIR region of the electromagnetic spectrum
together with Raman signals. This is the first example of a passive type organic WGM
resonator and it is hoped that our original resonator design strategy can be applied to
fabricate chemically heterogeneous micro-scale photonic structures with distinctive

light-emitting properties for various applications.
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Chapter 3 Broad-band Tunable photonic resonators

3.1. Abstract:

Dye-based crystalline organic materials displaying molecular packing and
conformation-dependent luminescence are attractive for opto-electronic and photonic
applications. Hence, in this work, the opto-structural analysis of two polymorphs (M-2
and M-3) of a well-known coumarin-153 (C-153) dye is undertaken. Crystal structural
analysis based on the syn or anti position of C-f31 and C-2 carbons adjacent to nitrogen
in the julolidyl moieties shows that M-2 and M-3 polymorphs possess three and two
molecular conformers, respectively. Optical excitation of single crystals of M-2 and M-3
radiates green and yellow FL, respectively. The presence of different conformers, strong
intermolecular m—m stacking, hydrogen bonding interactions, and charge transfer states
are attributed to the energetically different emission bands of these polymorphs.
Depending upon the ratio of acetonitrile:water C-153 forms polymorphic micro-
crystalline rods, tubes and Japanese twin tubes on glass substrates. Analysis of the single-
particle Raman spectra and FL lifetime values of the rods, tubes and Japanese twin tubes
clearly confirms dissimilar molecular packing within the micro-solids. Single-particle FL
microscopy studies reveal remarkable polymorphism-dependent FL emissions, optical
waveguiding, and optical cavity effects of the rods, tubes and Japanese twin tubes. The
yellow emitting hexagonal and rectangular tubes possibly support WGMs and F-P
modes, respectively, while the blue-green emitting rods and Japanese twin tubes display
F-P type cavity modes. Overall this work establishes a simple and economical self-
assembly route for the fabrication of C-153 photonic micro-structures demonstrating
polymorphism dependent emission colours suitable for band-width tunable organic-

based micro-lasers, opto-electronic and polaritonic devices.

3.2. Introduction:

Optical band-gap tunable materials(214-224] are valuable in numerous areas
such as miniaturized lasers,[214-219.225] gptical resonators,[226-231] opto-electronics[232]
and polaritonic devices.[233] Particle size-dependent tunable optical band-gaps have
mostly been observed in materials such as carbon dots,[234] quantum dots[235] and

metallic particles.[236] Recently, pure organic luminescent materials have been
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emerging as excellent sources to achieve tunable light emissions.[214-224] For example,
Radhakrishnan et al. reported a reversible phase (crystalline <> amorphous) changing
organic material, namely diaminodicyanoquino-dimethane exhibiting thermally
tunable emission colours.[221] Polymorphism is another convenient approach for
achieving tunable emission colours.[216.217.222-224] Here by, controlling the molecular
packing and/or its conformation in the solid state, the emission energy can be tuned,
although it is hard to comprehend precisely the dominant factor governing the
emission properties.[223237]

Zhao and co-workers exploited the monomer and excimer emission of a well-
known laser dye, 4-(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-H-
pyran (DCM) to achieve wavelength tunable excimer micro-lasers.[238] In this context,
Chandrasekar et al. reported a self-assembly method to achieve DCM dye micro-
resonators with two different geometries by regulating the dye concentration. The
resultant hemispherical- and rod-shaped particles acted as WGM and F-P photonic
resonators, respectively, in the Vis-NIR emission range.[226] Furthermore, optical
cavities are known to enhancel?25-227] the emission intensity because of the Purcell
effect.[203. 2041 It should be stated that the shape and size of the micro-particles are
central in determining the resonator/cavity characteristics of any photonic
structures.[226-231]

Another strategy for the tuning the emission colour of FL molecule is to
creating energetically different solid state aggregates (polymorphs) in a controlled
way by using binary solvent mixtures. For instance, C-153 is an interesting laser dye
which possesses a stiff molecular structure with a single low-lying excited state and
known to display solvato-chromic behaviour.240] A comparatively large dipole
moment (u) of 6.55 D for ground state (So) specifies that C-153 can be strongly
solvated in the So state. The u of the excited state (S1) increases to 14.2 - 16 D due to
electron donor nature of amino group and electron acceptor nature of carbonyl
group,[241] hence the solvation of the Si state of C-153 should be technically
comparable, but greater than the solvation of the ground state leading to larger Stokes
shift. Most of the studies have been performed in the solution-state and further
numerous theories of varying complexity have been proposed to elucidate the

observed changes in the emission energy of a C-153 in terms of the dielectric
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properties of the solvent and the ground- and excited-state dipole moments of the

probe.

Although solution state studies on C-153 dye are abundant, its solid state

optical properties have not been investigated. Furthermore, to our knowledge, no
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Figure 1: Self-assembly of C-153 dye in acetonitrile: water forming micro-tubes, micro-sheets,
micro-rods and Japanese-twined tubes.

reports are available on the exploration of new polymorphs of C-153 and its self-

assembled structures displaying aggregation-dependent FL emissions in the solid-

state. Therefore in this work creation of well-defined self-assembled aggregates with

diverse shapes using binary solvent mixtures i.e., by mixing relatively high dielectric

(polar-protic) water (¢=80) to the (polar-aprotic) acetonitrile (¢=37.5) solution of C-

153 was intended. It is expected that the solvation dynamics of acetonitrile-water

(ACN-water) are dependent on the solvent structure in the mixture, which depends
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upon their ratios;[242] hence it was hoped to fabricate diverse micro-structures with

different molecular packing through self-assembly.

This chapter describes a distinctive polymorph-dependent emission property
of a laser-dye C-153 (Figure 1). It also presents solvent mixture (ACN-water) ratio-
dependent self-assembly of C-153 and subsequent formation of micro-rods, -tubes
and -Japanese-twin tubes emitting diverse FL colours. Based on the polymorphs
molecular packing and molecular conformations of the polymorphs, an attempt was
made to correlate optical emission and solid state structure. The single-particle FL
microscopy studies displaying geometry-dependent optical cavity effect of

polymorphic micro-structures is also discussed.

3.3. Results and Discussion:

3.3.1. Effect of Solvents on the Optical Properties:

An ACN solution of C-153 (¢ ~ 3x10-¢ M) displayed a bright green emission
under 365 nm UV-light (Figure 1). The electronic spectrum of the corresponding
solution of C-153 exhibited two broad absorbance bands at 262 nm (with a shoulder
at 300 nm) and 419 nm (S1<—So electronic transition) with a near doubling of the low-
energy band intensity (Figure 2). As these C-153 molecules are known to show
solvatochromism, prior to the self-assembly studies, an attempt was made to check
the effect of the ACN: water ratio. The addition of different proportions of water (from
250 mL to 2.5 mL) (Millipore Milli Q, resistivity = 18 (2 cm) to an ACN solution of C-
153 exhibited a shift of the absorption bands gradually to the low-energy side, i.e.,
from ~418 nm to ~430 nm with a decrease in the signal intensity. The corresponding
FL spectrarevealed a similar shifting trend in the emission maximum (Aem: from~530
to 544 nm) with FL quenching. In general, the origin of Stokes shifted frequency,v,,
can be explained in terms of the ground-(uy) and excited- (u.) state dipole moments
of C-153 dye and solvent(s) orientation polarizability Af properties using the
Lippert-Mataga equation.

2(pg—He)?

Vg = —————Af + const e > 3.1

hca3
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where, h is the Planck’s constant, c is the speed of light, and a is the radius of the
spherical cavity approximating the solute. Here, Af is a function of the solvent
dielectric constant (&) and refractive index (n), which is given by the well-known
Onsager function.

f= (e-1) (-1
T (2e+1)  (2n2+1)

A recent investigation of the solvatochromism of C-153 in a binary mixture ACN:
water (polar aprotic and polar protic, respectively) using a dielectric continuum
model showed a nonlinear relationship of f (&) with the absorption and emission
energies.[?42] This indicates the contribution of H-bond formation, dielectric

enhancement, or preferential solvation to the steady-state spectrum. The solvation
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Figure 2: Steady-state absorbance and emission spectra of C-153 dye in ACN and the
aggregation induced band energy shift in ACN /water mixture.

dynamics of ACN-water are known as “fast” solvents and the average solvation time
is in the range of circa 1 ps. [#43] Ultrafast experiments performed on hydrophobic C-
153 dye in ACN-water mixture (at alow concentration of ACN) demonstrated that the
first solvation shell was mainly composed of water molecules that hydrogen bonded

with the acceptor C-153.
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3.3.2. Molecular Packing of Polymorphs M-2 and M-3:

The two polymorphic forms (M-2 and M-3)[244.245] of C-153 dye exihibits green
and yellow FL, respectively, upon electronic excitation. Nonetheless, until now, no
investigation on polymorph-dependent optical property is reported. Hence before

self-assembly studies, to understand the influence of molecular packing and
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Figure 3: A and B) Single crystals x-ray structure of the two polymorphs (M-2 and M-3) obtained
from C-153 with different conformers. The insets show picture of crystals. The green, black, blue,
red and grey molecular colour codes indicate the conformers a-e.
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conformers on the emission energies of two polymorphs M-2 and M-3, their crystals
were grown in ACN and water-ACN (2:3), respectively and the single x-ray crystal
structures are given in Figure 3. The two polymorphs exist in the triclinic unit cell but

differ in their asymmetric unit; three molecules in M-2 (Z’=3) and two molecules in

Table 1: Selected bond lengths and torsion angles found in the crystal structures of M-

2 and M-3.
C-153 M-2 M-3
Conformers a b c d e
® along C7-N1 (°): -5.86 5.48 0.10 14.43 -12.16
3.81 -10.52 -1.53 -9.35 12.60
QC): 9.67 15.48 1.63 23.78 24.67
Bond Lengths (A):
C6-C7 1.416 1.419 1.414 1.423 1.428
C7-C8 1.414 1.405 1.405 1.413 1.408
C8-C9 1.381 1.376 1.381 1.387 1.383
C9-C10 1.396 1.395 1.401 1.395 1.401
C5-C10 1.402 1.398 1.398 1.407 1.406
C5-C6 1.362 1.360 1.357 1.372 1.374
C9-01 1.381 1.384 1.387 1.384 1.379
C2-01 1.364 1.375 1.373 1.378 1.369
C2-C3 1.422 1.430 1.437 1.449 1.449
C3-C4 1.351 1.341 1.343 1.349 1.350
C4-C10 1.431 1.432 1.438 1.439 1.435
C2-02 1.206 1.205 1.201 1.205 1.208
C7-N1 1.369 1.373 1.376 1.375 1.374

M-3 (Z'=2). One of the notable differences in both forms is the conformation of
julolidyl moieties. In M-2, based on the position (syn and anti) of the C-f1 and C-2
carbons adjacent to nitrogen from the molecular plane, three (a-c) and two
conformers (d-e) were found, respectively (Figure 3).

In these a/c conformer set, b/c/d conformer sets, C-31/ C-B2 carbons were up
and down from the molecular plane, respectively. Furthermore, in all five conformers
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(a-e), the dihedral angle (® in degrees) of the rings connecting nitrogen (N1) and C(7)
also varied significantly (Figure 3 and Table 1).

Conformer a and b interact in a head-to-head fashion to form a C-H---O(2) type
hydrogen bond (~2.4 A) of oxygen with one of the hydrogen of C-p2 carbon.
Interestingly, two molecules of conformer b form a centro-symmetric C-H---0(2) type
hydrogen bond (~2.4 A) dimer in a head-to-head fashion, which is stabilized by the C-
H---F type interaction (~2.58 A). Furthermore, conformers a, b and ¢ produce a 3x3
stacking arrangement. Here, conformers a, ¢ and b forms head-to-head H type
interactions with intermolecular separation of about 3.9 A. The head-to-tail mt-1
separation between two homo-conformers of b is ~3.7 A. In M-3, the extreme up and
downward bending of C-B2 carbon of the conformer e is as a result of C-H---0(2) type
hydrogen bond (~2.62 A) interaction with conformer d. Additionally, the C-F group
and C- a1l hydrogen atom of molecule d and molecule e, respectively, interact via C-
F---H type bond (~2.63 A) forming a 1D chain-like structures. Additionally, each d and
e conformers make a staircase-type - stacking interactions (~3.5 A) with 2x2 (...d-

d-e-e-d-d...) arrangement indicating /-type molecular aggregation.
3.3.3. Thermal Properties of C-153 Polymorphs:

The differential scanning calorimetry (DSC) results further confirmed the

influence of intermolecular

interactions on the melting and
crystallization points for both
forms. M-2 showed a sharp
endothermic peak at 167.5 °C
during the heating cycle, due to

the melting of the crystalline

phase and a crystallizing

exothermic peak at 130.83 °C
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Figure 4: DSC thermogram of C-153 polymorphs M-2
and M-3. at 165.5 °C corresponding to the

during the cooling cycle. M-3

exhibited an endothermic peak
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melting temperature of phase transformation from solid to liquid, and a single broad

crystallizing exothermic peak at 123.0 °C (Figure 4).
3.3.4. Solid-State Optical Properties of C-153 Polymorphs:

To study the effect of intra-and inter-molecular interactions on the optical
properties of M-2 and M-3, UV-vis absorbance and emission features were

investigated for the corresponding single crystals (Figure 5). The optical absorbance
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Figure 5: Normalized solid state absorbance (dotted line) and single crystal state emission (solid

line) spectra of C-153 polymorphic M-2 and M-3 are given in green and dark yellow, respectively.
The arrows show shoulder bands.

spectra of both forms displayed a strong band centered at about 438 nm, together
with very weak and strong high-energy shoulders at 360 and 300 nm, respectively.
The FWHM of the absorbance band of M-2 was much wider compared with M-3.
Interestingly the solid-state Stokes shifts and the emission features of both
polymorphic forms were drastically different. M-2 exhibited a sharp and narrow FL
band at 530 nm together with feeble shoulders at 493 nm and ~613 nm, whereas M-
3 showed a strong 613 nm band with two strong shoulders at ~530 nm and ~670 nm
for the same excitation wavelength (Aex = 405 nm laser). It is interesting to observe
that the intensity of the emission peaks of the polymorphic single crystals was

dependent on the laser excitation position, signifying the anisotropic nature of the
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molecular crystals (Figure 5 and Figure 6). Noticeably, in comparison with M-2, the
red-shifted emission band with pronounced shoulders shown by M-3was probably
due to J-type molecular arrangements with much shorter intermolecular stacking
separation (Figure 3). Apparently, the 530 nm band observed in both polymorphic
forms was found even in the dilute solution state, suggesting a probable similar
electronically isolated molecular state of one or more conformers in both M-2 and M-
3 (Figure 2). It is evident that the difference in the observed emission energies was
due to a drastic change in the structural conformation and molecular packing between
the polymorphs.[223]

The bond distances of ring 1 and 2 in C-153 (see Figure 1) indicate the
dominant resonant structures and molecular CT characteristics. The attachment of a

strong electron donor amino group at the C-7 position favors intramolecular charge
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Figure 6: Laser excitation position-dependent emissions from M-2 and M-3 single crystals.

transfer (ICT) from ring 1 to 2 via m-conjugated pathways by forming a para-quinoidal
structure (see Figure 1 for the chemical structure). This is apparent as the C5-C6 and
C8-C9 bonds of ring 1 exhibited the shortest bond distances. Furthermore, the C7-N1
bond distance lies between those of pure single (1.44 A) and double (1.27 A) carbon-
nitrogen bonds (Table 1), indicating its partial double bond character. In ring 2, the
C4-C10 and C2-C3 bonds were relatively shorter than the typical C-C single bond
distance (1.470 A), which is suggestive of the contending effect of ortho-quinoidal and

para-quinoidal resonance structures.
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It is also expected that the presence of an electron withdrawing CF3 group at
the 4th position might enhance the ICT character of C-153.[246] Importantly, the torsion
angles (@) of julolidyl moieties in M-3 were different from M-2 and they significantly
deviated from an ideal sp? hybridization as one can see the absolute differences (Q)
between two ® values along the C7-N1 bonds. The molecular conformations and ®
values directly affected the degree of m-conjugation and hence the optical band-gap.
The solid-state structures showed that the molecular packing and intermolecular
interactions in both polymorphic M-2 and M-3 were different. Although the ® values
of the M-2 conformer favoured better m-conjugation than M-3, the observed red-
shifted broadband with a low energy emission in the case of M-3 could be attributed
to dominant intermolecular (H-bond and m-m stack) J-aggregation interactions and

the involvement of a possible twisted charge transfer process.

3.3.5. Self-Assembly of C-153 into Polymorphic Micro-Structures:

For self-assembly studies, 1 mg of C-153 was dissolved in 1 mL of ACN (stock
solution) and 2 mL of water was added to it to induce molecular aggregation (see

Figure 1). Interestingly, the colour of the solution changed from green to bright yellow

C-153 TUBES C-153 SHEETS/RODS

Figure 7: a-c) FESEM images of crystalline C-153 tubes with rectangular and hexagonal cross-
sections. d) TEM image of a single tube displaying its hallow area. e) SAED pattern of a tube
shown in figure 4d. f-i) FESEM Images of crystalline rods and sheets (hexagonal and

parallelogram). j) TEM image of a single rod. k) SAED image of a rod shown in j.
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and the corresponding solution exhibited a bright yellow emission upon UV-light
exposure (see Figure 1). Two drops of this solution were drop-casted on a cover-slip
and allowed to evaporate slowly at room temperature to grow micro-structures.
FESEM images of the sample showed elongated tubular structures (Figure 7a).
Interestingly, some of the tubes that were grown vertically exhibited their hexagonal
and parallelogram cross-sections (Figure 7b and c). TEM images displayed a lighter
contrast from the body of the tube in comparison to the dark coloured walls,
confirming their extended (along the tube axis) hallow tubular geometry. Further the
single crystalline nature was clearly evident from the SAED data of the tube with
parallelogram geometry, which exhibited multiple high intense diffraction spots
(Figure 7d).

Similarly, to another batch of C-153 stock solution, the addition of 1 mL of
water displayed a visual colour change of the solution(light green to light yellow) and
exhibited a yellow emission under UV light (Figure 1). This observation clearly
indicated aggregation induced emission behaviour of C-153 molecules in the binary
solvent system. Self-assembly of C-153 from this solution, as discussed in the case of

the tubes, and examination of the sample using FESEM showed the formation of

C-153 JAPANESE TWINS

Figure 8: a-f) FESEM Images of C-153 Japanese-twined tubes. g) TEM image of a single Japanese-
twined crystalline tube and the insets show the SAED pattern at locations 1, 2 and 3 (shown in
red colour).

standing micro-rods with cubic cross-sections and hexagonal and parallelogram
sheets growing horizontally on the coverslip (Figure 7f-i). A close look at the FESEM

images of micro-structures displayed several facets indicating their single crystalline
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nature. Furthermore, TEM and SAED investigation of a selected rod showed multiple
diffraction spots, which confirmed their crystalline nature (Figure 7j and k).

The above result clearly indicates that the importance of ACN:water ratio, and its
implication on the shape of the self-assembled crystals. Additionally, it signifies the
imperative role played by the solvating water molecules around the C-153 molecules
via H-bonding interactions. The growth of the tubes with hexagonal and

parallelogram cross-sections can be explained by two different mechanism; (i)
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Figure 9: Single particle Raman spectra of C-153 tubes, Japanese twined tubes, rods, M-2 and
M-3. Aex= He-Ne 633 nm laser

solvent etching of the high energy facets of the rods with hexagonal and parallelogram
cross-sections forming hallow tubes retaining the outer geometry, or (ii) swift growth
of the four (parallelogram) and six (hexagonal) low energy facets from the nuclei
forming inherently hallow tubular geometries with respective cross-sections. In case

of rods and sheets, it is apparent that during the solvent evaporation of the ACN:water
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(1 mL) mixture, it did not obstruct the complete packing of the C-153 molecules
thereby forming single crystalline structures without hollowness. Here the intrinsic
shape of the crystal is determined by the equilibrium thermodynamics and kinetic
conditions. During the growth of a crystal under slow solvent evaporation conditions,
the low-energy facets grow much faster than the high energy ones.

Surprisingly, keeping the solution used for the preparation of sheets and rods for
a day and subsequent self-assembly produced L-shaped micro-structures as evident
from the confocal optical microscopy examination (Figure 14a). FESEM and TEM
investigations clearly pointed out the presence of two or inter-grown crystals in a
symmetrical fashion at 90° angle to each other producing so-called Japanese-twined
crystals (Figure 8). In twined crystals, the lattice points in one crystal are shared with
lattice points in another crystal (forming a twin-boundary) adding obvious symmetry
to the crystal pairs. Although this type of contact twin is common in inorganic

crystals,[247] it is very rarely observed in organic crystals.

Table 2: FL life-time of micro-rods, micro-tubes, and Japanese-twinned

tubes.

Micro- Micro-rods | Japanese- Hexagonal

structure twinned tubes | or rectangular micro-
tubes

FL life-time (ns) | 1.18 1.3-1.37 0.7-0.77

To understand the molecular packing arrangement within tubes, rods, and
Japanese-twined tubes confocal Raman micro-spectroscopy studies were performed
on each of these micro-structures (Figure 9). A comparative analysis of the spectra
clearly indicated noticeable differences in the C-153 packing within the micro-solids.
As one can see, a peak at 1714 cm-! for rods is split into two peaks (1703/ 1725 cm1)
in the case of the tubes and shifted to 1804 cm-! for Japanese-twined tubes. The
occurrence of carbonyl bond stretching at different energies indicated the variable
strength of the H-bonding interactions of carbonyl groups (C-H---:0=C<) in different
molecular conformations. Furthermore, the tubes exhibited a distinctive peak at 811
cm1. To compare the solid state packing of micro-structures with polymorphic single
crystals, Raman spectra of M-2 and M-3 were recorded. Analysis showed a close

resemblance of the Raman spectra of the tubes and M-3, whereas the rods exhibited
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similarity to M-2. The Raman spectrum of the Japanese-twinned tubes revealed
unique peaks at 540 cm'1 and 1804 cm-1, which were not observed for polymorphs M-
2 and M-3 (Figure 9). These spectral data clearly demonstrated the presence of
diverse solid-state packing in the micro-structures, which is essential for the
achievement of band-width tunable emissions. This outcome was further established
by single-particle fluorescence life-time imaging (FLIM) experiments, which showed
life-time (t) values of 1.18, 0.77, and 1.37 ns for the rods, tube and Japanese twin
tubes, respectively (Table 2). However, it is essential to mention that the 7 -values of

a micro-resonator vary as a function of its quality factor as well. [228]

3.3.6. Single-Particle Photonic Studies:

C-153 TUBES
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Figure 10: a) Optical image of a C-153 tube. b and d) Localized excitation of the tube (red dotted
circle) with 488 nm Ar* laser and the corresponding FL image is shown in c and e, respectively.

FL Intensity (a. u

f) Single-particle FL spectrum of a tube displaying optical modes. The right side graphics indicate
the WGM and F-P cavity action in hexagonal and rectangular tubes.
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For single-particle micro-spectroscopic studies a confocal microscope
(reflection mode) set-up was used with an Ar* (488 nm) and diode lasers (405 nm) as
excitation sources. The cover-slips containing the particles (tubes, rods, sheets, and
Japanese twins) were used directly for the experiment. For example, electronic
excitation of C-153 tubes at one of the ends showed a brilliant yellow emission (with

488 nm long pass edge filter) and the longitudinal propagation of the FL to the
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Figure 11: a) Confocal micrograph of a C-153 micro-rod. b) Localized excitation of a rod with a
488 nm Ar* laser. (c) The corresponding green FL image. d and e) Spectra showing rod width
(W)-dependent FSR values and the corresponding plot, respectively. f) FL spectrum of a rod
excited at the center with a 405 nm diode laser. The inset shows an image displaying blue FL at

the center and blue-green FL at the rod tips.

opposite end of the tube (Figure 10c). Similarly, electronic excitation of the centre of
the tube displayed FL wave propagation to the end facets of the tube, confirming its
active type wave guiding tendency of the micro-tube (Figure 10e). The appearance of

greenish-yellow colour outputs in Figure 10b and d, even without any laser source
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filter, points to the mixing of the source light with the yellow FL. Furthermore, the FL
spectrum collected from a single-tube exhibited a broad emission band in the range
of about 500-700 nm together with periodic sharp lines (Figure 10f). Here, due to the
vertical orientation of the tubes with rectangular and hexagonal cross-sections, the
resonator type (F-P or WGM, respectively) of the particle is rather difficult to predict
under our confocal microscope set-up. However, a horizontally grown rectangular
micro-tube displayed a bright yellow PL at its longitudinal end facets as a result of
light reflection from the parallel end facets analogous to F-P type resonators. In the
case of the hexagonal micro-tubes, the optical feedback could have been a result of
WGMs/ or F-P modes similar to ZnO hexagonal tubes.[205]

For the micro-rods, similar experiments were performed with a 488 nm laser
excitation source. Focused electronic excitation at the center of a micro-rod showed
bright spots along the width direction (Figure 11a-c). In contrast to the tubes, no

waveguiding action along the growth axis (longitudinal) was found. The
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Figure 12: a) FL map of a single rod excited with a 488 nm Ar* laser. b) The corresponding FL
spectra supporting F-P modes.

corresponding single micro-rod FL spectrum displayed a broad green emission band
in the range of 500-700 nm together with optical cavity modes indicating possible F-
P type action. To probe the direction of the F-P modes, experiments were performed
on different rods of varying widths (W) (Figure 11d). A plot of the free spectral range
(FSR) versus 1/W clearly exhibited decreasing FSR values upon increasing W, as
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shown in Figure 11e. The best-fit line is nearly linear as per the equation 1.3. The
linear fit confirmed that micro-rods indeed act as F-P type cavity and the standing
waves are formed along the width direction. Supporting this observation, the FL map
of a single micro-rod and its FL spectra at different positions showed F-P modes only
from the edges with an elevated FL intensity (Figure 12).

Excitation at the center of a rod with 405 nm laser showed a bright blue FL at
the excitation area and guided greenish-blue FL at the rod ends (Figure 11f). This
observation can be easily understood from the absorbance spectrum of C-153
polymorphs (see Figure 4), which shows C-153 solid state absorbance tail extends up

to about 510 nm. Initially, the rod generates FL light (with maxima at 494 and 597
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Figure 13: a, d) Confocal micrographs of a C-153 Japanese twin. b, c) Localized excitation of a
single Japanese twin with a 488 nm Ar* laser at the twin boundary (/) and twin tips (/ and /l//) and
the corresponding FL spectra supporting F-P type optical modes, respectively. e, f) Excitation of
a twin at different locations (/-///) with a 405 nm diode laser and the corresponding FL spectra,

respectively.

nm) at the center of the rod and during wave guiding majority of the blue FL light is
reabsorbed, guiding most of the unabsorbed green and residual blue-green light to
the rod ends (Figure 11finset). In case of sheets excitation at one of the edges clearly

showed the propagation of green FL (500-700 nm) to other edge confirming the 2D
70
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confinement effect. FL. mapping showed F-P type resonance modes along the edges
whereas as expected no modes were found in the FL collected from the center of the
sheet (Figure 13).

Excitation of Japanese twined crystals with a 488 nm laser (objective 150x) at
the twin boundary or one of the arms (Figure 13a and b) produced a green FL
propagating to both ends. The corresponding FL spectrum supported the F-P modes
as expected from the rectangular cross-section of the twinned crystals (Figure 13c).
Further, the profile of the FL band indicated the possible FL. maximum below ~490
nm akin to micro-rods. To understand, excitation was performed with a 405 nm diode
laser (Figure 13d and e). A blue FL at the place of excitation was observed and due to
reabsorption effect, only blue-green light propagated to the output end. The FL
spectrarecorded at different positions (labeled I -III) displayed two emission maxima
at ~486 nm and ~526 nm (Figure 13f). The intensity of these bands varied depending

upon the collection positions pointing out the anisotropic nature of the structure.

3.3.7. NLO Studies:
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Figure 14: a) One- (400 nm) and two-photon (800 nm) excited emission spectra of polymorphs

of C-153 in solid state. b, c) The TPL intensity verse square of input pump power plot of M-2
and M-3 respectively.
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In order to study the NLO properties such as TPA or SHG from the polymorphs
of M-2 and M-3, a high power titanium sapphire fs laser operating at 800 nm was used
to provide below band-gap excitation. With ultrashort pulses (100 fs) with a
repetition rate of 1 KHz, the experiment was performed by keeping the sample at the
focal volume having the spot size of 101.8 um.

Both M-2 and M-3 crystals show very strong broadband up-converted
emissions at 530 nm and 550 nm, respectively. As mentioned earlier, no linear
absorption occurs in the spectral range from 550-800 nm for M-2 and M-3. So it was
concluded that absorption of simultaneous two photons (TPA) is responsible for the
TPL. Figure 14a shows the TPL spectra of M-2 and M-3 in the crystalline state. The
TPL maxima of M-2 observed a single sharp peak at 530 nm without any shoulder
peaks, whereas in the case of M-3 a single broad peak at 554 nm is observed. The
FWHM of the TPL band of M-3 was much wider compared with M-2. In comparison

with single-photon fluorescence, M-2 shows the same TPL spectral patterns but M-3
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Figure 15: Two-photon (800 nm) excited emission spectra of micro-rods and micro-tubes of
C-153 molecules.

was nearly the same with a blue shift, indicating their different excited-states
emission process. To study pump power-dependent TPL enhancement, experiments
were carried out with different pump intensity. The intensity at the focus was
increased from 0.5 mW to 3.0 mW by adjusting the wave plate and the corresponding

TPL spectra are shown in Figure 14a. A plot of TPL band intensity with the square of
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pump power of M-2, showed a slope of 1.85 (Figure 14b) whereas the slope is 2.13 in
the case of M-3 (Figure 14c) within the experimental accuracy. These results revealed
the second-order nature of the TPL signal. A similar experiment was performed on a
sample containing self-assembled micro-structures. The micro-rods exhibited a green
emission and the obtained TPL is very much similar to that of TPL and OPL from M-2
crystal (Figure 15 black line). In the case of micro-tubes, a greenish yellow TPL was
observed with a spectral pattern similar to the M-3 crystal (Figure 15 red line)

indicating similar molecular packing in both cases.

3.4. Conclusions:

In summary, the opto-structural correlation of the yellow and green
emissive polymorphs (M-2 and M-3) of C-153 indicated the dominant role played by
the intermolecular (H-bond and m-m stack) interactions, J-aggregation and
involvement of possible twisted charge transfer process in case of M-3. Further,
binary solvent mixture (ACN:water) ratio-dependent self-assembly of C-153
produced rods, tubes and Japanese-twin tubes emitting aggregation dependent FL as
a result of dissimilar solvation dynamics around dye molecule. Raman spectroscopy
studies evidently revealed the difference in the molecular packing arrangements of
all the self-assembled structures, whereas similarity in the molecular packing was
found for rods and tubes with polymorphs M-2 and M-3, respectively. This was
further confirmed by the single particle FL microscopy examination, which revealed
green and yellow FL of rods and tubes, respectively akin to M-2 and M-3 emissions.
Moreover, these self-assembled micro-structures composed of C-153 molecules
functioned as optical cavities depending upon their geometries. The NLO properties
of both of crystals and self-assembled micro-structures of C-153 molecules were
studied. The TPL of micro-rods same to TPL of M-2 crystals and TPL of micro-tubes

similar to M-3 crystal TPL as a result of close molecular packing between them.
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Chapter 4 perovskite based resonators

4.1. Abstract:

Green emitting two dimensional, layered benzylammonium lead iodide (M-4)
perovskite micro-rods are made via anti-solvent diffusion method. To stabilize the M-4
structure and enhance its emission intensity, M-4 was dispersed in polystyrene (PS)
matrix. Optimization of the ratio of M-4-PS leads to defect-free micro-spheres during the
self-assembly. These composite micro-spherical cavities display WGMs with high optical
storage energy as evidenced by their Q-factor which is as high as ~1180. Two-
dimensional finite difference time-domain calculation shows the concentration of
electric field near the micro-spheres boundary with much smaller mode volume of 1.83
um3. Remarkably, M-4-PS composite micro-resonators and their neat crystals exhibit
brilliant TPL upon excitation with fs infrared fundamental radiation. This simplistic
micro-resonator fabrication technique provides a route towards low-cost NLO micro-

lasers useful for various applications.

4.2. Introduction:

In recent years, solution-based preparation and processing technologies of
organic-inorganic hybrid perovskites have attracted significant attention due to their
low-cost and captivating applications in optoelectronic, photovoltaic devices and
micro-lasers.[?47-2491  The most explored perovskites till date include
methylammonium lead halides (MAPbX3), tin halides (MASnX3), and CsSnX3 (where,
X =Cl, Br-and I'). Specifically, lead halide compounds to possess suitable optical band
gaps, and it has been used as a resourceful emissive species in light emitting diodes
and low thresholds micro-lasers.[250.251] However, the poor stability of these materials
against moisture limits their applications in various fields. The basic crystal structure
of these perovskites (ABX3) tends to hydrolyze in water that destroys the lattice
structure. To overcome this drawback, aromatic amine or larger amine groups are
introduced to create 2D perovskite structures. It is expected that these amine groups
arranged in a layered structure increase the van der Waals interaction between the

organic moieties providing high structural stability.[252.253]
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Moreover, the optical band gap of these hybrid materials can be tuned over a
wide range of energy by varying the organic ammonium cations or halogens or by
controlling the dimensionality of inorganic cations. These chemical adjustments tend
to affect the charge carrier mobility, carrier diffusion length in addition to band gap
energies.[2541 Various 1D to 3D perovskites were prepared depending on the structure

of organic ammonium cations. [255256] Specifically, 2D structures provide quantum

a) Preparation of M-4:
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Scheme 1: a) Schematic illustration of M-4 perovskite micro-crystal growth on a glass slide. b)
Fabrication of M-4 -polystyrene composite micro-spherical WGMRs via self-assembly method.
confinement effect and hence they are expected to display wider band gaps and
narrow FL at room temperature compared to that of 3D structures.[?57] Particularly,
till date, a vast number of reports are available, which report the one-photon pumped
optical luminescence of neat MAPbX3 based compounds.[2°8] On the other hand,
materials with NLO response such as TPL, SHG, and OR are of increasing interest. For
example, Sargent et al, demonstrated TPA in MAPDbBr3 perovskite single
crystals.[259.2601 Change in the organic cation leads to the dramatic changes in the
formation of perovskites in different dimensions with varied optoelectronic

properties. Though the synthesis of benzylammonium lead halide (BALX3)
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perovskites is mainly focused in the literature, to our knowledge, its stabilization, NLO
properties and extension of its use in nano-photonic materials is severely limited.[261-
2631 This motivated us to focus on the above often ignored issues of BALX3 perovsKites.

This chapter presents, the first synthesis of benzylammonium lead iodide (M-
4) perovskite micro-crystals by a facile one-step solution self-assembly method
(Scheme 1a). A comparative photonic property of pure M-4 micro-crystal and M-4
stabilized within PS micro-spheres is also presented. Interestingly, M-4-PS composite
micro-spheres exhibit enhanced FL due to WGM resonance with a high Q-factor of
1180. The finite difference time-domain (FDTD) calculation reveals the concentration
of optical field close to the boundary of the spherical structure due to WGM resonance.
These results show that the layered M-4 perovskite can act as multi-photon (infra-
red) pumped optical gain media and provide a new platform for perovskite-based

NLO photonic devices.

4.3. Results and Discussion:

4.3.1. Preparation of Benzyl Ammonium lodide (3):

[nitially, 5 mL of benzylamine was added to 15 mL of methanol (AR) kept at 0
°C. Then 5 mL of HI (57 wt. % in water) was dropped into the mixture and stirred for
1h. Then, the mixture was transferred to RT and stirred for another 2 h. The solvent
retained in the mixture was evaporated by a rotary evaporator at 60 °C, leaving with
only white crude product. White flake crystal of CeHsCH2NH3I was finally obtained by

recrystallizing the as-obtained crude product in diethyl ether and methanol.

4.3.2. Preparation of Benzyl Ammonium Lead lodide (M-4):

At first, a thin film of Pb(OAc)2 was prepared on a glass slide by spin-coating of
a 20 pL solution of Pb(OAc)z in DMF (100 mg/mL). The film was dried on a hot plate
for 30 min at 60 °C. M-4 bulk crystals were synthesized by placing the Pb precursor
into a solution of 3 in isopropanol (IPA) of concentration 500 mg/mL at RT. The Pb
precursor coated side of the slide was kept in such a way that it faces the solution in
a beaker and left undisturbed for about 24 h. Further, a similar procedure was

repeated by placing the Pb precursor-coated side facing up in the solution of 3 (50
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mg/mL) in IPA. The glass plates were washed using IPA to remove any residual
solution on the substrate. The bulk crystals of M-4 were analyzed with different

spectroscopic techniques.

4.3.3. Synthesis and Growth of M-4 Micro-Structure:

Initially, the precursor solutions of 3 (¢ = 0.2 M) and Pb(0Ac)2-3H20 (0.2 M) in
N,N-dimethylformamide (DMF) were prepared. Prior to the synthesis, equal volumes
of these precursor solutions were mixed thoroughly to give a stock solution of
CeHsCH2NH3Pbls perovskite (M-4). In order to obtain micro-crystals, 20 pL of stock

solution M-4 was drop-casted ona 1 x 1 cm? coverslip. This slide was placed on a glass
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Figure 1: a) UV-visible absorbance and FL spectra of M-4. The green filled band (500-800 nm)
exhibit FL of M-4 thin film. The solid red line (500-700 nm) shows FL spectrum of M-4 micro-
crystal. Excited with 488 nm Ar* laser. b) Digital photographs of M-4 thin film at the ambient
light and c) under UV-365 nm light. d) FL image of a single micro-crystal when excited with
488 nm Ar* laser.

stage inside the beaker (see Scheme 1a) containing 25 mL of dichloromethane (DCM)
leveled below the glass stage, and it was sealed with a porous parafilm to control the
evaporation rate of both precursor solution and DCM. Here, DCM is known to act as a

poor solvent for CeHsCH2NH3PbI3s micro-structures and is miscible with DMF. As this

DCM is highly volatile, its vapor diffuses into the solution of M-4, induces the
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nucleation.[264265] The formed nuclei grow into a long needle-like micro-crystals of M-

4 (Scheme 1a).

4.3.4. Spectroscopy and Microscopy Studies of M-4:

The solid-state UV-visible spectrum of pure M-4 shows a broad absorption
band from 250 nm to 800 nm with an abrupt decrease at about 560 nm. Therefore the
sample was excited by a xenon lamp with the wavelength range from 450 nm to 500
nm to achieve an emission with a maximum intensity. The emission peak maximum
was observed at 538 nm with a FWHM of ~30 nm (Figure 1a). The optical band gap

calculated from the absorbance spectrum of M-4 perovskite was about 2.18 eV.[265]

T T T T T
J 1 2 3 < S 6
Full Scale 1478 cts Cursor: 0.000

Figure 2: a, b) FESEM images and c) TEM image of M-4 perovskite micro-rods. The inset of (b)
and (c) show color-coded magnified view of porous structure of a micro-rod and its SAED
pattern, respectively. d) EDS spectrum of a micro-rod and the inset shows percentage of
elements present within micro-rod. e) Elemental mapping of single micro-rod.

Figure 1b,c shows a digital photograph of M-4 thin film at the ambient light and under
UV light (365 nm) excitation, respectively. At ambient temperature, the M-4 thin layer

appeared in orange color, however when the same sample was illuminated with UV

light (365 nm) it exhibited a bright green emission.
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The FESEM analysis showed that the micro-structures are nearly
monodispersed rectangular rods (Figure 2a) with length and width in the range of 50
um and 5 um, respectively. A close-up view exposed the presence of nano-sized
(diameter~20-50 nm) pores in the micro-rods (Figure 2b). The micro-rods were
further subjected to TEM studies (Figure 2c¢) and the width of the micro-rod was
found to be 5 + 2 um. The SAED pattern clearly established the single crystalline
nature of M-4 micro-rods (Figure Z2c inset). The EDS spectrum clearly confirmed the
presence of Pb, I, C and N elements within the micro-rods (Figure 2d). Further, the
presence of these elements within the micro-structures was verified by conducting

elemental mapping on a single micro-rod (Figure Ze).

To probe the waveguiding propensity of the 1D micro-rods, single-particle

experiments were carried out using a 488 nm (Ar*) CW laser as an excitation source.

a When a bulk of the
-

Figure 3: a) Bright field and b-d) FL images of M-4 micro-rods
excited with 488 nm laser at different positions. red line in Figure 1a).

single micro-rod was
excited with the laser
spot size of 6 um

provided by a 20x

objective, it showed a
sharp emission peak
maximum at ~538 nm
with a reduced FWHM

of ~21 nm compared

to its thin film (see the

Focused laser excitation (spot size: 6 um) of one of the micro-rod ends displayed a
bright localized green emission (Figure 3b, c), while excitation at the center of the
micro-rod exhibited a localized bright green emission (Figure 3d). The absence of
waveguiding property along the micro-rod indicated that the extended nature of
nano-pores to order of microns, which leads to poor light confinement or, in other

words, high optical loss of the propagating light.
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4.3.5. Fabrication of M-4-PS Composite Micro-Spheres:

25 mg of PS was dissolved in 4.0 mL of THF (HPLC grade) and sonicated for
one minute to dissolve the PS beads. Then 20 pL of 0.05 M M-4 in DMF was added to
the PS solution, it was mixed thoroughly and kept for 5 min. To this mixture, 1.0 mL
of deionized water was added and left undisturbed for about 10 minutes to ensure the
growth of high quality microspheres in the solution itself. Afterward 100 pL of this
mixture was drop-casted on clean glass coverslip and the solvent was allowed to
evaporate to get PS-M-4 micro-spheres (Scheme 1b). In the case of M-4 coated PS
micro-spheres, 5uL to 20 pL of the M-4 solution was added after the formation of
micro-spheres in THF:H20 (4:1).

4.3.6. Spectroscopy and Microscopy Studies of M-4-PS Micro-Sphere:

Since these micro-rods are very sensitive to moisture, to make use of the
perovskite as an active material for photonic device applications, PS was used as a
matrix to stabilize M-4 as the former forms micro-spheres suitable for the resonator
and lasing applications.[265] Earlier study in this context showed that coating of M-4
on the surface of the silicon micro-spheres exhibiting lasing action.[26¢] However, an
expensive atomic layer deposition method was utilized for coating the perovskite on
the surface of silicon spheres and the stability of the perovskite coated on silicon
micro-sphere was not fully addressed. Hence, two experiments were planned to
understand the stability of M-4-PS composite: (i) M-4 coated on the surface of the PS
micro-sphere (see Figure 4) and (ii) M-4 mixed with PS solution to ensure the M-4
within the PS micro-sphere matrix. In the first approach, PS micro-spheres were
coated with M-4, where the M-4 was exposed to moisture. As perovskites are highly
sensitive to moisture, they tend to decompose in a shorter time, hence they show less
stability. In the second experiment, the M-4+PS were mixed (20 uL in DMF: 4 mL THF)
together then water (1 mL) was added and allowed to form composite micro-spheres.
The solution was left undisturbed for 20 min and it was drop casted on a glass slide
and the solvents were evaporated at RT. Examination of the sample under a confocal
microscope exhibited circular structures hinting the formation of micro-spheres.

These M-4 within the PS matrix show high stability compared to the coated one, as
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the perovskite is embedded with the polymer matrix, the latter prevents the

degradation of M-4.

To further confirm the shape, size and surface smoothness of these PS-M-4
micro-spheres, FESEM analysis was carried out (Figure 4). The FESEM micro-graphs
clearly explicated the presence of polydispersed PS-M-4 micro-spheres with a smooth

surface, which is essential for a micro-sphere to act as a micro-resonator (Figure 4a

a BAL blended within PS microspheres b BALI coated on PS microspheres

20 pl of BALI
5 ul of BALI

10 pl

15 ul

20 pl

Figure 4: a (i, ii)) FESEM and TEM images of PS micro-spheres blended with M-4. a (iii)) SAED
pattern of PS micro-spheres blended with M-4. a (iv-viii)) EDS elemental map of single micro-
sphere. b) FESEM and TEM images of PS micro-spheres coated with different concentration of
M-4.
(i)). The TEM images of a micro-sphere also confirmed the defect-free smooth surface
as shown in Figure 4a (ii). Similarly, the FESEM micro-graphs of M-4 (5 pL) coated on
PS micro-spheres also showed a smooth surface (Figure 4b (i)). However, when the
concentration of the M-4 in isopropanol (IPA) and DMF was increased from 10 pL to
20 pL nano-concave (~100 nm to 1 pm) shaped defects were formed on the surface
of these micro-spheres producing golf ball-like features (Figure 4b (iii-viii)). These
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defects could be due to micro-solvent (IPA) droplets which were attached to the
surface of growing PS micro-spheres.[266] High concentration of the M-4 increases the
solvent volume, which leads to the formation of golf ball-like structures. Similarly, M-
4 coated PS micro-spheres showed defect-free surfaces. The chemical composition of
these micro-spheres was further confirmed by FESEM and EDS studies. The EDS
elemental mapping of a single PS- M-4 micro-sphere clearly showed the presence of
C, N, Pb and I elements confirming that the M-4 was incorporated into PS micro-
sphere (Figure 4a (iv-viii)). The TEM micrographs also revealed that the defects are
only on the surface (Figure 4b (iii-viii)). Further, the confocal microscopy, FESEM, and
TEM evidently indicated the polydispersed nature of the micro-spheres with the size
distribution of about 2-8 um. The SAED pattern showed no diffraction spots from the

microspheres (Figure 4a (iii)) indicating their amorphous nature.

4.3.7. Single-Particle Micro-Spectroscopy and Numerical Calculation

of Micro-Spheres: [FDTD simulations was performed in collaboration with Prof. T.

Murzina, MSU, Moscow]|

The photonic properties of these micro-spheres were verified by single-
particle confocal fluorescence microscopy studies. When an edge of a M-4-PS micro-

sphere was excited with a CW laser (Ar* 488 nm; power: 10 mW; objective: 150x)
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Figure 5: a) and b) Single-particle bright field and FL images of a composite M-4-PS micro-
resonator excited with a 488 nm CW laser. c) Its corresponding single-particle FL spectrum. The
TE/TM mode numbers were calculated using FDTD simulation. d) FDTD numerical simulation of
a micro-spherical resonator displaying the electric field distribution for TE,; and the
corresponding mode volume 1.83 um?3.

83



Chapter 4

beam, a bright ring-shaped FL was observed at the periphery of the micro-sphere
(Figure 5b). Further, a series of distinct pairs of sharp peaks were observed in the FL
spectrum (from 500 nm to 750 nm) collected from the edge of the micro-sphere. This
clearly indicated the existence of WGM resonances as a result of multiple TIRs of the

emitted light at the interface between the micro-sphere and air (Figure 5c¢).[229.267] The
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Figure 6: Single-particle FL spectra of M-4-PS micro-sphere with different size (a-c). The insets
shows its corresponding FL images of micro-spheres. A plot of (e) Q factor versus particle
diameter and (d) FSR values versus 1/D with linear base fitted line.

appearance of both TE/TM modes with nearly same intensity indicated the
unpolarized nature of the WGM emission.[201.268] Another interesting feature of the
WGM spectrum is the near absence of FL. background, which points toward high Q-
resonators. A two-dimensional finite difference time-domain (FDTD) method was
employed to simulate the WGM spectrum (for radical mode number, r =1; polar and
azimuthal mode number, m=I[) and the electric field distribution within the resonator.

From the calculation, the pair of peaks such as TM and TE was identified as azimuthal
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mode numbers from TMis-TM27 and TEis-TE27, respectively (Figure 5c). The
simulated electric field distribution (for TE23) within the micro-resonator showed the
localization of an intense electric field around its periphery (Figure 5d). The estimated

TE23 mode volume of the micro-spheres is 1.83 ums3.

Similar single-particle FL studies on micro-spheres with concave surface
deformation showed a broad FL spectrum centered at 540 nm without any WGMs.
Moreover, the WGM parameters of individual micro-spheres with different sizes were
also investigated to gain more insight about the effect of cavity size on field
confinement, FSR, and Q-factor. Figure 6 presents the FL spectra and FL image (insets)
of three distinct micro-spheres with different diameters (D) under excitation with
488 nm CW laser. Unambiguously, the FSR value was found to decrease with increase
in the micro-sphere D as per the relation. Micro-sphere with D of 6.6 um showed lower
FSR value i.e., 18.3 nm (Figure 6a), however, when the value of D ~ 4.4 and 3.2 um,
the FSR values increased to 25.4 and 31 nm, respectively (Figure 6a-c). The FSR values
obtained for various sizes of micro-spheres were plotted in Figure 6d. The Q-factor
of the resonators is improved with the increase of the cavity D since the surface
scattering losses of the circular resonator drop exponentially with their size. The
maximum Q-factor achieved for the PS-M-4 micro-sphere was about 1180 (A= 552
nm; FWHM = 0.54 nm) (Figure 6e), which corroborated well with the absence of FL
back ground in the WGM spectrum.

4.3.8. Fluorescence Life-Time Imaging:

FL life-time of the PS-M-4 micro-spheres was investigated by confocal
fluorescence life-time imaging microscopy (FLIM) measurement. The lifetime decay
profile was obtained by time-correlated single photon counting (TCSPC) technique
using a picosecond pulse laser (405 nm) for excitation. Life-time decay profile of PS-
M-4 micro-spheres showed average FL decay of 3.67 ns (Figure 7). When individual
micro-spheres were subjected for FLIM studies, interestingly each micro-sphere
showed different decay (t) values. For example, the particle with D ~4.5 pm showed
3.34 ns life-time decay. However, when the particle size decreased to 3.2 mm, the

decay time was declined to 3.1 ns (Figure 7b). This clearly indicates that the FL photon
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life-time (7p) decay depends on the size of the photonic particles as per the following

equation.

e
P w

Where o is the angular frequency of the photons. Here the resonator size is related

to its Q-factor, where the large size particles show high Q-values because of the
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Figure 7: a) Average FL life-time decay profile of M-4-PS micro-spheres and (b) its corresponding
FLIM image. The inset of (b) micro-sphere FLIM images show particle size dependent life-time
values.

increased photon trap time within the cavity. As a result, the bigger particles traps the
FL photons efficiently, this led to the increased FL life-time compared to the smaller

particles, which displays lower life-time values.[26]

4.3.9. NLO Studies:

To explore the NLO property of M-4, experiments were carried out using
high intense fs pulse laser field and compared with OPL. An ultrafast Ti:Sapphire laser
system with the fundamental wavelength of 800 nm, a pulse width of 60 fs was used
for the excitation of M-4. M-4 crystals excited with this laser radiation showed a green
TPL centered at 553 nm in contrast to one photon-pumped bright green emission
observed at 537 nm (Figure 8).

This result clearly indicated that the M-4 crystals are a multiphoton active
material. A slight red shift in the TPL spectrum of M-4 with respect to the OPL
spectrum could be due to the reabsorption effect. Driven by the emanating TPL from

M-4, experiments were carried out with a different pump to study the dependence of
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TPL intensity of the material. At low (8 pJ/cm?) pump fluence, a very weak TPL
intensity was observed (Figure 8). However, an increase in the excitation intensity
leads to an increase in the TPL intensity. The dependence of the TPL intensity on the

fundamental radiation power corresponds to the quadratic power law (Figure 8
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Figure 8: OPL and TPL spectra of M-4 crystal. The inset double logarithmic power plot shows
power vs TPL intensity plot, the linear power fit is shown in red colour. The inset digital
photographs show one and two photon excited luminesce of M-4 micro-crystal.

inset). In order to indirectly probe the TPA range, the sample was excited at different
fundamental wavelength (760 nm to 860 nm) and 3D excitation-emission
dependence was measured, which is shown in Figure 9a. The 3D NLO response from
M-4 crystals were obtained in the range of 540 nm to 590 nm (Figure 9b). The

intensity distribution shows maximum around 565 nm, with an amplitude weakly

\ntensity

Scattered wavelength, nm

500
760 780 800 820 840 860
Pump wavelength, nm

Figure 9: a) Emission-excitation spectrum of the TPL intensity for M-4 crystal. b) The 3-d profile
of TPL intensity and input power with respect wavelength.
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depending on the fundamental wavelength in the range from 760 nm to 860 nm
(Figure 9a). Similarly, a bunch of PS- M-4 micro-sphere film of thickness about 20 um

(Figure 10a) also emitted two-photon pumped luminescence. The TPL spectra
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Figure 10: a) FESEM cross-sectional image PS-M-4 of micro-sphere deposited on glass. b) TPL
PS-M-4 micro-sphere with different fundamental pump power. The inset shows a plot of
intensity verses pump fluence.
collected with different pump energy are shown in Figure 10b. The intensity of the
TPL spectrum increased as a square of the pump pulse energy of up to ~15.4 mJ/cm?2.
Upon additional increase of the pump power, a sudden decrease of the TPL intensity
was observed (Figure 10b inset), which could be due to the radiation damage of the

sample.l270] Thus the laser damage threshold of the PS- M-4 microspheres is 15

m]/cm2,

4.4. Conclusions:

In summary, this chapter demonstrated the preparation of 2D layered M-4
micro-crystals on glass slides by anti-solvent diffusion method using DCM as anti-
solvent. For the first time, the green emitting M-4 perovskite was incorporated within
PS to give an air-stable high-Q WGM resonator with the Q-factor as high as ~1.2 x 103.

FDTD calculation demonstrated the localization of optical field near the micro-sphere
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boundary with mode volume as small as 1.83 pm3 for TE23 mode. Additionally, for the
first time, the intrinsic TPL property of 2D M-4 crystal was demonstrated and
interestingly the crystal provided access to TPL in a broad range of fundamental
excitation wavelengths from 860 nm - 760 nm. Importantly, a film of high Q-factor
PS-M-4 micro-sphere also displayed intense two-photon pumped emission to a
smaller pump fluence in comparison to homogeneous thin film. The PS-M-4 micro-
sphere film was stable up to the pump fluence of ~15.4 mJ/cmZ2. The NLO property of
this 2D perovskite paves way for the development of new functional opto-electronic

devices for direct practical applications.
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Chapter 5 Ferroelectric polar organic crystals

5.1. Abstract:

Polar organic crystalline materials are known to act as ferroelectrics via electric
switching of their inherent electric polarization. Principally RT organic ferroelectric
materials producing both second harmonic and THz radiations are touted for use in
sensors, photonics, electro-optics, and memory device applications.[140-145] On the other
hand, identifying a single-component ferroelectric organic crystal, which can create the
above NLO radiations is a difficult task and not reported so far. Here, this chapter reports
a new moderate dipole (1.42 Debye) molecule, 4-(4-(methylthio)phenyl)-2,6-di(1H-
pyrazol-1-yl)pyridine, (M-5) which crystallizes in an excellent polar molecular
arrangement. Polar crystal, M-5 exhibits a distinct ferroelectric hysteresis loop at room
temperature, without any discontinuity in a temperature dependent dielectric (€’)
measurements. Due to high second-order NLO susceptibility, superior phase matching
conditions and low THz absorption, M-5 single crystal produced both second harmonic
and THz waves with an ample conversion efficiency. This result clearly establishes the
practical usefulness of M-5 for NLO and electro-optical applications at ambient

temperature.

5.2. Introduction:

Technologically, room temperature organic ferroelectric materials producing
both THz and SHG are valuable owing to their transparency, light-weight, lower-cost,
solution processability, and environmentally benign nature. Therefore a great deal of
effort has been put into the exploration of single-component ferroelectric organic
materials for both NLO and electro-optical applications.[142-147.273]

In contrast to inorganic compounds, the scarce examples of a single-component
organic ferroelectrics are not surprising, as aggregating dipolar organic molecules in
a 3-D condensed phase, in such a way that, all dipoles are dipole-parallel aligned is a
grand challenge. Two essential ingredients in a recipe to a polar organic crystal are
(2711 (i) molecules possessing modest dipole moment to oppose with the dipole-
antiparallel alignment, (ii) conducive intermolecular interactions to stabilize the

dipole-parallel alignment. The energetics of supramolecular interactions, such as -t
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stacking and hydrogen bonding plays a pivotal role in the latter case in order to
position the dipole molecules in a polar arrangement. Above all, serendipitous insight
is a key element in most of the cases, including the medium-sized molecule based
polar crystal presented in this work. The reason being is that, though the first
ingredient of the recipe is rather probable to control synthetically, the latter is not
even imaginable in medium- and large-sized molecules with multiple-rings. For

smaller molecular systems, an attempt has been made earlier by Desiraju et al. to
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Figure 1: a) Structural formula of M-5 is presented with the background photograph of its single
crystal. b) Single crystal x-ray structure of M-5 (30% thermal ellipsoid plot). Hydrogens atoms
are omitted for clarity. The blue arrow shows the calculated (RB3LYP with basic sets 6-31G(D))
dipole moment (p) of the molecule with the phenyl-pyridine dihedral angle, ® = 19.96°.

guide the molecular dipoles into a polar arrangement using crystal engineering
approach.[274] In this context, Choudhury et al examined the Cambridge
crystallographic database and revealed the importance of selecting a symmetric
molecule, i.e. molecular point group symmetry higher than Ci, to achieve ferroelectric
crystals.[275] As far as the molecular functionality is concerned, after the well-known
thiourea, no organosulfur group (weakly polar C-S bond) is exploited to achieve
organic ferroelectrics.

Hence in this chapter, synthesis of a rather symmetric organic molecule with a
methyl phenyl sulfide unit connected to electron deficient 2,6-di(1H-pyrazol-1-
yl)pyridine (BPP) system, namely, 4-(4-(methylthio)phenyl)-2,6-di(1H-pyrazol-1-
yl)pyridine, abbreviated as M-5 (Figure 1a) was envisioned. In M-5, the BPP unit is a

weak acceptor (A) and methyl(phenyl)sulfane is a modest donor (D) unit. M-5 was

92



Chapter 5 Ferroelectric polar organic crystals

synthesized as a white powder by reacting 4-iodo-2,6-di(1H-pyrazol-1-
yl)pyridinel276] (1) and 4-(methylthio)phenylboronic acid (2) via Suzuki cross-
coupling conditions in # 60% yields. The chemical structure of M-5 was confirmed
unambiguously by 1H and 13C NMR spectroscopy, high-resolution mass spectrometry,

elemental analyses, and single crystal x-ray diffraction technique.

5.3. Results and Discussion:

5.3.1. Synthesis of M-4:

Compound 4-iodo-2,6-di(1H-pyrazol-1-yl)pyridine (BPP) 1 was prepared as
per our reported procedure.[276]

Compound 1 (0.2 g, 0.593 mmol 1 equiv.), 4-(methylthio)phenylboronic acid
(0.13 g,0.77 mmol, 1.2 equiv.) and Pd(PPhs)4 (34 mg, 0.0003 mmol, 0.15 equiv.) were
suspended in degassed 1,4-dioxane (20 mL). To this Na2COs3 (2.0 M, 4 mL) was added
and heated at 90 °C for 3 d under the nitrogen atmosphere. The course of the reaction
was monitored by thin layer chromatography (Eluent: dichloromethane/hexane).
After the disappearance of starting materials the reaction mixture was cooled down
to room temperature and then 1,4-dioxane was removed using a rotary solvent

evaporator.

|
\ Pd(PPh3)s, 2M Na,;CO3

u 1 \J oo & “:,5 o

Scheme 1: Reaction scheme for the synthesis of M-5.

90 °C, 3 days N

The resulting residue was treated with water and extracted with
dichloromethane (DCM) solvent. The extracted organic fraction was dried over MgSO4
and the solvent was removed in vacuo. The resulting white colour residue was
subjected to silica gel flash column chromatography (1:1 DCM/hexane) to get
compound M-5 as a white powder (130 mg, 66% yield). TH-NMR: TH-NMR (400 MHz,
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CDCls - d1, 6 in ppm): 8.61 (s, 2H), 8.10 (s, 2H), 7.80 (s, 2H), 7.75 (d, 2H), 7.35 (d, 2H),
6.51 (s, 2H), 2.24 (s, 3H); 13C NMR (100 MHz, CDCl3 - d1, 6 in ppm): 153.4, 150.6,
142.5,141.3,133.7,127.5,126.3,115.5,109.97, 106.7, 15.3; IR (KBr): v=3112, 3084,
2953, 2920, 2871, 1610, 1550, 1512, 1446, 1391, 1210, 1068, 1046, 936, 893, 838,
783 cm -1; ESI-MS m/z: [M+H] calcd for C18 H1s Ns S, 333.416, found 333.113. Anal.
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Figure 2: 'H-NMR spectrum of M-5.
calcd for C18 His N5 S: C, 64.88; H, 4.53; N 21.01. found: C, 64.78; H, 4.46; N, 21.01.
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Figure 3: 3C-NMR spectrum of M-5.
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Figure 4: HR-MS of M-5 compound.
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Figure 5: CHN elemental analysis of M-5 compound.

5.3.2. Solid-State Molecular Packing and Interactions:

Colourless coffin-shaped single crystals (Figure 1a) of compound M-5 were
obtained from slow evaporation of a 3: 2 ratio mixed solution (8 mL of MeOH and 12

mL of CHCI3). M-5 compound (120 mg) was dissolved in 12 mL of chloroform and then
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8 mL of methanol was added dropwise. The solution was kept under slow solvent
evaporation condition for crystal growth. After 3 days colorless coffin-shaped crystals

along with needle-shaped fibers were obtained.
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Figure 6: Polar crystal structure of M-5 with four-fold screw axis. a, b) View of four M-5
molecules (labelled 1, 2, 3 and 4) with 90° rotation and 1/4 lattice translation in the
crystallographic c-direction forming a four-fold screw axis. Screw axis views in the
crystallographic b and c directions, respectively. c, d) Position of the S atoms along the screw
axis e, f) Molecular arrangement of the ferroelectric M-5 crystal viewed along the
crystallographic b and c directions. The red arrows show the orientation of the molecular
dipoles.
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SIDE-VIEW

SeeeH: 2.924 A

TOP-VIEW

N NeeeH: 2.595 A

Figure 7: Intermolecular interactions in the solid state. a, b) Top and bottom views of M-5
dimers stabilized by intermolecular C-HeeeS hydrogen bonding and m-it stacking interactions.
¢) Two displaced molecular units along the screw axis interacting via C-HeeeN interactions. The
red arrows show the orientation of the molecular dipoles.
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The crystal structure was examined at RT using single crystal X-ray diffraction
technique. The BPP units are nearly planar to the phenyl ring with a dihedral or
torsion angle (@) of ca. 19.96°. Based on the crystal structure, the calculated (RB3LYP
with basic sets 6-31G(D)) ground state dipole moment (p) of M-5 was 1.42 D, which
is a relatively a modest value (Figure 1b). The solid-state molecular structure of M-5
revealed a distinctive tetragonal I41 space group with a polar point group 4, which
represents a body-centered lattice with four-fold screw axis (combination of rotation
axes and lattice translation) (Figure 6a,b). In the crystal lattice, the four-fold screw
axis is pointed towards the crystallographic c-axis with a molecule repeated distance
of 29.472 A (distance between two S atoms of first and fifth molecules). One molecule
is deduced from the other by a rotation of 90° around the four-fold axis (along with
the ab-plane) followed by a % lattice translation along the crystallographic c-direction
(Figure 6¢, d). An interesting feature of the molecular packing is that all the M-5
molecules point in one direction along the c-axis. As a result of this anisotropic
molecular arrangement with the dipoles nearly pointing in one direction they
resulting crystal qualifies as a rare polar type (Figure 6e).

To understand the reason for the polar arrangement of molecules, the weak
supramolecular contacts between the molecules were investigated. At first, two
intermolecular H-bonds between sulphur and methyl hydrogen atoms (S---Hme =
2.924 A) and mt-m stacking (d = 3.36 A) interactions between two phenyl rings form a
non-centrosymmetric molecular dimer, resulting in a parallel arrangement of the
molecular dipoles (Figure 6e and 7a,b). Secondly, the pyrazole nitrogens (N3 and N5)
of each molecule participate in two intermolecular H-bond interactions with pyrazole
ring protons (N---Hp,= 2.59 A) of neighboring molecule, in a repetitive manner, with a
90° molecular rotation and % translation along the c-direction (Figure 7c), forming a
fourfold 41 screw axis. One of the signs that the crystal is possibly ferroelectric is the
hidden non-centrosymmetric packing in the polar crystal structure. Generally,
deviations from centrosymmetricity would guarantee easier polarization reversal,

leading to a spontaneous polarization of the single crystal.
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5.3.3. Differential Scanning Calorimetry and Variable Temperature

Raman Spectroscopy Studies of M-5:
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Figure 8: DSC thermogram of M-5 crystal.
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Figure 9: Variable-temperature Raman spectra of M-5 crystal.
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DSC unravels structural or phase changes of organic and inorganic crystalline
compounds. Compound M-5 showed no phase change and a single melting endotherm
in DSC at a high Tonset of 171.33 °C (444.33 K) corresponding to the melting
temperature of phase transformation solid to liquid. The exothermic peak at 124.5 °C
(397.5 K) corresponds to the crystallization temperature of the phase transformation
from liquid to solid. Moreover, no detectable phase transitions were found until the
sample gradually starts to melt at T >447 K (Figure 8). To further probe any possible
phase change variable temperature Raman spectroscopy was performed from liquid
nitrogen temperature till 150 °C. The obtained Raman spectra show no significant
change of the position of peaks (Figure 9). Overall these results suggest that the

ferroelectric phase exists at RT and above RT.

5.3.4. Solid-State Dielectric and Electrical Properties of M-5 Crystal:

[performed in collaboration with Prof. S. Srinath, SoP, UoH]

The Curie-point is an indicator for the transition from paraelectricity to
ferroelectricity; to confirm this, the temperature dependence of dielectric constant
(£") of M-5 crystal was studied and presented in Figure 10. Interestingly, the (T) plot
shows a slight decrease of ¢’ without any abrupt characteristic discontinuity between

300 and 445 K at various frequencies (The m.p. of M-5 crystal is 174 °C).[272]
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Figure 10: Temperature-dependent dielectric constant at various frequencies.

101



Chapter 5 Ferroelectric polar organic crystals

The above studies confirmed that there is no phase transition and only
ferroelectric phase exists at RT. To probe the RT ferroelectric phase of M-5 crystal, its
ferroelectric properties were investigated by measuring hysteresis curves of electric
polarization versus electric field (P — E) at 300 K (Figure 11). As expected, from
variable temperature dielectric studies, an evolution of a well-defined hysteresis loop
was observed with an increase in remnant polarization, Pr and coercive field, Ec upon

increasing the applied voltage at a frequency of 100 Hz. At 140 kVcm-! the loop
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Figure 11: Ferroelectric behaviour. Electric polarization (P) versus electric field (E) hysteresis
loops of M-5 measured at 298 K at various applied voltage with AC electric field frequency of
100 Hz.

reaches its saturation with the saturation polarization, Ps= 0.715 puCcm-2, Pr = 0.166
puCcm2, and the Ec of 18 kV cm-1. Our attempts to detect Ps at higher electric fields were
futile as a result of dielectric breakdown and crystal fracture. For all the field
strengths, from low to high fields the P-E loops closes completely indicates a sizable
contribution from the reversible polarization. Further, the origin of ferroelectric
reverse polarization in M-5 crystal is not established yet. Nevertheless, it is possible

that (i) protonation of the hydrogen-bonded pyrazolyl and pyridine nitrogens (see
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Figure 7c¢) and (ii) charge transfer mechanism have discretely or cooperatively

contributed in the polarization reversal.
5.3.5. Solid-State Linear Properties of M-5:

Compound M-5 is a typical intramolecular charge-transfer (ICT) compound.
The solution and solid-state UV-Vis absorbance and fluorescence studies were
performed, to understand the molecular level electronic transitions and aggregation
behaviour of compound M-5 (Figure 12a). In chloroform solution (c ~ 2x 10-> M), the

electronic spectrum of compound M-5 exhibited two absorbance bands, a less intense
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Figure 12: a) UV-Vis absorbance and FL spectra of M-5. b) HUMO and LUMO energy levels
calculated by DFT (RB3LYP with basic sets 6-31G(D)). c) UV-Vis absorbance of M-5 in various
solvents. (d) Solvato-chromic FL shift of M-5.
band at 250 nm and intense band at 314 nm. In the solid state, the second band slightly
shifted to a higher wavelength to 324 nm due to aggregation. The longer wavelength
absorbance bands in the solid and solution state are due to ICT, which is apparent

from the change of electron cloud distribution between the HOMO and the LUMO of
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the compound M-5 (Figure 12b). The estimated band gap and ground state dipole
moment of M-5 FL from density functional theory are 4.26 eV and 1.42 Debye,
respectively. The spectra of compound M-5 exhibited an emission band centered at
362 and 379 nm (Figure 12a), with prominent solvatochromic redshifts due to ICT
favoured by polar solvents (Figure 12d). The solid state spectrum of M-5 exhibited
well separated broad bands at 385 nm and 469 nm (Fig. 4a), the later band could be
as a consequence of charge transfer in the solid state.

5.3.6. Solid-State NLO Properties of M-5: [performed in collaboration with Dr.
S. R. G. Narahari Setty, School of Physics, UoH]

In addition to ferroelectricity, due to broken inversion symmetry, x(2#0 for

polar crystals hence they are known for the production of SHG. Therefore, to
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Figure 13: Second Order NLO Properties. a) SHG response of M-5 for three representative
fundamental harmonics. b) Calculation of second order non-linear coefficient ($) of M-5 with
reference to urea. The magnitude of SHG signal is 3.3 times greater than urea. ¢, d) Increases of
the SHG NLO signal quadratically with 800 nm, 1030 nm pump powers, respectively. The red line

shows the non-linear fit.
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investigate the NLO properties, when the M-5 single crystal (of thickness 1.4 mm) was
excited with Ti: Sapphire pulse laser (pulse width 100 fs, repetition rate 1 kHz, linear
polarization) at 800 nm, 1030 nm, and 1200 nm fundamental wavelengths, with a
focal volume having a spot size of 101.8 pm, the crystal produced efficient SHG signals

at 400 nm, 515 nm, and 600 nm, respectively (Figure 13a). The input pump power-
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Figure 14: a) OPL and TPL spectra of a single crystal of M-5. b) TPL intensity as a function of
fundamental excitation wavelengths.

dependent studies clearly demonstrated a quadratic increase of the SHG intensity
with power endorsing the second-order non-linear origin of the signal without any
(Figure 13c, d).

The magnitude of the SHG signal is also found to be about 3.3 times greater than
that of the urea standard. From the signal intensities, the nonlinear absorption
coefficient (B) of M-5 was estimated [Byreq = 3.39 X 1077 e.s.u,, then By_s =
(Burea) X 3.3 = 11.187 x 107% e.s.u] (Figure 13b). It should be mentioned that, in
addition to a weak SHG, the crystal also produced an intense TPL when it was pumped
with a 700 nm fundamental light (Figure 14a). Excitation of the crystal with various
input wavelengths indirectly revealed the TPA range from about 850 to 600 nm with
a maximum at 700 nm (Figure 14b). As a result, the intensity of SHG steadily
decreased with decreasing pump wavelengths, within the TPA domain. Further, the
crystals possess good thermal and photochemical stabilities in the crystalline state.

Finally, the third-order NLO susceptibility of M-5 in chloroform solvent was

measured by using a single beam Z-scan technique (see Chapter-7 Z-scan
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measurement experimental set-up). This technique allows simultaneous
measurement of nonlinear refraction (NLR) and nonlinear absorption (NLA). The
experiment was performed using with Ti: sapphire 800 nm fs pulse laser (a pulse
width of 100 fs, a repetition rate of 1 kHz by keeping the sample at a focal volume

having a spot size of 101.8 pm). The nonlinear absorption coefficient f of M-5,
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Figure 15: Third-order NLO properties of M-5. a) Open aperture Z-scan curve at 1.2 mW. b) Z-
scan measurement at different input powers 1.2 mW, 1.7 mW, 2.3 mW and 3.4 mW. c) A plot of
nonlinear absorption coefficient () of M-5 at various input intensity. d) Normalized pure
nonlinear refraction. Red solid line depicts theoretical fit.

obtained from the open aperture Z-scan curve is given in Figure 15a and the f value
measured at different input laser powers is shown in Figure 15b, c. The obtained
results show that f is nearly independent of the input intensity lo due to the
involvement of pure TPA process. The measured value of 8 is 6.3x10-12 cm/W and the
molecular TPA cross-sections o(A) = 585 GM. The pure nonlinear refraction curve is
shown in Figure 15d. It was obtained by dividing the closed aperture data by open

aperture data. The resultant characteristic peak-valley indicates the negative
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nonlinear refraction or self-defocusing effect. The values of nonlinear refractive index

nz obtained is nz= 0.214x10-16 cm2/W, it is of the order of 10-11 esu.

5.3.7. Terahertz Spectroscopy Studies of M-5: [performed in collaboration
with Prof. A. K. Chaudhary, ACRHEM, UoH]

Finally, the second-order nonlinearity of M-5 crystal was used to test its THz
wave generation ability using optical rectification process (see Chapter-7 for
Terahertz measurement experimental set-up 2). When an incident fs laser
(wavelength 800 nm, pulse duration 140 fs, repetition rate 80 MHz) power of 700
mW was pumped on to the M-5 crystal, remarkably, the crystal generated THz
radiation. The temporal profile and corresponding frequency spectra of the THz
radiation are shown in Figure 16 a, b, respectively. The frequency spectra of generated

THz radiation covered up to 2.2 THz range with a good signal to noise ratio (200:1).
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Figure 16: Optical rectification process. a,b) THz generation temporal profile and the
corresponding frequency spectrum of M-5 crystal, respectively. c) Pump energy dependent THz
generation power of crystal.
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To attain a maximum THz generation efficiency, the crystal was rotated vertically to
identify the best phase matching position. Due to better phase-matching and a higher
figure of merit, the crystal demonstrated a conversion efficiency (n = Output THz
power/Input laser power) of the generated THz radiation of the order of 0.87x10-5%
(Figure 16c).

Further, the THz absorption and transmission data of the crystal (thickness = 18
mm) were recorded by using THz spectrometer between 0.1-2.0 THz rangel277] (see
Chapter-7 Terahertz measurement experimental set-up 1). The temporal (time) and

frequency domain THz transmission of M-5 crystal and Zn-Te with reference to THz
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Figure 17: THz transmission studies of M-5. a) THz temporal profiles of M-5 and ZnTe and b) their
corresponding spectral amplitude of profiles, respectively. c) THz absorption profile of M-5 crystal.
signal generated by low-temperature-grown GaAs (LT-GaAs) photoconductive
antenna in the air are shown in Figure 17 a, b. From the transmission data, it is explicit
that crystal is transparent over the range 0.1-2.2 THz. The absorption spectrum
revealed low THz absorption with absorption coefficient, a <1.5 cm! in a large

wavelength range but between 0.7 to 1 THz range (Figure 17c).
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5.4. Conclusions:

In summary, a rare example of a single-component polar organic crystal based on
a new M-5 molecule was synthesized and this molecule possessing a weak dipole
moment. The stabilization of dipole-parallel alignment in a three-dimensional crystal
lattice indicates that the energy of the supramolecular H bonding and -1 stacking
interactions overwhelmed the natural tendency of the molecular dipoles aligning in
an antiparallel manner. Another exciting structural feature of the crystal is the
formation of a four-fold screw axis by the molecular dipoles. The polar order of the
M-5 molecules in the crystal lattice is revealed in their above room temperature
ferroelectric behavior. The emergence of SHG signal from M-5 and its angle
dependency further reinforced the anisotropic nature of the ferroelectric single-
component crystal. The generation of THz with good conversion efficiency is an
additional strength displayed by this rare-polar crystal. Further, the crystals possess
good thermal and photochemical stabilities in the crystalline state. The presented
single component organic crystal holds promise for a myriad of emerging photonic

applications involving electro-optical effect.
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Conclusions

This thesis entitled “Photonic Properties of Organic Micro-Resonators and
Ferroelectric Polar Crystal: Two-Photon Luminescence, Second Harmonic Generation, and
Terahertz Wave Production” presented nano-photonic properties of resonators self-
assembled from small organic nonlinear optical (NLO) molecules and ferroelectric-NLO
studies of polar organic crystal.

Chapter-1 introduced (nano) photonic properties of organic molecules and
their superiority over inorganic and metallic structures in terms of EP binding energy.
It also presented various nano-and micro-fabrication methods, types of optical
waveguides and resonators. Their basic principles and useful parameters were
discussed together with some literature examples. Later, introduction to polar organic
crystals and ferroelectricity were given. Further, this Chapter presented same basic
introduction to NLO properties such as two-photon luminescence (TPL), second
harmonic generation (SHG), and terahertz (THz) wave production via optical
rectification process.

The shape, size, and composition of the self-assembled solid structures are the
three most important elements of the resonator properties. Therefore bottom-up
approach was adopted throughout the thesis to achieve self-assembled organic micro-
structures. Chapter-2 presented, the self-assembly of active type WGM submicro-
tubular resonators from 4,4'-bis(2,6-di(1H-pyrazol-1-yl)pyridin-4-yl)-1,1'-biphenyl
(M-1) via a bottom-up self-assembly technique. Single-particle to single-particle
transformation of an active type resonator into a passive type hetero-structure
resonator using laser burning technique was discussed for the first time. A detailed
investigation of the hetero-structure resonator using various microscopy techniques,
comparative performance study of these active and passive type resonators using
single-particle micro-FL (fluorescence) and polarization-resolved spectroscopy studies

using continuous wave (CW) UV and visible lasers were also presented. Additionally,
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the NLO properties like two-photon absorption (TPA) and TPL of M-1 in the thin film

and self-assembled submicro-tubes were also discussed.

Coumarin-153 (C-153) is a famous laser dye, extensively used in biology, bio-
labeling, bio-imaging, spectroscopy, microscopy and recently in photonics studies. To
tune the emission colour of FL molecule creation of energetically different solid-state
aggregates (so-called polymorphs) is an interesting strategy. C-153 forms two kinds of
polymorphic crystal structure (M-2 and M-3) but its polymorphism dependent
emission behavior has not been explored to date. Hence, in chapter-3, the polymorphic
crystal structures (M-2 and M-3) of C-153 and their opto-molecular properties were
demonstrated. Further C-153 possesses strong dipole moment in the ground state and
hence exploiting the binary solvent (Acetonitrile: water) mixture and solvation
dynamics, several polymorphic microstructures such as rods, tubes, and Japanese twin
tubes were achieved by using a simple self-assembly method. The single particle Raman
spectra of these microstructures were quite different due to their dissimilar solid-state
packing. Therefore, these polymorphic structures exhibit diverse emission colours
ranging from blue, green and yellow. Single particle microscopic fluorescence studies
disclosed that these microstructures depending upon their shape act as optical cavity
and emit whispering gallery or FP modes. The study of NLO properties of M-2 and M-3
crystals and self-assembled micro-structures of C-153 revealed that the resulted TPL
spectra of micro-rods and microtubes of C-153 were matching with TPL spectra of M-

2 crystals and M-3 crystal.

Lead Perovskites are emerging as an important material for various
applications such as solar cells and lighting devices. But its applicability in lighting and
other applications suffers due to its instability at ambient conditions. Hence Chapter-
4 presents the preparation of 2D layered Perovskite micro-crystals (M-4) by anti-
solvent diffusion method and it’'s composite with polystyrene. Optimization of the
Formation of defect-free composite micro-sphere via self-assembly method also
discussed. Single-particle microscopy investigation these composite micro-spheres
gave high-quality resonators with the Q-factor up to ~1.2 x 103. Additionally, the
intrinsic TPL property of these composite micro-resonators was also demonstrated.

TPL mapping with respect to different fundamental wavelength clearly specified the
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TPA region and power-dependent emission as well. The NLO property of this 2D
perovskite paves way for the development of new functional opto-electronic devices

for direct practical applications.

Polar-assembly of molecules via crystallization is an exceedingly difficult task
and rarely achieved. Crystals with the above molecular order are referred to as single-
component polar organic crystals. Supposedly, these polar organic crystals are known
to produce ferroelectricity and second-order nonlinear optical properties such as SHG
and THz production. On the other hand, accomplishing all these three properties
experimentally is quite hard owing to several conditions (phase matching, optical
transparency, crystal size, laser stability, etc.) which have to be fulfilled. Therefore,
Chapter-5 presents, an unusual example of a single-component polar organic crystal
based on a new M-5 molecule possessing a weak dipole moment. The stabilization of
dipole-parallel alignment in a three-dimensional crystal lattice indicated that the
energy of the supramolecular H bonding and m-m stacking interactions overcome the
natural propensity of the molecular dipoles line up in an antiparallel manner. Another
fascinating structural feature of the crystal is the formation of a four-fold screw axis by
the molecular dipoles. The polar order of the M-5 molecules in the crystal lattice is
revealed in their above room temperature ferroelectric behavior. The emergence of
SHG signal from M-5 and its angle dependency further established the anisotropic
nature of the ferroelectric single-component crystal. The production of THz with good
conversion efficiency is an extra strength displayed by this rare-polar crystal. Further,
the crystals possess good thermal and photochemical stabilities in the crystalline state.
The presented single-component organic crystal holds promise for a myriad of

emerging photonic applications involving electro-optical effect.
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Instrumentation

Nuclear Magnetic Resonance Spectroscopy

1H and 13C NMR spectra were recorded on Bruker 400 & 500 MHz NMR spectrometers.

Spectra were recorded using the solvent peaks as the internal standard.

Mass Spectrometry

Shimadzu LC-MS 2010A equipment was used to record the mass spectra of the isolated

compounds following atmospheric pressure chemical ionization (APCI) technique. The
mass spectra of high molecular weight compounds were recorded on an Electrospray
ionization time-of-flight (ESI-TOF) instrument, HRMS, (Bruker Daltonik GMbH,
Microtof Control, Compass 1.3 Microtof S.R3, version 3.0 SR2 Build 66).

Elemental Analysis

Elemental analysis was carried out on a Thermo Finnigan Flash EA-1112 series CHNS

analyzer.

Infrared Spectroscopy

FT-IR spectra were recorded on a JASCO FT/IR-5300 or Nicolet 5700 FT-IR. Solid
samples were recorded as KBr pellets and liquid samples as thin films between NaCl

plates.
Differential Scanning Calorimetry

DSC was performed on a Mettler Toledo DSC 822e module. Samples were placed in
crimped but vented aluminum sample pans. The typical sample size is 3-5 mg;
temperature range was 25-180 °C @ 10 °C/min. Samples were purged by a stream of

nitrogen flowing at 60 mL/min.
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Optical Absorption Spectroscopy

Absorption spectra were recorded on a Shimadzu UV-3600 UV-Vis-NIR
Spectrophotometer or Cary 100 Bio UV-Visible spectrophotometer.

Solid State Optical Absorption Studies

The solid-state absorbance spectrum was recorded on a Shimadzu UV-3600 using
diffuse reflectance UV-visible (DR-UV-vis) mode. The reflectance spectrum was

converted to an absorbance spectrum using Kubelka-Munk function.

Fluorescence Spectroscopy

Steady-state fluorescence emission and excitation spectra were recorded on a Jobin

Yvon Horiba model Fluoromax-3 spectrofluorimeter.

Transmission Electron Microscopy

TEM images were obtained on a TECNAI G2 FEI F12 TEM at an accelerating voltage of
120 kV. Samples were prepared by placing a drop of the samples on a polymer
(polyvinyl formvar) - coated copper grid (200 mesh) and air drying.

Field Emission Scanning Electron Microscopy

FESEM images were recorded on a Philips XL30 ESEM and a HITACHI S-4300SE/N
FESEM respectively using beam voltages of 20 kV. The samples were fixed on
aluminum platforms using carbon tapes; a conducting connection was made between
samples and aluminum platform by silver paint. Samples were coated with a thin layer

(3 - 5 nm) of sputtered gold prior to imaging.
Atomic Force Microscopy

Atomic Force Microscopy imaging was carried out on NT-MDT Model Solver Pro M
microscope using a class 2R laser of 650 nm wavelength having a maximum output of
1 mW. All calculations and image processing was carried out by a software NOVA
1.0.26.1443 provided by the manufacturer. The images were recorded in a semi-contact
mode using a non-contact mode tip purchased from NT-MDT, Moscow. The dimensions

of the tip are as follows: Cantilever length = 95 (£5) um, Cantilever width 30 (*5) um,
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and Cantilever thickness = 1.5-2.5 um, Resonate frequency = 140-390 kHz, Force
constant = 3.1-37.6 N/m, Chip size = 3.4x1.6x0.3 mm, Reflective side = Au, Tip height =

14-16 um, Tip curvature radius = 10 nm, and Aspect ratio 3:1-5:1.

Confocal Raman Micro Spectroscopy Studies and nano-manipulation studies
Single particle micro-spectroscopy experiment was carried out on a backscattering
mode set-up of the Wi-Tec alpha 300 AR laser confocal optical microscope (T-LCOM)
facilities equipped with a Peltier-cooled CCD detector. Using 300 grooves/mm grating
BLZ = 750 nm, the accumulation time was typically 10 s and integration time was
typically 1.0 s. Ten accumulations were performed for acquiring a single spectrum. An
argon ion 488 nm and 633 nm (He-Ne) laser were used as an excitation source for
Raman scattering. For FL experiments 355 nm, 405 nm, and 488 nm (Ar+) lasers were
used. A 150x (0.95 NA) objective was used to excite a single micro-structure. Laser
power was estimated using THOR Labs power meter.
Nano-manipulation was performed using a confocal microscope equipped with an

atomic force microscope.

01 Excitation laser/405/488nm

02 Optical fiber

03 Objectives

04 Scan table and/or
stepper motor

05 Filter set

06 Optical fiber

07 Lens-based spectroscopy
system UHTS 300

08 CCD detector

09 White-light illumination

10 Z-stage for focusing

Figure 7.1: Confocal microscopy set-up

Single Crystal X-ray Diffraction: Data Collection, Solution and Refinement

The X-ray intensity data of crystals were collected on a Bruker Nonius SMART APEX
CCD area detector system equipped with a graphite monochromator and a MoKa fine-
focus sealed tube (A = 0.71073 A) (40 kV, 35 mA). The detector was placed at a distance
of 6.003 cm from the crystal. The frames were integrated by Bruker SAINT and the
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structure was solved and refined using the direct method analysis in Bruker SHELXTL

Software Package.
Ferroelectric and Dielectric Measurements

Temperature-dependent dielectric constant and ferroelectric  hysteresis
measurements were performed on a single crystal of M-5. Then the crystal was painted
by silver paste on the opposite sides to have a metal-insulator-metal configuration. The
crystal was treated thermally at 60°C for 30 minutes to increase the adhesion between
the sample and the electrodes. All measurements were performed at room
temperature.

The dielectric measurement was carried out using LCR meter (Agilent E4980A) for
the frequency range between 20 Hz to 2 MHz. And the ferroelectric measurement was

done using Precision Premier II (Radiant Technologies).

Experimental Setup for SHG and TPL

For SHG/ TPL measurement a home build experimental set up was developed by using
a commercial Ti: Sapphire laser having central wavelength 800 nm, pulse width 100 fs,
Repetition rate 1 KHz. The laser output is directed by a half-wave plate and polarizer
combination to control the laser power, a lens having a focal length of 50 cm is used to

focus the laser beam on the sample. The reflected beam is filtered by a notch filter to
HWP P L S

Femtosecond OPA
laser (TOPAS)

OPA: Optical Parametric Amplifier
(250 nm to 10 um)

HWP: Half wave plate Spectrometer

P: Polarizer _7
L: Lens E .
S: Sample —— g

F: Filter -

\
)

Figure 7.2: NLO experimental setup

cut down the fundamental excitation wavelength, the filtered beam is collected by a
fiber-coupled spectrometer, and the spectrometer output is displayed by a computer.
The experiment is performed by keeping the sample at focal volume having a spot size

of 102 um and is exposed to linearly polarized light with different input powers.
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Powder SHG measurement for calculation of the second-order nonlinear optical

coefficient

The powder SHG measured by the Kurtz—Perry method. The samples were placed in a
quartz cell and measured SHG signals at 800 nm Ti: Sapphire pulse laser (pulse width
100 fs, repetition rate 1 kHz, linear polarization). We measured the intensity of the
frequency-doubled output emitted from the sample using a photomultiplier tube. The
second harmonic efficiency of the sample was compared to that of a standard powder

sample of Urea.
Variable Temperature Raman Spectroscopy Studies

Raman spectra of the samples were recorded on a WI-Tec confocal Raman
spectrometer equipped with a Peltier-cooled CCD detector. Using a 600 grooves/mm
grating BLZ = 500 nm, the accumulation time was typically 10 s and integration time
was typically 2.0000 s. Ten accumulations were performed for acquiring a single
spectrum. An Ar* ion 785 nm laser was used as an excitation source for the Raman

scattering.
Nonlinear Optical Absorption Coefficient () Measurements (Z-scan)

The p values are determined by carrying out open aperture Z-scan measurements.
Briefly, in a typical Z-scan experimental technique, a single laser beam with a Gaussian
profile was focused by using a lens. The sample in a 1 mm thick cell was then translated
along the direction of the focused beam. At the focal point, the sample experiences
maximum intensity, which gradually decreases in both directions from the focus. The
thickness of the sample was chosen such that it was smaller than the Rayleigh range of
the focused beam, which was nearly 1 mm, well-calibrated neutral density filters were
used to control the laser intensity. The data were then recorded by scanning the cell

across the focus, and the value of f was obtained by fitting the nonlinear transmission

BLegflo
23/2[1+(%)2]

2
z is the sample position, z, = nwo/l is the Rayleigh range, w, is the beam waist at the

expression (given below) for an open aperture z-scan curve. T = 1 — where

focal point (z= 0), A is the laser excitation wavelength, lo is the intensity on the sample

117



Chapter 7

at focus, effective optical path length in the sample of length L is given as L.sy =1 —

apL
e /“0, and « is the linear absorption coefficient. In capter-5 the figure 16 shows the
open aperture z-scan curve recorded for M-5 (black dotted lines); the red dotted lines

represent the theoretical fit obtained by using the above equation.
THzmeasurement set-up 1

The experimental layout for measurement of THz intensity is shown below.

Figure 7.3: THz experimental set-up 1. Si; silicon plate, PED; pyroelectric detector.

Coherent LIBRA amplifier pulse having pulse width 35 fs at 0.8 mm wavelength was
used as a pump to generate THz radiation from the crystal. Teflon sheet and silicon
plate were used to filter out the unconverted pump from THz. The optical chopper (23.5
Hz) is used as a reference for the pyroelectric detector (PED). The intensity of THz was
measured by focusing on a pyro-electric detector connected to a T-Rad system and the
output of the T-Rad was fed to the personal computer for measuring the power of the

generated THz signal.

THz measurement set-up 2

The THz generation was achieved using a coherent chameleon ultra-II laser which
provides an output wavelength of 800nm, pulse duration 140 fs at a repetition rate 80
MHz. A variable attenuator was used to attenuate the incident laser pulses and the laser
beam with selective average power was allowed to an incident on the UOH1 nonlinear
crystal to generate the THz signal. The employed pump and probe beam powers were
~ 700 mW, and ~175 mW for emission and detection of THz radiation, respectively.

Teflon filter was used to eliminate the unconverted pump beam from the crystal. The
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generated THz was detected by dipole photoconductive antennas (gap ~5 pm, length

~20 pm) using photoconductive sampling technique. The antenna output was

(3.7 W, 140 f5,80 MHz)

90:10 BS I¢, i Mo

* :
. — i
I Q ' J Stage ;,,
controller i

f . y— 4' Femto second Oscillator

I WS TG F ................ I‘L

ff'-
'@'

Low noise current
preamplifier

\ PM,

PM,)

Detector L, :

Figure 7.4: THz experimental set-up 2. VA- Variable attenuator, BS-Beam splitter, PM; & PMa:
Parabolic mirror, L, & L;: Lenses, Crystal: M-5, Detector: Photoconductive antenna, C: chopper.

connected to low noise current preamplifier which is fed to the Lock-in Amplifier
(Stanford Research Systems, Model no.SR830). The S/N ratio is enhanced using a
mechanical chopper operating at 1.569 kHz frequency. The temporal profile of THz
radiation is measured by varying the delay of the probe beam with respect to THz pulse

reaching to the antenna.
Fluorescence Life-Time Decay Studies (FLIM)

PL decays and PL lifetime images were recorded on a time-resolved Micro-Time 200
confocal fluorescence lifetime imaging microscopy (FLIM) setup (PicoQuant) equipped
with an inverted microscope (Olympus IX 71). Measurements were performed under
ambient conditions, at room temperature, on microparticles deposited cover-slip.
Samples were excited by a 405 nm ps diode pulse laser with a stable repetition rate of
20 MHz (FWHM: 176 ps). The data acquisition was performed with a SymPhoTime
software controlled PicoHarp 300 time-correlated single-photon counting (TCSPC)
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module in a time-tagged time-resolved mode. The overall resolution of the setup was 4
ps. The FLIM images of microspheres were recorded using a 60x Nikon objective with
a scanned speed of 0.60 ms/pixel. The image pixels for micro-particles are 72x72 and

512x512, respectively.

TUnable

TCSPC f+| Data Analysis

=20/ 480nmy 5 2 o :
Eiiiiii *q -

Sample I
000
L
Iy
sox A‘ - i SPAD .\ e, —
Oil objective : . it Dy
I 2x SP 400-680 === - +%
" g - |
" | SP 420-680 : R
B - ?
(IR R R 77— ﬂ .............. iy,
Olympus IX 71 2p-dichroic 725 100 pm pinhole T e e e s
Time (ns)

Figure 7.5: FL life-time decay experimental set-up.

DFT (density functional theory)
DFT (density functional theory) calculations were performed using B3LYP hybrid

functional and 6-31G(d) basis set for all the atoms as incorporated in Gaussian 09
software. Optimization of molecular structures with consequent frequency test

provided structures with close similarity to the X-ray crystallographic geometry.

120



Appendix

Appendix A
Materials

Acetic anhydride Finar Chemicals Pvt. Ltd.
Acetonitrile Aldrich, 98%
Benzyl amine TCI Chemicals Pvt. Ltd. 99%
Citrazinicacid Aldrich, 98%
Chloroform Aldrich, 98%
Chloroform-D Aldrich, 98%
C-153 Dye Aldrich, 98%
Cul Avra Synthesis Pvt. Ltd. 98%
(cocl), Avra Synthesis Pvt. Ltd. 98%
Ethanol Avra Synthesis Pvt. Ltd. 98%
Hydrogenbromide Sigma Aldrich, 99.5%
HIO3 Sigma Aldrich, 99.5%
l» Finar Reagents, 99.5%
KI Merck Chemicals Pvt. Ltd. 99%

Lead bromide

Avra Synthesis Pvt. Ltd. 98%

Lead acetate

Avra Synthesis Pvt. Ltd. 98%

Monoglyme

Aldrich, 98%

(4-(methylthio)phenyl)boronic acid

Aldrich, 98%

NaH

Avra Synthesis Pvt. Ltd. 98%

PPhs Avra Synthesis Pvt. Ltd. 98%
Pd(PPhs).Cl, Aldrich, 99%

Pd(PPhs)s Aldrich, 99%

Pyrazole Aldrich, 98%

Piperdine Finar Chemicals Pvt. Ltd.
POCls Avra Synthesis Pvt. Ltd. 98%

Potassium Hydroxide

Avra Synthesis Pvt. Ltd. 98%

Trifluoroacetic acid

Avra Synthesis Pvt. Ltd. 98%

Triphenylamine

Aldrich, 98%
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Appendix B

Table Al: Crystal data and structure refinement parameters of M-1

Chemical Formula C34H24N10
FW 572.22
Color Color-less
Crystal system Trigonal
Space group R-3

a 37.186(5)
b 37.186(5)
c 5.3407(7)
a 90.0

B 90.0

y 120.0

V (A) 6395.7(15)
VA 3

p (g/cm?3) 1.274

T 298 K
AMA) 0.71073

F (000) 2886.0
Theta 27.530
Index Ranges (h, k, 1) 48,48,6

R1 (Reflections)

Goodness of Fit on F%. S

0.0862( 1483)
1.031
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Table A2: Crystal data and structure refinement parameters of M-5 (CCDC: 1824689)

Chemical Formula
FW

Color

Crystal system
Space group

a

b

(o

F (000)

Theta

Index Ranges (h, k, 1)
R1 (Reflections)

Goodness of Fit on F%. S

Cis His N5 S
333.41
Color-less
Tetragonal
| 41
12.8855(4)
12.8855(4)
19.6018(10)
90.0

90.0

90.0
3254.6(3)
8

1.361

298 K
1.54184
1392.0
0.530
15,15,24

0.0348( 1989)

1.042
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N =

RESEARCH PUBLICATIONS FROM THE THESIS

. U.Venkataramudu, M. Annadhasan, and R. Chandrasekar, (submitted)

. U. Venkataramudu, C. Sahoo, S. Leelashree, M. Venkatesh, D. Ganesh, S. R. G.

Naraharisetty, A. K. Chaudhary, S. Srinath, and R. Chandrasekar, Second-Harmonic-
and Terahertz Radiation- Generation from a Single-Component Polar Organic

Ferroelectric Crystal. J. Mater. Chem. C, 2018. DOI: 10.1039/C8TC02638F.

. U.Venkataramudu, M. Annadhasan, H. Maddali, and R. Chandrasekar, Polymorphism

and microcrystal shape dependent luminescence, optical waveguiding and resonator
properties of coumarin - 153. ]. Mater. Chem. C, 2017, 5, 7262-7269.

U. Venkataramudu, D. Venkatakrishnarao, N. Chandrasekhar, M. A.
Mohiddon, and R. Chandrasekar, Single-particle to single-particle transformation of an
active type organic microtubular homo-structure photonic resonator into a passive type

hetero-structure resonator. Phys. Chem. Chem. Phys., 2016, 18, 15528-15533.

OTHER RESEARCH PUBLICATIONS

. U.Venkataramudu, S. Basak, M. A. Mohiddon, and R. Chandrasekar,

Hierarchical lithographic patterning of two abrupt spin cross-over Fe(ll) complexes
into micro-cross-stripes. J. Chem. Sci, 2018, 130:77, 1-6.

M. V. Rasna, K. P. Zuhail, U. V. Ramudu, R. Chandrasekar, and S. Dhara, Dynamics of
electro-orientation of birefringent microsheets in isotropic and nematic liquid crystals.
Phys. Rev. E., 2016, 94, 032701.

U. Venkataramudu, N. Chandrasekhar, S. Basak, M. D. Prasad, and R. Chandrasekar,
Fabrication of High Resolution 4,82-Type Archimedean Nano-Lattice Composed

of Solution Processable Spin Cross-Over Fe(ll) Metallo-Supramolecular Polymer.
Macromol. Rapid Commun., 2015, 36, 647-653.

M. V. Rasna, K. P. Zuhail, U. V. Ramudu, R. Chandrasekar, D. Jayashri, and S. Dhara,
Orientation, interaction and laser-assisted self-assembly of organic single-

crystal micro-sheets in nematic liquid crystal. Soft Mater, 2015, 11, 7674-7679.
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9. M.V.Rasna, U. V. Ramudu, R. Chandrasekar, and S. Dhara, Propelling and spinning of
micro-sheets in nematic liquid crystal. Phys. Rev. E., 2017, 95, 012710.

Presentations in Conferences and Symposiums

1. Presented a poster in 13th Eurasia conference on chemical sciences, Indian
Institute of Science, Bangalore, India. December 14-18, 2014. (International)

2. Presented a poster in 1t Indo-Taiwan Symposium on Recent Trends in Chemical
Sciences, University of Hyderabad, India. November 17-18, 2014. (International)

3. Presented a poster in RSC India Road Show, University of Hyderabad, India,
November 07, 2014. (International)

4. Presented an oral in 3rd International Conference on Polymer Processing and
Characterization (ICPPC-2014), Mahatma Gandhi University, Kerala, India. October
11-13, 2014. (International) (Invited talk)

5. Presented a poster in Chemfest-2016, 13th Annual In-House Symposium in School of
Chemistry, University of Hyderabad, Hyderabad, India. Feb 24-25, 2016.

6. Presented an oral in Chemfest-2017, 14t Annual In-House Symposium in School of
Chemistry, University of Hyderabad, Hyderabad, India. March 2-3, 2017.

7. Presented an oral in ESA8 Dyes and Pigments, NIIST-Tiruvanathapuram, Kerala,
India. Septmber 20-22, 2017. (International)

8. Attented a two days work shop on Brining the Nanoworld Together-2017 by Oxford
Instruments, University of Hyderabad, Hyderabad, India. Decmeber 5-6, 2017.
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