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A photonic integrated circuit (PIC) is the optical analogy of an electronic loop in which photons are signal carriers
with high transport speed and parallel processing capability. Besides the most frequently demonstrated silicon-
based circuits, PICs require a variety of materials for light generation, processing, modulation, and detection. With
their diversity and flexibility, organic molecular materials provide an alternative platform for photonics; however,
the versatile fabrication of organic integrated circuits with the desired photonic performance remains a big chal-
lenge. The rapid development of flexible electronics has shown that a solution printing technique has considerable
potential for the large-scale fabrication and integration of microsized/nanosized devices. We propose the idea of
soft photonics and demonstrate the function-directed fabrication of high-quality organic photonic devices and
circuits. We prepared size-tunable and reproducible polymer microring resonators on a wafer-scale transparent
and flexible chip using a solution printing technique. The printed optical resonator showed a quality (Q) factor
higher than 4 x 10°, which is comparable to that of silicon-based resonators. The high material compatibility of
this printed photonic chip enabled us to realize low-threshold microlasers by doping organic functional molecules
into a typical photonic device. On an identical chip, this construction strategy allowed us to design a complex
assembly of one-dimensional waveguide and resonator components for light signal filtering and optical storage
toward the large-scale on-chip integration of microscopic photonic units. Thus, we have developed a scheme for

soft photonic integration that may motivate further studies on organic photonic materials and devices.

INTRODUCTION

Manipulation of photons at the microscale/nanoscale is essential for
classical and quantum communicating and computing (I1-4). A vari-
ety of materials have been applied to enrich optical functionalities in a
broad frequency range (5-7). Organic conjugated molecules show abun-
dant optical transitions, providing a promising way to achieve active
and nonlinear optical properties in photonic circuits. Organic materials
take advantage of the outstanding flexibility and compatibility com-
pared to traditional semiconductors, making them an ideal candidate
for multifunctional “soft photonics” (8, 9). However, there is an urgent
demand for a universal fabrication technique (10, 11) to obtain re-
producible organic photofunctional device geometries (12, 13), as
photolithography is to silicon-based photonics. Low-dimensional or-
ganic structures have been successfully applied in nanolasers, optical
waveguides, and logical units for photonic integration (14-17). As-
sembling all of these units into a practical photonic circuit (I8, 19) re-
quires the fabrication of highly ordered organic microstructures on a
universal photonic chip (20, 21). Jet printing has been used to realize
large-scale integration in organic flexible electronics and has emerged
as a promising method for organic printed photonic integration (22).

We report a solution-processed fabrication technique for soft
photonic circuits that are integrated from printed optical waveguide
and microring resonator structures. One-dimensional (1D) waveguides
can transport photons with low optical loss (down to 0.2 dB/mm) as
interconnections; microring resonators (with Q factors higher than
4 x 10°) can effectively confine interior photons to enhance light-matter
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interaction in circuits. We demonstrated low-threshold microring lasers
that can act as an on-chip coherent light source. Light signals can
be further manipulated using programmable printed photonic circuits to
realize desired functionalities such as light filtering and optical storage.
These printable chips are compatible with various dopants and thus
can be used in active, nonlinear, electro-optical, and magneto-optical de-
vices (23, 24), which also benefit from the high flexibility, chemical ver-
satility, and widely tunable properties of organic photonic materials.

RESULTS

Organic microstructure patterns were obtained by printing solvent
droplets on a polymer thin film (see Materials and Methods and fig.
S1) (11). The coffee-ring effect (25) enabled jetted droplets to partially
dissolve the polymer film, resulting in higher ring-shaped structures at
the boundary of droplets on the substrate (Fig. 1A). The process in-
cluded the local dissolution of the micrometer-sized film and the se-
quential rebuilding of the microstructure, and can be applied to most
of the soluble polymers on various substrates (fig. S2). Microrings had
a typical radius of ~50 um, a width of ~5 um, and a height of about
500 nm. In addition to the microrings, straight microwires for optical
waveguiding were also printed (fig. S3). Therefore, this strategy can
be used to program arrays of photonic structures on a wafer. Figure
1B shows that the films can be peeled off as free-standing flexible pho-
tonic chips for 3D integration and hybridization with other systems. The
microscopic structures therein can be patterned over several centimeters
(Fig. 1, C and D). The atomic force microscopy (AFM) image in
Fig. 1E (see also fig. S4) shows that the surface roughness of these
highly uniform microstructures is <1 nm, which benefits from the
self-assembly of polymer chains under the surface tension of sol-
vent droplets.
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Fig. 1. Design and fabrication of a wafer-scale organic printed photonic
chip. (A) Schematic of the fabrication of a photonic circuit by confining
photon flows in printed structures. A thin film was spin-coated from a poly-
mer solution and locally dissolved by printing solvent droplets, resulting in
various microscale structures for light transport. (B) Image of a free-standing
photonic chip peeled off from the substrate, indicating the flexibility and
transparency of the printed photonic chip. A yellow-dye compound was
doped into the chip film. (C) Image of large-scale ordered optical structures
on a 1-inch wafer. (D) Microscope image showing printed microring chains
of uniform size and well-defined pattern. (E) AFM image of a typical self-
assembled polymer structure after printing showing the smoothness and
height of the structure over the surrounding film.

The highly smooth surface allows for efficient light confinement
in as-prepared polymer structures. Thus, the spatial resolution of the
printing technique is crucial for guiding internal light transport and
other related photonic performances (see Size control of printed struc-
tures in the Supplementary Materials). We found that the size (radius,
width, and height) of the microrings can be readily controlled by
printing on films of different thicknesses (fig. S5) and/or by changing
the volume of jetted solvent droplets (fig. S6). All of these microrings
are highly reproducible (with a uniform size on the same chip) and
show a naturally formed quasi-parabolic shape on the cross section de-
spite the size variation (fig. S7). With a 50-um-diameter nozzle in
our experiments, the radius of the rings can be tuned in the range of
~35 to 82 pm, and their width and height can also be modulated accord-
ingly (table S1).

These size-tunable printed structures were highly transparent,
uniform, and smooth, minimizing undesirable scattering and resulting
in an ultralow optical loss. The intrinsic loss coefficient was estimated
to be ~0.2 to 0.3 dB/mm (fig. S8), which was sufficiently low for light
transport in high-performance photonic elements at the microscale
(26). The refractive index of the polymer film (11,¢ = 1.58) was obvi-
ously higher than that of the substrate (rg,, = 1.39), thereby enabling
efficient light transport in the polymer layer as long as the height of
printed structures h > 7&/2(11Pf2 - ng)"? = 0.66) for a given wave-
length A. Therefore, visible light (400 to 700 nm) was well confined in
the printed structures (with a height higher than ~400 nm), as indi-
cated by the numerical simulation results for optical waveguiding
transverse electric (TE) and transverse magnetic (TM) modes (fig.
S9). The fundamental modes dominated other high-order modes,
and TE modes were better confined in the waveguide. TM modes (ver-
tically polarized) showed stronger light coupling to the substrate rgy,
(=1.39)>n,;, (=1), which brought additional energy dissipation during
light propagation (fig. S9).
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The efficient optical waveguiding in printed polymer structures en-
abled the fabricated microrings to further confine the guided light as
optical resonators. The Q factor of the microring cavity was higher
than 10*, making determination of the intrinsic properties of the cavity
by free-space characterization difficult. Therefore, we measured near-
field passive-mode transmission by applying a fiber taper coupler (Fig.
2A). The incident light from one end of the fiber was coupled to the
attached microring, and we found that the entire ring was efficiently il-
luminated when optical resonance occurred at the incident wavelength.
Moreover, in the pair of conjugated microrings that served as coupled
resonators (Fig. 2B), the on-resonance/off-resonance states of each ring
were controlled individually based on their distinct resonance modes. The
resonance modes confined in the microrings produced transmission dips
that were measured from the other end of the fiber (Fig. 2C), and the Q factor
was obtained from the width of these dips. The highest Q factor of TE
modes was experimentally obtained as 4.33 x 10> (and even rivaled those
of silicon-based cavities), which was calculated by dividing the light fre-
quency by the narrow linewidth of the Lorentzian-shaped dip. A series of
periodical sharp dips was observed in the transmission spectrum (Fig. 2D),
which was attributed to TE resonance modes from the ring resonator. The
transmission at resonance wavelength was as low as 0.03, which shows a
near-critical coupling between the fiber and the ring. The free-space range
of TE modes was ~0.697 nm, and the corresponding group index was
1.414. In comparison, the Q factor of TM modes (Q = 5.4 x 10%) was nearly
one order of magnitude lower than that of TE modes because of the light
coupling of TM modes to the substrate (fig. S10). Numerical simulation
predicted an increased Q factor in a larger microring; however, we exper-
imentally observed a maximum of ~4 x 10° in ~100-um microrings (fig.
S11). The Q factor in larger rings might be limited by imperfect shape and
increased scattering loss. In principle, the Q factor could increase up to
107 by further optimizing the materials and the fabrication process.

These high-Q printed microcavities can significantly enhance light-
matter interactions (27) and can be used as active photonic compo-
nents that can generate or modulate light signals for light information
processing. Moreover, the high material compatibility of these poly-
mer films enriches their functionalities by doping with various lumi-
nescent dyes (28) to produce printed light-emitting microrings for use
as microlaser components (Fig. 3A). Figure 3B shows that a highly
polarized light emission in the radial direction was observed from
the dye-doped microring because of the high Q factor of TE modes,
which was quite different from the unpolarized light fluorescence from
the excitation position. Gradually increasing the energy of the pulsed
laser produced a series of narrow peaks in the emission spectra from
the dye-doped ring (Fig. 3C). Selective amplification of TE modes
(with higher Q factors compared with TM modes) indicated the oc-
currence of lasing action at a pump energy of 50 nJ/pulse.

Figure 3D shows that light output from the resonator produced a
clear spectral narrowing compared with fluorescence emission at the
excitation position, which was attributed to light amplification from
the stimulated emission of dye molecules. Lasing-mode space was in-
versely proportional to ring size owing to the increase in light path in a
larger ring. The height and width of the microrings also affected res-
onance modes, including the linewidth of laser peaks, as well as the
emergence of mode splitting and/or high-order modes (fig. S12). The
dependence of light output on power (Fig. 3E) reflected the occurrence
of radiation processes in the dye-doped resonator. The slope suddenly
changed at a threshold of ~40 nJ/pulse because of the stimulated emission.
The peak intensity gradually reached saturation even at higher pump
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Fig. 2. Characterization of printed microrings as high-Q resonators. (A) Microscopy image of the structure built for optical measurement. (Top) The
optical fiber taper was coupled with a microring at the edge of the film, which was connected to a wavelength-tunable laser at one end and to a
photodetector at the other end. (Bottom) The microring was uniformly illuminated when the input wavelength was found at any of its resonance modes.
Scale bar, 50 um. (B) Microscopy image of two conjugated microrings coupled with the fiber taper (top left). The incident laser was tuned to the
wavelength of the resonance mode of ring 1 and/or ring 2 to illuminate the rings simultaneously (top right) or separately (bottom). Scale bar, 50 pum.
(C) Frequency detuning profile of the 632.15-nm (~4.75 x 10° GHz) resonance mode from the microring resonator with a TE polarized laser. The
corresponding Q factor is 4.33 x 10, as calculated from the frequency of incident light divided by the linewidth of the Lorentz fit (red). (D) Broad-range

transmission spectrum from the microring, where periodic sharp dips indicate an average Q factor higher than 10°.

powers because the excited states were almost fully occupied under in-
tense excitation. The subsequent variation in energy levels led to a shift
in the lasing spectral range, which provides a feasible strategy to ac-
tively control coherent light signals by changing excitation power (fig.
S13) (23). In addition, the reactivity and compatibility of printed or-
ganic photonic structures may also provide a means of modulating
lasing behavior. For example, we realized a reversible broad-range lasing
wavelength shift, together with modulation of laser modes, by exposing
the microring laser to the external stimuli of an organic vapor atmosphere
(fig. S14). This demonstrated a proof of concept to extend the ap-
plication areas of printed soft photonic chips, such as photonic sensing
with highly sensitive responses to chemical stimuli, which are difficult
to do with traditional silicon-based materials. The sensitive nature of soft
photonic materials enables us to remotely control the optical performance
of fabricated soft photonic devices. Moreover, the lasing spectrum and
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the stimuli responsiveness might be further broadened by using various
gain materials in highly compatible printed microring arrays (fig. S15).

As the microring laser produced initial signals for next-level devices,
we explored light signal processing among ring resonators and micro-
wire waveguides (29) on the basis of the scalability of printed photonic
circuits (see Materials and Methods). Figure 4A shows that ring res-
onator modes are efficiently coupled into a tangentially connected mi-
crowire waveguide, which serves as an on-chip input/output port. The
efficient coupling between them results in a highly directional collec-
tion of microring resonance modes (Fig. 4B) and thus allows for on-chip
modulation of optical resonance in input/output light. The incident light
can be selectively confined and can illuminate the microring when its
wavelength is found at the resonance of the optical mode (Fig. 2), re-
sulting in the control of output light signals passing through the entire
circuit. Therefore, by further designing the arrangement of microrings
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Fig. 3. Low-threshold lasing from dye-doped printed microrings. (A) Photoluminescence (PL) microscopy image of a dye-doped microring that was
locally excited by a focused 400-nm pulsed laser (~200 fs, 1 kHz). EX, excitation position. Scale bar, 20 um. (B) Spatial polarization profile of light emission
from the ring resonator. Collected areas are marked with colored arrows in (A). Polarized PL spectra (red and blue) were ascribed to the outcoupling of TE
modes from the ring resonator, whereas the PL spectrum at the EX was unpolarized (black) because of the uncoupled scattering background. (C) Output
spectra from the entire ring with excitation powers of 30 to 50 nJ/pulse showing the emergence of lasing modes from stimulated emission. (D) Spatial
spectra of fluorescence scattering at the EX (black) and lasing guided away from the EX (red) showing amplified light emission from resonance modes in
the microring. (E) Plots of PL peak intensity versus excitation showing the lasing threshold at ~40 nJ/pulse and the nonlinear energy shift at ~80 nJ/pulse.

(Insets) Microscopy images of a light-emitting microring below and above the threshold.

and microwires, we can realize the optical processing of different res-
onance modes on this type of printed chip. Accordingly, we designed
and fabricated a light add-drop filter (30) composed of three input/
output printed 1D waveguide ports and two microring processing
modules (Fig. 4C), which can be applied as a multiplexer for the pro-
cessing of complex light signals (fig. S16). In fact, the compact and
scalable add-drop filters fabricated with the printing technique would
support running large-scale photonic circuits that can separate light
signals at picometer-level spectral resolution (31).

The coupling between neighboring printed microrings would enable
us to memorize light signals by encoding and selecting the resonance
modes (32). As shown in Fig. 4D, we studied the light coupling char-
acteristic of two conjugated ring resonators, which, in principle, is a pho-
tonic molecule system that is comparable to electron interactions between
two atoms. Several resonance modes were enhanced to form newly gener-
ated eigenmodes (similar to bonding and antibonding orbitals), and optical
modulation was even stronger than that of a single resonator (Fig. 4E); this
is known as the Vernier effect (33, 34), which reflects a direct interaction
between the optical modes of two nearby resonators. Patterning of
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more rings into a programmable array would lead to several sharp
lines (energy levels) or even continuous band structures around the
original mode, with forbidden bandgaps between them over the fre-
quency range. In this context, we fabricated coupled resonator optical
waveguides (CROWSs) (35) on the printed chip, as shown in Fig. 4F.
The 2D scalability of a resonator array brings designable collective
eigenmodes from the coupling between ring chains in CROWs, pro-
viding several distinct energy states (similar to those in an atom cluster)
for storing photons (fig. S17). Moreover, dispersion is tailored in CROWs
and, thus, group velocity is reduced in light propagation, which is re-
ferred to as optical delay or slow light effect. As a result, the light signal
could be temporarily memorized in CROWs, which is one of the most
important fundamental functionalities in photonic computing.

DISCUSSION

These printed circuits exhibit a considerable potential for applications
in integrated optical information processing (36). For example, efficient
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Fig. 4. Organic PICs based on printed microstructures. (A) Microscopy image of a printed microring resonator coupled with a tangentially connected
1D waveguide (top) with two laser-burned termini (marked with red rectangles) for light outcoupling. (Bottom) The resonance modes generated by
exciting the microring were collected by the waveguide and guided to the termini. (B) Corresponding spectrum from the laser-burned slot showing
the guided ring resonance modes from the directional output in the coupled optical waveguide. (C) Schematic of an as-printed add-drop filter based
on the coupling between 1D waveguides and microring resonators. When mixed light signals (white arrow) are inputted from the upper waveguide,
the wavelength at resonance (red arrows) is guided into module |, whereas another wavelength goes into module Il (blue arrows) on its distinct resonance
modes. The signals can thus be distributed into designated ports, and the residual light would pass through the top bus (green arrow). See fig. S12 for
details. (D) Microscopy image of coupled resonators obtained by printing two conjugated microrings at a distance of ~500 nm (top). (Bottom) The left ring
was partially excited, and the right ring was illuminated through resonator coupling. The output spectrum was collected from the point of joining,
indicated with a red square. (E) Corresponding spectrum shows enhancement of modulated resonance modes from the Vernier effect in coupled
cavities. (F) Schematic of printed CROWs for optical memory based on programmable printed microring chains. The CROW structure produces a newly
generated optical eigenmode (yellow) that can confine photons inside by coupling the resonance modes in each ring. This eigenmode brings isolated
states to memorize light signals, similar to energy levels in atom clusters. More eigenmodes at different wavelengths can be obtained from the coupling
between vertical ring chains and horizontal ring chains, which are shown in detail in fig. S13.

input/output integration with commercial optical fibers would be re-
alized by matching the refractive indices between organic dielectrics
and silica. Printed photonic integrated circuits (PICs) can be fabricated
using the same method as for flexible electronics and can thus be com-
bined with optoelectronic components on a single chip. The perform-
ance of the proof-of-concept printed PICs presented here might be
further improved by optimizing the preparation conditions and device
geometries. The multinozzle technique can be further developed, simi-
larly to the color printer, to control the shape and functionality of mi-
crostructures. Organic PICs have been realized even on a free-standing
flexible soft membrane, which can be layered to form ultrahigh-density
3D photonic circuits. These capabilities would provide further oppor-
tunities to observe fascinating optical phenomena and to realize large-
scale multifunctional photonic chips (37-39).

In conclusion, we developed a solution printing technique to fab-
ricate organic photonic structures and devices, thereby paving the
way for the realization of flexible high-performance PICs. Printed
1D optical waveguides and microcavities showed low optical losses
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for light transmission and high Q factors in light confinement. The
high material compatibility of the printed chip enabled us to realize
polarized tunable lasing in microring structures. Light filtering and
storage units were integrated on a single chip, indicating the capa-
bility of organic printed photonics for light signal processing. The
functionality of this type of printed PICs could be increased by simul-
taneously printing more complex integrations with various doping
materials. The strategy demonstrated here could be used to produce
numerous organic microphotonic systems, and the results of this
study might provide an avenue for high-performance PICs with dis-
tinct functionalities.

MATERIALS AND METHODS
Sample preparation

Photonic structures were fabricated on a magnesium fluoride substrate
of low refractive index by printing an organic solvent on a polystyrene
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film using jet printing (fig. S1). A layer of polystyrene (80, 110, or 200 nm
thick) was spin-coated at 3000 rpm from a solution of polystyrene in
toluene (10, 30, or 60 mg/ml). N,N'-Dimethylformamide (DMF) drop-
lets (one droplet is ~65 pl) were jetted using a 50-um nozzle to etch a
ring-shaped structure on the film at 80°C. Straight waveguide structures
were prepared by printing solvent droplets continuously in one direc-
tion. Morphological parameters were largely tunable by controlling the
thickness of the film, the volume of solvent droplets, and other prep-
aration conditions (see also Size control of printed structures in the
Supplementary Materials). To fabricate active microring resonators,
we added 1,4-bis(a-cyano-4-diphenylaminostyryl)-2,5-diphenylbenzene
to the polystyrene solution or to the DMF solvent (10 mg/ml) to produce
light-emitting doped microrings. The coupled microrings were prepared
by precisely moving the nozzle with a step motor (step size ~100 nm),
where the second ring was printed ~500 nm from the first ring.

Simulation and characterization

The numerical study of light confinement in the cross section of ring
walls was performed by solving Maxwell’s equations using the refrac-
tive index of the materials. The passive transmission of each microring
resonator sample was measured using a coupling fiber taper that was
connected to a tunable laser and a detector. The microrings were printed
near the edge of the film to facilitate coupling with the fiber. A 400-nm
pulsed laser (~200 fs) was focused using a 50x microscope objective to
excite the dye-doped ring locally. Spatial photoluminescence was col-
lected and detected by a monochromator that was coupled with a
charge-coupled device. A polarizer was used to examine the polariza-
tion of light emission from the ring resonator.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/8/€1500257/DC1

Preparation and characterization of printed optical structures

Fig. S1. Schematic of the fabrication of photonic microring patterns by jet printing.

Fig. S2. Optical microscopy images of microring patterns prepared using various polymers on
different substrates.

Fig. S3. Microscopy images of microwires printed by continuous solvent jetting.

Fig. S4. AFM image and roughness profile of the surface of printed microring structures.
Size control of printed structures

Fig. S5. Optical microscopy images of microring structures printed on polymer films of
different thicknesses.

Fig. S6. Optical microscopy images of microring structures printed by jetting different volumes
of DMF solvent.

Fig. S7. AFM images of printed microrings.

Table S1. Structural parameters of microrings prepared under different conditions.
Performance evaluations of printed optical waveguides and microrings

Fig. S8. Characterization of low optical loss in printed optical waveguides.

Fig. S9. Numerical simulation of the optical waveguiding of TE and TM modes in printed structures.
Fig. $10. Light confinement of TM modes in a microring resonator.

Fig. S11. Theoretical and experimental Q factor versus ring radius in microring resonators.
Lasing behavior of dye-doped microring resonators

Fig. S12. Lasing spectra of microring resonators of different sizes.

Fig. S13. Power-dependent modulation of a lasing spectral shift in dye-doped ring resonators.
Fig. S14. Modulation of a microring laser with the external stimuli of acetone vapor.

Fig. S15. Fabrication of microring laser arrays with a broad spectral range by doping different
gain media in jetting solutions.

Light signal processing and optical memory in the printed photonic structures

Fig. S16. Light add-drop filter assembled from designed waveguides and microring structures
on a printed photonic chip.

Fig. S17. Printed CROWs with two coupled microring chains for eigenmode optical memory.
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