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The advancements in organic photonics have reached new heights
in the recent past with the demonstration of diverse organic
crystal optical components and circuits. However, the develop-
ment of industrially viable manufacturing of organic optical com-
ponents is the need of the hour for finding an alternative to
silicon-based photonics. Here, we demonstrate focused ion beam
(FIB) milling as a tool to shape organic single crystals into optical
cavities of diverse geometries and dimensions. The generality of
FIB milling was tested on perylene and coumarin-153 microcrystals.
The microcrystals obtained by self-assembly of perylene and subli-
mation of coumarin-153 were carved into desired disc-, ring- and
rectangular shapes. These shaped crystals act as cavities exhibiting
sharp resonance modes in the fluorescence spectrum, confirming
optical interference. The FDTD numerical calculations support the
light electric field distribution in these optical cavities. This unpre-
cedented single crystal processing technique enables industrial-
scale production of optical components and circuits and acts as a
foundry for crystal photonics.

Introduction

Due to the utilization of light, photonic integrated circuits
(PICs) operate much faster than electronic circuits." PICs have
numerous applications in robotics, quantum computing, tele-
communication, spectroscopy, the bio-medical field and
LiDAR. The growth of the PIC industry relies on the precision
and reproducibility of the fabricated microcomponents. To
date, all of the PICs have been made from high refractive index
materials such as silicon, silicon nitride and main group
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elements. These materials can be processed via complemen-
tary metal oxide semiconductor (CMOS) compatible electron
beam lithography with ultra-high precision.>™ Of late, silicon
waveguides have demonstrated an unprecedented data transfer
rate of 10 Gb s~ '.> However, low exciton-binding energy, high
thermo-optic coefficient,® large band gap energy (passive only
light transport), the lack of bulk optical non-linearity and
extreme hardness (Young’s modulus of ~150 GPa, and
Poisson’s ratio of ~0.17)* obstruct their steadfast utility in
next-generation reconfigurable PIC applications. Therefore, the
research and development of industries are dedicated to the
design, fabrication and testing of optical components and
PICs made from novel materials.

In the last decade, organic crystals have evolved as a poten-
tial alternative to silicon and its derivatives due to their room-
temperature stable exciton-polaritons,” high refractive index,
optical bandwidth tunability, easy solution and vapor phase
processability,®® fluorescence (FL),'”'" phosphorescence,'*"?
chirality,"" optical non-linearity,'"® and mechanical
flexibility."”*' Organic microcrystals can be easily obtained by
crystallization, self-assembly, and sublimation. Hierarchically
branched crystalline organic micro/nano-optical components
have been achieved for advanced nanophotonic
applications.>*** Organic crystals readily demonstrated their
ability to act as miniature photonic components like active
waveguides,”>>®  passive  waveguides,”®?®  cavities or
resonators,>'** modulators,*® and lasers.’® In the past few
years, work has been done on the fabrication of organic photo-
nic components and their integration to fabricate organic PICs
(OPICs) using the mechanophotonics approach.*®?” This
unique atomic force microscopy (AFM) cantilever tip-assisted
approach allowed the fabrication of OPIC components viz.
directional couplers,®®*® ring resonators,***> add-drop-
filters,>>*® multiplexers,” racetrack-type resonators,”” and
interferometers,** using flexible organic crystal waveguides.

However, the above-mentioned organic crystal photonic seg-
ment’s entry into the market is hindered due to the difficulty
in scaling up and sustaining high geometrical and dimension
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precisions. To meet the industrial PIC standard, there is an
urge for inventing a processing technique that offers precise
cutting and shaping of organic microcrystals into desired
shapes and sizes without affecting the photonic traits. The
same technique must allow automation to increase the
efficiency, improve the accuracy (nm precision cutting), and
reduce the cost.

In PICs, a circularly shaped (disc or ring) optical cavity is a
critical component. The circular shape of the cavities allows
repeated circumnavigation of the FL waves within the cavity
which satisfies the resonance condition i.e. mA = tDn.gx where
m =1, 2,3, .. is an integer, D is the diameter of the cavity and
negr is the effective refractive index of the cavity. As a result of
this FL circulation, standing waves are formed via multiple
optical interference®® producing whispering-gallery-mode
(WGM) optical modes or resonances in the FL spectrum.
Importantly, cavities are used to route light in a clockwise or
anticlockwise direction in PICs and act as optical filters.>*?*
Recently, in our first crystal photonics foundry experiment,**
we demonstrated that circular disc- and rectangle-shaped pery-
lene microcrystal cavities can be fabricated via focused Ga ion
beam (FIB) milling of self-assembled/sublimed crystals. Most
notably, the time to prototype is much shorter and far more
precise in FIB milling than in other lithography methods.
However, generalizing this milling technique for chemically
different molecular microcrystals (aromatic hydrocarbons and
molecules with reactive functional groups) grown by different
techniques viz. self-assembly and sublimation is important.
Furthermore, realizing geometrically complex crystal cavities
such as rings (ring-resonators) and carving out several cavities
from one crystal need to be explored. For the reproducible pro-
duction of high-precision single-crystal optical components
with a uniform refractive index and optimization of the ion
beam current and accelerating voltage, deposition of a thin
gold layer is necessary. This layer is to avert/minimize ion
deposition/amorphization on the crystal surface. Post-milling,
the selection of a suitable gold etching technique is important
to avoid the reaction between building block molecules and
etchants, and subsequent milled crystal’s stability.

In this work, we apply FIB milling to two representative
molecular crystals, namely yellow FL perylene (a-form) and
bright-green-FL coumarin-153 (form-II) obtained by self-
assembly and sublimation, respectively (Fig. 1la, b and
Fig. S17). Exposure of the (100) and (1-10) planes of perylene
and coumarin-153 single crystals of random shapes, respect-
ively (Fig. 1c-f) towards ion beam and milling produces pre-
determined ring-, disc- and rectangular-shaped photonic cav-
ities with high geometrical and dimension precisions (Fig. 1g
and h). The optimized beam parameters (accelerating beam
voltage: 30 kv and beam current: 100 pA) minimize ion depo-
sition and retain the crystal’s FL. The choice of gold etchant
(KI/I, or NaCN or KCN) used for milled crystals is crucial, as it
should be inert to crystal’s molecular building blocks. During
chemical treatment, gold-coated perylene crystals are inert to
etchants, whereas coumarin-153 crystals are reactive. Due to a
relatively high quantum yield, coumarin-153 crystal cavities
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show high FL intensity and optical modes compared to pery-
lene, even without gold removal. The high geometrical pre-
cision achieved in the milled cavities enables accurate finite
difference time domain (FDTD) numerical calculations, allow-
ing the prediction of light’s electric field distribution within
the milled crystal photonic cavities.

Results and discussion

The single crystallinity of the prepared o-form perylene micro-
crystals® was confirmed by the electron diffraction studies per-
formed on a transmission electron microscope (Fig. 1le). To
investigate the size-dependent optical cavity effect of microcav-
ities of the same height but with different diameters, a i large
perylene crystal (thickness ~2.5 pm measured by AFM) was
selected (Fig. 2a). Intentionally the selected single perylene
crystal was broken into three pieces using an AFM cantilever
tip force. The broken pieces are movable with an AFM cantile-
ver tip. Therefore, after milling, the obtained resonators can
also be moved and integrated with other optical modules. As
the perylene crystals are not electrically conductive, a thin
layer of gold was coated to facilitate simultaneous field emis-
sion scanning electron microscopy (FESEM) studies during
milling and to minimize ion implantation on the milled (100)
crystal surface. Three circular-shaped discs (namely, disc-A,
disc-B, and disc-C) of diameters 3.88, 4.83, and 5.74 pm were
milled using FIB on a shoe-shaped single perylene crystal
(Fig. 2b).

The color-coded FESEM images show the fine finishing of
the circular shape and smooth surface morphology of the fab-
ricated microdiscs (Fig. 2c-e). Immediately after the fabrica-
tion of microdiscs, their optical properties were investigated
on a confocal optical microscope setup in the transmission
mode, by irradiating them (at the centre) with a 405 nm con-
tinuous wave diode laser (power 0.1 mW). At the point of exci-
tation, yellow FL of perylene was observed without any sign of
optical resonances. The FL spectrum recorded at the microdisc
periphery (displaying ring-shaped bright emission) possessed
periodic sharp peaks indicative of WGMs (Fig. S27). However,
the optical modes observed in disc-A to disc-C were not well
pronounced due to the gold coating present on the surface of
the discs (Fig. S27T). Therefore, the gold layer on the cover slip
consisting of the fabricated microdiscs was removed by
washing with Lugol’s iodine solution. The spectra obtained at
the periphery of the resultant discs (disc-A, disc-B, and disc-C)
revealed an enhanced FL spectral intensity with clearly obser-
vable optical modes (Fig. 2f-h and Fig. S2t). The free spectral
range (FSR, which refers to the distance between the two con-
secutive modes at a particular wavelength in the FL spectrum;
FSR = A, — Ame1) of disc-A to disc-C was 14.06, 10.8, and
8.91 nm, respectively. This result shows that the cavity effect is
preserved in microdiscs of varying diameters as supported by
decreased FSR values with an increase in cavity diameter in
accordance with the formula FSR « 1/D (Fig. S2ct).
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Coumarine-153 cavities

Fig. 1 (a and b) Molecular structures of perylene and coumarin-153, respectively, along with their corresponding packing in the (100) and (1-10)
planes. (c and d) Optical microscopy images of perylene (ax form) and coumarin-153 (form-1l), respectively. The insets show the field emission scan-
ning electron microscopy (FESEM) images of the corresponding single crystals. (e and f) Transmission electron micrographs and selected area elec-
tron diffraction data of perylene and coumarin-153, respectively. (g) Schematic representation of focused ion beam milling of the microcrystal into a
disc shape. (h) The sketches of FIB milled single crystal microcavities of various shapes and dimensions.

Attaining a ring-shaped microcrystal with specific dimen-
sional requirements via crystal growth techniques like crystalli-
zation, self-assembly, sublimation, etc., is practically not poss-
ible. Hence, we selected a naturally-grown single perylene
microcrystal (dimensions 8.4 x 8.17 pm?) to obtain a ring geo-
metry of the desired size via FIB milling. Contact mode AFM
exhibited the smooth surface of the microcrystal and the thick-
ness is found to be 0.35 um (Fig. S31). Furthermore, photonic
studies revealed that the selected microcrystal acts as a WGM
cavity exhibiting an FSR of 3.18 nm (Fig. S3c-et). The gold-
coated crystal was milled into a ring-shaped geometry with
outer and inner diameters of 6.3 pm and 2.35 pm, respectively
(Fig. 3a and b). The sequential carving of the perylene micro-
crystal into a ring resonator using FIB milling is shown in
Fig. S3b.7 The color-coded FESEM and the optical microscopy

12222 | Nanoscale, 2023, 15, 12220-12226

images of the ring-shaped perylene crystal showed a smooth
crystal surface morphology (Fig. 3a and b). After the removal of
the gold coating (Fig. S471), the ring resonator was excited with a
405 nm continuous wave laser and the FL spectrum was recorded
at the outer convex periphery. The FL spectrum revealed relatively
broad optical modes having an FSR of 20.75 nm, signifying the
resonator characteristics (Fig. 3¢ and S3f-ht). The FDTD numeri-
cal calculations revealed that the electric field (|E|?, which is the
square of the component of the circulating field normal to the
disks’ surface) of the trapped light (for example: 570 nm optical
mode) is predominantly confined at the outer periphery of the
ring resonator (Fig. 3d). The ring resonator modes look like
modes of disc resonators with the same diameter, as the inner
diameter of the ring resonator is too small to influence the elec-
tric field distribution.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) A series of optical microscopy images showing the breaking of a rectangular-shaped perylene single crystal and its physical separation.
(b) Optical image of three different discs made by FIB milling of a shoe-shaped crystal. (c—e) The color-coded FESEM images of the three fabricated
microdiscs (disc-A to -C) of varying diameters. (f—h) The spectra showing the FL raw data (black), background-subtraction data (red) and the sub-
tracted spectral data (optical resonances, blue) of three milled microdiscs. Insets show the corresponding FL images. Scale bars 30 pm (white) and
2 pm (black).
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Fig. 3 (a and e) The color-coded FESEM images, (b and f) optical microscopy images and (c and g) the corresponding FL background subtracted
spectra of the fabricated perylene and coumarin-153 microresonators, respectively. The insets in (c) and (g) show the FL images during focused
optical excitation. FDTD calculations displaying (d) |E|? distribution for the 570 nm mode in the ring resonator and (h) 595 nm mode in the disc
resonator.
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Furthermore, to generalize this technique, FIB milling
along with microspectroscopic studies was carried out on cou-
marin-153 crystals. Here, the microcrystals of coumarin-153
were prepared using the ambient pressure vapor deposition
technique (see the ESIT for details). The TEM studies on these
microcrystals further confirmed their single crystalline nature
(Fig. 1f). The microspectroscopic studies on coumarin-

153 microcrystals (dimensions: 9.8 x 9.41 pm?) revealed a
broad FL spectrum ranging from 475 to 725 nm, which corres-
The major facets were

ponds to the polymorphic form-I.*®

582 nm

h i

0
X, um
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found to be (1-10), (110) and (001) (inset of Fig. 1d). As per
our plan, the selected coumarin-153 microcrystal was gold-
coated and milling was performed orthogonal to the (1-10)
facet to fabricate a microdisc of diameter 7.47 pm (Fig. 3e, f
and S5t). The thickness of the crystal measured using AFM in
the contact mode is found to be 1.18 pm (inset of Fig. S5df).
The series of steps involved during the FIB milling is shown in
Fig. S5a and b.t The color-coded FESEM and optical
microscopy images reveal geometrical perfection and smooth
finishing of the disc-shaped crystal (Fig. 3e and f). Photonic
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Fig. 4 (a and e) Colored FESEM images, (b and f) optical microscopy images, and (c and g) the corresponding FL background-subtracted spectra of
microrectangle and microdisc of coumarin-153, respectively. Insets in (c) and (g) show the corresponding FL image. FDTD calculations displaying |E|? dis-
tribution for (d) 582 nm and 642 nm modes for the rectangular-shaped resonator and (h and i) 620 nm and 550 nm microdisc of coumarin-153.
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studies revealed that the disc-shaped crystal acts as a microre-
sonator by emitting resonance modes with an FSR of 6.25 nm,
respectively (Fig. 3g and S5f-ht). As expected, the FDTD calcu-
lations confirm the distribution of light’s electric field around
the periphery of the microdisc cavity for the representative
595 nm mode (Fig. 3h).

Later, two more rhombus-shaped coumarin-153 microcrys-
tals (crystal-1: 8.31 x 9.96 pm?; thickness ~0.91 pm, and
crystal-2: 10.98 x 9.02 pm?; thickness ~1.33 pm) shown in
Fig. Séc, d and S7a, b,} respectively, were selected. The photo-
nic studies of crystal-1 and -2 showed a series of sharp optical
modes in the FL spectra, confirming crystal’s resonator charac-
teristics before milling. The FSR values of the crystal resona-
tors were found to be ~4.07 nm, and ~4.8 nm, respectively
(Fig. S6e and S7ct). The resonator characteristics of these cou-
marin-153 crystals arise due to multiple reflections of FL by
the light-reflective edges of the crystals. FESEM images of the
gold-coated crystals before milling clearly show the two rough
edges of the crystal damaged during AFM contact mode
measurement (Fig. S6bt). On these crystals, FIB milling was
done in such a way to fabricate rectangular (dimensions: 6.3 x
5.5 pm?, Fig. S61) and circular disc (diameter ~2.5 pm; height
~1.33 pm, Fig. S71) shaped microcavities (Fig. 4a, b, e and f).
Interestingly, without the removal of the gold coating, photo-
nic experiments on these two crystals revealed an intense FL
spectrum along with optical modes with an FSR of 8.15 nm
and 23.14, respectively (Fig. 4c and g).

FDTD calculations were performed on both the fabricated
rectangular and disc-shaped photonic cavities. The calculated
electric field distribution for the wavelengths 582 nm and
642 nm in the rectangular microcrystal cavity is shown in
Fig. 4d. Similarly, 2D and 3D FDTD calculations were per-
formed for the disc cavity for 620, 550, 614 and 634 nm modes
(Fig. 4h, i and Fig. S8t). As expected from the geometry, 2D
FDTD shows the localization of an intense electric field
around the circular periphery. The calculated azimuthal mode
numbers for 620 nm and 550 nm peaks are 22 and 25, which
suggests that the cavity acts as a WGM type. The 3D FDTD cal-
culations revealed the WGM with higher-order field distri-
bution in a plane perpendicular to the mode circulation direc-
tion (Fig. 4i).

Conclusions

In summary, FIB milling was performed to obtain organic
photonic components, namely ring-, disc- and rectangular-
resonators from single microcrystals of chemically different
perylene and coumarin-153 molecules. The fabricated photo-
nic components revealed different optical traits after milling.
Perylene crystals required washing with gold etchants to reveal
optical modes while the high quantum yield coumarin-153
crystals did not require any of this post-processing treatment.
The perylene single crystals are mechanically movable before
milling; however, after milling, the fabricated crystal resona-
tors were attached to the substrate firmly due to milling-
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induced local heat. To minimize unwanted Ga ion implan-
tation on the surface and amorphization, beam parameters
were optimized to 30 kV and 100 pA. Higher ion energies
reduce the milling time, but at the expense of amorphization,
ion-implantation and more ion exposure to the milled areas,
resulting in crystal’s FL quenching. The use of lower ion ener-
gies (beam current: 50 pA and lower) increases the milling dur-
ation and the geometry of the milling area might be affected
by crystal drifting, producing shapes with less geometrical pre-
cision. Particularly, in post-processing treatment, there should
not be any chemical interaction between the etchant and the
molecular single crystal. The FDTD numerical calculation
revealed that light’s electric field inside the crystal microcav-
ities was localized at the periphery of the ring and disc resona-
tors. For the rectangular resonator, the field is distributed
nearly around the edges of the crystal. The obtained results
validate the generality of the FIB milling technique to carve
out optical components of precise shape and dimension from
organic molecular single crystals. The field of crystal photonics
foundry, ie. FIB milling of organic crystals into photonic
modules, has the potential to enable industrial-scale manufac-
turing of organic photonic circuits and devices.
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