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Introduction

1.1. Photonic Integrated Circuits (PICs)

The electric signal moves through electronic components in traditional electronic
circuits,!!! like transistors, microcontrollers, resistors, transformers, capacitors, circuit
breakers, etc. (Fig. 1.1a). In the case of photonic integrated circuits (PICs),!?! photons travel
across optical components, such as optical waveguides (similar to electrical wire), cavities,
electro-optic modulators, filters, and lasers (identical to transistors), polarizers, beam
splitters, waveplates and so on (Fig. 1.1b). PICs are embedded on the surface of a chip,
like in electronic circuits. However, PICs manipulate the light rather than the electrical
signals. A PIC is operated by introducing the laser light source to the optical components,
similar to how the electricity passes in the electronic components when turning on the
switch of an electronic circuit.B! PIC technology solves the electronic device’s limitations

by using a light source instead of electricity.

-

Fig. 1.1. a,b) Images of electronic and photonic integrated circuits, respectively. Figures adopted from ref.
1,2.

The PICs are good at data transfer and processing analog data, and the electronic
circuits are good at digital computation. PICs are extensively used in optical
communications; apart from this, they have numerous applications where light has a
significant role, like biology, sensors in spectroscopy, metrology, and classical and
quantum information data handling process.[*®! Most PICs are made for one specific
application, called application-specific PICs (ASPICs). Here, the optical path direction is

fixed, so these PICs can be high power-efficient and compact.
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The electronic circuit limitations include low efficiency, low integration ability, low
thermal tolerance, and low speedy data transfer. The current electronic devices use
charging and discharging to transfer information. As a result, maximum energy is
expended on charge and discharge cycles instead of carrying out a logical function. Due
to energy efficiency and speed, PICs are unquestionably an alternative to conventional
electronic data systems.!”! Further, the photon's coherence, ability to travel in different
refractive media without being disturbed by the surroundings, and quantum-information-

transmission efficiency, are crucial for the PICs.

b) Current Server Disaggregated Rack
o ery)
Current Rack Pool and Compose
AY ANy =
AP A SV 2
AVEY SVEY £ TS
n = )
Cladding . .

Reference arm

Sensingarm

Fig. 1.2. Applications of PICs in various fields. a) On-chip optical detection of viruses, b) data center transfer
communication, c) photonic lab-on-a-chip for optical spectroscopy, d) interferometric PICs in biochemical
sensors, and e) Light Detection and Ranging (LiDAR) applications. Figures adopted from ref. 8-12.

PICs also have advantages like high-speed data transmission, high integration
ability, miniaturization, less thermal effect, and compatibility with existing
complementary-metal-oxide-semiconductor (CMOS)" processes.”13181  The |atter
advantage permits bulk production, high yield, and cost-effectiveness. Along with these,
PICs have potential applications in sensors,[!2l aeronautics, the agriculture industry,
biomedical lab-on-a-chip systems®'7l intra- and inter-data center transfer

communication,® aerospace, LiDAR!! defense industry, and astronomy (Fig. 1.2a-e).

fCMOS is a metal oxide semiconductor field-effect transistor (MOSFET) manufacturing process, which utilizes

symmetrical, and complementary pairs of p-type, and n-type MOSFETs for logical operations.

2
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1.2. Silicon-based PICs

Silicon (Si) PICs are alternatives to conventional electronic-based devices due to
the latter being less energy-efficient and slower than the former. Silicon is an indirect
bandgap material with the optical spectrum band covering A = 1300 - 1620 nm. These Si-
based components are optically transparent and are used widely in telecommunication
systems. Si and Si-based PICs have many advantages over other materials, like high
refractive index (n),® low optical bending loss, high-efficiency fiber-chip coupling, wide
spectral bandwidth, amenability for fabrication with sub-submicron-sized optical
waveguides, photodetectors, high-speed modulators, dense packing on the device!!8! and
suitability of CMOS compatible fabrication technologies.[*®! The high n of silicon compared
to silicon dioxide (SiO2) permits dense waveguide geometry on the chip (silicon on
insulator; SOI),* with bending radii as small as 1 um. The fabrication techniques like
electron-beam lithography used for electronic-based circuits are also applied for

photonics-based PICs fabrication.

1.3. Types of Inorganic Materials for PICs Fabrication

Various materials like silicon, silica, and silicon nitride (SisN4) are used in silicon
photonics as a materials platform to produce passive optical waveguiding devices with
low optical loss (Fig. 1.3a). The optical absorbance range of these materials is shown in
Fig. 1.3b.12324 The n and thermo-optic (TO)" coefficients range of silica, silicon, silicon
nitride (in the near-infrared range; NIR), and organic materials are listed in Table 1.1. The
n of silicon, silicon nitride, and silica are 3.467, =2, and 1.44, respectively. Silicon has the

highest n among the three, allowing dense packing of optical waveguide devices.

£Refractive index (n): n = /e,-1u,, Where , = relative permeability. u, = 1, for nonmagnetic materials, Hence, n = /¢, .
Since &, is a complex function with both imaginary and real parts, &, = €', +ic",. and so the value of n is also a complex

function, &, = n?2=(n"+in")2
T

¥SOI: The fabrication of silicon semiconductor devices using SOI technology involves layering silicon-insulator-silicon

substrates to reduce dependent capacitance within a device and enhance its performance.

Thermo-optical (TO) coefficient: TO of a material is the variation in n with the response to temperature, n(T).
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The contact hardness (Hc) and Young's modulus (E) of the silicon nitride are higher than

silicon, silica, and organic materials (Table 1.1).25-27]

a) Si Sio,

n =3.88163 (632.8 nm)  n =1.55to 1.40 (160-3000 nm) n =2.02252 (632.8 nm)

b)

Silicon

Silicon nitride

Silica

O 1 2 3 4 5 6 7 8 9 10
Wavelength (um)

Fig. 1.3. a) Chemical structure of silicon, silica, and silicon nitride, respectively. b) The material’s absorption
properties of silicon, silica, and silicon nitride. The grey bands indicate the optical transparency, whereas
the black bands display the absorption loss. Figure adopted from ref. 19-22.

Table 1.1. Characteristics of silicon, silica, silicon nitride, and organic crystals.

Material Refractive TO Contact Youngs
index (n) coefficient hardness modulus
(K1) (H.) GPa (E) GPa
Silicon (Si) 3.46 1.86 x 10+ 12.5 185
Silica (SiO,) 1.44 0.95 x 10° 9.5 72.8
Silicon =2 2.45 x 10° 50.3 =400
nitride
(SizNy)
Organic =1.7 1.0 x 104 | <0.15—0.72| <4—16
materials

Silica material has low absorption in the visible to NIR region. Silica is a good material for

passive PICs because it has low optical waveguide propagation loss and compatibility with

4
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silica optical fibers.?”! These silica-based PICs are used in the integrated passive devices
for mid-infrared (MIR) telecommunication. Silicon nitride has a broad bandgap ranging
from 2.7 - 5 eV upon varying the Si and N ratio. Therefore, the silicon nitride transparent
window starts from the visible to MIR region.[?81 SisN4 is implemented in Si devices, where
the wavelength is less than 1100 nm. Silicon materials cover the NIR and MIR regions, with
the absorption band ranging from 1100 to 8500 nm. These materials are not a choice for

shorter wavelength range applications, for example, data communication at 850 nm.

The low-pressure chemical vapor deposition (LPCVD) and plasma-enhanced CVD
(PECVD) are used to produce SisNa. In these deposition processes, LPCVD provides
stoichiometry near the SisNs, and it has an n of about 2 in the telecommunication region.
The photonic characteristics of the PECVD SizsNarely on the deposition process. By varying
the silicon and nitrogen ratio, nitrogen-rich (lower n) or silicon-rich (higher n) optical
waveguides can be achieved.[?8] Because of the large silicon’s TO coefficient, a switch with
ultra-low energy consumption and wavelength filters with high TO alteration coherence
were realized.?3% The TO coefficient values of silica and silicon nitride are lower than the
silicon. Silicon nitride has an insignificant two-photon absorbance in the NIR region than
the silicon. The silicon nitride optical waveguides are employed in frequency comb

generation and supercontinuum. 31321
1.4. Optical Properties of Inorganic and Organic Materials

A fascinating type of light-matter interaction in semiconductors materials is
photons absorption through an inter-band optical transition. This electronic transition
produces a hole in a valence band (VB), and an electron in the conduction band (CB).33!
The electron-hole pair is bound together because of the electrostatic Coulomb forces,
denoted as “exciton”. In a hydrogen atom, the distance separation between the proton
and its electron is 0.053 nm, called the Bohr radius (as).34*(P2g¢6) | jke hydrogen atom, the

exciton produced in semiconductive materials is termed as “exciton Bohr radius (agex)”

2
Qog= 2PME& > (1.1)

e2u
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Here, ag is Bohr radius, h is reduced Planck constant, u is the reduced electron mass, &,

and ¢ are free space permittivity and materials electric permittivity.

The exciton mass's ratio to the free electron's mass is known as the effective mass (m*)*

of the excitons.

Oex = 4B (gr/n—iO) =as oo > (12)

m*
Here, & is relative permittivity or dielectric constant, it is a function of frequency, &, (®).

Different materials have different aex values; for instance, the ag, mes, and &,
values for CdS are 3, 0.16, and 8.9 nm, respectively, and 18, 0.05, and 17.3 nm for PbS,
respectively. When a photon combines with exciton, it produces a quasi-particle termed
exciton-polariton (EP).3537]1 The electron-hole pair interactions stabilization energy
subsequently decreases the pair energy associated with unbound hole and electron. This
exciton can either thermally dissipate (non-radiative decay) or recombine into a photon
(radiative recombination). The excitons generated in organic and inorganic semiconductor
materials vary in their exciton-binding energies (Es), and Es associated with the as can be

given as:

2

Eg=

2erap

where e is the charge of the electron, &, is connected to electric susceptibility (x)) and n

of the material as given in below equation.

*Bohr radius: It is defined as a radius from which there is a high probability of finding a ground-state electron in a

4megh?
82

hydrogen atom; ag= e 53 pm or 0.053 nm or 0.529 A.

Here, e is the charge of an electron, and m is the mass of the electron.

The orbit motion of an electron in an atom can generate centrifugal force, allowing it to fly away from its nucleus.
However, to have a stable atom, the assumption that this generated centrifugal force was balanced by an opposing

centripetal force pulling the electron inward via Coulombic attraction between nucleus and electron.

*Effective mass: By fitting parabolic functions around the CB or VB using the following equations, one can determine the
effective mass of the electron (m.*) and hole (m*) along with selected directions. m* = +h?[d2E,/dk?]2, Where # is reduced

Planck constant, E is the energy of an electron.
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n= e =1+y® > (1.4)

The &, values are from 6-12 and 3 for organic and inorganic semiconductors, respectively.
In organic semiconductors, the band structure is encompassed by energy difference
[Lowest Unoccupied Molecular Orbital (LUMO), and Highest Occupied Molecular Orbital
(HOMO)] and orbitals. In the case of inorganic materials, band structure contains distinct
bands with empty CB and filled VB.[3840 For both HOMO/LUMO, dispersions are

comparatively even.

a) Wannier-Mott exciton b) Frenkel exciton
[Typical of inorganic semiconductors] [Typical of organic materials]
) _ - - . 9 \
iy N
7\ \ \ \ \

: ~\ . 7
5 \ ) = \. -8'.,
Semiconductor Band Structure Molecular Band Structure
4 Conduction Band 4
t&)o LUMO x &—
Q iPhoton
< HOMO Y& * 0
L
* &\holes
Sk -
™ -
Valence Band Excited State

Fig. 1.4. Qualitative diagram of the band structure in a) inorganic and b) organic semiconductor crystalline
materials. Figure adopted from ref. 42.

In GaAs semiconducting material,*!the lower binding energy of the excitons prevents the
strong coupling between the light and matter at room temperature (RT). Moreover, high
exciton binding energies in semiconducting materials like ZnO and GaN were reported.[*3
451 Wannier-Mott excitons are the lowest-lying electronic excitations in inorganic

semiconductors (Fig. 1.4a). In an inorganic semiconductor, the higher value of ¢, rises the
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dielectric screening in the lattice and leads to the reduction of Eg due to the decrease of
Coulomb interaction among holes and electrons. Therefore, the Wannier-Mott type
excitons possess a larger radius (10 nm), which is higher than the lattice spacing. Most
of these excitons!*®! have a low reduced effective mass. Therefore, their Eg’s are lesser in
the order of ~ 10-20 meV, this value is smaller than the RT energy [kT = 25.6 meV; here,
T is the temperature in Kelvin and k is the Boltzmann constant (8.6173303 x 10~ eV K)];

consequently they dissociate at RT.

Frenkel-type excitons are typically found in organic semiconductor materials (with
charge-transfer properties) (Fig. 1.4b). The Ep range of Frenkel excitons*’! is 0.1-1 eV,
much higher than the inorganic semiconductors due to the hole and electron being
situated in the same molecule (small ag). This indicates the organic Frenkel excitons are
stable at RT. In charge-transfer excitons, the charge carriers are often found on the near
or next-nearest neighbor molecules. In organic semiconductor devices, particularly for

lasing applications, excitons play a significant role. (48]

Although, compared to the inorganic counterparts, the organic nano/micro-
structures materials possess low n (low &,.), they have advantages such as easy vapor or
solution phase processing and tunability of optical performance. The organic micro/nano-
structures are produced via non-covalent interactions like -t stacking,!*® charge-transfer
interactions,®® van der Waals forces,®¥ and hydrogen bonding.>? Organic solids display
attractive physical properties like mechanical-/photo-flexibility,!®3 optoelectronic
properties, and polarizability® depending on the molecular structure and packing. The

mechanical flexibility of organic crystals is quite attractive for fabricating photonic circuits.
1.5. Principles of Optical Confinement in Waveguides

According to Snell’s law, when a light beam propagates from a rarer (for air; n = 1)
medium to the denser medium (for organic material; n = 1.6), at the boundary, a fraction
of the beam reflected by the medium towards low refractive index and some portion of
light is refracted into the medium having a high refractive index (Fig. 1.5a,b). The reflected

beam angle (81) is equal to the angle of the incident beam. The incident light beam angle
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is higher than the refracted beam angle (6>). If the incident light angle is more than the
critical angle, then the light propagates within the high refractive medium (n = 1.6) via
total internal reflection (TIR). During TIR, the entire light beam is not reflected into the
waveguide because a small portion of the light is leaked to the n = 1 medium (Fig. 1.5¢,d).
This seeped light decays exponentially as a function of distance from high n medium

a) . b)

Refracted light

n =1 (air) Jez/v

n=1.6 H
0, i 0,

Incident light | Reflected light

Incident light Reflected light

C) d) Incident beam

405 nm

Evanescent wave &'
ﬂzfracted light

>
N

n =1 (air)

Z

n=1.6 /! TIR: 8,< 6,
,/'91 i Total Internal Reflection '
Incident light ! Total Internal Reflection of fluorescence

Fig. 1.5. a,b) Refraction condition according to Snell's law. The refractive index values for random substrate
and air are 1.6 and 1, respectively. c) The total internal reflection (TIR) condition and formation of
exponentially decaying evanescent field/wave in the z-direction. d) TIR of the FL wave in an organic
microcrystal. Figure adopted from ref. 56.

surface to low (n = 1) refractive medium termed an evanescent field or wave. The
evanescent field is very useful in optical coupling between two waveguides, fiber tapping,

exciting optical cavities, optical splitters production, and wireless photonic devices.

1.5.1. Optical Losses in Waveguides

When the light propagates through the waveguide, it usually undergo optical
losses primarily because of the scattering; this occurs due to the defects in a waveguide
or microscopic difference in the structural or material inhomogeneity.!*8%% For organic
waveguides, optical loss is less because of the single crystalline nature with smooth

surfaces. Generally, material composition is predominantly associated with absorption
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loss. This specific optical loss is because of the dispersion of some light into other forms,
such as acoustic, electrical, and electromagnetic energy. Semiconductors are vulnerable

to electromagnetic loss due to different band gaps.

On the other hand, the absorption loss is minimum when a passive optical
waveguide works away from its absorption area. When effective n of the particular mode

lies within the waveguides clad n, radiation losses occur. This type of loss mainly arises

Abent crystal 180° bent crystal Light travelling through microbend

209

Quasi-circular bent crystal Two bent crystals forming
a directional coupler

Maximum light loss
through macrobend

Scheme 1.1. Graphical representation of various bent-shaped geometries of one-dimensional waveguides
and optical light transduction via macro-and micro-bend.

when the light propagates along a sharp curve waveguide, termed bending-induced loss.
(Scheme 1.1). Most of the optical/photonic devices require sharp curves in the
waveguide. The bending loss of a waveguide is high on the macro-scale and low on the
micron-scale bend. The macro-bending waveguide creates a curvature radius (R.) greater
than the optical waveguide’s cross-section diameter/dimension. A 180° bent waveguide
possesses very high optical loss at the bent region compared to a linear or acutely bent

waveguide.

The organic crystals with different geometries, linear, L- and U- shapes optical losses were

calculated theoretically using finite-difference time-domain (FDTD) calculations (Fig. 1.6).
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Fig. 1.6. a-c) 3-Dimensional view and d-f) top view of linear, L-shaped, and U-shaped geometries,
respectively. g-i) The electric-field distribution and j-I) transverse electric-field distribution observed along

the longitudinal cross-section. The substrate and organic crystal's refractive indices are denoted as ns and
nc. Figure adopted from ref. 57.
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Fig. 1.7. a-c) L-shaped optical waveguides top view, d-f) distribution of overall electric-field and g-i) TE field

along longitudinal cross-section of waveguides with different radius of curvature. Figure adopted from ref.
57.
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Here, glass is used as a substrate, and air (n = 1) acts as a cladding layer (Fig. 1.6a-

c). For both U- and L-shaped waveguides, inner bent geometry Rcis 250 nm (Fig. 1.6e,f).
The calculated optical transmission efficiencies for the straight, L-and U- shaped passive
waveguides are 99.51%, 21.51%, and 7.17%, respectively. (Fig. 1.6j-1). These losses are
mainly due to the bending-induced loss. The seepage of the light from the bent portion of
L- and U-shaped waveguides is presented in Fig. 1.6k,l. Upon reducing the R, bent loss
rises. The simulation results of three waveguides possessing width, height, R [1:1:2, 1:1:1,
and 1:1:3, respectively], are displayed in Fig. 1.7d-f. As the R. decreases (Fig. 1.7a-c), the
light seepage through the waveguide increases but reduces the transmission efficiency

(Fig. 1.7g-i).

Generally, the overall transmission effectiveness can differ based on n, excitation
mode and beam polarization, and cladding material when the waveguide materials,
substrate, and bent angles are the same. The attenuation in passive waveguides restricts
the light from transducing to the output. Due to the bending loss, light absorption and

light scattering attenuation are produced.[>8-50!

The quantity of light power lost during the transmission from the input to the
output terminal of a waveguide with length L, can be calculated via attenuation coefficient

or absorption coefficient (a), given in reciprocal length

T = % = e_al‘ .......... -> (15)

. . P,
where, Pi, and P, are the input and output laser power, respectively. The value of"—_ut

n

is the optical power transmission ratio (7). The radiation energy decays exponentially with

L, as stated in Beer's Law.

On the other hand, the subsequent equation allows calculating a in decibel (dB) loss.

a(d_B) =2 logy 2 e > (1.6)

mm L Pout

The dB term compares the two power values rather than explicitly expressing the power.
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Lesser the dB value, the greater the output transmission. P, = P;, for a perfect optical

waveguide.

Generally, the majority of organic crystals act as active optical waveguides. These
waveguides absorb UV or Visible light, generating photoluminescence (PL)
(FL/phosphorescence). The generated PL is transduced to the output terminal via 2D
confinement. The power (P) component in equation 1.5 is substituted by FL or
phosphorescence intensity, assuming that the waveguide absorbs input optical energy

and there is no PL reabsorption.

The lower the optical loss, the greater the crystal's waveguiding quality. The below

equation calculates optical loss.

Itip/ — ,—aD
Ibody =e - (17)

Here, l:ip and Ipogy are FL intensities at collection and excitation positions, respectively. D

is the waveguiding distance between the excitation and collection position.

Nonetheless, the roughness of the crystal output and input terminals differs in
most organic crystal waveguiding studies, leading to differential light scattering. For an
assessment of transmitted FL light, the precise estimation of L is important and the real
detection/excitation direction (parallel or orthogonal) with respect to the waveguide must
be parallel. Primarily, the dimension, geometry, and several defects differ from crystal to
crystal for the same compound. Therefore, the a is unique to a particular crystal and can’t
be applied to all crystals of the same compound. The molecular electronic transition is not
allowed in passive optical waveguides; therefore, no optical emission. Optical loss in the
passive type is mainly because of Raman scattering, which arises from transferring input

light power to the molecular vibrations.
1.6. Fabry—Pérot (F-P) and Whispering Gallery Mode (WGM) Resonators

Based on the crystal geometry, light can be trapped inside the crystal's repeated
circulation (whispering gallery mode, WGM) (Scheme 1.2b) or through back-and-forth

reflection (Fabry—Pérot; FP) because of the smooth light-reflecting crystal’s facets
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(Scheme 1.2a). Consequently, destructive and constructive optical interferences lead to
the WGM or FP resonances. Therefore, a multi-wavelength spectrum (optical modes) can
be created by confining the wideband FL light. In the WGM resonator, light that satisfies
the resonance requirement, gA = 2mRneg, will be amplified through constructive
interference, whereas others will be eliminated via destructive interference. In the
equation, R is the optical resonator radius, A is the wavelength of light, neg is an effective
refractive index of the resonating mode, and g is an integer number associated with a

circulating light's angular momentum.

a) 5 b) A W
'

ccw

e

Fabry—Pérot Resonator WGM Resonator

c)

Cavity Properties: Surroundings:

= Free Spectra Range (FSR)

* Quality Factor (Q) n =1 (air)

= Photon Lifetime (T,) n > 1 (vapours, solvent)
= Finesse (F)

= Mode Volume (V)

Scheme 1.2. a, b) Schematic representation of Fabry—Pérot micro-resonator and whispering gallery mode
micro-ring resonator, respectively. c) Representation of various properties associated with FP and WGM
resonators. CW and CCW stand for clockwise and counter-clockwise, respectively. Figure adopted from ref.
61,62.

1.6.1. Parameters of Interest in WGM and F-P Resonators

1.6.1.1. Free Spectral Range (FSR)

Free spectral range (FSR) is described as the separation between two adjacent optical
modes (m, m+1), represented as AN = Am — Am+1. FSR is inversely proportional to the

size[length (L) or width (D)] of the resonator
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where A is the maximum wavelength of the mode, and L is the length of the resonator.

FSR or AA=AN2m/2Lness e > (1.8)

The total number of modes increases with the size; therefore, the required
number of modes can be obtained by regulating the size. Based on the input light path,
the ring, square, circle, and spherical-shaped optical cavity that facilitate WGM resonance
property can be incorporated during organic PICs (OPICs) production to direct the input
light anti-clockwise or clockwise. Numerous silicon-based PICs involve ring-shaped

geometries to control the direction of the input light.
1.6.1.2. Quality Factor (Q)

The quality factor describes the light-trapping capability of a resonator. Q is the
ratio of optical energy stored in a resonator to the amount of light energy lost during each

roundtrip rotation. Equation 1.9 is used to estimate Q.
Q=w/Aw e - (1.9)

Where, Aw is full width at half maximum (FWHM)/line-width of the resonant mode, and

w is the resonance frequency

Q value increases with the increase of the mode’s FWHM. The various optical loss terms

are used to estimate the true Q-factor. Which can be expressed as![®364]

1 1 1 1

= + + +— . - (1.10)

1
Q Qsur Qmat Qbend Qscat

Here, the surface absorption of the material contributes to the loss in terms of Qgyr, Qmat
is related to material’s (intrinsic) cavity absorption, Quenq is an optical loss because of
bending, which depends on A and radius of the resonator, and Q4 arises because of light
scattered by the resonator due to surface roughness and inhomogeneity. The high Q
resonators play a significant role in micro-laser production. Moreover, increasing the
resonator's size increases the Q-factor to a specific threshold. In WGMRs, the Q-factor
from 103 to 10° is considered high, and more than 107 is ultrahigh. The resonators find

their applications in micro-lasing, which mandate Q-factors as high as 10°. However, a
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resonator with Q-factor value of few hundred possesses a WGM spectrum along with the

background FL spectrum. (6572
1.6.1.3. Photon Lifetime (tp)

The time required for a photon to reduce to 1/e inside a resonator can be

determined using the equation shown below (1.11) [63.64]
w=2 > (1.11)
w

The tp increases with the increase of the Q-factor. For high Q-factor cavities, light storing
time inside the resonator is proportionally longer, called cavity ring-down lifetime or
photon lifetime. The light-matter interaction predominantly increases due to the photon
trapping effect, a significant application of larger photon lifetime (cavities with high-Q).

Usually, Q values of resonators increase at low temperatures.
1.6.1.4. Finesse

It's an additional significant parameter of FP and WGMRs. F is determined from
the ratio between FSR and FWHM of a specific resonance line. High F values are usually

needed.

__FSR _ AN
F= FWHM Q(nnD) > (1.12)

1.6.1.5. Spatial Structure of Optical WGMs

WGMs are described using a spherical coordinate system using spherical Bessel,
Hankel functions, and adjoint Legendre polynomials. 7374 These are indicated by integer
three-mode numbers, namely, polar (/), radial (g), and azimuthal (m) mode numbers / >
1,9 =1, and m > 1, respectively (Fig. 1.8). The numbers g and /, are associated with the
electromagnetic waves in the radial and azimuthal paths. The number of electric field
oscillations in the polar 8-direction is represented by the angular mode number (p), p=
I-m =0, 1, 2, 3,... The optical emission spectra can be used to determine the presence of
WGMs and the number of modes. The long-lasting WGMs are confined near the sphere’s

equator called Transverse Electric (TE, where the propagation plane's perpendicular to
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the E vector), and Transverse Magnetic (TM, with the H vector of that plane perpendicular

to it) fields.

m> | Qe

Fig. 1.8. WGMs spatial structure. The electric field distributions of azimuthal angle (¢), radial distance (u),
and the polar angle (8). Angular mode numbers (p=I-m) and radial mode numbers g, intensity distributions
are shown on the right side. Figure adopted from ref. 73.

1.6.1.6. Mode Volume (Veg)

The mode volume (Veg) describes the ratio of the total amount of light energy confined in

a particular cavity mode to its highest energy density.
Ve = stored energy/maximum energy density

The lower value of Veg gives a larger FSR value. The stimulated and spontaneous emission
rates are inversely related to Ves. Additionally, the lasing threshold is also directly related

to Veff.[63’64]
1.7. Silicon-based Components for PICs Fabrication

1.7.1. Silicon Waveguides

Silicon PICs are composed of various optical elements, such as optical waveguides,
ring resonators, add/drop filters, etc. Waveguides are essential elements for PIC
fabrication. Most silicon waveguides are fabricated on SOl wafers (Fig. 1.9a). Si has an
indirect bandgap of 1.12 eV at 1100 nm wavelength, and intrinsically, silicon shows

negligible absorption in these telecom bands.[”® All the waveguide architectures obey the
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same basic principles of light transduction. In SOl waveguides, the input light is confined

and guided in the silicon core as Si has a higher n than SiO,.

b)

S i
silicon-oxide [h
> Hg$
h| Sisubstrate .
Sio,
Silicon-on-insulator Strip waveguide

Fig. 1.9. a,b) Schematic diagram of SOl and strip waveguides, respectively. Figure adopted from ref. 75.

In most PIC systems, the waveguides are anticipated to confine and guide the input
light inside the PIC at a very low optical loss. The key to attain effecient light propagation
and minimal material losses is to find the materials with a smaller free carrier absorption
coefficient and high n.’” Silicon is a very efficient optical waveguide material with low
absorption loss and high n (n =3.5 at 1550 nm).””! In the CMOS platform, the primary
material of choice is silicon. Si-based SOl waveguides are an exceptional selection in the
NIR and MIR regions (2-20 um) as it is transparent to 8 um wavelength.[’8]

A strip waveguide is the simplest kind of waveguide; it's a nanowire with a
rectangular cross-section of a high index material like silicon (Fig. 1.9b). The strip optical
waveguides were epitaxially grown on the highly doped silicon substrate single crystals;
therefore, these waveguides are termed single-crystalline silicon layer waveguides.
Mostly, these waveguides are cladded with a low-index material like SiO;. The cladding
shields the waveguide and decreases propagation loss from the waveguide sidewalls and
line edge roughness. The n difference among the silicon guiding and substrate layers is
about 0.01 in Si-on-Si waveguides, which is relatively low. The waveguide light
propagation loss is around 15 dB cm™ for 1.3 um;"?8% it is because of the low optical
confinement of the core waveguide and huge light leakages into the substrate. In strip
waveguides, reducing the n contrast decreases the effect of roughness at the material

interface, mainly due to the linear loss at modest intensities.[®¥) However, lower index
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contrast decreases the scattering from roughness, reducing the mode volume and light

confinement. The bottom and top surfaces of the etched SOl waveguide have the
smoothest surfaces and are even smoothened to sub-nanometer roughness in wafer

fabrication by chemical mechanical polishing.[8?!
1.7.2. Directional Couplers (DCs)

The directional couplers (DCs) are important to split, combine and redirect optical
signals. The two bent optical waveguides are coupled in their concave and convex bends
of top and bottom waveguides, respectively, to fabricate 2 x 2-directional coupler with
ports 1-4 (Fig. 1.10a). In a directional coupler, the input light signal splits at the junction
of two bent waveguides through an evanescent wave. Fig. 1.10b shows, the FDTD
simulation of light energy distribution for TE mode (at 1520 nm) propagating in ports 3
and 4 for the input light given at port 1.[8]

2x2 directional coupler

P Port-2

pm

Fig. 1.10. a) SEM image of the constructed DC. b) Fabricated bent coupler optical energy distribution
modeled using FDTD numerical calculations. Figure adopted from ref. 83.

1.7.3. Silicon Microring Resonators

The microring waveguide is usually fabricated using electron-beam lithography
(EBL). Recently, a silicon microring resonator was constructed on a single crystalline
silicon-on-insulator (SOI) wafer with a Si slab (thickness 250 nm) on top of Si buffer film
(thickness =3 um to ensure no optical modes seepage into bottom wafer. The micro-ring

comprised a 450 x 250 nm cross-section with a 20 um radius. The SEM image of a linear
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waveguide coupled to one side of the microring with an air gap of 120 nm is shown in Fig.

1.11a.

a)
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Fig. 1.11. a) An SEM image of a Si micro-ring resonator. The inset shows a close view of the waveguide
junction and ring. b) Spectral response of the ring resonator. Figure adopted from ref. 84.

The microring resonator spectral response shows resonance at 1548 nm with a bandwidth
of =0.1 nm (Fig. 1.11b). The obtained cavity Q factors associated with the intrinsic cavity
loss (QL) and external coupling (Qe) were 3x10% and 0.7%x10%, respectively. An optical loss

of 10 dB cm*and a coupling coefficient of 0.270 was estimated for the resonator.

1.7.4. Add-Drop Filters

The EBL fabricated micro-ring add/drop filter with a radius of 1.5 um on an SOI
wafer comprising a 1 um buried oxide layer (n = 1.45), and a 0.34 um Si layer (n = 3.5) is
shown in Fig. 1.12a. The waveguide width and coupling space among the linear waveguide

and the micro-ring are 310 £ 5 and 180 + 5 nm, respectively.

The spectral results of the device's through and drop ports are displayed in Fig.
1.12b. The FSR value of the resonance mode numbers at m = 13 and 14 of the transmission
spectra was 52 nm. The dashed lines shown in Fig. 1.12c are calculated responses of the
device for 1568 nm resonance, almost matching the obtained results. The micro-ring's
intrinsic Q-factor is 3100. This value is lower than the theoretical Q-factor 9300 obtained
from bending loss alone. These outcomes reveal the waveguide sidewall roughness and

scattering from coupling junctions are responsible for the loss. However, the surface
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roughness was minimized by refining the etching process, whereas the crystal geometry

was improved to reduce the coupling loss at the junction.[®®]
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Fig. 1.12. a) The SEM image of silicon-on-insulator micro-ring add/drop filter. b,c) The spectral response of
the device at through- and drop-ports. Figure adopted from ref. 85.

1.8. Drawbacks of Si-based PICs

Though the high n of Si and Si-derivative is an asset, it becomes a problem
providing lower device permanence when there is nanoscale size variation in the device
dimension. It has low thermal stability i.e., n(T), which leads to undesirable bandwidth
changes. PICs are made using the conventional EBL technique and are rigid and non-
reconfigurable. As a result, the circuit lacks geometrical flexibility and subsequently fixed
optical path direction. The Si-based optical circuits need optical modulators to produce

different output wavelength signals for different logical functions.®

Silicon is centrosymmetric; as a result, it is not suitable for producing second
harmonic generation (frequency doubling) - an important nonlinear optical (NLO)
conversion process. Therefore, strained Si is used to achieve this NLO property. Materials
like InP (n = 3.53), silicon nitride (n = 2.02), and silicon PICs have high refractive indices.
Similar to the electronic circuits manufacturing process, PICs depend on wafer-scale
processing. The optical waveguide losses vary between 0.1 to 1 dB cm™ depending on the
quality of material and processing grade. Most of the photonic circuit’s technology

compatibility with a single layer of photonic waveguides leads to the circuit connection
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being limited to one plane. The construction of multidimensional optical waveguides, like
two-dimensional (2D) and three-dimensional (3D), facilitates the circuit performance and
flexibility and lowers the impression. Multilayer silicon PICs are fabricated in amorphous
Si layers and SisNa. In this multilayer silicon photonics platform, the optical waveguides
transduce the light vertically by reducing the optical loss. The multilayers facilitate the
optical waveguides crossing between the layers of the different planes with cross-talk and

ultra-low optical loss.
1.9. All-organic Material Platforms

An alternative non-silicon-based material with some characteristics described in
Scheme 1.3 is essential for realizing all-OPICs.>® The important conditions are high n,
thermal stability, high quantum vyield, active and passive waveguiding propensities,

wavelength tunability, and mechanical flexibility.[>”®1 Organic single-crystals generate

Easy Growth,
1D/2D
Geometry &
Smooth
Reflecting

Frenkel Facets Stimuli
Excitons Responsiveness
Binding Energy & Bandwidth
~1eV Tunability

Organic

Crystals

Active/Passive
waveguides and
Refractive Resonators &
Index n= 1.7 Reabsorbance

and Energy

Flexible: Transfer

Mechanical
Reconfigurable

Scheme 1.3. General characteristics of organic crystals.

Frenkel excitons which are stable at RT upon exposure to light due to their high binding
energy (up to 1 eV). These excitons are combined with confined light, producing exciton-

polaritons (EPs). Exciton binding energies of organic crystals are much higher than those
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of the inorganic materials (Wannier excitons). However, the sizeable exciton-binding
energy reduces the effective n of organic crystals to =1.7. The definite geometries (1D/2D)
of organic microcrystals with smooth surfaces are essential for OPIC construction because

of their mirror-like light-reflecting facets.

NLO crystalline organic materials can produce and self-guide second (x? # 0)/ third
harmonic signals, 2PL (two photon luminescence), and 3PL (three photon luminescence)
based on their charge-transfer characteristics of molecular building blocks and packing
symmetry.[8587 Chiral molecular crystalline materials with charge-transfer features can
generate and propagate the NLO signals showing circular dichroism and optical rotation

(chiro-optical effects).[87:88]
1.10. Active and Passive Organic Optical Waveguides

For the fabrication of OPICs, optical waveguides are essential components. Due to
high n, organic crystals act as a waveguide on a silica surface (Fig. 1.13a). Organic optical
waveguides are classified into activel>” 8-1011 and passive types.[192193 These two kinds of
waveguides are fundamental for OPIC operations. The active type waveguides guide the
generated fluorescence (FL) or phosphorescence to the output (Fig. 1.13b), while the
passive type waveguides transmit the same input signal/light directly to the output (Fig.
1.13c). Micro-PL imaging tools are employed for the characterization of active-type

waveguides. The light propagation path of passive waveguides can be detected using

a) b)

Evanescent field

S, S
,).m:.(j@
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CH, CH,

n<1.6 n=1
(organic crystal) (air)

n=15
(substrate)

Flexible Active Waveguide Flexible Passive Waveguide

Fig.1.13. a) Graphical illustration of organic crystal-based optical waveguide on a Si layer. b,c) Organic-based
flexible active-type and passive-type waveguides, respectively. Figure adopted from ref. 61, 106, 104.

23



Introduction

Chapter-1

micro-Raman imaging techniques. The direction of light propagation depends on the

geometry of the waveguides.

The light beam propagates in optical waveguides due to TIR. A beam's roundtrip
phase should be an integer multiple of 2t for waves to survive inside the waveguide.
Therefore, the permitted light beams propagating in the waveguide must possess definite
angles, leading to the waveguide modes. We can estimate the no. of allowable optical
modes for a waveguide, the cut-off wavelength (A.), effective n (ne), and polarization
using the analytical or numerical simulation method. The light travels inside the
waveguides as TM modes have been demonstrated,1%”] and the following equation limits

the no. of possible optical modes (m).[106:108-114]

2WonL |2 2
m< — n njj — ng - (1.13)

Here, A denotes the propagated light wavelength, ns represents the substrate n, nj|, and
n. denotes the n parallel and perpendicular to the waveguide, respectively, and w

represents the waveguide width.

Equation 1.13 states that the w is essential for the transduction of a 380 nm light is = 300

nm when n and n. are nearly 1.65 and m = 11110

For an optical mode, the cut-off wavelength (A) that is guided through the waveguide is

/1(: _ Zmpyw -> (114)

m
Optical devices like ring resonators, polarization converters, and multimode interference
couplers use the fundamental structure of an optical waveguide.

1.11. Mechanical Characteristics of Organic Crystalline Materials

The mechanical properties of crystals can be analyzed using the stress (o) versus
strain (g) plot (Fig. 1.14). According to Hook's law, many organic crystals normally show a
straight o—¢ relation up to a specific o value named proportional limit (A). The stiffness of

a crystal measured from Ao/Ae slop is the E. The removal of stress at point B might cause

24



Chapter-1

Introduction

the crystal to regain its initial geometry called yield point or elastic limit (B), and among

points, B and A, Hooks’s law is not obeyed by the crystal.

The crystal can be classified as brittle and hard if it fractures within the elastic region.
Typically, these crystals show brittleness if the intermolecular contacts are the same in all

directions.'% At point C, by removing stress, the crystal may not return to its initial state

and permanently deform, called plastic

Elastic Plastic
deformation. The crystal may exhibit a Regime Regime
permanent distortion at points C to D .

. — | [ Hard & Brittle

even for modest applied stress D D

= .
(breaking stress). From point D to point b Soft \

all B.C £
E (breaking point), even when the o' A

bt o A = Proportional limit
external stress is decreased, the crystal B = Elastic Limit

D= Breaking Stress

displays high distortion until E and AG E = Breaking Point
ultimately breaks the crystal. Generally, e Young's Modulus = Ac/Ae
nanoindentation  experiments  are Strain, ¢ (mm/mm)

. Fig. 1.14. A plot depicting the relationship between
implemented to measure molecular

stress-strain of solid materials. Figure adopted from
crystalline materials' mechanical ref.57.
attributes like Hc and E. Usually, the E of crystals is <4, 4-6, and 616 GPa, and they are

named super-complaint, compliant, and intermediate stiff, respectively.

For super-soft, soft, and medium-hard crystals, the Hc values are <0.15 GPa, 0.15-
0.26, and 0.26-0.72, respectively.[11®l For 90% of brittle crystals, the E/H. value is below
35, though the crystals with larger E/H. value displayed plasticity.['®] The degree of E relies
on several factors like the alignment of intermolecular hydrogen bonds, strength, and
cavities in the crystal and molecular packing efficacy. Hc is determined by the ease of the

crystal's irreversible slip of molecular layers.[116:117]

1.11.1. Characteristics of Mechanically Flexible Organic Crystals

Flexible crystals are divided into two classes based on the mechanical response,

namely elastic and plastic crystals. Plastically bendable crystals show permanent
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deformation even after removing external stress, while elastic crystals regain their initial
state after removing external stress. In comparison to metallic crystals, plastic bending in
organic crystals does not display a significant variation in the lengths of the outer and
inner bends, volume, and thickness. The general characteristics of brittle, elastic, and
plastic molecular crystals are shown in Fig. 1.15b. Plastic bending requires i) the presence
of slip planes and ii) angles among the bending faces and crystal top change noticeably to
conserve the original crystal length (/o) in the outer (lout) (lout = lo = lin) (Fig. 1.15a). In elastic
crystals bending needs, i) the absence of slip planes, ii) the length of the /o is greater than

the lp and lin (lout > lo > Iin), and interfacial angles are preserved (6o = 6) (Fig. 1.15a).

Type Characteristics
N\ 6o YP!
t .................................. Brittle *  The presence of rigid packing or lack of significant anisotropic
A crystals layers X
2 = . Absence of slip planes
elastic Q] plastlc *  Lackof buffering or compressible regions
bend'ng bendlng Elastic . Interlocked but nonrigid structure

bending +  Near-isotropy along orthogonal directions

. Buffering region, typically consisting of soft interactions, that
accommodates stress without permanent slippage of molecules
Reversible movement of parallel domains with change in the
intermolecular distances/orientation from outer through inner
arcs

Plastic . Crystal structure generally with columnar packing

bending . Animtn.]py wiFh one strong direction along column anfi two weak
Irreversible migration of molecules along columns without need
for any significant change in the distances of molecules between
and within columns

Fig. 1.15. a) Graphical depiction of a crystal before bending (top), plastic (right), and elastic (left) bending,
respectively. b) Structure to property correlation for different mechanical responses of organic molecular
crystals. Figure adopted from ref. 118,119.

1.11.2. Brittle Crystals

HAM INAH

Fig. 1.16. a) Brittle crystals image. b,c) Molecular structures of HAM and INAH, respectively. d) HAM packing
exhibits 2D-interlayer H-O hydrogen interactions. e) INAH molecular packing view along the crystallographic
c-axis displaying the H---N intermolecular packing interactions. Figures adopted from ref. 120,121.
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Brittle crystals are very common. Crystals that break or separate into pieces by

applying external mechanical stress in any direction are referred to as “brittle crystals”
(Fig. 1.16a). The molecules are interlocked with isotropic interactions in all three
dimensions (3D) of the structure in brittle types of molecular crystals. For example, in an
isonicotinic acid hydrazide (INAH) crystal (Fig. 1.16c), N---H contacts link the molecules in
all directions, producing a 3D interlocked packing (Fig. 1.16e).['2°! Another example of
brittle crystals is the 4-hydroxybenzoic acid-monohydrate (HAM) (Fig. 1.16b). In the
crystal structure, the molecules connected with O—H---O interactions and form 2D planar
sheets; these sheets are further linked in the third dimension (3D) via one more set of O—

H---O interactions (Fig. 1.16d).1121]
1.11.3. Mechanically Bendable Elastic Crystals

Organic elastic crystals are studied by nanoindentation (stress-strain profile), X-ray
diffraction methods, microscopy, and various spectroscopic techniques.®®122131 For
elasticity, molecular crystals require i) evenly dispersed weak and dispersive bonds or
interactions in three dimensions. These weak bonds could rupture to disperse the elastic
energy during mechanical bending and restructure once the external force is removed. ii)
Energetically almost isotropic packing in the crystals. iii) Absence of molecular slip planes
in the crystal structure, and iv) m-mt-stacking contacts lead to the corrugated molecular
packing across the crystallographic plane. It also must be interlocked to prevent long-

range movements inside the molecular crystal.

In the year 2005, Takazawa et al. demonstrated the first organic flexible self-
assembled TC-dye-based nanofiber (Fig. 1.17a).[1% Later, in 2013 Chandrasekar et al.
reported the first naturally bent flexible organic optical passive waveguides.['%¥ The
rectangular-shaped H-aggregated nanofibers displayed active optical waveguiding
behavior. (Fig. 1.17b). Though, these nanofibers display different FL emissions based on
the concentrations and solvents employed for the fiber preparation. These nanofibers'
crystallinity and type of intermolecular interactions involved in the aggregation process

are not demonstrated. The three-point bending involving forceps and needles with oil as
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a lubricant is one of the common techniques for millimeter to centimeter dimensions

crystals.[118134]

a) C) Objective lens (50100 times)
S
@EN/?_ Glass tip Thin oil layer
(I:ZHS Nanofibe
TC_dye 50, Glass substrate
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Fig. 1.17. a) Molecular structure of TC-dye. b) PLimages of a straight and bent TC fiber. c) Graphical depiction
of micromanipulation of nanofibers. d) Molecular structures of 4-chloro-3-nitrobenzoic acid and caffeine.
e) Elastic bending of a needle-like CAF-CNB (caffeine-4-chloro-3-nitrobenzoic acid) cocrystal. f) Molecular
packing view in different planes showing 1D tapes in (010) face and comb-like 2D layers (marked with blue).
Figure adopted from ref. 131-133.

However, this technique lacks accuracy, which frequently leads to damage to the crystals.
Hence, this technique is not suitable for microcircuit fabrication using microcrystals.
During manipulation, a high refractive index oil layer all over the crystal83.118 134-135] j¢
undesirable (however suitable), and the effect of the cladding layer (lubricant) on optical
loss was not established (Fig. 1.17c). Also, most mechanically bendable elastic

microcrystals regain their original shape after removing external force.

Later, C. M. Reddy et al. investigated the structural basis for the elasticity of
methanol solvated cocrystal of 4-chloro-3-nitrobenzoic acid (CNB) and caffeine (CAF) (Fig.

1.17d).[131136] These elastic single crystals could be folded into a circle mechanically; upon
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removing external stress, the crystals retain their original geometry (Fig. 1.17e). The

extreme elasticity of these crystals is due to the absenteeism of slip planes and 3D weak
and diffusive C-H---1t contacts (Fig. 1.17f). The presence of solvent molecules inside the
crystals helps bend the crystals (Fig. 1.17f). The standard packing structure does not break
down upon desolvation; however, crystals lose their elasticity. E of elastic cocrystal is

around 10 GPa.

Chandrasekar and Naumov et al. structurally examined elastically bendable single
crystals of (E)-2,4-dibromo-6-(((2,5-dichlorophenyl)imino) methyl) phenol (BCIP) (Fig.
1.18a). When the stress is applied perpendicular to the crystal’s long axis, they bend easily
without damage (Fig. 1.18b). The distortion reverses, and the crystals regain their initial
geometry after removing external stress. The single-crystals can be constantly bent

multiple times without any harm using external stress.

) © b) ) s

a O CI C %ﬁg‘g M
o

‘g‘W"'mA 1

3 858(1) A (001) 3.692 Y

(001)
(010)“':910)

Slip plane
Straight crystal 3-point bending *év:qc Elastically bent crystal

Fig. 1.18. a) Molecular structure of BCIP. b) Elastic behavior of BCIP microcrystal bent using the three-point
bending technique. c) BCIP's crystal molecular arrangement is viewed perpendicular to the (001), and (010)
faces. d) Mechanism of elastic bending of the BCIP microcrystals. Figure adopted from ref. 96.
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As shown in the (Fig. 1.18c), the crystal (BCIP) is bending in two pairs of bendable planes,

that is, on (110)/ (110) and (010)/ (010) by applying force on these faces. The crystal
structure analysis of BCIP shows the four molecules connected through type-Il Br---Br
interactions™ (3.605(1) A, 170.53(2)°, 91.24(3)°; 3.714(2) A, 164.87(1)°, 84.37(2)°),
producing a tetrameric unit (Fig. 1.18c). These tetrameric units are further connected via
two type-Il Br---Cl interactions (3.692(2) A, 122.77(1)°, 105.91(1)°; 3.455(1) A, 86.38(2)°,
166.75(1)°), and one type-ll Cl---Cl interaction (3.858(1)A, 157.82(2)°, 74.60(1)°) in
corrugated molecular layers along the crystallographic b-axis. Alongthe c-axis, these

molecules are connected through m---m-stacking (d = 4.464(1) A) interactions (Fig. 1.18c).

The elastic bending in a single crystal of BCIP is mainly due to the slight sliding of
the adjacent molecules and molecular tilting within the m- stacks. These are the reasons
for expansion and compression on the concave and convex sides of the mechanically bent
region, respectively (Fig. 1.18d).13% The BCIP single crystals E, measured on the (010)
plane to be 0.53-0.61 GPa. Mostly, molecular crystals exhibit a strain of 4.4%*30 and

metals (elastic materials) display a moderate strain of up to 1%.[137:138
1.11.4. Mechanically Bendable Plastic Crystals

In 2005, Desiraju and co-workers first observed mechanical bending in single-
crystals of hexachlorobenzene (HCB) with P21/n space group (Fig. 1.19a).[139120] |
molecular crystals, bending arises due to the presence of anisotropic crystal packing in
such a way that weak (Cl---Cl) and relatively strong (m:--mt) interactions patterns form in
nearly perpendicular directions.[14%141l |nterestingly, these crystals can be compressed

and bent into different shapes by changing the direction and point of force applied to

*Halogen bonding: When there is an attractive interaction between an electrophilic environment of a halogen atom
with the nucleophilic region of another halogen atom in a molecular unit within the same or different molecules, the
interaction may be termed a halogen bond or X::-X bond. Geometrically and chemically, two types of X:--X bonds are
possible, namely, type I and Il.

Type-I halogen bonding is not following the IUPAC definition as it is based only on a geometric contact between halogen
entities in a close-packing environment. In contrast, type-Il interactions comprise the pairing between the electrophilic

area on one halogen atom and the nucleophilic area on the other.
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bending face
bending face

Fig. 1.19. a) Chemical structure of HCB. b) Molecular packing in HCB crystal structure along the crystal long
axis. c¢) Schematic representation of the molecular orientation in the crystal before and after mechanically
bent. d) HCB crystal before bending, after bending different snapshots in the bending process. Figure
adopted from ref. 139,120.

the crystals (Fig. 1.19d).[*4%! The three-point force applied on the bendable (001) plane
leads to the formation of corrugated layers (Fig. 1.19b),[*3°! which slide on top of one
another, where molecular layers are elongated on the convex side and a little flattened
on the concave side (Fig. 1.19c). Among these layers, Cl---Cl contacts are weakened and
possibly fragmented and reformed after the sliding due to smooth boundary, conserving
the total integrity of the crystal. The plasticity of the crystals is mainly due to the presence
of soft Cl---Cl interactions and a lack of stronger interactions. The sliding of layers occurs
by slight compression on the concave side, weakening and breaking of m---mt interactions
on the convex side, ultimately leading to the breakage of the crystal. Hence, the t---rt and
Cl---Cl interactions dominate molecular packing in different directions as a function of the

way of applied external mechanical stress.

Naumov et al. reported the plastically bendable single crystals of 9,10-
dicyanoanthracene (DCA) that show passive and active waveguiding properties (Fig.

1.20a).190.200
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These DCA yellow needle-shaped single crystals are obtained via slow evaporation from

various organic solvents. The crystal structure analysis shows that the DCA crystal is a
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Fig. 1.20. a) Molecular structure of 9,10-dicyanoanthracene (DCA). b) Schematic picture of a DCA single-
crystal with face indices. The red (010) and green (001) arrow represents the plastically bendable faces. c)
Molecular packing view along the ag-axis. d) DCA's crystal structure viewed in the [100] direction. e) Plastic
bending of DCA single-crystals into various geometries. f) Optical microscopy image of extremely bent DCA
crystal. g) Graphical picture of the molecular packing in the extremely bent crystal (dotted arrow). Figure

adopted from ref. 142.

triclinic system with P1 space group. When the stress is applied perpendicular to either

(010) (red arrow) or (001) (green arrow) faces, the crystals exhibit plastic bending behavior

(Fig. 1.20b). The crystal face indexing showed that the crystals bend plastically when the

force is applied perpendicular to either (001) or (010) faces. Analogous to the m-

conjugated structures,[12412%] the plastic behavior of these crystals is mainly due to weak

dispersive interactions among (energy =32 kcal mol™) r-it stacked columnar packing of

molecules.['*3! The feeble van der Waals contacts include slip planes (Fig 1.20g) in (010),

and (001) planes, which allow slippage of the adjacent DCA columns, eventually leading

to enhanced plasticity in two dimensions (2D). Weak (van der Waals) interactions among

the m—mt stacked columnar packing (in the [100]) of molecules lead to the slippage of

molecules, which enables the plastic nature in DCA crystals (Fig. 1.20c¢,d). The E, calculated

using the three-point bending technique on the (001) bendable face (widest face), is 0.6
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+ 0.2 GPa.[** These crystals can be bent to an angle of 235°, above which the crystal

break. (Fig. 1.20e,f).

1.12. Mechanophotonics (Mechanical Processing of Organic Crystals)
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Fig. 1.21. a) Mechanical processing of single-crystals towards OPICs through various mechanical
micromanipulation operations using an atomic force microscopy cantilever tip. b-g) Experimentally
demonstrated micromanipulation operations for fabrication of hybrid and monolithic organic crystal-based
circuits. Figure adopted from ref. 96, 145-148.

Many reported literature has investigated the photonic attributes of millimeter-
long mechanically flexible molecular crystals utilizing the three-point bending approach
with oil as a lubricant.[118130.149,150] This macroscale approach's implementation involves
needles and forceps, which frequently leads to a lack of accuracy in attaining required
geometry and damage because of unequal applied stress. Further, this technique cannot
be extended to micro-sized crystals. The fabrication of OPICs requires a lubricant-free
micromanipulation technique, micro-sized crystals, and crystal shape irreversibility upon
removal of external mechanical force. Fabrication of OPICs involves assembling various
organic optical micro components such as optical waveguides (OWs),[87:92-95,102-104,151]
cavities,[66:67.70.86,91,152-154]  |55@arg [65155-157] modulators,['%1 on a chip. The specific
organization of multiple optical components in an orderly fashion necessitates an
adaptable manufacturing technique. Mechanical manipulation of organic-based
microcrystals is one of the important techniques for the fabrication of OPICs.[>>57:96,148,158]

The mechanical micromanipulation toward circuit construction has not been attempted
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earlier because of the unavailability of suitable tools for circuit fabrication. At the
University of Hyderabad, Chandrasekar and his group developed a novel
micromanipulation technique called Mechanophotonics.l57:6%961431 |t is a new discipline in
nanophotonics that deals with precise mechanical manipulation of flexible organic optical
microcrystals using atomic force microscopy (AFM) cantilever tip.[57.691451461 This discipline
involved controlled mechanical manipulation of microcrystal processing methods like
crystal bending, aligning, integrating, cutting, transferring (lifting + dropping), and slicing
essential for the OPICs fabrication (Fig. 1.21a).

To rule out substrate influence on a microcrystal waveguide’s light propagation
capability, Chandrasekar et al. lifted a crystal waveguide via the AFM tip in 2014 (Fig.
1.21b).1%%%! For OPICs construction, this lifting technique is applied to select a perfect
crystal from the substrate.®®! Regulating the crystal dimensions is crucial for the
fabrication of geometrically precise OPICs. For this, accurate cutting of a DCM dye
microcrystal (FP resonator) orthogonal to crystal long axis was elegantly established in
2016 (Fig. 1.21c)."% Later, in 2020, an abnormal pseudo-plastic character of an elastic
microcrystal (absence of oil) on a silica substrate was observed during mechanical
manipulation with AFM.[®®I These crystals were erstwhile classified as elastic crystals when
their dimensions were in millimeters.[118119.134159,1601 The ynusual microcrystal pseudo-
plasticity is due to the larger adhesion between the crystal and its substrate than the
crystal shape regaining force.®® This fundamental discovery created a path for
constructing various extremely bent optical components and geometrically stable ring-
resonators needed for OPICs fabrication (Fig. 1.21d). A slicing method was introduced to
separate the combined single microcrystals (Fig. 1.21e).°%l The exact integration of
crystals is essential for transferring light energy in a circuit from one crystal to another.
The critical integration step needs a suitable arrangement of chosen microcrystals (Fig.
1.21f).[1481 Recently, a monolithic circuit was fabricated by aligning two bent crystals at the
proper orientation via the AFM technique. 8! The crystal's transfer technique involves

lifting (substrate-1) and dropping it close to the OPIC fabrication site (substrate-2).47 This
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technique is helpful for the construction of hybrid OPICs from two chemically different

microcrystals (Fig. 1.21g).

The microcrystals by pseudo-plastic character enabled the production of various
geometrically stable circuits. The development of organic flexible micro-crystals as
photonic elements such as resonators, optical waveguides (OWs), modulators, tuneable
ring resonators, splitters, delay lines, lasers, and add/drop filters was set to profoundly

improved the construction of modern OPIC technologies.>>>7]

1.12.1. Pathways to Applying Crystal Manipulation Techniques
(Mechanophotonics) Toward OPICs

Microcrystals Growth on Microcrystals Growth on
Substrate (Crystal type-2) Substrate (Crystal type-1)

Crystal(s) Selection
v v H
Crystal Lifting w:: Crystal(s) Slicing

Crystal OPIC Fabrication Substrate Site
Releasing

Hybrid OPIC _ Crystal(s)
Aligning/Integrating

Transferring

Crystal(s) Bending

Monolithic OPIC

Your Design Idea (4= Required Function(s)

Scheme 1.4. Graphical illustration of various paths involved in the mechanical manipulation of microcrystals
(mechanophotonic) technique towards the fabrication of hybrid and monolithic organic-based circuits.

For an organic microcrystal circuit fabrication, essential photonic functions must
be understood before an appropriate OPIC plan (Scheme 1.4). Next, grow the required

crystals on the substrate based on our electronic emission and absorption choice. The
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critical stage is to choose a suitable microcrystal of a desired length/width. Crystals can
be separated using the crystal slicing approach when they aggregate. The crystal cutting
technique has been employed to control the crystal length. Lifting of chosen crystal and
releasing it onto the OPIC fabrication place (same substrate or different) are used where
two or more identical or different crystals can be transferred onto the OPIC fabrication
site. Next, using an AFM cantilever, the crystals can be bent mechanically into ring-shaped
and bent-shaped geometry. Lastly, these ring- and bent-shaped crystals could be perfectly
oriented and combined to create a monolithic OPIC. The transferring technique offers a
chance to select and integrate mechanically and electronically dissimilar crystals to
construct hybrid OPICs, which is not possible in Si-based circuits. The monolithic and

hybrid circuits can be fabricated with active and passive optical waveguiding functions.
1.13. Flexible Organic Crystal Photonic Components for OPICs Fabrication

1.13.1. 2X2 Directional Couplers

Intensity

450 500 550 600 650 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 1.22. a) Molecular structure of DTPz. b) FESEM image of a 2x2-DC. c¢) The corresponding false color-
coded close view image reveals the widths of the crystals at the coupling area. d,f) FL images of coupled
2x2-DC with two light inputs at terminals 1, and 3, respectively. e,g) The corresponding FL spectra. The
yellow crosses represent that there is no output signal. Figure adopted from ref. 148.

In OPICs DC is a fundamental component to split, divert and combine light signals.

A monolithic 2x2 DC with four ports was fabricated using two flexible microcrystals of
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dithieno-[3,2-a:2’,3’-c]phenazine (DTPz) via a mechanophotonic approach (Fig. 1.22a).

The FESEM picture of the DC showed the widths of the bow-shaped crystals were between
2.4 —2.9 um, with no visible gap at the coupling zone (Fig. 1.22 b,c). Excitation at tip-1 of
the crystal generated blue FL, which transduced to the coupling junction. At the junction,
the light (after reabsorbance) split into two beams propagating towards outputs 2 and 4
(Fig. 1.22d). Interestingly, no FL emission was detected at terminal 3. The FL collected at
1, 2, and 4 showed differences in their FL intensities and weak FP-type optical modes. In
a crystal-1, the FL efficiency from input 1 to output 2 was =11%, and the FL splitting ratio
between output 2 and 4 was =90:10 (Fig. 1.22e). Similarly, by exciting the terminal-3 of
crystal-2 (Fig. 1.22f), the corresponding output FL signal was recorded at 4 and 2. As
expected, no signal was detected at terminal 1. The FL emission splitting ratio among

termini 4 and 2 was ~85:15 (Fig. 1.22g).[148]

1.13.2. Organic Mach-Zehnder Interferometers
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Fig. 1.23. a) Chemical structure of TC dye. b,e) Optical micrographs of TC-fibers employed for the
construction of AMZI. ¢,f) Corresponding FL microscopy images of fiber 1 input at “Exc.” position with a
laser. d,g) Corresponding spatially resolved FL spectra collected at the “Det.” point. Figure adopted from
ref. 133.

In most photonic circuits, the Mach-Zehnder interferometer (MZIs) is widely used

as modulators, switches, and channel-drop filters. An asymmetric Mach-Zehnder
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interferometer (AMZI) was recently demonstrated using TC dye organic-based fibers by

Takazwa et al.'331 A small quantity of oil was placed onto a glass surface (substrate:
microscope coverslip; 22 mm x 22 mm). The mechanical operation was enhanced by using
a thin oil coat (n =1.48) to avoid the TC-fibers from adhering to the glass substrate surface.
The substrate surface was cleaned constantly using a lens cleaning paper to make a thin
oil layer. The nanofibers solution was drop-casted onto a substrate, and the solvent was
slowly evaporated. For the nanofiber's micromanipulation, a glass terminal was

connected to a micro-manipulator under optical microscopic observations.[13°]

The optical micrographs of nanofiber 1 (L ~24.1 um) and 2 (L ~ 39.3 um) with equal
widths (w =210 nm) are presented in Fig. 1.23b. Before AMZI fabrication, the waveguiding
property of nanofiber 1 was studied. The left tip of fiber 1 was excited with a 405 nm laser,
and FL (bandwidth ~480 to 570 nm) was recorded at its right tip (Fig. 1.23c).[13>161-163] Thjs
experiment confirmed the transduction of EPs to the fiber tip from the excitation point.
Further, the multiple reflections of the EPs at both nanofiber tip facets led to the rapid
fluctuation in the FL intensity with a period of 1-2 nm ascribed to the FP-type optical
modes (Fig. 1.23d).[162164] For the fabrication of an AMZI, fiber 2 was bent, and both tips
were coupled to fiber 1 (Fig. 1.23e). The generated EPs from fiber 1 parted into two at the
first junction via evanescent coupling. They recombined at the second junction after
traveling via two optical paths with dissimilar lengths of 26.4 um (Fig. 1.23f). This optical
interference produced fringes in the output FL spectrum at fiber 1 (right tip) (Fig. 1.23g).
The splitting ratio can be tuned at the coupling area by altering the coupling length among
the two fibers. The coupling junction length was adjusted to =1 um, and the fiber 1 left tip
was excited and collected FL spectra at the right tip (Fig. 1.23f). The recorded spectra
reveal the sharp interference fringes demonstrating that this device worked as an AMZI

(Fig. 1.23g).
1.13.3. Organic Add-Drop Filters

Takazawa et al. fabricated a miniature ring-resonator, which can circulate optical
resonance modes in clockwise and counter-clockwise paths. They fabricated an add-drop

filter from an active type waveguide and ring resonator (RR) with a length of 19.3 um and
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13.8 um, respectively. A ring resonator is necessary for wavelength mode filtering in an
optical waveguide circuit (1% and sensing device applications.[16>1% This device operates

as an input/output (1/0) bus channel (Fig. 1.24a). The generated exciton-polaritons (EPs)
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Fig. 1.24. a) Optical image of TC-dye-based ring resonator coupled bus fiber. b) FL image attained from
excited at the left tip of the bus fiber (Exc.). c) Corresponding spatially resolved FL spectrum collected at the
right tip (Det.). The modes denoted by red lines are the FP-type optical modes of the bus waveguide. d)
Optical image of the same ring without the bus waveguide. e) FL microscopy picture of ring excited at “Exc.”
point. f) Corresponding spatially resolved FL spectrum recorded at the point at “Det”. The positions of the
ring modes are represented with blue lines. Figure adopted from ref. 135.

transduced through the straight bus fiber coupled to the RR and the EPs of the ring
destructively interfered with straight bus fiber EPs at the coupling zone. The left tip of the
fiber was excited and collected the spectra at the right terminal, reducing the distance
between the bus fiber and the ring (Fig. 1.24b). When the fiber waveguide was coupled
to the ring, a sequence of dips emerged at A > %530 nm when the bus fiber was coupled
to the ring (Fig. 1.24c). The locations of the dips coincide with the ring optical modes with

a small constant shift (Fig. 1.24d-f). The A < =505 nm, spectrum reveals F-P modes of the
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bus waveguide, suggesting that there is no coupling between fiber and ring (red lines;

Figure 1.24c).
1.13.4. Organic Microlasers

Lasers are very high intense monochromatic, directional and coherent light energy
sources. For advanced OPIC technology, electrically-pumped microlasers are very
important, and their construction is highly challenging. Organic-based resonator crystals

prepared via solution processing methods offer a chance to produce microlasers with high
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Fig. 1.25. a) Chemical structure of TPl molecule. b) FL photograph of TPl microcrystals. c) TPl nanowires
power-dependent FL spectra. d) Line width (filled square box) and power-dependent FL intensity spectrum
(open square box). Figure adopted from ref. 110.

optical gain, spectral tunability, lasing mode-control, and low threshold. Yao and Zhao et
al. demonstrated an optical-pumped 2,4,5-triphenylimidazole (TPI) based single-crystal
nanowires laser made using the physical vapor deposition (Fig. 1.25a).[*1% Using equation
(1.13), they measured 300 nm minimal width, which is essential for the transduction of
380 nm light when m = 1. TPI microcrystals showed an active optical waveguiding behavior
producing FL at 325 nm upon optical irradiation (Fig. 1.25b). Excitation of TPI crystal (W =
400 nm and L = 15 um) using a femtosecond laser (A =325 nm) generated UV FL (Amax =

375 nm). The produced FL was transduced to the opposite termini showing the pump
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energy-dependent FL spectra with FP-type optical modes (Fig. 1.25c). Further, fullwidth-
at-half-maximum (FWHM) and power-dependent FL intensity of the emission peak
exhibited a threshold and nonlinear gain demonstrating lasing from the microcrystal (Fig.

1.25d).
1.14. Overview of Thesis

This interdisciplinary thesis outlines the usage of organic, flexible crystalline
materials to address the limitations of conventional Si and Si-based photonic circuit
technologies. The current photonic technologies rely heavily on silicon as a light
manipulation medium. Si photonics witnessed tremendous growth due to its

manufacturing compatibility with the ,
Synthesis of

novel flexible

CMOS. The hlgh n (n = 35), low loss organic crystals
bending radius, and high thermal

expansion coefficient of Si make it an Photonic Crystal structure &
aspects of Mechanical

. . . OPICs Studies
ideal material for  constructing

waveguides (linear and bent) and ring

Photonic studies

resonators. Si-based PICs fabrication o
Fabrication of

: OPICs/Circuits of optical
involved the use of an electron beam components

lithography process. However, Si’s large

He (=150 GPa) makes these PICs rigid f;::irsne 1.5. A Multi-disciplinary approach of the

and non-reconfigurable, confining their '

utility to single-task specific applications. Notably, fabricating hybrid PICs using two
different optical materials is tedious and costly. The next-generation photonic
technologies mandate reconfigurable and multi-tasking capable PICs. The emergence of
organic materials as an alternative to Si photonics is only possible when FOCs demonstrate
the functions incapable of Si-based materials. Si-photonics lack functions such as
active/passive light transport, ease of hybrid PIC fabrication, reabsorbance, energy

transfer mechanisms for circuit operations, and post-fabrication circuit reconfigurability.

Addressing this problem requires an innovative, flexible materials platform.
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The main objective of the thesis is to fabricate reconfigurable PICs from microscale

flexible organic crystals (FOCs) with fluorescent attributes. The accomplishment of this
goal requires a deeper understanding of the fundamentals governing photonics and the
mechanical flexibility of organic crystals. Organic FOCs are rapidly evolving superior
materials for OPICs owing to their potential use as optical elements like waveguides, RRs,
and interferometers. The fabrication of OPICs with FOCs requires the development of a
suitable microcrystal processing technique. For this mechanophotonics, an approach
employing an atomic force microscope (AFM) cantilever tip for micromanipulation is an
ideal choice. One important aspect of microcrystals that distinguishes them from the bulk
crystals is the weak adherence of microcrystals to the substrate’s surface, the so-called
pseudo-plasticity. This special property enables mechanical manipulation to craft a variety
of crystal geometries (bent waveguides, loops, and rings) and monolithic OPICs. For the
micromanipulation operations like bending, slicing, cutting, moving, transferring, lifting,
aligning, and integrating. Notably, the lifting, transferring and integrating operations
enable the integration of two different optically emissive flexible crystals required to
achieve reconfigurable hybrid OPICs. FOC materials can be used as active and passive
photonic components, reabsorbance and energy transfer mechanisms for circuit

operations, and post-fabrication circuit reconfigurability.

The general approach followed in this thesis is presented in Scheme 1.5. As most
of the crystals are brittle and FOCs are quite rare. The mechanical flexibility of FOCs is
accredited to their unique molecular packing stabilized by weak and dispersive
intermolecular forces. Therefore, preparation of custom-made molecules namely, (E)-1-
(4-bromo)iminomethyl-2-hydroxyl-naphthalene, (BPIN) and (E)-1-(4-(dimethylamino)-
phenyl)iminomethyl-2-hydroxyl-naphthalene (DPIN), 9,10-bis(phenylethynyl)anthracene
(BPEA), and N,N’-bis(p-tolyl)-1,4,5,8-naphthalenediimide (NDIPH) was planned. These
molecules have the potential to provide conducive m---1t stacking, H-bonding, and C-H:--1t
interactions necessary for crystals flexibility. Crystallization of the synthesized molecules
yielded FOCs with various optical (absorbance and fluorescence) and mechanical (elastic

and plastic) properties.
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The Schiff-base FOCs, namely DPIN and BPIN can be used to fabricate

reconfigurable hybrid OPICs via the mechanophotonics approach. The construction of a
DPIN single-crystal ring resonator (RR) is a crucial optical element to route the light in
clockwise or anti-clockwise paths. Micromechanical transferring of RR to another
substrate facilitates its integration with BPIN crystal waveguide and fabrication of OPIC-I.
Later, the crystal’s pseudo-plasticity can be exploited to produce three geometrically
dissimilar OPICs Il and IIl. The bright-green emission of the BPIN microcrystal can optically
stimulate DPIN single-crystal through an ET mechanism, whereas in DPIN the signal
transduces to the BPIN passively. The OPICs can also demonstrate input position-
dependent optical output signals via passive, active, and ET mechanisms. Another strategy
is the use of DPIN elastic crystals for the construction of a monolithic four-port OPIC by
integrating two optical waveguides and RR. When RR is integrated with waveguides, it can
regulate the light transduction path in the waveguides because of its either clockwise or
counter-clockwise light directing function. The complex operations such as mechanism-
selective (active and passive) light routing, excitation-position-dependent, and mode

filtering ability of the resulting four-ports circuit can be established in detail.

Construction of OPIC using mechanically and optically different crystals, for
example, plastic NDIPH and elastic BPEA crystals, is a novel strategy. The advantage of
plastic NDIPH crystals makes the optical elements capable of mechanical reconfiguration.
The electronic energy variance among these organic materials would enable light energy
transfer from NDIPH to BPEA crystal through evanescent coupling. The plan is to fabricate
an OPIC-I from plastic NDIPH RR with a waveguide tail made from a linear NDIPH
waveguide and integrate it with a straight BPEA waveguide resulting in a three-port
circuit. Later, the functional complexity can be augmented by combining with one more
plastic NDIPH RR with a tail to OPIC-I. Here, the number of signals may be increased to
four. OPIC-1l can also be mechanically reconfigured to OPIC-IIl by bending the NDIPH
waveguide’s direction by 90°. Furthermore, it may be possible to operate the circuit using

passive, active, and energy-transfer mechanisms.
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One more challenging issue in Si-based PICs is to steer optical signals over 360° on

a 2D plane for need-based varying of the optical signals with various optical bandwidths.
This goal can be achieved using CPIN and DPIN flexible organic microcrystals, emitting
green and orange FL, respectively. The fabrication of OPICs with DPIN RR coupled to DPIN
or CPIN waveguides offers the first port-angle reconfigurable FOPICs. Production of
different bandwidth optical output signals and 2D signal re-routability over different
angles (0 to 360°) on a chip can illustrate the circuit’s flexibility for programmable

nanophotonic applications.
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2.1. Abstract

This chapter demonstrates microscale organic PICs (u-OPIC) fabrication from two
chemically and electronically different flexible crystals via a mechanophotonics approach.
The experiments focus on the mechanical micromanipulation of orange-emitting (E)-1-(4-
(dimethylamino)-phenyl)iminomethyl-2-hydroxyl-naphthalene (DPIN) and green-emitting
(E)-1-(4-bromo)iminomethyl-2-hydroxyl-naphthalene (BPIN) crystals with an atomic force
cantilever tip. The flexibility of these crystals originate from molecular H-bonding, C-H--r,
and mt---1t stacking interactions. These mechanically compliant crystals form exceedingly
bent and photonically relevant reconfigurable geometries during micromanipulation,
including three u-OPICs. Remarkably, these u-OPICs operate through passive-, active-
waveguiding, and energy transfer mechanisms. Depending on the crystal’s electronic
nature (BPIN or DPIN) receiving the optical signal input, the circuit executes mechanism-
selective and direction-specific optical outputs. The presented proof-of-principle concepts
can be used to fabricate complex photonic circuits with diverse, flexible crystals performing

multiple optical functions.
2.2. Introduction

A hybrid PIC is a device that integrates at least two different components with
optical functions such as activel®587:95,10392:94155157]  gr passivel®0.104102151 gpticy|
waveguides (OWSs) or cavities useful for micro-communication, biomedical, and quantum
computation applications.[**”! However, the idea of fabricating hybrid u-OPIC with two
different organic single crystals has not been realized yet,®”! until this study. The
utilization of flexible crystals with energy-transfer (ET), passive, and active optical
waveguiding traits are imperative for accomplishing complex optical functions in a u-OPIC.
For the construction of single-crystal organic u-OPICs, the use of two structurally close but
electronically different, Schiff-base flexible crystals, namely, (E)-1-(4-(dimethylamino)-
phenyl)iminomethyl-2-hydroxyl-naphthalene (DPIN) and (E)-1-(4-bromo)iminomethyl-2-
hydroxyl-naphthalene, (BPIN) was envisioned (Scheme 2.1). Zhang et al. demonstrated
the optical waveguiding propensity of highly flexible DPIN crystals of millimeter size.[*”]

BPIN is also expected to form a relatively planar m-conjugated structure akin to DPIN due
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to the intramolecular hydrogen bonding interaction between the OH and HC = N

groups.[*®8l DPIN and BPIN molecules differ only at the terminal position with different
dimethylamino and bromine group substitutions. However, this functional group variation
alters the electronic state energies and their optical absorbance and emission properties,

allowing energy transfer (ET) from BPIN to DPIN.

This chapter discusses the u-OPICs fabricated with DPIN and BPIN flexible crystals
employing the AFM-based micromanipulation technique. These organic crystals are
flexible due to specific packing provided by H-bonding, C-H---m, and m--m stacking
interactions. The green FL of BPIN crystal optically excites DPIN crystal via ET. After a series
of mechanical manipulation operations, these microcrystals provide three geometrically
different u-OPICs. All u-OPICs show remarkable input signal position-dependent optical

outputs through active-, passive-OW, and ET mechanisms.
2.3. Results and Discussion

2.3.1. Synthesis of DPIN and BPIN

R

@

DPIN: R = NMe, and BPIN: R = Br

CPIN

Scheme 2.1. Synthesis of DPIN and BPIN; its single-crystal photographs at ambient conditions.

DPIN and BPIN compounds were synthesized according to reported literature.[6
N’,N-dimethylbenzene-1,4-diamine (10 mmol, leq), and 2-Hydroxy-1-naphthaldehyde
(10 mmol, 1eq) were taken in a 100 mL two-necked round bottom flask and dissolved in
ethanol (30 mL). The reaction mixture was heated at 90 °C for 4 h. After completion of the
reaction, the mixture was cooled to room temperature, and the precipitate was filtered
off and recrystallized in chloroform to obtain DPIN crystals. A similar procedure was
adopted for the preparation of BPIN by using 4-bromoaniline instead of dimethylbenzene-

1,4-diamine. Yields: 90% (DPIN) and 85% (BPIN).
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Fig. 2.4. *C-NMR spectrum of DPIN in CDCls solvent.
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DPIN: *H NMR (400 MHz, CDCls): & (ppm) 15.99 (s, 1H), 9.31 (s, 1H), 8.11 (d, 1H), 7.78—

7.71 (m, 2H), 7.52 (m, 1H), 7.36-7.31 (m, 3H), 7.10 (d, 1H), 6.80 (d, 2H), 3.03 (s, 6H); 13C
NMR (100 MHz, CDCls): & (ppm) 169.36, 151.38, 149.58, 135.62, 133.97, 133.22, 129.30,
127.75, 127.14, 123.08, 122.50, 121.28, 118.78, 113.02, 108.76, 40.64; UV-Vis (Solid-
state): Aabs band width ~ 300-630 nm and Ari-max.= 597 nm (orange emission); m.p. ~ 202-
206 °C.

BPIN: *H NMR (400 MHz, CDCl3): & (ppm) 15.27 (s, 1H), 9.37 (s, 1H), 8.13 (d, 1H), 7.80 (dd,
2H), 7.61-7.57 (m, 2H), 7.55 (m, 1H), 7.4-7.36 (m, 1H), 7.26 (m, 2H), 7.14 (d, 1H); 3C NMR
(100 MHz, CDCl3): 6 (ppm) 168.55, 155.86, 145.26, 136.66, 133.04, 132.72, 129.45,
128.19, 127.51, 123.74, 122.15, 121.54, 119.90, 118.98, 109.04; UV-Vis (Solid-state): Aabs
band width 300 - 560 nm and Ari-max.= 540 nm (bright green emission); m.p. ~ 197-201 °C.

2.3.2. Preparation of Microcrystals

Preparation of DPIN Microcrystals: In a clean vial, DPIN (2 mg) was dissolved in chloroform
(2 mL) and added methanol (2 mL) on top of the solution. The solution was left
undisturbed for 12 h; the resulting solution (20 pL) was drop-casted onto a clean glass
coverslip, and after solvent evaporation, micro-rods were observed under the confocal

microscope.

Preparation of BPIN Microcrystals: Similarly, BPIN (2 mg) was dissolved in chloroform (2
mL) and left undisturbed at rt for 6 h under slow evaporation conditions rod-like crystals
were formed. For microscopic studies, the obtained BPIN micro-crystals were dispersed

in hexane and drop-casted (20 uL) onto a clean glass coverslip.

2.3.3. Single Crystal X-ray Diffraction (SCXRD) and Molecular Packing Analysis of
BPEA

Single-crystal X-ray structures revealed that the crystal packing of BPIN is quite
similar to DPIN; both are monoclinic with P2;/n and P2;/c space groups, respectively. The
crystal structure of BPIN showed an intramolecular hydrogen bonding (O-H---N: 1.79 A)
interaction between HC=N and OH units, akin to DPIN providing molecular rigidity (Fig.
2.5a). This interaction also provided near coplanarity of the phenyl and naphthalene units

stacking (distance =3.5 A), intermolecular phenyl, and OH (C-H---O: 2.57 A) hydrogen with

50



Chapter-2 Mechanically Reconfigurable OPICs

Br

Side-view

Bending-induced

_ : ¥ Bending-induced
expansion region

expansion region

ﬁending-induced
contraction region

Bending-induced
contraction region

Fig. 2.5. a) Single-crystal XRD structure of BPIN. b) Formation of BPIN chains facilitated by C-H---t and 11t
interactions. c) C-H--:O hydrogen bonding interactions between BPIN along the chain. d) Molecular packing
viewed along crystallographic c-axis displaying the criss-cross pattern of molecular chains. e) Cartoon
representation of compression and expansion of molecular chains in a mechanically bent BPIN crystal.

a torsional angle of 16.19°. Weak interactions such as the intermolecular r---rtinteractions
and C-H---t interaction (3.01 A) facilitated the formation of a molecular chain along the
crystallographic c-axis (Fig. 2.5b,c). These interactions lead to a crisscross packing of the

molecular chains along the (001) plane (Fig. 2.5d). Further, the C-H--Br (3.32 A)
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intermolecular interactions connected each crisscross molecular chain propagating along
the crystallographic a-axis.['’%! As a result of near similar solid-state packing in BPIN and
DPIN, the former molecular crystal also exhibited mechanical flexibility analogous to the
latter one. In the crystal lattice, the flexibility arises due to contraction and expansion of
the crisscross molecular chains along the inner and outer bends, respectively. The
schematic depiction of BPIN straight and mechanically bent crystal geometry displays the

expansion and compression of molecular chains (Fig. 2.5e).

2.3.4. UV-Visible Spectroscopy Studies

a)

b) g 10] — oemabe 10 C) g Lo —BPINAbs 10
@ — DPIN FL — S —BPINFL _
o 0.84 0.8 LL o 0.81 08 LL
S b 5] o
2 o6 0.6 N 2061 06 N
< < < ©
B 041 04 E B 0.4 04 €
N — N S
T 0.21 L0.2 T 0.2 02
£ £
S soter—m—————— 0.0 2 0.0 ——— 00

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

d) 8 10l 10 €) 810l L1.0

% . % . = BPIN Abs :
- — -
-g 0.84 0.8 1L -g 0.8 BPINFL logiT
e e)
2 0.6 0.6 N 8 0.6 0.6 N
< Y91 ——DPIN Abs '--‘_E << Y07 =
= ——— DPIN FL IS
Q 0.41 0.4 E @ 0.41 0.4 %
© § © Z
£ 0.2; L0.2 £ 0.2 L0.2
o o
Z 00 r r r r 0.0 Z 00 . : . ==l 0.0
300 400 500 600 700 800 300 400 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 2.6. a) Single crystals of DPIN and BPIN under ambient and UV light, respectively. b,c) Solution-state
(CHCIs solvent) absorption and FL spectra of DPIN and BPIN, respectively. d,e) Solid-state UV-vis absorbance
and emission spectra of DPIN and BPIN, respectively.

The optical images of microcrystals of DPIN and BPIN under ambient and UV light,
respectively presented in Fig. 2.6a. The UV-Vis absorption and emission spectra of DPIN

and BPIN are presented in Fig. 2.6b-e. The solution state (CHCIl; solvent) absorption of
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DPIN showed two maxima at 318 and 417 nm and emission at Amax =554 nm (Fig. 2.6b).

Similarly, the absorption spectrum of BPIN has two maxima centered at 320 and 390 nm
with shoulders at 330 and 460 nm. It displayed an emission band in the green region (Amax

=512 nm) (Fig. 2.6¢).

The solid-state absorption of DPIN appeared in the 300-630 nm range, while its
emission bandwidth covered the 545 to 750 nm region (Fig. 2.6d). Similarly, the
absorption of BPIN appeared from 300-560 nm; with an emission bandwidth of 500-700
nm and Amaxat 540 nm (Fig. 2.6e). The steady-state optical studies reveal the possibility of
energy transfer from BPIN to DPIN as FL emission of BPIN falls within the absorption region

of DPIN.
2.3.5. Mechanical and Photonic Aspects of Microcrystals

To test the suitability of DPIN crystal for microcircuits, initially, the intention was
to craft a nearly circular-shaped crystal. For that, a DPIN microcrystal of L = 164 um was
identified. By positioning the AFM cantilever tip towards the middle of the crystal, a gentle
force was applied in the forward direction (-y) to bend the crystal with the tip-to-tip
distance of L = 156 um (Fig. 2.7ai-ii). Later, the left side of the crystal was pulled backward
by applying a reverse cantilever force (+y) to reduce further the tip-to-tip distance L = 129
um (Fig. 2.7aiii). By applying force in the (-x) direction of the right tip, the crystal was bent
to create a nearly half-circular shape (with a tail) with a tip-to-tip distance L = 75 um (Fig.
2.7aiv-v). Unceasingly, the resultant bent crystal was subjected to intricate cantilever
maneuvers in two different directions. Initially, the force was applied on the left tail part
of the crystal in the (+x) direction, followed by (+y) direction. These two operations
reduced the distance between; (i) the right and left tips to = 33 um, and (ii) the right tip
to the left body to =15 um (Fig. 2.7bvii). The extremely curved crystal diameter of 45 um
shown in Fig. 2.7bi was subjected to optical waveguiding (OW) experiments. The crystal
was excited at different points (ii-viii) along its long axis with a 355 nm laser, and the
corresponding FL spectra were recorded at the left output terminal (see the white circle)
(Fig. 2.7b). Remarkably, the orange FL at different excitation positions of the crystal

efficiently transduced to both termini. The FL spectra showed excitation position-
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dependent Fabry—Pérot (FP) type optical modes’ (due to the interference of FL waves),

inferring the light trapping potential of the crystal (Fig. 2.7c).

600 650 700

Wavelength (nm)

550 600 650 700 750
Wavelength (nm)

Fig. 2.7. a) Confocal optical microscope images depicting the mechanical micromanipulation of a DPIN
microcrystal with AFM tip from straight to near-circular geometry with a tail (i-vi). b) FL images of an overly
bent crystal excited at different positions (i-viii) and c) it's corresponding FL spectra. d) Confocal optical
microscope images illustrating the micromanipulation of a near-circular DPIN crystal with a tail into an
elliptical loop with a tail (i-vi). e) Confocal/FL images of an overly bent crystal excited at different positions
(i-vii) and f) it’s corresponding FL spectra. The white circles show the FL spectra recorded sites. c,f) The
cartoon representation (inset) of extremely bent crystal’s geometries.

To produce an elliptical crystal path for the continuous flow of light (Fig. 2.7d,
viii), the tail part (=33 um) of the crystal was pushed to the right side (+x) of the crystal to
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Fig. 2.8. a) Confocal optical images of a DPIN crystal from an elliptical loop shape (with a tail) to a truncated
circular shape using micromanipulation. b) FL images of a truncated circular shape crystal excited at
different positions (i-vii). c) The corresponding excitation position-dependent FL spectra. The white circles
show the FL spectra recorded site. The cartoon representation (inset) of the truncated circular-shaped

crystal geometry.
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minimize the gap from =15 to =6 um (Fig. 2.7d, ix-x). An additional applied force towards

the +x direction connected the right terminal with the crystal's left-side body, creating an
elliptical loop along with =24 um long tail (Fig. 2.7d, xiii). The diameter of the long (D1)
and short (D7) axes of the ellipse were 40 and 38.2 um, respectively, with a perimeter
value of =245 um (Fig. 2.7e). Optical excitation of the elliptical loop at different positions
produced an outcoupled light at the tail end (Fig. 2.7e, i-vii). The corresponding excitation
position-dependent FL spectra recorded at the tail end of the crystal (see white circle)
showed optical modes (Fig. 2.7f) different from the spectra shown in Fig. 2.7c due to a

change in the geometry of the microcrystal.
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Fig. 2.9. a-c) Confocal images of near-circular geometry with a tail, elliptical loop, and truncated circular
shape crystal of DPIN, respectively. d-f) The corresponding optical loss coefficient plots.

Later, a truncated circle from the DPIN-OW crystal was created, as shown in the
fabrication steps given in Fig. 2.8a. Firstly, the cantilever was lifted from the surface in the
+z direction and positioned inside the elliptical loop. Secondly, to open up the loop of the
crystal tail was pulled outside in the +y direction (Fig. 2.8a, ii), initially to a gap of 9 um
and later increasing it to =27 um (Fig. 2.8a, iii-v). Then the right (+x) and left (-x) sides of
the crystal were positioned in such a way to make a truncated circular loop with a tip-to-
tip distance of 12 um and D of 53 um (Fig. 2.8a, vi-viii). path toward its termini depending

upon the excitation positions, I-VIlI (Fig. 2.8b). The corresponding excitation-position
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dependant spectra collected at the left terminal also revealed FP modes in the FL signal

(Fig. 2.8c).

The optical loss coefficient (a) plot of near-circular geometry with a tail, elliptical
loop, and truncated circular shape (Fig.2.9, a-c) crystals of DPIN is shown in Fig. 2.9, d-f.
The optical loss coefficient estimated using equation 1.7 is high for a truncated circular
shape, followed by an elliptical loop and near-circular geometry with a tail. The truncated
circular loop possesses the highest optical loss coefficient for various structures made
from the same crystal. This observation can be understood by invoking the fact that more
light leakage takes place at curved surfaces. Surprisingly, a less strained structure like
near-circular geometry with a tail has more light leakage compared to an elliptical loop
with a tail. This is because there is a major loss at the acute bent angle at the tip crystal in
the near-circular geometry. Hence, a larger optical loss is observed than in an elliptical

loop crystal.

2.3.6. Fabrication of u-OPICs from Microcrystals

To create u-OPICs using DPIN and BPIN crystals, the optical waveguiding
propensity of the BPIN was initially tested using a crystal length of L =114 um (Fig. 2.10a).
Excitation of the crystal at one of the termini with 355 nm light generated green FL at the
excitation position (Fig. 2.10b) and confined the FL during the transduction till it was
emitted as an output at the opposite terminal. The laser excitation position-dependent
experiments along the crystal body revealed output signals at both crystal termini
confirming the OW propensity of BPIN. The output FL signal intensity correspondingly
decreased with the increase of the optical path (Fig. 2.10c). The optical loss coefficient of

BPIN-OW was measured to be 0.03875 dB um* (Fig. 2.10d).

The integration of linear BPIN-OW with truncated circular-shaped DPIN crystal via
micromanipulation is a challenging task. For that, the BPIN crystal was lifted (-z) from
substrate-1 using an AFM cantilever tip, transferred towards substrate-2, and carefully
deposited near the truncated-circular shaped DPIN crystal (Fig. 2.11a). These two
mechanical operations were impeccably executed, as shown in Fig. 2.11a, i-ii. The
deposited BPIN-OW was pushed towards the DPIN crystal in two sequential directions (-y

and —x) to produce an integrated hybrid, namely, u-OPIC | (Fig. 2.11a, iv).
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Fig. 2.10. a) Confocal optical image of a BPIN microcrystal (L=114 um). b) The corresponding FL images of a
BPIN crystal are selectively excited with a 355 nm laser at different positions. c) The excitation-position
dependent FL spectra. The top inset shows the cartoon representation of the straight BPIN crystal. d)
Calculated optical loss plot of BPIN straight crystal.

Later, the straight BPIN-OW was bent to a bow-shaped geometry by moving both
sides of the tips in the y-direction (Fig. 2.11b, v-vi), and finally pulling it towards a
truncated circular loop. The hybrid circuit geometry of u-OPIC Il was further altered by
connecting two truncated circular-shaped DPIN-OW crystal terminals. This
micromanipulation provided a u-OPIC Ill, wherein the DPIN-OW formed a closed-circular
loop of D of =50 um with an exposed crystal terminal (Fig. 2.11b, ix). The field emission
scanning electron microscope (FESEM) images of the hybrid crystal u-OPIC lll are shown
in Fig. 2.11c. From the FESEM images, the estimated width of the DPIN and BPIN crystals
around the junction were =1 um and =2.2 um, respectively. A closer look at the junction
confirmed that the crystals are in contact with each other at the junction. The
extraordinary flexibility shown by the BPIN and DPIN crystals is due to their elasticity.
However, these crystals exhibited very high flexibility so that even a circular geometry
(Fig. 2.11b, ix) could be made.

The extreme geometrical stability of the crystal demonstrates that crystal-
coverslip surface adhesion energy is higher than the shape-regaining energy of the

crystals.[®®148 When the nearly circular-shaped crystal was deliberately lifted from the
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DPIN
JUNCTION

BPIN

Fig. 2.11. Confocal optical images depicting a) the mechanical manipulation steps involved in integrating
straight BPIN crystal with truncated circular DPIN crystal to create a u-OPIC | (i-iv). b) Mechanical bending
of BPIN crystal to bow-shape to produce u-OPIC Il (v-viii) and construction of a ring from truncated circular-
shaped DPIN-OW crystal creating u-OPIC IlI (ix). c) FESEM images of u-OPIC III.

surface, it immediately regained its original straight shape, confirming the role of surface

adhesion energy in stabilizing various geometrical shapes of the bent crystal.

To test the function of u-OPICs, the left terminal of the BPIN-OW of u-OPIC | (Fig.
2.12b) was optically excited with a 355 nm laser. For the input-1, the generated green FL

at the excitation terminal propagated till junction a (Fig. 2.12b, i), and split into two. The
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unsplit active green optical signal traveled straight to the BPIN crystal output terminal b.

As expected, the intensity of FL spectra recorded at junction (a) was lower than the signal
collected at terminal b, due to the tight confinement of propagating light (Fig. 2.12b, c; u-
OPIC 1). The FL spectrum of DPIN at terminal c revealed a highly intense Amax =600 nm
active signal along with a very low intensity passive Amax =540 nm signal. This spectral
feature indicated that the green signal from BPIN-OW (=540 nm) split at the junction and
evanescently coupled to the DPIN crystal. A major part of the coupled green light excited
the DPIN crystal through ET and produced an orange signal (=600 nm) transducing only to
output ¢, and no spectra were observed at output d (Fig. 2.12c; u-OPIC |). The remaining

part of the coupled green light passively propagated to the output terminal c.

The excitation (input-2) at terminal c of the DPIN crystal (Fig. 2.12b, ii) split part of
the orange FL at the junction. The unsplit part of the =600 nm signal traveled in a circular
path and out coupled at terminal g, revealing a highly intense FL spectrum with FP-type
optical modes (Fig. 2.12c, u-OPIC |). These optical modes arise from the constructive and
destructive interference of the propagating orange signal within the waveguiding cavity.
The split signal (=600 nm) was passively coupled to BPIN-OW and propagated to output
terminal h, without any output at terminal f (Fig. 2.12b, ¢ u-OPIC I). Interestingly, the
passive light outcoupled at terminal h also exhibited optical modes (Fig. 2.12c). These
experiments demonstrated the function of u-OPIC | to carry out complex operations via
optically passive-, active- and ET mechanisms. The u-OPIC Il is slightly different from u-
OPIC | due to the bent geometry of BPIN-OW (Fig. 2.12a u-OPIC |, Il). However, the optical
experiments exhibited results similar to u-OPIC |, except for the position of the optical
modes observed at terminal h (Fig. 2.12c, u-OPIC Il). The u-OPIC Il is quite distinctive as
the DPIN crystal has an optical path for light circulation (Fig. 2.12a u-OPIC Ill). Optical
excitation of the left terminal of the bent BPIN-OW exhibited an active output signal at
terminal b of BPIN, and a mixed active orange (via ET), passive green signals at terminal ¢
of DPIN (Fig. 2.12b,v and 2.12c; u-OPIC Ill). The collected FL spectrum at the junction a
showed no special features. However, when the point close to ¢ of DPIN was excited, the
detected active FL terminal g disclosed optical modes (Fig. 2.12b, vi and 2.12c; u-OPIC I11).
The generated active FL is passively coupled to BPIN via junction and out-coupled at

terminal h with optical modes (Fig. 2.12b, vi, and Fig. 12c u-OPIC Ill). The table given in
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Fig. 2.12d summarizes the mechanism-selective (passive, active, or both and ET-active)

and directional-specific optical outputs from u-OPIC I-lll depending upon the electronic

nature of the crystal receiving the optical input.
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Fig. 2.12. a) Schematic representation of u-OPIC |, Il, and IIl. b) Confocal microscope (top) and FL images (i-
vi) of u-OPICs. Active, ET-active, and passive types are shown in i), iii), and v). passive type is presented in

ii), iv) and vi). c) FL spectra of u-OPIC |, II, and Ill. d) Input-dependent mechanism-selective and directional-

specific optical outputs from p-OPICs.

A comparative analysis of the FL spectra recorded at terminal g of u-OPIC I-lll with

truncated circular shape DPIN crystal (Fig. 2.13a, b) disclosed apparent alterations in the
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position of optical modes. The observed variation in the wavelength of the optical modes
confirms the alterations of the light field distribution due to the difference in the

geometries of u-OPICs.
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Fig. 2.13. a) FL spectra and b) schematic representation of the mechanism of light propagation in a truncated
circular shape crystal of DPIN, u-OPIC I, 1I, and 11l of DPIN.

2.4. Conclusion

In this chapter, for the first time, u-OPICs were fabricated using two different
flexible organic crystals, namely, DPIN and BPIN. The molecules are structurally very close
except in the dimethylamino and bromo functional groups. The extraordinary flexibility of
these two crystals arises as a result of H-bonding, C-H---it, and -1t stacking interactions.
DPIN and BPIN emitted orange and green FL, respectively. Using the mechanophotonics
approach, these two electronically different crystals were bent into different shapes step-
wise to construct three geometrically different organic u-OPICs. The formed u-OPICs
function through active, passive, and ET mechanisms, confirming the characteristics of a

U-OPIC. The observation of FP modes from these OWs established their light-trapping
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potential. It is expected that the mechanophotonics approach presented here can be

extended to construct diverse geometries of u-OPICs using both elastic and plastic crystals

to route diverse optical signals effectively.
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3.1. Abstract

Waveguide-Resonator OPIC

Micromanipulation of flexible organic microcrystals of (E)-1-(4-(dimethylamino)-
phenyl)iminomethyl-2-hydroxyl-naphthalene (DPIN) using a mechanophotonics approach
provides dual-waveguides coupled ring-resonator. The flexibility of the DPIN crystal arises
due to its spring-like expansion and contraction of x---x stacked molecular chains along
the (002) plane. The crystals also act as optical waveguides in straight and bent geometries
with low optical loss coefficients. The FL spectra of the guided light display Fabry-Pérot
modes. Precise mechanical manipulation of microcrystals with atomic force microscopy
cantilever tip bent a straight crystal waveguide to 360 ° angle forming a ring-shaped
crystal resonator. The positioning and integration of two straight parallelly oriented
wavegquiding crystals (bus and drop) along the convex edge of the ring resonator forms the
first of its kind organic crystal-based dual-waveguides coupled ring-resonator. The
fabricated circuit with four ports selectively guides the produced input FL to through and

drop ports via active and passive waveguiding mechanisms.

3.2. Introduction

For OPICs fabrication,>'*7] resonators (ring resonators or cavities) and optical
waveguides are essential components. When physically integrated with waveguides, a
resonator could be used to control light propagation direction in the waveguides due to
its clockwise or anti-clockwise light routing operation. The resultant OPIC also could act
as filters, sensors, routers, and delay lines. However, the fabrication of a single crystal ring
resonator (RR) is a challenging task. It requires bending a flexible microcrystal to 360°
angle without causing damage to attain a ring-shaped crystal. The single-crystal RR can be
integrated with two (bus and drop) straight organic crystal waveguides, creating an OPIC
with four ports. Among these four ports, at any time, only two ports can function as
through and drop points for a single optical input, and the fourth port remains inactive.
Further, the molecular crystal’s active and passive light propagation mechanisms can be
utilized to alter the bandwidth and direction of the propagating light in the circuit.
However, the above idea of fabricating and testing single-crystal OPICs had not been

realized before this work.
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This chapter demonstrates the fabrication of a monolithic OPIC via mechanical
micromanipulation  using  (E)-1-(4-(dimethylamino)-phenyl)iminomethyl-2-hydroxyl-
naphthalene (DPIN)P7! flexible crystals (Fig. 3.1a). The mechanophotonics approach
converts a DPIN straight crystal into a RR and integrates it precisely with two straight (bus
and drop) optical waveguides to produce a four-port monolithic OPIC. This chapter also
illustrates the excitation-position-dependent and mechanism-selective (passive and

active) light routing and mode filtering capability of the four-ports OPIC.
3.3. Results and Discussion

Preparation of DPIN microcrystals: DPIN microcrystal was prepared as per the procedure

given in Chapter-2.

3.3.1. Mechanical Flexibility and Optical Properties of DPIN
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Fig. 3.1. a) Molecular structure of DPIN along with its symbolic square representation. b) Schematic
representation of molecular movements from the equilibrium position during the bending of DPIN straight
crystal along the (002) plane into a ring shape. c) Solid-state absorbance and FL spectra. RA stands for

reabsorbance.

The DPIN molecule in crystal state possesses an intramolecular hydrogen bond
between the OH and HC=N groups giving planarity to the molecule. It forms infinite 7---nt
stacked (3.4 A) molecular chains along the crystallographic a-axis.®”! The exceptional
mechanical flexibility of crystal along the (002) plane arises due to the spring-like

expansion and contraction of r---w stacking distances during molecular movements from

their equilibrium positions in the respective outer and inner parts of the ring-shaped
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crystal (Fig. 3.1b). The solid-state absorption and fluorescence (FL) spectra of the DPIN
molecule (Fig. 3.1c) revealed a substantial reabsorbance of FL in the range of ~550-650

nm.

3.3.2. Optical Waveguiding Studies of DPIN Microcrystal
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Fig. 3.2. Excitation-position-dependent output from DPIN crystal waveguide. a) Confocal optical /FL images
and b) FL spectra. c) Estimation of optical loss coefficient (a') from the plot of lin/Ibody versus light
propagation distance.

Optical excitation (continuous wave laser; Aex= 405 nm) of a terminal of a 234 um
long crystal (OW1) transduced the red FL to its opposite terminal, confirming its optical
waveguiding tendency. The FL images recorded during excitation-position-dependent
optical waveguiding studies are presented in Fig. 3.2a. By varying the excitation positions
along the waveguide's long axis, the output signals were recorded at the right-side
terminal of OW1 (Fig. 3.2a; white dotted circle). The output FL spectra exhibited light

propagation distance (optical path length)-dependent progressive reabsorption effect
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reabsorbance of the lower wavelength (~550-575 nm) region of FL. The FL spectra also
revealed optical modes (Fig. 3.2b). Due to the nearly rectangular cross-section of the
OW1, it is expected that the modes arise due to Fabry-Pérot (FP) resonances.[146:171172]
The OW1 supports these modes due to the mirror-like light-reflecting facets of the
crystals. The cross-sectional dimension also varied along the long axis of the crystal. As a
result, the mode's intensities and positions also varied. The waveguide's optical loss
coefficient (a) of 0.0445 dB um™ was calculated by fitting the plot of intensity ratio
(lin/Ibody) versus propagation distance (D) (Fig. 3.2¢) using equation 1.7,[%9 |t can be seen

that the reabsorption of light also caused an optical loss on the shorter wavelength side.

As per equation 1.13, in a rectangular waveguide with uniaxial dielectric
components ¢, and & the transverse magnetic (TM) modes of the light (lie in the xy-
plane) can propagate with m number of possible modes as per the following

relation.[86:104]

2w e e
m< .8” & — &s - (3.1)

Where w is the width of the waveguide, A is the wavelength, and & is the dielectric
constant of the substrate (borosilicate coverslip). With an assumption that the waveguide
is optically isotropic (&so = &, = &), the cutoff wavelength (Acuofr) Of @ propagation
mode (when m < 1) is given by

Acutoff = 2W [ &igo — & e > (3.2)

By using the n values [g4, = nZ, =2.62 and & = ni =2.34] and average width OW1
(w = 4.8 um), the Acytofr is calculated to be 499 nm. The implication of the result is also
evident from the low a' value shown by the waveguide. In addition to that naturally, the

red FL of the waveguide is also falling out of the A.ytofr region.

3.3.3. Mechanical Bending of DPIN Crystal into a Ring-Resonator

Creating a ring-resonator from OW1 requires the bending of a single crystal
mechanically to 360° angle using an AFM cantilever tip. The optical images of the

micromanipulation operations performed on the crystal are presented in Fig. 3.3. The
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with the cantilever along the -y, -x, and +y directions (Fig. 3.3, i-iii).

Fig. 3.3. Confocal microscopy images depicting various steps involved in the mechanical micromanipulation

of DPIN (OW1) into a ring-resonator (RR) using an AFM cantilever tip.

Similarly, the application of force on the the left terminal of the crystal in the -y
and +x directions (Fig. 3.3, iv-v) formed an inverted U-shaped crystal geometry with both
termini lying nearly parallel to each other (Fig. 3.3,vi). Subsequent alternative
combination movements of the crystal in the +x,-y, and +y directions closed the crystal
termini forming a ring-resonator (RR) geometry (Fig. 3.3, vii-xii). The diameter of the RR
was measured to be =58.6 um and the inset shows the close-up view of the spectral
collection point (Fig. 3.4a). The excitation-position-dependent optical waveguiding
studies (Fig. 3.4b) revealed optical modes in the FL spectra (Fig. 3.4c). The RR exhibited a
slightly higher o' value of 0.0488 dB um™ due to bending-induced optical loss (Fig. 3.4d).

The RR strain was measured to be approximately 8.19% (T~ 2.4 um).
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Fig. 3.4. a) Confocal optical image of RR of diameter =58.6 um. b) FL images and c) FL spectra depicting

excitation-position-dependent output from RR. d) Estimation of o' from the plot of lip/lbody versus light
propagation distance.

3.3.4. Fabrication of DPIN Crystal Circuit
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Fig. 3.5. Confocal optical images of a) OW2 and d) OW3 crystal waveguides of DPIN. b,c) FL images of OW2
and e,f) OW3 excited at right and left termini, respectively. g-j) FL spectra recorded at port-1, port-2, port-
3, and port-4. The extracted optical modes from the spectra are shown in red lines.
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For the creation of a ring-resonator coupled optical waveguide circuit, two more
DPIN crystal waveguides having the length of L 162 (OW2) and ~285 um (OW3) were
used (Fig. 3.5a, d). The optical waveguiding experiments confirmed the light transducing
ability of both crystals. Interestingly, excitation at any of the two termini of the crystals
revealed optical modes in the FL band (Fig. 3.5b-f). The modes' positions and their
intensity recorded at each terminal were significantly different for the same waveguide.
This variation could result from a slight variation in the cross-sectional geometry of the
crystal at the terminal. The quality factor (Q) of the modes was estimated from the
extracted spectra (red color) shown in Fig. 3.5g-j is in the range of ~100. After confirming
the waveguiding character of OW2 and OW3, we envisioned integrating the waveguides
with RR in a step-wise manner. For that, we lifted OW2 from the substrate using the AFM
cantilever tip and dropped it close to RR. To integrate OW2 with RR, the tip force was
applied in the +y direction, initially at the right and left side and later to the center of OW?2
(Fig. 3.6a-c). These mechanical micromanipulation operations facilitated RR coupled

waveguide (RR-OW2) formation, as shown in Fig. 3.6d.
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Fig. 3.6. Steps involved in the mechanical micromanipulation of OW2 using an AFM cantilever tip. a-c)
Confocal microscopy images depicting application of mechanical force to the right-left, and center of OW2
in the +y direction, respectively. d) The geometry of RR integrated OW2 with two ports. e,f) FL images of
OW?2-RR excited at port-1 and port-2, respectively. g, h) its corresponding FL spectra, respectively.
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To test the optical function of OW2-RR, the port-1 was excited with a 405 nm laser.
The generated red FL from the excitation point travelled to port-2 actively (Fig. 3.6e) and
corresponding spectra recorded at port-1 and 2 are given in Fig. 3.6f. At the junction, the
FL coupled evanescently to RR passively in an anticlockwise direction. Similarly, port-2 was
excited and collected the spectra at port-1 and 2. At the junction between the RR and
waveguide the light transduced to the RR in the clockwise direction (Fig. 3.6g,h).

OW3 dropped on
the substrate ~ °

Fig. 3.7. Confocal microscopy images depicting steps involved in the fabrication of OW2-RR-OW3 (OPIC)
using an AFM cantilever. a) Lifting of OW3 in the —z direction using cantilever tip. b-e) Dropping of OW3
adjacent to RR-OW2 and applying force in the —y direction. f) The geometry of OPIC, where RR bridges OW?2
and OWS3. g) False-colour FESEM image of a 4-port OPIC, and h) close view of the junction, where RR was
coupled to both the waveguides.

Later, OW3 was lifted from the substrate with the AFM cantilever, transferred, and
dropped close to the location of RR-OW?2 (Fig. 3.7a). By applying force in the —y direction
(Fig. 3.7b-e), the OW3 crystal was integrated so that the long axis of both OW2 and OW3
are parallel to each other. This finally completed the circuit fabrication via manipulation
process is shown in Fig. 3.7f. The circuit's FESEM image is presented in Fig. 3.7g. The image
revealed that the thickness (T) of the RR, OW2, and OW3 are about 2.4, 3.4-4.1, and 4.8
um, respectively. Further, FESEM revealed that OWs are in physical contact with RR at the
junctions (Fig. 3.7h). The cross-section geometry of crystal waveguides and RR confirms

that these crystal’s optical modes arise due to FP resonance. The fabricated organic
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microcircuit consisting of configuration OW2-RR-OW3 has four ports (Fig. 3.8a). Here, the
geometry of the RR coupled to two straight waveguides is such that under resonance
conditions, photons traveling in any one of the waveguides will be diverted to RR to
circulate. Further, the light will also be transmitted from RR to the second waveguide and

outcouple at the port, which is not diagonally opposite to the input port.
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Fig. 3.8. a) Confocal optical image of flexible crystals-based dual waveguides coupled ring-resonator. b-e) FL
images, f-m) the corresponding spectra of dual waveguides coupled ring-resonator excited at different ports
displaying mechanism-selective and directional-specific optical outputs. n) Table summarizing the different
optical outputs from three ports for the input signals via a passive (P) and active (A) mechanism.

In the experiment, for a given optical input at port-4, the produced FL at the
excitation point is transmitted (signal: 1A, where A stands for active) via an active
mechanism along the waveguide. Due to the self-absorbance of part of FL (*525-580 nm
region), only the bandwidth-altered light (coded as a signal: -1A) with optical modes
outcoupled at (through) port-3 (Fig. 3.8b,f). The optical modes recorded at port-3 differ

from those recorded at the same terminal before integrating with the circuit (Fig. 3.8j).
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at the RR-OWS3 junction from OW3 to RR and passively (signal: 1P, where P stands for
passive) circulated along the ring in a clockwise direction. Successively, the FL from RR
transferred to OW2 via evanescent coupling, and the passively guided FL outcoupled at
(drop) port-1 (signal: -1P). No light (signal: 0) was recorded at port-2 (Fig. 3.8f), which
confirms the directional specific light-guiding tendency of the circuit. When the light input
was given at port-3 (Fig. 3.8c), the generated FL (signal: 1A), after the reabsorbance of
part it, actively transduced and outcoupled at port-4 as a signal -1A. The optical modes
observed in signal -1A significantly differ from port-4 of OW2 before integration with the
circuit (Fig. 3.8k). Further, the bandwidth-altered light (signal: -1P) entered RR, passively
circulated in an anti-clockwise direction, and thereby selectively outcoupled at port-2 as
a -1P signal (Fig. 3.8g). No light (signal: 0) was detected at port-1 (Fig. 3.8k). The excitation
of port-1 also produced signals -1A, -1P, and 0 at port-2, port-4, and port-3, respectively.
Likewise, for the light input at port-2, signals -1A, -1P, and O were recorded at ports-1, 3,
and 4, respectively (Fig. 3.8d,h,i). The optical modes shown by the signals at port-2 and -
1 of the circuit were significantly altered compared to the isolated waveguide (OW2). The
alteration of the optical modes recorded at ports 1-4 of the circuit compared to individual

waveguides confirmed the optical interferences within the circuit.
3.4. Conclusion

In this chapter, the fabrication of OPIC using a flexible organic crystal waveguide
(DPIN) using the AFM-micromanipulation technique was demonstrated. The proof-of-
principle top-down experiments showed that flexible optical waveguiding crystal can be
bent precisely into a circular shape (360°) to enable it to act as a ring-resonator. Two
straight optical waveguide crystals (bus and drop) can also be mechanically integrated
with a ring-resonator to create a four-port photonic circuit geometry. The fabricated
circuit demonstrates directional-specific and mechanism-selective optical outputs at
three different ports via the active and passive mechanism, for an input signal. A similar
microfabrication strategy can be applied to fabricate flexible crystal-based intricate

circuits useful for OPICs.
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Chapter-4 Geometrically Reconfigurable OPICs

4.1. Abstract

With the rising concerns about global cybersecurity, safe data transduction that
would be impervious to cyber-attacks necessitates an immediate shift from electron-based
to light-based devices. Here, the construction of silicon-free, all-organic PICs by
micromanipulation of organic crystals of two mechanically different materials with
complementary optical properties, one of which is plastically bendable, is described. The
resulting optical circuits are endowed with mechanical reconfiguration at two levels: first,
the individual components can be processed into arbitrary shapes before integration into
the circuit, and second, the circuit itself is reconfigurable even after it is fabricated. The
results do not only demonstrate the infinite structural variations in optical microstructures
one can build by using organic crystals, but they also show that deformable light
transducive organic crystals carry an untapped potential for lightweight all-organic optical

minicircuitry.
4.2. Introduction

Unlike high-index and non-absorbing photonic circuits, a combination of such
active-type plastic crystal ring resonators and optical waveguides could enable control
over the photoluminescent light propagation direction due to clockwise and anticlockwise
light-routing operation by the resonators. However, fabrication and integration of organic
crystal-based optical waveguides and ring resonators toward flexible OPICs is challenging
and has not been accomplished yet. This requires the transfer of microcrystals from one
substrate to another and releasing the crystals at a specific location where they can be
integrated with other optical elements of the circuit. The actual protocol for building an
OPIC configuration includes a set of basic manipulation procedures such as cutting,
moving, bending, lifting, and slicing[>>>7,69:96,145,147,148,173,174] of yery small, soft, flexible
crystals while ensuring full retention of their integrity.

This chapter demonstrates procedures for transferring crystals from one substrate
to another and integrating two chemically different crystals to fabricate OPICs that consist
of optically and mechanically different optical elements. One of the advantages of using
plastic crystals as optical components is their ability for mechanical reconfiguration.
Specifically, a plastically bendable single crystals of N,N’-bis(p-tolyl)-1,4,5,8-
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naphthalenediimide (NDIPH) (Fig. 4.1) and 9,10-bis(phenylethynyl)anthracene (BPEA) are
utilized as optical elements for OPICs. It is envisaged that the electronic energy difference
between the two materials would facilitate optical energy transfer (from NDIPH to BPEA)
via an evanescent field coupling. This would allow the change in the optical output
direction of the waveguides in 2D at will, without physically restructuring the entire
circuit. Additionally, this chapter demonstrates that the OPICs constructed from two
different optical crystals can deliver input-position-selective and direction-specific optical

signals by manipulating the light via active, passive, and energy-transfer mechanisms.
4.3. Results and Discussion

4.3.1. Synthesis of NDIPH

NDIPH was synthesized by condensation of  the 1,4,5,8-
naphthalenetetracarboxylic dianhydride with two equivalents of p-toluidine in DMF above
393 K for 12 hours.'’> After the completion of the reaction, water was added to the
mixture and the compound was extracted by ethyl acetate. The compound was purified

by recrystallization from ethanol. Yield: 80%.

NH,
DMF, 120°

12 hours

NDIPH

Scheme 4.1. Synthesis of NDIPH molecule.

4.3.2. Preparation of BPEA and NDIPH Microcrystals

Preparation of BPEA micro-crystals: Elongated orange (form A) single crystals of BPEA
were grown from toluene at ambient conditions. Yellow needle crystals of NDIPH were

grown from dichloromethane at ambient conditions.
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Preparation of NDIPH micro-crystals: Fiber-like crystals of NDIPH were prepared from
dichloromethane solution at ambient conditions and were transferred onto a glass

substrate and used for micromanipulation.

4.3.3. Single Crystal X-ray Structure Analysis of BPEA and NDIPH
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Fig. 4.1. Mechanistic insights into the plastic bending of NDIPH. a,b) Optical microscopic images of crystals
of BPEA form-A (a) and NDIPH (b) and their corresponding ball-and-stick models of the single-crystal
structures of BPEA and NDIPH at 290 K. c) Schematic representation of the molecular packing found in the
crystal of NDIPH showing hydrogen-bonded molecular sheets that are separated by slip planes. d) Molecular
packing in the crystal of NDIPH, showing the m-w stacking and slip planes that are thought to be responsible
for the plastic bending of NDIPH crystals. e,f) Mechanical properties of a crystal of NDIPH, showing E and Hc
determined by nanoindentation on the crystal’s (001) face. Scale bars: (a) 500 and (b) 300 um.

The crystallization of NDIPH and BPEA forms yellow and orange needle-shaped
crystals, respectively (Fig. 4.1a,b). X-ray diffraction analysis confirmed that the crystals of
BPEA were of polymorph A, which crystallizes in the monoclinic space group C2/c with one

molecule in the asymmetric unit,!’% where the molecules are nearly planar (Fig. 4.1a).
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Fig. 4.2. a-c) Energy frameworks of total energy (blue) along with decomposed electrostatic (red) and
dispersive (green) components for NDIPH crystal viewed along [100] crystallographic direction. The
thickness of each tube is proportional to the strength of the respective interaction.

Analysis of the crystal structure of NDIPH showed that the compound crystallizes in the
monoclinic space group P21/c with one molecule in the asymmetric unit (Fig. 4.1b). In the
latter structure, the molecules are arranged to form smooth slip planes perpendicular to
the [001] direction (Fig. 4.1c). The aromatic groups (naphthalene diimide) form columns
along the [010] direction by using weak - interactions at 4.312(1) A.[2281 The mechanical

behavior of the NDIPH crystals was initially analyzed by a three-point bending on the (001)
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face (Fig. 4.1b). It was found that the crystals are plastically bendable while they break
when pressed on the other faces. No macroscopically observable deterioration was
observed during mechanical bending. Reference to the crystal structure reveals that the

bending on the (001) face occurs parallel to the slip planes (Fig. 4.1d).

The load-displacement curves were obtained by nanoindentation at varying
penetration depths (500-1000 nm) on the (001)/ (001) face (Fig. 4.1e). The crystal faces
of NDIPH that were accessible for nanoindentation were matched with the Bravis—
Friedel-Donnay—Harker morphology of the crystal. The curves are smooth and do not
indicate slippage of molecular layers or a phase transition. The E of an NDIPH crystal on
its (001) face was found to be E = 0.95 + 0.02 GPa, and its H. was = 0.30 + 0.02 GPa (Fig.
4.1f). A comparison of E with relevant literature data®’7-179! indicates that the NDIPH
crystals are pronouncedly soft. The relation of the mechanical properties with the crystal
structure was further assessed by analyzing the energy frameworks (Fig. 4.2a-c).['3% The
pairwise interaction energies of the structure of the NDIPH crystal are represented as
cylinders that correspond to the electrostatic (Eelec), polarization (Epol), dispersion (Edisp),
and repulsion (Erep) energies. The radii of each cylinder are directly proportional to the

relative strength of the intermolecular interactions.

4.3.4. UV-Visible Spectroscopy Studies
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Fig. 4.3. a) Molecular structures of the NDIPH and BPEA molecules. b) Solid-state absorption (dotted line)
and emission spectra (thick line) of NDIPH and BPEA.
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The molecular structures of the NDIPH and BPEA molecules are presented in Fig
4.3a. The electronic absorption spectra (Fig. 4.3b) showed that NDIPH absorbs below =575
nm, whereas BPEA absorbs below 600 nm. As shown in Fig. 4.3b, part of the fluorescence
spectrum of NDIPH overlaps with the absorption of BPEA, and it is expected that this

overlap will facilitate the energy-transfer of the emission from NDIPH to BPEA.

4.3.5. Micromechanical Manipulation of NDIPH and BPEA Crystals

D) — )

L~ 181 pm ¥ s T L-~183pm

d) —1
2
%)
c
@
g
1K
-
T
o 0 0
500 550 600 650 700 750 500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (hm) ————
g)e h) 1ol i
\ — ) 1.04s - 1.0 "
08l a'=0.0555 dB/um . «'=0.0466 dB/um 0'=0.0541 dB/um
-~ |\ o8] 0.8
S o06] \ o \
s - \ 0.6 N 06
y LN
Tm 04 (NN 0.4 0.4
—_ )
0.2 e 0.21 0.2
- TTR—— " ®
0.0 . 0.0 0.0
0 50 100 150 200 250 0 50 100 150 200 0 50 100 150 200

<+———— Distance (um) ————

Fig. 4.4. a,c) Confocal microscopy images of NDIPH crystals of L=253 um and 183 um, respectively, and their
corresponding FL images displaying excitation-dependent FL emissions. b) Confocal microscopy image of
BPEA crystal and its corresponding FL images displaying excitation position-dependent FL emissions. d-f)
Excitation position-dependent FL spectra of crystals shown in (a-c), respectively. g-i) Plots displaying optical

loss coefficient calculated using the equation y = A*e™*P for crystals shown in (a-c).
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Fig. 4.5. i-viii) Confocal microscopy images of depicting various steps involved in shaping a straight NDIPH
crystal of length = 253 um into RR1-to-OW1 via mechanical micromanipulation. The direction of motion of
the AFM cantilever during micromanipulation is shown in red dotted arrows in Cartesian coordinates.

To test the optical waveguiding nature of NDIPH and BPEA microcrystals, initially,
the NDIPH crystal of length (L2253 and ~183 um) were selected (Fig. 4.4a,c). The
excitation-position-dependent studies were carried out using a 405 nm laser and collected
the FL spectra at the left tip of the crystal (Fig. 4.4d,f). From the excitation point, the
generated FL was transduced to both the tips of the crystal, confirming the waveguiding
behavior of the NDIPH micro-rods. The emission spectra intensity increases with a
decrease in optical path distance and its corresponding optical loss were measured to be
0.0555 (L ~253 pm) and 0.0541 dB um* (L ~183 um) (Fig. 4.4g,i). Similarly, the BPEA crystal

of L~181 um (Fig. 4.4b) was excited at different positions on the crystal body, and
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recorded the spectra (Fig. 4.4e), and the optical loss was found to be 0.0466 dB pm (Fig.
4.4h).

e———
60 um

Fig. 4.6. i-ix) Confocal microscopy images depicting lifting of a BPEA crystal from substrate-1 and transferring
it to substrate-2 and integrating with RR1-to-OW1 to fabricate OPIC-I via a mechanical micromanipulation
approach.

For the construction of RR1-to-OW1, initially, a straight NDIPH crystal of L 2253
um was selected (Fig. 4.5i) then AFM cantilever tip was adjusted to the right side of the
crystal and gently moved in the +x direction resulting in an L-shaped geometry (~90°), the

tip-to-tip distance was reduced from ~186 to 110 um (Fig. 4.5ii-iv). Later the right-side
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crystal tip was pushed along the -y and -x directions, and the tip-to-tip and tip-to-body
distance were reduced to 115 and 29 um, respectively (Fig. 4.5v,vi). Finally obtained
elliptical loop was pushed in the -y direction forms the nearly circular loop (D ~37 um)

with a long tail length of 134 um (Fig. 4.5vii-viii).

a) NDIPH  L~253um )

%5 ';m';“jg, . -.a:l

Fig. 4.7. Confocal microscopy images depicting the selected of mechanical micromanipulation operations of
NDIPH and BPEA crystals towards the construction of OPICs. a) NDIPH crystal waveguide. b) Shaping the
crystal into a combined ring resonator and waveguide (RR1-to-OW1). c) An isolated BPEA crystal OW2. d)
Creation of OPIC-I by integrating RR1-to-OW1 with BPEA OW2. The FESEM of a part of the OPIC-I is shown
in panel e). f) A bent NDIPH crystal is used for the fabrication of RR2-to-OW3 after cutting. g) Fabrication of
OPIC-Il by integrating OPIC-I with RR2-to-OW3. h) FESEM image of a part of the OPIC-II. i) Reconfiguration
of OPIC-Il into OPIC-III. j) False color-coded FESEM image of OPIC-III.

For the integration of a linear BPEA crystal to RR1-to-OW1, primarily the BPEA
crystal (L #181 um) was carefully lifted from the glass substrate-2 by applying force in the

-z direction using the AFM cantilever tip (Fig. 4.6i). The lifted crystal was slowly transferred
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onto substrate-1, near the RR1-to-OW1 (Fig. 4.6ii-iv). The cantilever was pushed to the
left, right, and left sides of the crystal upon applying force in the +x direction, resulting in
an OPIC-I (Fig. 4.6vi-ix). Optical loss for bent crystal is higher than the former one due to
more light leakages at the curvature of the bent area shown in Fig. 4.7b. To fabricate a
combination of a ring resonator and optical waveguide (RR1-to-OW1) starting from a

single crystal, a straight NDIPH crystal waveguide of length L =~ 253 um was selected
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Fig. 4.8. i-ix) Confocal microscopy images of depicitng bending of an NDIPH crystal of length =111 um (which
was cut from =183 um long crystal) into OW3-RR2 and its integration with OPIC-I to create OPIC-II via
mechanical micromanipulation technique.

(Fig. 4.7a). The right side of the crystal was bent into a closed circle as a ring resonator
(RR1), leaving the left part of the crystal unaltered and available to be used as an optical
waveguide (OW1). In the resulting optical element, RR1-to-OW1, the diameter (D) of RR1

and the length of OW1 were ~37 um and =134 um, respectively (Fig. 4.7b).

Construction of an OPIC (OPIC-I) was accomplished by attaching the BPEA
waveguide (OW2) shown in Fig. 4.7c, orthogonal to RR1-to-OW1 (Fig. 4.7d). Notably, in
this critical step, OW2 was lifted from substrate-1 using an AFM cantilever, carefully
transferred close to RR1-to-OW1 prepared in substrate-2, and precisely manipulated to

achieve OPIC-I. The field emission scanning electron microscopic (FESEM) image of a part
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of the OPIC-I showed that the horizontal and vertical diameters of RR1 were ~37 um (Fig.
4.7e). The shaping of another NDIPH crystal waveguide of L *111 um (Fig. 4.7f), which was
cut from the crystal waveguide of L %183 um, as ring resonator and optical waveguide
(RR2-to-OWS3; vertical ring D = 22 um and L = 60 um), and positioning of it orthogonal to
the right side of OW2 of OPIC-I resulted in a more complex OPIC, namely, OPIC-II (Fig.
4.7g,h). Using various micromechanical manipulation techniques like cutting, moving, and
bending of NDIPH crystal (L 111 um) produces OPIC-II (Fig. 4.8i-ix). The reconfigurability
of OPIC-1l was demonstrated by mechanical bending the OW1's output terminal to an

angle of about 90° to prepare another OPIC, OPIC-III (Fig. 4.7i,j).
4.3.6. Mechano-photonic Studies of OPICs

The design of the OPIC-I is such that the first terminal (T-1) is oriented in the -y
direction, while the second and the third terminals (T-2 and T-3) are pointing toward the
x and —x directions (Fig. 4.9a). OPIC-l is expected to guide fluorescence (with or without
energy transfer mechanism or passively) depending on the incident light at the terminal.
When T-1 of OW1 orthogonally excited with 405 nm laser light, it generated red
fluorescence with two maxima (Amax,1 = 608 nm and Amax,2 = 550 nm; coded as “signal 1”).
This fluorescence propagated along the y-coordinate toward RR1 as signal 1(y), which
circulated within the resonator in an anticlockwise direction. The circulating light within
RR1 evanescently coupled to BPEA crystal at the junction and electronically excited it via
energy transfer. Subsequently, BPEA waveguide produced strong fluorescence (Amax1 =
640 Nnm, Amax,2 = 598 nm, and Amax3 = 550 nm; coded as “signal -1”). Due to the coupling
with light from RR1 circulating in an anticlockwise direction, the BPEA waveguide actively
transduced its fluorescence along its x-axis to T-2 as output signal -1(x). A weak signal,
-1(-x) was observed at T-3 (Fig. 4.9b,e). Given the circuit design, the reason for this
observation is that after the RR1-OW?2 junction, where evanescent coupling followed by
the energy transfer of the input light takes place, the light cannot travel to T-3. However,
due to the OW's high photoluminescence quantum yield of BPEA (internal quantum
efficiency, IQE, is 10.69%; trL = 8.74 ns) compared to NDIPH (IQE, is nearly 0%; 17 = 1.84
ns), the generated fluorescence at the junction in OW2 travels in both directions, giving

outputs at T-2 and T-3.
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Fig. 4.9. OPIC-I having one input and two possible output terminals. a) Confocal microscopic image of OPIC-
I. The inset table displays spectral signal output codes, and the direction of light propagation is given within
the brackets for terminals T-1, T-2, and T-3. The inputs are labelled in yellow. b—d) Fluorescence images with
light inputs at terminals, T-1, T-2, and T-3, respectively. e—g) Fluorescence spectra at different output
terminals for the light inputs given at T-1, T-2, and T-3, respectively. Note: Spectra in plots (e-g) are rescaled

by indicated factors.
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On the other hand, when the light was introduced at T-2 (Fig. 4.9c), the —-1(-x) signal
travelled actively in a straight path in the -x direction to T-3 and outcoupled as -1(-x)
signal (Fig. 4.9f). During propagation, the same -1(-x) signal evanescently coupled to RR1,
passively at the junction, and circulated in a clockwise direction. As a result, some light
was directed to T-3 again, and some emerged at T-1 of OW1 as a -1 (-y) signal.
Interestingly, when the light input was introduced at T-3 (Fig. 4.9d), the output -1(x) was
detected only at T-2, and no output signal, 0O(-y) could be observed at T-1 (Fig. 4.9g). The
absence of any detectable passive light at T-1 is due to the re-entry of light from RR1 back

to OW2 caused by the resonator's anticlockwise light path.
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Fig. 4.10. OPIC-Il with one input and three possible output terminals. a) Confocal microscopic image of OPIC-
IIl. The table in the inset displays spectral signal output codes, and the direction of light propagation is given
within the brackets for terminals T-1, T-2, T-3, and T-4. Fluorescence images at inputs b) T-1, c) T-2, d) T-3,
and e) T-4. Fluorescence spectra graphs when input is given at f) T-1, g) T-2, h) T-3, and i) T-4. The spectra
in plots (f—i) are rescaled by indicated factors.
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This input-terminal-dependent signal output further confirmed the directional specific
function of the OPIC-I, delivering signals -1 and 0. These observations are in line with the

expected optical path trajectories of RR1 designed in OPIC-1.

The design of OPIC-1I allows three possible outputs for any given input light (Fig.
4.10a). In this circuit, the RR2-to-OW3 element is connected to OPIC-l. When T-1 of OW1
was excited with 405 nm light (Fig. 4.10b), the actively outcoupled light signals -1(x) and
-1(-x) were detected from T-2 and T-3 of OW2, respectively (Fig. 4.10f), similar to the
OPIC-1 outputs. However, compared to the difference in light intensities of T-2 and T-3 in
OPIC-l, the difference in OPIC-Il was higher. Since light travels toward the end of T-3,
beyond the junction, part of the light also couples passively with RR-2, decreasing the

output intensity of T-3. Consistent with the light circulation path dictated by the circuit
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Fig. 4.11. Confocal microscopy images depicting various mechanical micromanipulation steps involved in
selective *90° bending of terminal OW1 of OPIC-II to create a reconfigured OPIC-III.

design, no light signal was detected at T-4, and the output was 0(y). The passage of light
beyond the ring region (RR2) is prohibited due to the passively coupled light's
anticlockwise path, directing the light toward T-3 and not allowing it toward T-4. Similarly,
light input at T-2 (Fig. 4.10c) results in passive -1(-y) and active —-1(-x) output signals at
T-1 and T-3 terminals, respectively, but a O(y) output signal at T-4 (Fig. 4.10g). Notably,
the delivery of -1(-y) passive signal (with optical modes) at T-1 only occurs for the input
given at T-2. When the input signal was given at T-3 (Fig. 4.10d), a passive light output
from T-4 of the RR2-to-OW3 component is expected due to its clockwise light transmission

geometry (Fig.4.10h). As expected, a feeble passive —1(y) signal at T-4 was detected with

89



Chapter-4 Geometrically Reconfigurable OPICs

optical modes in the spectral feature. An obvious -1(x) signal was also recorded at T-2. At
T-1, no output signal was detected, 0(-y), which follows our previous discussion. Likewise,
excitation at T-4 (Fig. 4.10e), gives an output signal of -1(x) at T-2 and -1(-x) signal at T-3
but no signal, 0(-y) at T-1 (Fig. 4.10i).
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Fig. 4.12. The reconfigured OPIC-lIl with one input and three possible output terminals. a) Confocal
microscopic image of OPIC-IIl. The table in the inset lists the signal output's nature (active/passive) and
direction when input is given at terminals T-1, T-2, T-3, and T-4. Fluorescence images for inputs b) T-1, ¢) T-
2,d) T-3, and e) T-4. Corresponding fluorescence spectra graphs when the light input is introduced at f) T-
1, g) T-2, h) T-3, and i) T-4. The spectra in plots (f—i) are rescaled by indicated factors.

Finally, to demonstrate the mechanical compliance and structural reconfigurability
of the resulting OPIC-II the orientation of T-1 was changed from -y to —x direction by

mechanically bending the terminal to an angle of 90° (Fig. 4.11i-vi). This geometrical
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reconfiguration of the circuit produced OPIC-IIl with two light transduction trajectories for
T-1, in the (x, y) or (-x, —y) coordinates during input and output, respectively (Fig.4.12a).
The number of possible light outputs at T-1 for any input at T-2, T-3, and T-4 are -1(-y,
-x), 0(-y, —x), and O(-y, —x), respectively (Fig. 4.12c-e,g-i).

The passive signal detection at T-1 shows that light has undergone 90° bends in
the (-y, -x) coordinates, demonstrating matching performance with the silicon-based
photonic circuits. In the reconfigured OPIC-Ill, when the input was given at T-1, the
difference in out-coupled light intensities at T-2 and T-3 was smaller compared to the
difference in OPIC-l and OPIC-Il (Fig.4.12f). These results further confirmed the
simultaneous transduction of light in both directions due to the excitation of high
photoluminescent (BPEA) OW?2. The slight decrease in the intensity of outcoupled light at
T-2 before (loutput/linput = 29%) and after (loutput/linput = 19%) reconfiguration can be ascribed
to the expected leakage of light at the curvatures of the bent crystals. The advantage of
OPIC-IIl is the light output direction through T-1, which has been completely switched
from -y to -x direction compared to OPIC-IIl. Although this circuit reconfigurability is

necessary, it has not been accomplished with silicon-based PICs.

4.4, Conclusion

The results described above showcase an example of the construction of non-
silicon-based OPIC by micromanipulation of two mechanically and optically distinct
organic crystals via the mechanophotonics approach.[5>57.69,96,145,147,148,173,174] Thjs chapter
presented a successful integration of two different crystalline materials, one of which is
plastically bendable, by transferring one of the crystals between substrates. The superior
plasticity of the NDIPH crystals was necessary and even essential to be able to fabricate
two unigue RR-to-OW geometries of different sizes. These deformed optical waveguides
were further integrated with a straight BPEA waveguide by routing the light clockwise or
anticlockwise, depending on the input terminal. Finally, the geometrical reconfiguration
of the resulting circuit was demonstrated by bending one of its optical waveguides at a
right angle. As the optical crystal elements used here are chemically different and optically

complementary, we could operate the resulting circuits via energy transfer between the
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individual components. The resulting OPICs deliver input-position-selective and direction-
specific optical signals by manipulating the light via active, passive, and energy-transfer
mechanisms. A unique feature of the resulting circuits is that they can operate in both
active and passive modes. The design strategy is such that the same waveguide can
transduce passive or active signals depending upon the light input terminal, an important
property required for a PIC. The direction-modulation of the optical output demonstrated
the application of the OPIC reconfiguration. The ensuing circuit design is robust and
readily transferrable to other mechanically compliant crystals. The results presented here
provide new insights into the field of PICs and may open up new routes for the realization
of ultrafast, energy-efficient OPICs for quantum computation, data transfer, sensing, and
other applications. However, challenges such as optical loss due to surface damage and
accumulation of defects during bending, optical attenuation, low quantum vyield,
photodegradation at high laser power, and unavailability of methods for mass production
of microcrystals with defined specific aspect ratio will need to be addressed in the future

developments of this burgeoning research field.
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Chapter-5 Mechanically Maneuverable Hybrid Circuits

5.1. Abstract

The conventional silicon-based photonic circuits possess several inherent
shortcomings. One of them is the mechanical rigidity of circuits. Realizing a flexible OPIC
(FOPIC) or organic photonic chip with functional complexity requires innovative materials
and a hybrid materials platform. Mechanically flexible organic acicular crystals with fewer
imperfections, high n, and high quantum vyield are promising materials for FOPIC
fabrication. Here, the fabrication of a hybrid FOPIC using (E)-1-(4-(N,N-
dimethyl)phenyl)iminomethyl-2-hydroxyl-naphthalene (DPIN) and (E)-1-(4-(chloro)phenyl)
iminomethyl-2-hydroxyl-naphthalene (CPIN) crystals for precise steering of output light at
different angles is presented. The crystals of DPIN and CPIN are mechanically compliant
and optically dissimilar. Mechanical micromanipulation of DPIN and CPIN flexible crystals
provides a four-port FOPIC that comprises a waveguide integrated ring resonator.
Mechanical maneuverability of the circuit ports enables selective routing of six bandwidth-
engineered signals at desirable angles (0—360°) in 2D. The circuit applies active/passive
light-guiding principles, reabsorbance, and energy-transfer mechanisms for its operation.
The presented proof-of-principle reconfigurable photonic circuit concept is advantageous

in programmable circuits, navigable detectors, and intelligent sensors.
5.2. Introduction

Silicon-based PICs possess three significant challenges. Firstly, they operate as
passive elements and cannot produce active output signals for a given input without
optical modulators.[>181 Secondly, because of their non-reconfigurability, most silicon-
based PICs are meant to perform only a specific post-fabrication function. Fabrication of
a reconfigurable circuit is the first evolutionary step towards intelligent and
programmable PICs.”] In reconfigurable PICs, the circuit geometry could be modified as
and when required based on the requirement, avoiding the reconstruction of the entire
circuit. Thirdly, technological difficulty in constructing hybrid PICs with two different
optical materials using conventional fabrication techniques. Hence, the fabrication of non-
silicon-based reconfigurable PICs requires a new photonic materials platform matching

the advantages and filling the potential gaps of silicon-based PICs.
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Flexible organic crystals waveguides are a promising material platform to achieve
port-reconfigurable FOPICs to route optical signals at different angles in two dimensions.
For the construction of FOPICs, mechanophotonics is a powerful tool.[57,69,96,97,145,146,148] pq
a result, the mechanophotonic approach offers unprecedented ease of circuit fabrication
and post-fabrication circuit reconfigurability.

This chapter presents the realization of a reconfigurable hybrid FOPIC to generate
and route six different optical signals at different angles on the chip plane. Here two
chemically and optically different flexible microcrystals, namely, (DPIN)®” and CPIN are
used, for the circuit fabrication. The crystals of DPIN and CPIN emit red and green
fluorescence, respectively. Their solid-state structures closely resemble each other in
molecular packing and intermolecular interactions without affecting their mechanical
flexibility. Applying mechanophotonics techniques such as moving, bending, lifting,
dropping, transferring, and integrating to CPIN and DPIN crystals provides a four-port
hybrid FOPIC encompassing waveguides integrated ring resonator. The FOPIC generates
six different optical signals and allows reconfiguring signal routing direction at various
angles (0° to 360°) on a chip surface, illustrating its use in programmable nanophotonic

applications.

5.3. Results and Discussion

5.3.1. Synthesis of CPIN

2-Hydroxy-1-naphthaldehyde (10 mmol, 1eq) and 4-chloroaniline (10 mmol, 1eq)
were taken in ethanol in a 250 mL two-necked round-bottom flask. Then the mixture was
dissolved and heated by stirring at 85 °C for 4 hours.[*®® The formed precipitate was
cooled to room temperature and purified by recrystallization in chloroform solvent to
obtain yellow needles of CPIN.

Cl

cl CHO @
n l i OH 85°C, 4h _N
O EtOH OH
NH, OO

CPIN

Scheme 5.1. Synthesis of CPIN molecule.
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Fig. 5.1. *H-NMR spectrum of CPIN in CDCls solvent.
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Fig. 5.2. 13C-NMR spectrum of CPIN in CDCls; solvent.
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CPIN: H-NMR (400 MHz, CDCls): & (ppm) 15.28 (s, 1H), 9.37 (s, 1H), 8.13 (d, 1H), 7.85 (d,
1H), 7.76 (d, 1H), 7.55 (t, 1H), 7.44 (d, 2H), 7.38 (t, 1H), 7.32 (d, 2H), 7.14 (d, 1H); 3C-NMR
(100 MHz, CDCls): & (ppm) 168.47, 155.94, 144.83, 136.62, 133.05, 132.13, 129.79, 129.47,
128.20, 127.54, 123.75, 121.83, 121.81, 121.54, 119.00, 109.03. Yield: 86%, m. p.: 188-

191 °C, Solid-sate absorption range: 300-560 nm and Amax.= 532 nm (green emission).

5.3.2. Preparation of DPIN and CPIN Microcrystals

Preparation of DPIN microcrystals: Synthesis and preparation of DPIN microcrystals is
described in Chapter-2.

Preparation of CPIN microcrystals: 2 mg of the CPIN compound was dissolved in 2 mL
chloroform under slow evaporation conditions, forming the rod-like microcrystals for
microscopic studies.

5.3.3. Structural Basis for Flexibility of CPIN and DPIN Crystals

Weak intermolecular interactions and molecular packing greatly influence the
mechanical properties of organic crystals. The detailed structural basis for mechanical
flexibility of DPIN was reported earlier.[1%°! The X-ray structure analysis of CPIN revealed
its close resemblance with DPIN in molecular packing and intermolecular interactions.
Both CPIN and DPIN crystals exhibit an O-H---N hydrogen bond with a distance of 1.77 A
(Fig. 5.3a). However, the torsional angle (©) between naphthyl and phenyl groups of CPIN
molecule (0=16.86°) suggested improved molecular planarity of CPIN compared to DPIN
molecule (0~23.07°). The CPIN molecular packing in the crystal lattice is stabilized by
various other non-covalent interactions such as C-Cl--H (=3.26 A), -t (=3.5 A) stacking,
intermolecular hydrogen bonding (C-O-+-H; ~2.52 A) and C-H---1t (= 2.93 A) (Fig. 5.3b,f,g).
The molecules form crisscross-packed one-dimensional chains, which are supported by
-1t and C-H---1t interactions. The crisscross chains form layers that propagate along the
(001) plane (Fig. 5.3e). The CPIN crystals exhibit flexibility when these layers experience a
mechanical force perpendicular to the (001) plane (Fig. 5.3d,e). The weak interactions
assist dissipation of applied energy by the expansion and contraction of crisscross chains
on the convex and concave sides of the bent crystal, respectively (Fig. 5.3e). Further, the
application of mechanical force perpendicular to the (011) plane (Fig. 5.3c) damages the

crystal due to non-effective stress distribution.
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Fig. 5.3. a) Crystal structure of CPIN. b) C-H---rt interactions between CPIN molecules. c) Molecular packing
of CPIN on the (011) face. d) Optical image of a CPIN single crystal. e) Molecular packing on the bendable
(001) face showing crisscross molecular chains. The inset arrows show the molecule’s possible expansion
and contraction movement from the equilibrium position. f,g) m--m stacking, C-H--:O and C-Cl---H
intermolecular interactions in the crystal structure. h,i) Load versus displacement plots obtained from
nanoindentation on the bending faces of CPIN and DPIN, respectively.

The nanoindentation studies performed on the bending faces of CPIN and DPIN
suggested a significant difference in their mechanical properties despite similar molecular
packing (Fig. 5.3e). The load (p), versus displacement (h), plots obtained from
nanoindentation experiments are shown in Fig. 5.3h,i. The estimated E and H. values of
DPIN are 1.02+0.4955 GPa and 0.1168+0.0307 GPa, respectively; literature reports such

values for super-soft and super-compliant crystals (Fig. 5.3i).[Y77! Similarly, the E and H. of
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CPIN are 8.22+1.62 GPa and 0.3532+0.0959 GPa, respectively, indicating crystals'
moderate elasticity (Fig. 5.3h). The difference in mechanical properties may be attributed
to compact molecular packing in DPIN (cell volume occupied: 1454.09 A3) compared to
CPIN (cell volume occupied: 1288.49 A3) (Table 5.1). Interestingly, the ‘pop-ins’ on the p
vs h curve illustrate the CPIN crystal’s non-homogenous resistive response during the
indentation loading process. The molecular layers directly beneath the indenting tip

undergo abrupt changes that lead to sporadic local plastic deformations and result in pop-

ins.[183]

Table 5.1. Comparative intra/intermolecular interactions and mechanical properties of CPIN and DPIN

CPIN | DPIN _

crystals.

N---H (intra) =1.77 A =1.77 A
O--H ~2.52A ~2.61A
Cl---H =3.26 A -

Tt =~3.50A ~3.44 A
C-H--m =2.93A ~2.88A
Ph-Napth (T.A.) = 16.86° = 24.16°
Elastic modulus 8.22+1.62 1.02+0.4955
(E) GPa GPa
0.3532+0.095 0.1168%0.0307
Hardness (H.) 9 GPa GPa

5.3.4. Optical Properties of CPIN and DPIN

The FL images of bulk macro-crystals of CPIN (green) and DPIN (orange) under UV
light irradiation were shown in Fig. 5.4a. The solid-state optical absorption range of DPIN
is broader (300-610 nm) than the CPIN (300-560 nm) (Fig. 5.4b,c). The CPIN emits green
FL in the 470—-700 nm region, while the DPIN's red FL appears in the 540-750 nm region.
The overlap of CPIN FL with the absorption of DPIN facilitates energy transfer (ET) from
former crystals to the latter (Fig. 5.4b). On the contrary, the absorption spectrum of CPIN
showed no significant overlap with the emission spectrum of DIPN (Fig. 5.4c). The
absolute FL quantum yield of DPIN and CPIN crystals were estimated to be 0.567% and

6.31%, respectively.
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Fig. 5.4. a) CPIN (green) and DPIN (orange) crystals under UV light irradiation. b,c) Solid-state UV-Visible
absorption and emission spectra of DPIN and CPIN.

Building a FOPIC requires microcrystals of CPIN and DPIN. Therefore, the CHCl3
solution of the respective compound was drop casted on a silica substrate to obtain
needle-shaped microcrystals under slow solvent evaporation at ambient conditions. The
mechanical compliance of microcrystals could be different from macro-crystals. Unlike
macro-sized crystals, surface adherence energy contributes significantly to the
microcrystal’s mechanical response. When the crystal overcomes surface adherence
force, i.e., the restoration force of the crystal being larger than the surface adherence
force, elastic bending can be observed. Otherwise, the microcrystals display pseudo-
plasticity.[5>°6:147,148,173,182] Therefore, elastic micro-crystals on a silica substrate usually do
not revert to their original shape upon removal of applied mechanical force. The pseudo-
plasticity of microcrystals has been capitalized to fabricate reconfigurable FOPICs on a

silica substrate.

5.3.5. Construction of Ring Resonator (RR) and its Photonic Properties

To create a ring resonator (RR) for circuit fabrication from a straight DPIN crystal
(OW1), a crystal with a length of =205 pum was selected (Fig. 5.5a). Initially, the
waveguiding property of the chosen microcrystal was investigated by optically exciting
(continuous wave; 405 nm) the crystal at one of its termini (input port) and collecting

output FL(Amax #606 nm) signal at its opposite terminal (output port). Due to the
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reabsorption of FL in the range of 525-580 nm, the output signal bandwidth gradually

decreased with the increase of optical path length (Fig. 5.5a,b).
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the crystal was excited with a 405 nm laser at different positions. b) The corresponding FL spectra. The
double-headed arrow (red color) in the inset shows the reabsorption region. c) Estimation of optical loss
coefficient by fitting (red line) the data plot of /sis/Ibody versus propagation distance. d) Confocal microscope
images displaying the steps involved in the mechanical micromanipulation of straight DPIN microcrystal into
a nearly-circular RR using AFM cantilever tip.

The optical loss coefficient (a’), a parameter describing the light transduction ability of

the waveguide, was estimated to be 0.0837 dB um™ (Fig. 5.5c).

Later, using micromechanical operations such as bending and moving of OW1
straight crystal were used to convert 205 um long waveguide into RR in a stepwise manner
a nearly ring-shaped crystal geometry (RR). Initially, the AFM cantilever was positioned on
the left side of the crystal and slowly moved forward direction (—y direction) (Fig. 5.5di).
As a result, the crystal was bent by an angle of ~ 90° (Fig. 5.5dii). Later, additional force
was applied along the -y directions at the right and left side of the crystal respectively,
producing curved shape geometry with an angle of = 90° (Fig. 5.5diii,iv). These two
sequential operations created inverted U-shaped geometry. Applying force in the +x, and
—x directions (Fig. 5.5dv,vi), formed a nearly half-circular geometry with two termini very
close to each other. Finally, the two terminals are connected by pushing the left tip
towards the right body of the crystal in the +x and +y directions, respectively (Fig. 5.5d

vii,viii), creating a nearly-circular-shaped geometry ring resonator (RR).
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The fabricated RR (Fig. 5.6a,b) was optically excited along its body and showed
light outputs at both termini, confirming its clockwise and anti-clockwise light routing
ability (Fig. 5.6c¢). Later, RR was optically excited at various positions along its body (Fig.
5.6d,ii-viii), and the FL spectra were recorded at one of the termini. The FL spectra
displayed excitation-position optical modes indicating the resonator characteristics of RR

(Fig. 5.6e). The o’ was estimated to be 0.1098 dB um?, and the bending-induced a’ = o pent

Vi)
.
L
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¥

Fig. 5.6. Confocal microscope image of a) a straight DPIN microcrystal, b) after mechanically shaping it into

- ®straight Was estimated to be 0.0261 dB um-* (Fig. 5.6f).
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a RR. ¢,d) FL image of RR excited at various positions on the crystal body with a 405 nm laser. The white
dotted circle indicates the spectral collection point. e) Excitation-position-dependent FL spectra of RR. f)
Estimated optical loss coefficient (a’) plot of RR.

5.3.6. Fabrication of FOPIC-A from RR and OW?2 of CPIN

To create an OW2-RR (FOPIC-A) from straight OW2 of CPIN microrod. Initially, the
optical properties of CPIN crystal having a length of L~199 um was studied (Fig. 5.7a). The
crystal was excited at different positions along its long axis of the crystal with a 405 nm
laser and recorded the spectra at the right terminal of the crystal. The generated green FL
from the excitation point travels along the body to both the termini of the crystal,

revealing the optical waveguiding nature of the CPIN crystal (Fig. 5.7a). The corresponding
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Fig. 5.7. a) Confocal microscope image of a straight CPIN crystal (OW2) and its FL images when the crystal
was excited with a 405 nm laser at different positions. b) The corresponding FL spectra. The red double-
headed arrow of the inset shows the reabsorption region. c) The optical loss coefficient estimation by fitting
(red line) the data plot of /ip/lbedy Versus propagation length. d) Confocal optical microscope photographs
show the steps involved in the mechanical micromanipulation of OW2 towards RR to produce FOPIC-A using

AFM cantilever force.
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FL emission spectra intensity decreases with increasing the optical path length (0 to 199

um) of the crystal (Fig. 5.7b). The optical loss coefficient was measured to be 0.079 dB

um- (Fig. 5.7c).

The integration of straight CPIN crystal (OW1) with RR via micromanipulation using
an AFM cantilever tip is a challenging task. For that, initially, the CPIN crystal was lifted
from glass substrate-2 and carefully transferred to substrate-1 near the RR (Fig. 5.7di-iv
the deposited crystal was pushed towards RR with AFM tip, by applying force in the +y
direction, starting from left, right, and finally in the middle of the crystal (Fig 5.7dv-viii).
This mechanical process produces the OW2-RR (FOPIC-A) (Fig 5.7dix).

5.3.7. Optical Waveguiding Studies of FOPIC-A

a) ==

20k
15k
10k

5k

15k

106 — P2

FL Intensity
(&3]
~
e
< X

ADYA

! —
500 550 600 650 700
Wavelength (nm)

Fig. 5.8. a) Optical image of a straight CPIN crystal waveguide, OW2 (left side), and DPIN crystal RR (right
side). b) Fabrication of a hybrid FOPIC-A by integrating OW2 with RR via mechanical micromanipulation. c,d)
FL images of FOPIC-A. The excitation termini are P-1 and P-2, respectively. e,f) The corresponding FL spectra
at P-2 and P-1 output termini, respectively.

The complex mechanical maneuvers (lifting, dropping, moving, and integrating) of
the CPIN crystal waveguide towards DPIN crystal RR resulted in a hybrid integrated circuit,
FOPIC-A, with two ports, namely P-1 and P-2 (Fig. 5.8a,b). Optical excitation of OW2 at

the port-1 and -2, initially the excitation of OW2 at the P-1 terminal produced a bright-
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green FL, which transduced towards the opposite crystal terminal and outcoupled at P-2
(Fig. 5.8c). Due to the overlap of CPIN FL with the absorption of DPIN, the green FL of OW2
excited the RR via the ET mechanism. The spectrum recorded at point X of RR exhibited
FL with the Amax of ® 610 nm corresponding to the DPIN FL, confirming the ET (Fig. 5.8e).
Here, the RR routes the light in a counterclockwise path. Similar optical behavior was
observed when P-2 was excited (Fig. 5.8d), and the optical signal traveled in a clockwise
direction to deliver the output signal at P-1 (Fig. 5.8f). These results suggest the directional

routing of light achieved using the tailor-made FOPIC-A.
5.3.8. Construction of FOPIC-B from FOPIC-A

For the integration of FOPIC-A with another DPIN crystal (L~217 um), primarily the
OWS3 deposited parallel to OW2. The OW3 was pushed towards the FOPIC-A, by applying
force along the -y direction, left, right and center of the crystal (Fig. 5.9i-iii). Later the

additional force was applied in the -y direction, producing FOPIC-B (Fig. 5.9iv-vi).

FgPlé-A Q

i
S

Fig. 5.9. Confocal microscope images displaying the steps involved in the micromechanical manipulation
process from FOPIC-A to FOPIC-B.

5.3.9. Fabrication of FOPICs I-1V from FOPIC-B

To fabricate a FOPIC-l, II, lll, and IV from FOPIC-B via mechanical
micromanipulation technique, initially OW3 crystal of hybrid FOPIC-B was bent at the left
side of the crystal by an angle of ~28° upon applying force in the +y direction with AFM
cantilever tip, generate a FOPIC-I (Fig. 5.10ai-iii). The FOPIC-I was converted into FOPIC-II,

by pushing at the right side of the OW3 crystal towards the forward direction (+y
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direction), producing FOPIC-II with an angle ~185° (Fig. 5.10bi-iii). Later the straight CPIN
(OW2) crystal was bent (~330°) at the left side of the crystal by pushing in the -y direction
(forward direction), creating a FOPIC-III (Fig. 5.10ci-iv). Finally, the FOPIC-IV was obtained
from FOPIC-1ll, when force was applied in the forward direction at the right side of the
OW?2 crystal with an angle of *208° (Fig. 5.10di-iii). All these mechanical processes

produce the various angles at both left and right terminals of the OW2 and OW3 crystals

to manipulate the optical light propagation direction.
a) i
90°

i i
FOPIC-B - .+Z.]
v -~ +;&' N i

0° <==4---» 180° .

k- Demonlmony
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~ FOPIC-III
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Fig. 5.10. a-d) Confocal microscopy images show the reconfiguration of FOPIC-I to -IV from FOPIC-B via a
mechanical micromanipulation process.

5.3.10. Optical Waveguiding Studies of FOPIC-I-IV

Micromechanical integration of a straight DPIN waveguide (OW3) with RR of
FOPIC-A (Fig. 5.11a,b) provided a FOPIC-B with four ports, P-1 to P-4 (Fig. 5.11c). This
FOPIC-B widens the scope of varying the light output directions and operational spectral
bandwidth. The optical performance of reconfigurable FOPIC-I was examined by exciting
any specific port and recording the spectral output of the remaining ports. When P-1 was
excited, it produced a red FL signal with a wide bandwidth of ~525-750 nm and Amax 605
nm (Signal 1A, where A stands for active signal). The same light actively propagated

through bent OW3 to reach P-2 with a slightly narrow bandwidth of ~575-750 nm (Signal
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-1A, where the negative sign denotes a narrow bandwidth signal). Further, the broad
bandwidth light evanescently coupled to RR and traveled passively as a 1P signal (P stands

for passive signal) in a clockwise direction (Fig. 5.11ci, 5.11di), and again evanescently

b) lows. TN - a) lows DPIN
el I SR e
CFL)_IN - DPIN Micromanipulation ' + )
- ow2 d ' : .

RR
lMicromanipuIation oOW?2
15k
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>
2, ol NS
2 20k 20k 1~
= iv) — P
llSk 15k — p>
5 | _—p3
10k 10k — P-4
5k 5k X' i

0 ; 0
500 550 600 650 700 750 500 550 600 650 700 750
<+— Wavelength (nm) —

) [

Active ~525-750 nm ~605 nm

-1A Active ~575-750 nm ~605 nm

1P Passive ~525-750 nm ~605 nm

2A Active ~480-725 nm ~535 nm

-2A Active ~515-725 nm ~540 nm

1A+ 2P A ) f 2P Passive ~480-725 nm ~535 nm
0 No signal No signal No signal

Fig. 5.11. a,b) Fabrication of a hybrid organic circuit, FOPIC using OW3 and FOPIC-A via mechanical
manipulation. c) Mechanical reconfiguration of port, P-1 direction to =28° of FOPIC-I, and i-iv) FL images of
FOPIC-I excited at P-1, P-2, P-3, and P-4 positions. d) Its corresponding FL spectra were recorded at output
terminals (i-iv). ) Table explaining the signal codes, type, spectral bandwidth range, and FL Amax.

coupled to OW?2, yielding a 1P signal at drop port P-3. Due to the clockwise optical

trajectory of RR, the output light was not (Signal 0) detected at P-4.

Similarly, P-2 excitation delivered -1A signal at through port P-1, 1P signal at drop
port P-4, and 0 signal at P-3 (Fig. 5.11cii, 5.11dii). Interestingly, when P-3 was excited, the
green FL with a bandwidth of ~480-725 nm and Amax~ 535 nm (Signal 2A) propagated
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Output signal (Port Angle)
Terminal P-3
(8=345°)

Terminal

Terminal

Output signal (Port Angle)
Terminal

Fig. 5.12. a-d) Confocal optical microscope images of step-wise port-angle reconfigured FOPICs for the need-
based altering of light output direction. e-h) Optical performance tables demonstrating the light input-
dependent output signals at P-1, P-2, P-3, and P-4 over various angles. i) False-color coded FESEM image of
FOPIC-IV. The inset shows a close-up view of the evanescent contact region between CPIN and DPIN crystals
with RR.
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towards P-4 and outcoupled as a narrowband (=515-725 nm) -2A signal (Fig. 5.11ciii,
5.11diii). Along the way, it evanescently coupled to RR and excited it to generate signal
1A via ET. Due to an incomplete ET, signal 2A passively propagated (2P signal)
counterclockwise along with signal 1A and outcoupled at drop port P-1 (1P+2P signal).
Because of the RR’s counterclockwise light path, 0 signal was recorded at P-2. Similarly, P-
4 excitation showcased a through port signal -2A at P-3 and a drop port signal of 1P+2P at
P-2, while no output at P-1(Fig. 5.11civ, 5.11div). The results demonstrate the ability of
FOPIC-lin producing six (1A, -1A, 1P, 2A, -2A, and 2P) distinct optical signals and selectively
deliver them to three different ports (Fig. 5.11e).

Further, the steering of six different optical signals at different angles in the two-
dimensional plane was demonstrated by mechanically reconfiguring the orientation of
each port of FOPC-I (Fig. 5.12a). The P-2 of FOPIC-I was reconfigured to ~185° to fabricate
FOPIC-1I (Fig. 5.12b). Here, compared to FOPIC-I, the signal output directions in FOPIC-II
differs selectively at one port. Similar reconfiguration of P-3 in FOPIC-1l by ~330° and P-4
in FOPIC-IIl by ~208° resulted in FOPIC-IIl and FOPIC-IV, respectively (Fig. 5.12¢,d). In
FOPIC-1V, the contact between OW-2 and RR at their convex sides is expected to improve
the optical coupling compared to FOPIC-I. As a result of step-wise port reconfiguration in
FOPICs, the light output direction of any specific port could also be correspondingly
altered (Fig. 5.12e-h; Fig. 5.13a,b; Fig. 5.14a). The false-colour FESEM image of FOPIC-IV
presented in Fig. 5.12i shows the dimension and physical contact between RR and OWs.
The thickness (T) of OW-3, RR, and OW-2 was found to be =1.22, =1.75, and ~2.87 um,

respectively.

In FOPIC-II, -1ll, and -1V, the type of optical signals (1A, -1A, 1P, 2A, -2A, and 2P)
steered by ports are nearly the same as FOPIC-I (Fig. 5.13a,b; Fig. 5.14a), except for their
radial output directions (Fig. 5.12f-h). The diagonal red boxes of the tables show input
signals at various ports. Here, P-1 and P-2 could selectively reroute any signal (-1A or
1P+2P) from 15 to 28° and 165 to 185°, respectively, depending upon input ports (Fig.
5.12¢,f).

In contrast, P-3 and P-4 could selectively reroute any signal (1P or -2A) from 345

to 330° and 195 to 208° depending upon input ports (Fig. 5.12g,h). The effect of circuit
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reconfiguration on the optical performance was assessed by comparing FOPIC-I and
FOPIC-IV. FOPIC-I has only one bent in a waveguide, while in FOPIC-IV, it increased to
three. The higher number of bends in a circuit implies a high bending-induced optical loss

leading to the lower light intensity at the output ports. For example, the intensity
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Fig. 5.13. a) Confocal optical images of FOPIC-II (ai), its corresponding FL emission images (aii-v), excited
with 405 nm laser at P-1, -2, -3, and -4 positions, and its corresponding FL spectra (avi-ix). b) Confocal images
of FOPIC-III (bi), its FL images excited at P-1, -2, -3, and -4 points (bii-v), and the respective FL spectra (bvi-
ix).

difference between FOPIC-I and FOPIC-IV for the through port signal collected at P-4 for
excitation at P-3 is 20% lower, owing to the bending-induced light leakage in OW?2 (Fig.
5.11diii; Fig. 5.14aviii). At the drop port (P-1), signal intensity decreased only = 6%. One
would expect a much lower light intensity around the drop port than through port due to
the increase in the optical path. FOPIC-IV showed nearly a comparable optical
performance with FOPIC-l when input ports were changed. The optical performance
shown by the presented reconfigurable FOPICs, transducing six different optical signals is

essential for programmable organic circuit technologies.

The bending-induced strain was estimated using the formula Strain (%) =
(T/R) X 100, Here T = thickness of the crystal, and R = radius of the crystal. In OPIC-1V, the

top DPIN crystal (OW3) strain was measured to be = 1.95%, its average thickness, Tavg=
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1.22 um, and its diameter, D=123 um (Fig.5.14b). Similarly, the RR (Tayg=1.75 um; D = 48
pum) and OW2 (Tavg.=2.87 um; R=296 um) strains were calculated =8.14% and =1.89%,

respectively (Fig.5.14c,d).
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Fig. 5.14. ai-v) Confocal optical and FL images of FOPIC-IV when a selected port is irradiated with a 405 nm
laser. avi-ix) The corresponding FL spectra. b-d) The calculated strain of top DPIN microcrystal (OW3), middle
DPIN RR, and bottom bow-shaped CPIN crystal (OW2).

5.4. Conclusion

In summary, the mechanical and photonic attributes of reconfigurable OPICs
micromechanically fabricated using two optically and mechanically distinct CPIN and DPIN
flexible crystals were studied. The substitution of chloro group in place of N,N,-dimethyl
amine shifted the fluorescence of DPIN from red to green. The crystal structure of CPIN
closely resembles DPIN. The soft mechanical characteristics of DPIN compared to CPIN
possibly result from a compact crystal packing. The CPIN crystals displayed flexibility when

crisscross type Tt stacked molecular chains experienced a mechanical force
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perpendicular to the (001) plane. However, both crystals exhibit pseudo-plasticity at the
micro-regime due to stronger adhesion between microcrystal and substrate compared to
crystal shape regaining force. The micro-crystals pseudo-plasticity on the substrate was
successfully exploited to fabricate reconfigurable FOPICs. The mechanophotonics
approach allowed port-angle reconfiguration in FOPICs, which is impossible in silicon-
based circuits. The need-based steering of six different output signals over 360° via port-
reconfiguration demonstrated the superiority of flexible crystal FOPICs. The better optical
performance of FOPICs proves the usefulness of flexible organic crystals as an alternative

material for many advanced nanophotonic applications.
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Summary

This thesis entitled “Flexible Organic Crystalline Materials for Photonic Integrated Circuits”
described the versatility of flexible organic microcrystals achieved from the self-assembly
process and utilization of these organic single-crystals for PICs fabrication using a
mechanophotonic approach.

Chapter-1 described the important characteristics of conventional Si and Si-based
PICs, the advantages of flexible organic crystalline materials over inorganic materials (Si
and Si-based), and their utility in miniaturized photonic circuit applications. Special
attention had been paid to micro-cavities classes and their several useful parameters like
free spectral range, photon lifetime, finesse, and Q-factor. A gist of important Si-based
optical components such as waveguides, ring resonators (RRs), waveguide coupled RRs,
directional couplers, and add-drop filters were described. The optical functions and
operational mechanisms possible in Si and organic materials were summarized.

Flexible organic single-crystal waveguides are quite rare and are essential for the
fabrication of photonic microcircuits and organic optoelectronics. Integration of flexible
crystals in microcircuits necessitates precise spatial control of crystal position and its
geometry via a mechanical micromanipulation approach. Research in this area will lead to
next-generation photonic circuitry components. In Chapter-2 two electronically and

optically different flexible organic micro-crystals were employed (BPIN and DPIN) to
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fabricate mechanically reconfigurable and geometrically different three p-OPICs using

atomic force microscopy (AFM) micromanipulation technique. Depending upon the
crystal's electronic nature (either BPIN or DPIN) receiving the optical signal input, the p-
OPICs executed mechanism-selective and directional-specific optical outputs. These u-
OPICs performed complex optical functions through active/passive waveguiding, and
energy transfer mechanisms. Thus, demonstrating the versatility of achieving multiple
functions in hybrid organic PICs.

Chapter-3 revealed the first micromechanical fabrication of a ring resonator (RR)
from a linear waveguide using a mechanophotonics approach. The RR was extended to
fabricate an OPIC which comprised of a micro-RR (a ring-shaped crystal) integrated into
two straight optical waveguides using the AFM micromanipulation technique. The
constructed dual waveguide coupled RR performed complex optical operations via energy
transfer, and passive, and active waveguiding mechanisms. Based on the port receiving
light input, the circuit implemented directional-specific and mechanism-selective optical
output signals.

Mechanically responsive organic plastic single-crystals are one of the attractive
novel materials for future-generation all-organic photonic circuits. Chapter-4
demonstrated the fabrication of geometrically dissimilar and mechanically reconfigurable
OPICs using two mechanically (plastic and elastic) and optically different crystals of NDIPH
and BPEA using an AFM cantilever tip. NDIPH single-crystals show exceptional plasticity to
external mechanical stress and its mechanical plasticity was established by crystal
structure analysis. Depending upon the electronic character of the crystal (NDIPH or BPEA)
and laser input signal, OPIC performed mechanism-selective and directional-specific light
outputs. Remarkably, these OPICs comprised complex optical operations via
passive/active waveguiding, and energy transfer mechanisms. The fabricated OPICs were
reconfigurable, thus the light output signal was manipulated in an orthogonal direction
on a two-dimensional chip.

Chapter-5 demonstrated the fabrication of flexible organic single-crystal-based
PICs (FOPICs) on a 2D chip using micromanipulation. For this, the optomechanical

properties of organic micro-crystals of CPIN (green-emitting) and DPIN (red-emitting)
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were thoroughly studied using a laser-based microspectroscopy technique. Later, the

sequential micromechanical manipulation of DPIN single-crystal was performed to
fabricate a RR, which was integrated with a linear waveguide, resulting in a bus waveguide
coupled RR (BWCR). This homo photonic circuit (constructed from one type of material)
was coupled with CPIN microcrystal to yield a two-component PIC named hybrid dual bus
waveguide coupled RR (HDBWCR). The versatility of FOPICs lies in the post-fabrication
reconfigurability to modulate optical signal routing in a 2D plane. Thus, rendering their
utility in multi-tasking photonic devices. The mechanical bendability of the circuit ports
was exploited at varying angles (from 0° to 360°) in a 2D plane to demonstrate the
mechanically reprogrammable optical signal routing. Therefore, depending on the need,
the same circuit can be reconfigured to extract the desired function. Hence, the
superiority of single-crystal organic flexible waveguides for PICs has been demonstrated.

Remarkably, these findings pertaining to the use of organic microcrystal
waveguides for reconfigurable OPICs pave the path toward achieving reprogrammable
PICs in near future. The active, passive, reabsorption, and energy transfer operational
mechanisms proved to be vital optical mechanisms to derive complex photonic functions
in hybrid circuits. In conclusion, the combination of mechanophotonics and crystal
engineering at the interface of nanophotonics opened a new dimension in the rapid

advancement of organic photonic technologies.
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Appendix-A

Materials

2-Hydroxy-1-naphthaldehyde
4-Bromoaniline
N',N'-Dimethylbenzene-1,4-diamine
Ethanol

4-Chloroaniline
1,4,5,8-naphthalenetetracarboxylic
dianhydride

p-toluidine
9,10-bis(phenylethynyl)anthracene (BPEA;
form A)

DMF

Ethyl acetate

Toluene

Dichloromethane

Hexane

Methanol

Chloroform

Acetone

CDCl3

124

Sigma-Aldrich, 98%
Sigma-Aldrich, 299.0%

TCI Chemicals Pvt. Ltd. 98%
Analytical CDs reagent, 99.9%
Sigma-Aldrich, 98%
Sigma-Aldrich, 97%

Sigma-Aldrich, 99.6%
Sigma-Aldrich, 97%

Finar Chemicals Pvt. Ltd. 99.5%
Finar Chemicals Pvt. Ltd. 99.5%
Sigma-Aldrich, 99.5%
Sigma-Aldrich, 99.5%

Finar Chemicals Pvt. Ltd. 95%
Sigma-Aldrich, 99.7%
Sigma-Aldrich, 99.4%

Finar Chemicals Pvt. Ltd. 99.5%
Sigma-Aldrich, 99.96%



Appendix-B

Instrumentation

Nuclear Magnetic Resonance (NMR) Spectroscopy

'H and 3C NMR spectra were recorded on a Bruker DPX 400 and 500 MHz spectrometer
with a solvent proton as internal standard (CDCls: H: 7.26 ppm, 13C: 77.16 ppm).
Commercially available deuterated CDCl; was used. Chemical shifts (6) are given in parts

per million (ppm). Spectra were processed using topspin 4. 1. 1. software.
Single Crystal X-ray Diffraction (SCXRD)

Single-crystal X-ray diffraction data was recorded on Rigaku Oxford XtaLAB ProPilatus3 R
200K-A detector system equipped with a CuKa (A = 1.54184 A) MicroMax-003 microfocus
sealed tube operated at 50 kV and 0.6 mA. All data were collected at 293 K, and the data
reduction was performed using CrysAlisPro software. The crystal structure was refined

and solved by using the OLEX software.
Nanoindentation

Nanoindentation was performed on Hysitron TI-950 Triboindenter with a peak load of
1000 uN, loading rate 100 uN/s, and holding time of 5 s with a spacing of 5 um between

the two consecutive indents. The Berkovich tip (radius = 50 nm) was used for indentation.
Energy Framework Analysis

CrystalExplorerl7 was used to construct energy frameworks for N,N’-bis(p-tolyl)-1,4,5,8-
naphthalene diimide. Intermolecular interaction energies, which were separated into
dispersion (Egisp), polarization (Epol), electrostatic (Eeiec), and repulsion (Erep) energy
elements, were calculated based on B3LYP/6-31 G(d,p) molecular wave-functions
calculated using the CIF. The attained interaction energies were further utilized to map
the network of energy frameworks across dissimilar planes. The radii of these cylinders

are directly proportional to the strength of the corresponding intermolecular interactions.
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Optical Absorption Spectroscopy

The solution-state and solid absorption spectra were collected using Jasco V-750
spectrophotometer in a diffuse reflectance UV-visible (DR-UV-vis) mode. The reflectance

spectra were converted to absorbance using the Kubelka-Munk function.

Fluorescence Spectroscopy

The solution-state and solid emission spectra were recorded using an FP-8500
fluorescence spectrometer. The parameters used where Ex and Em bandwidth are 2.5 nm,

sensitivity= medium, data interval=0.5 nm, response=1 sec, and scan speed 500 nm/min.

Photoluminescence Quantum Yield (PLQY) Estimation

o =arx(2) x (5) x ()

Where r and s correspond to reference and sample (Rhodamine 6G, PLQY = 0.95), |

represent the integrated area under the PL spectrum, n and OD represent the n of the

medium and optical density at the excitation wavelength, respectively.
Micromanipulation (Mechanophotonics)

Fabrication of all the OPICs was realized using a mechanical micromanipulation approach
manually. For this, a WITec alpha 300 confocal optical microscopy equipped with atomic
force microscopy (AFM) was employed. The AFM cantilever (TipsNano: NSG10, Force
constant 3.1-37.6 N/m) was loaded on the holder and attached to the objective (20x). The
AFM tip radius of curvature is around 10 nm. The cantilever was moved in x-, y-, and z-
directions for carrying out various micromechanical operations viz. bending, moving,

cutting, and transferring (lifting + dropping).

Confocal Raman Micro-Spectroscopy

The optical properties were examined using a WITec alpha 300 confocal optical
microscopy integrated with a Peltier-cooled CCD detector in the transmission mode setup.
The excitation source was chosen to be a 355/405 nm diode laser with a 40x/60x bottom

objective. The produced FL signal was recorded using 20x and 150x top objectives. Using
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300 grooves/mm grating BLZ = 750 nm, each spectrum required five accumulations while
integrating time being 0.5 s. The spectral data were processed using WITec 2.0 software.
The optical waveguides/circuits/OPICs kept on the coverslip were excited with a laser in
an orthogonal direction. The optical response of the fabricated OPICs was studied with
different laser input powers. The signal intensities were sensitive to the excitation and
collection position of the micro-crystal terminals, objective focus, and laser spot size. All
the photonic experiments were performed in such a way to keep the above parameters
nearly constant within the experimental limitation. All the spectral data were baseline

corrected and analyzed. Laser power was measured using the THOR Labs power meter.

01 Excitation laser/405/488nm

02 Optical fiber

03 Objectives

04 Scan table and/for
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

Fluorescence Lifetime 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 a microparticle 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) 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.
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TCSPC ==+ Data Analysis

9Ser source

40 H
-—'i’_"m/480nm/633nm :

Sample
000

60x
0il objective

I SP 420-680

Olympus IX 71 2P-dichroic 725

[P [ Y S——— H ......

2x SP 400-680 ==

100 um pinhole

Field Emission Scanning Electron Microscopy (FESEM)

FL Image

Spectra

The morphology of the microcrystals was examined using a Zeiss field-emission scanning

electron microscope (FESEM) operating at 3 kV. The samples were fixed on an aluminum

stage using carbon tapes. Samples were coated with a thin layer (3-5 nm) of sputtered

gold before imaging, samples were coated with a thin layer (3-5 nm) of sputtered gold.
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Appendix-C

Table Al: Crystal data and structure refinement parameters of NDIPH (CCDC: 2085175)

X-ray crystal structure information

Compound NDIPH
Formula weight 446.44
Temperature 296 K
Crystal System Monoclinic
Space group P2i/c

a/A 7.9835(6)
b/A 4.5105(4)
c/A 28.895(2)
a/® 20

B/° 91.884(3)
Y/° 920

Volume / A3 1039.94(14)
z 2

pcaicg / cm? 1.426

p/ mm? 0.787
F(000) 464.0
Radiation Cu Ko (A =1.54178 A)

20 range for data collection/°

11.088 to 132.41

Index ranges

—-9<h<9,-4<k<5,-34<1<33

Reflections collected

15589

Independent reflections

1769 [Rint = 0-0815, Rsigma = 0.0529]

Data/restraints/parameters

1769/0/155

Goodness-of-fit on F?

1.126

Final R indexes [I1>=2c (1)]

R1=0.0739, wR; = 0.1855

Final R indexes [all data]

R1=0.0811, wR; = 0.1905

Largest diff. Peak/hole/e A-3

0.25/-0.26
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Table A2: Crystal data and structure refinement parameters of BPEA (form A) (CCDC:

2085175)
X-ray crystal structure information
Compound BPEA form A
Formula weight 378.44
Temperature 296 K
Crystal System Monoclinic
Space group C2/c
a/A 22.8500(10)
b/A 5.3568(2)
c/A 16.9443(7)
a/® 90
B/° 99.952(2)
v/° 90
Volume / A3 2042.82(15)
z 4
pcaicg / cm3 1.230
p/ mm?l 0.070
F(000) 792.0
Radiation Mo Ko (A = 0.71073 A)

20 range for data collection/°

3.62 to 51.988

Index ranges

Reflections collected

21230

Independent reflections

Data/restraints/parameters

2007/0/136

Goodness-of-fit on F2

0.922

Final R indexes [I1>=2c (1)]

R1=0.0423, wRz = 0.1252

Final R indexes [all data]

R1=0.0494, wR; = 0.1309

Largest diff. Peak/hole/e A3

0.14/-0.15
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-28<h<28,-6<k<6,-20<1<20

2007 [Rint = 0.0302, Rsigma = 0.0130]
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