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Integrated optical circuits depend on optical diodes for passive nonreciprocal light transmission. The
realization of optical diode action remains a significant challenge in nanophotonics, with conventional
approaches often relying on non-compact and expensive magneto and electro-optic isolators. This
work presents an all-polymeric optical diode based on the principle of asymmetric nonlinear absorption
in the nonlinear regime. In contrast to earlier diodes employing this principle, this diode architecture
offers a simplified fabrication process, exhibits a compact footprint, and eliminates the need for a liquid
phase. The attained optical diode consists of a simple structure employing PEDOT:PSS as a saturable
absorber medium and a 1-dimensional polymeric photonic crystal (PhC) structure consisting of gold—
carbon core—-shell nanostructures (Au@C NS) as a reverse saturable absorber medium. Integration of the

Received 28th May 2024, active medium into a PhC architecture provides a unique avenue for engineering light—matter interac-

Accepted 7th August 2024 tions, resulting in angle-tunable optical diode activity. This device exhibits all-optical diode action with
no phase-matching constraints. Our structure exhibits a nonreciprocity factor of up to ~12.5 dB,

achieved through a facile and cost-effective fabrication method. This promising combination makes this
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1. Introduction

Optical nonreciprocal devices, such as isolators, circulators,
and optical diodes, are critical components for photonic inte-
grated circuits (PICs). These devices enable directional control
of light propagation, a key functionality for various PIC
applications."™ These devices are fundamental for achieving
high-performance photonics and optical communication
systems.* Most of the available nonreciprocal optical elements
rely on magneto-optical materials, they usually need bulky
external magnetic fields for operation.” Moreover, the require-
ment of bulk optical media for obtaining strong magneto-
optical response hinders the miniaturization and integration
into PICs.° To overcome these issues, alternate approaches
have been proposed and demonstrated through various photo-
nic architectures such as optical resonators,” metamaterials,’
photonic crystals,*'® electro-tunable liquid crystals,"""* the
opto-acoustic effects,'”® or the thermo-optic effect."* Despite
their ingenuity, these approaches lack scalability and cost-
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system a potential candidate for developing compact photonic integrated devices.

effectiveness. Moreover, the operation of these devices requires
the presence of magnetic and electric fields and the fulfillment
of phase-matching conditions.” Also, their performance is
significantly influenced by the polarization of incident light.
Hence, developing a simple structure for obtaining high con-
trast, passive nonreciprocal light transmission is crucial."®
Nonreciprocal optical devices can be efficiently implemen-
ted by exploiting nonlinear optical (NLO) responses in materi-
als. Placing a saturable absorber (SA) and a reverse saturable
absorber (RSA) in the path of a light beam results in an
intensity-sensitive unidirectional, diode-like transmission of
light."® These systems offer an affordable and easily manufac-
turable design, making them promising for advancing the field
of optical computing and signal processing.*"” The concept of
an optical diode based on asymmetric nonlinear absorption
was first proposed by R. Philip et al. in 2006."° To create a jump
discontinuity in the nonlinearity, they arranged a 3 mm thick
orange-colored glass filter (SA medium) in tandem with cobalt
phthalocyanine (RSA medium) taken in a glass cuvette of
thickness 1 mm. Although this device has exhibited optical
diode action at 532 nm wavelength, the lack of compactness
and liquid phase operation are major drawbacks. In 2010, B.
Anand et al. developed a solid-state all-carbon passive optical
diode using a few-layer graphene (FLG) and bilayer graphene
(BLG) saturable absorber and fullerene (Ce,) as a reverse satur-
able absorber.? The attractiveness of this ultra-compact optical
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diode was its low operating volume, large bandwidth, and
chemical and thermal stability. However, one of the disadvan-
tages of this diode is that it requires relatively complex
chemical vapor deposition technology to make BLG and
FLG layers. Thus, enabling an optical diode in a highly flexible,
cost-effective, solution-processable, and printable material
is crucial. In addition to conventional materials,'®*® recent
research has explored a range of novel materials for optical
diodes, including 2D-MXene films,>® 2D-tellurium," GeSe
nanoplates,”® 2D graphdiyne,”® Franckeite,>* Boron quantum
dots, and combinations of perovskites with transparent con-
ducting oxides.>®

A significant limitation of conventional nonlinear optical
materials is the need for highly intense laser pulses to invoke
nonlinear responses. The nonlinear optical response in materi-
als is inherently weak since governed by the photon-photon
interactions mediated by the material electronic transitions.>”
Since the nonlinear processes are superlinearly dependent on
the interacting electromagnetic field, high operational power is
required and this hinders the practical photonic applications.
The NLO materials incorporated in engineered photonic archi-
tectures having subwavelength scales are identified as suitable
platforms for nanophotonic applications.”® Nanoscale photonic
structures provide suitable light confinement required to
induce the nonlinear response of embedded materials even in
relatively low input threshold laser beams. Thus, such nano-
scale architectures can be able to provide light-induced changes
in the materials more perceptible.>® A photonic crystal (PhC) is
a periodic dielectric structure that serves as a suitable platform
to enhance and manipulate the nonlinear response in
materials.*® Tremendous progress has been achieved in incor-
porating nonlinear media in PhCs having unparalleled capabil-
ities in tailoring the light-matter interactions and thereby
unlocking new device applications.

Organic semiconductors (OSCs) consist of a diverse group of
carbon-based materials that exhibit semiconductive behavior.
They have electrical and optical properties similar to their
inorganic counterparts. These materials, which include small
molecules and conjugated polymers (CPs), have enabled the
development of various organic electronic devices. Examples of
such devices are light-emitting diodes, organic field-effect
transistors, organic solar cells, etc.*’* CPs with tunable elec-
trical properties offer promising potential for NLO applica-
tions, including switching, optical frequency conversion, and
epsilon-near-zero (ENZ) material.>*® Poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS) is a conductive
polymer that has emerged as a benchmark material in organic
electronics due to its unique combination of transparency,
conductivity, flexibility, and ease of processing.’””*®* PEDOT:PSS
is extensively used in organic electronics with applications in
photovoltaic cells, organic memories, electrochromic devices,
organic transistors energy conversion and storage devices,
etc.***' The high density of delocalized n molecular orbital
electrons in the PEDOT backbone makes it a promising fast
responding material suitable for application in nonlinear opti-
cal elements. The preparation and thickness optimization of
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PEDOT:PSS films are well-established and extensively docu-
mented in the literature.®” Few studies have investigated the
nonlinear optical capabilities of PEDOT:PSS, yet the applica-
tions of the system have not yet been explored.***?

In this work, nonreciprocal light propagation, a character-
istic of optical diodes, is realized in a straightforward configu-
ration comprising a saturable absorber medium of PEDOT:PSS
and a one-dimensional PhC embedded with gold-carbon core-
shell nanostructures (Au@C) in alternative layers as a reverse
saturable absorber. The PhC serving as the RSA layer was
fabricated using the spin coating technique. The PhC structure
consists of 10 bilayers and was fabricated using poly(9-
vinylcarbazole) (PVK) and cellulose acetate (CA). The band edge
of the PhC was designed to match the excitation wavelength to
achieve optimal light confinement through the slow light effect.
This confinement, known as the photonic band edge (PBE)
effect, significantly reduces the group velocity of light near the
PBEs. The slow light effect enhances the interaction between
light and the active medium (Au@C) in the alternative layers of
PhC, leading to improved RSA. Details of the fabrication and
nonlinear optical characterization of this PhC structure are
presented elsewhere.** Integrating the active medium into a
PhC architecture provides a unique avenue for engineering
light-matter interactions, resulting in angle tunable optical
diode activity. Nonlinear optical characterization was con-
ducted using the Z-scan technique, utilizing a Q-switched
Nd:YAG laser emitting 7 ns pulses at 532 nm. Our structure
exhibits a nonreciprocity factor of up to ~12.5 dB, achieved
through a facile, cost-effective fabrication method. This unique
combination makes this system a promising platform for
developing compact photonic integrated devices.

2. Experimental section

2.1. Materials

Commercially available PVK (molecular weight = 1100 000), CA
(molecular weight = 100 000), and PEDOT:PSS (1.3 wt% disper-
sion in H,0) were purchased from Sigma-Aldrich. Au@C were
synthesized using pulsed laser (Nd:YAG laser operating at
532 nm wavelength, 7 ns pulse width, and 10 Hz repetition
rate) irradiation in chlorobenzene. Subsequently, Au@C nanos-
tructures were incorporated into the PVK matrix. The schematic
of the laser ablation setup is given in Fig. 1 and details are
provided in ref. 45.

2.2. Fabrication of PEDOT:PSS/PhC optical diode

1D-PhC was fabricated via spin coating on glass substrates. A
3.0 wt% solution of PVK dispersed with synthesized Au@C was
prepared and sonicated to ensure homogeneity. For CA, a
2.50 wt% solution in diacetone alcohol was used. Alternating
layers of PVK (72 nm) and CA (83 nm) were spin coated,
followed by thermal annealing at 110 °C for 20 minutes to
optimize film quality (see Fig. 2). The spin coating process was
carried out using a Laurell WS-650MZ-23NPPB spin coater. Spin
speeds were varied from 2300 to 2550 rpm to achieve the

This journal is © The Royal Society of Chemistry 2024
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532 nm, 7ns
30 mJ/ Pulse

Chlorobenzene

Laser ablation setup Au@C core-shell

Fig. 1 The laser ablation synthesis of Au@C core-shell nanostructures.

desired film thickness. A saturable absorber layer, crucial for
the optical diode, was prepared by drop-casting a 1.3 wt%
PEDOT:PSS solution onto a glass substrate. To enhance wett-
ability, the glass surface was subjected to oxygen plasma
treatment for 30 seconds before coating. Following drop-
casting, the PEDOT:PSS layer was annealed at 70 °C for 60
minutes. Employing a stylus profilometer, the final layer thick-
ness was determined to be 3.1 pm. The RSA medium of the
optical diode was a PhC, fabricated as detailed in Fig. 2.**

2.3. Characterization

The nonlinear optical properties of PhC and PEDOT:PSS were
characterized using the open-aperture Z-scan. A Q-switched
Nd:YAG laser served as the light source, emitting 7 ns pulses
at 532 nm with a 10 Hz repetition rate. The output polarization
of this laser system is vertically polarized. The laser beam was
focused onto the sample using a convex lens (focal length:
15 cm). The sample was moved across the focal plane of the
lens using a computer-controlled translation stage with a 1 mm
step size. Transmitted energy through the sample was

(a)

. -
3 wt % PVK+ Au@C

(b)

Optical diode

Fig. 2
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measured by a pyroelectric detector-based energy ratio meter
(RJP-735 & Rj-7620, Laser Probe Inc.). The normalized trans-
mittance data was subsequently fitted numerically to the rele-
vant propagation equation to extract the nonlinear absorption
coefficients. The Z-scan experimental setup was calibrated
using CS, to ensure accurate NLO measurements. The detailed
experimental setup and procedure of the Z-scan are described
in our previous reports.*’

3. Results and discussion

3.1. Optical properties of the polymer PhC

The optical response of the nonlinear PhCs is mainly influ-
enced by their photonic band structure. Engineered defect
states in PhCs can confine light, resulting in enhanced linear
and nonlinear optical properties of active materials incorpo-
rated within them. Depending on their structural characteris-
tics, various techniques can be employed to achieve spatial
confinement of optical fields in PhCs. A widely adopted method
involves the creation of cavities consisting of a nonlinear active
medium with a half-wavelength optical thickness.*® The losses
resulting from the absorbent media within the cavity make
these devices very challenging to fabricate.*® Instead of being
used as a cavity layer, the nonlinear media can be used as one
of the constituent layers of the PhC. The excitation of photonic
band-edge modes leads to the localization of electromagnetic
energy in these layers and thereby improves the nonlinear
effects considerably.”” To demonstrate this approach, a 1D
PhC is fabricated, integrating Au@C core-shell nanostructures
within alternating layers. The PhC is specifically engineered to
ensure that the laser wavelength coincides precisely at the edge
of the stop band. The details of fabrication are provided under
the Experimental section. The normal incidence reflectance
spectrum shows a peak with reflectance close to 75% at
2.54 eV, which corresponds to 488 nm (see Fig. 3(a)). The
incorporated Au@C (see Fig. S1 in ESIf) exhibited negligible

_.~CA (83 nm)

Spin coating . ... ,PVK (72 nm)

»\

Spin coater

!

PhC structure

(a) Fabrication of PhC using the spin coating technique. (b) Schematic of the PEDOT:PSS/PhC optical diode fabricated in this study.
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(a) The reflectance spectra of the PhC recorded at normal incidence. (b) The field profiles (blue solid lines) inside the PhC on exciting with

different photon energies: 2.33 eV (low energy band edge), 2.54 eV (photon energy lying in the stop band region), and 2.77 eV (high energy band edge).
The refractive index (R. |.) is represented by red solid lines. (c) The angle-resolved transmission contour plot for p-polarized light. The color bar represents

the transmittance values.

linear absorption at these photon energies. This ensures that
the reflectance profile of the PhC is unaffected by the presence
of Au@C. The band edge modes are observed at 2.33 eV and
2.77 eV on either side of the reflectance peak, consistent with
expectations. Electromagnetic energy is stored in the alternat-
ing dielectric layers of the PhC when it is excited with a
frequency near the band edge modes.*”*® To illustrate this
effect, we have carried out the transfer matrix analysis to
compute the electric field profiles inside the structure at three
distinct photon energies as shown in Fig. 3(b). The photon
energies 2.33 eV and 2.77 eV correspond to the low and high-
frequency band edge modes and 2.54 eV is an energy value lying
inside the stop band. The red solid lines in Fig. 3(b) present the
refractive index (R.L) profile of the PhC. The R.I. values of the
alternative layers (PVK, n = 1.68, and CA, n = 1.47), are explicitly
labeled on the right y-axis. The R.I. profiles are superimposed
to demonstrate the field confinement in the structure. While
illuminating the structure with photons of energy values lying
within the stop band region, the field distribution shows an
oscillatory decaying profile, whereas the excitation of both band
edge modes shows enhanced field amplitudes. When the
structure is excited with light of energy equal to the high energy
band edge mode, the electric fields are maximum at the lower
refractive index region of the PhC layers. In contrast, if the
excitation photon energy matches with the lower energy band
edge mode, the field is concentrated at the high refractive index
regions of the structure. So, by careful design of the band edge
modes, we can achieve enhanced field amplitudes at the NLO
material incorporated layers. Since the laser excitation spec-
trally coincides with the low-energy band-edge mode, the field

14088 | J Mater. Chem. C, 2024, 12, 14085-14095

is maximized in the high dielectric region (PVK). The Au@C
nanostructures are doped in the PVK layers, to boost their
nonlinear optical properties by enhancing light-matter
interaction.

TM-polarised angle-resolved transmission spectroscopy is
used to map the stop band different incident angles.**
Fig. 3(c) depicts the experimental angle-resolved transmission
spectrum of the PhC for photon energies 1.37 €V to 3.54 eV. The
incidence angle is varied from normal to 80° with a 2° incre-
ment with the help of a goniometer. From the experimental
transmission color map, it is evident that the photonic stop
band blue shifts as the angle of incidence increases, as gov-
erned by Bragg’s law.”> The normal incidence transmission
spectrum and angular dispersion of stopband under TM-
polarization are also simulated using the transfer matrix
method (see Fig. S2 in ESIt) and compared with the experi-
mental data. The normal-incidence transmittance spectrum of
a ten-bilayer PVK/CA multilayer thin film was calculated using
the transfer matrix method and given in Fig. S3 (ESIt). The
consistency of experimental and theoretical data confirms the
high homogeneity of spin-casted polymer layers and the quality
of the fabricated PhC.

The open aperture Z-scan experiments with 7 ns laser pulse
at 532 nm were carried out to study the nonlinear optical
properties of the PhC structure. Fig. 4(a) displays the experi-
mental Z-scan data at an on-axis peak intensity of 1.4 X
10"* W m 2. Nonlinear transmittance decreases as the sample
approaches the focal point, with data points exhibiting sym-
metry around the z = 0, suggesting reverse saturable absorption.
Fig. 4(b) shows the Z-scan data at an on-axis peak intensity of

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) The open aperture Z-scan data of PhC at the on-axis peak intensity of 1.4 x 102 W m~2 and (b) Z-scan data at an on-axis peak intensity of 7 x

10" W m=2

7 x 10" W m™>2 At this intensity, nonlinear transmission
exhibits two humps at pre-focal and post-focal positions, sug-
gesting a combination of feeble SA and RSA in the system. The
PhC structure exhibited a linear transmittance of 90%. The
transmitted intensity for a given input intensity is obtained
by numerically solving the appropriate nonlinear pulse
propagation equation a for a third-order nonlinear absorber,
given by eqn (1).>>*' This approach is well-established for
modeling various nonlinear optical processes, including two-
photon absorption, saturable absorption, and excited-state
absorption.'®3%327%4

d7 o
a7 —7 T Berl |1

1 i
+1

1)

where the intensity at each sample position z is denoted by I, I
is the saturation intensity (intensity at which the linear absorp-
tion drops to half of its original value), o, is the linear absorp-
tion coefficient and f.¢ is the effective nonlinear absorption
coefficient. Here, the first term governs the saturation, while
the second term accounts for the RSA. A best fit to the
experimental data has been obtained by numerical integration
over the sample thickness. The effective nonlinear absorption
coefficient fe¢ was determined to be 1.42 x 107> m W™ ! at an
on-axis peak intensity of 1.4 x 10'> W m 2, Open aperture Z-
scan measurements were conducted at various peak excitation

(a)

0.8 .
—,
T
0.7
-
-4
F 0.6
0.5- o
O/
0 10 20 30

Angle (degree)

intensities to validate the results. The sample consistently
displayed RSA behaviour within this range of intensities, con-
firming no laser-induced damage in the sample. The long-term
stability and high-intensity damage threshold in nonlinear
optical measurement were examined by repeated irradiation
of the sample placed at the focus of the laser beam. The
intensity was increased up to 3 x 10> W m~> and no detectable
changes were observed.

The angle-dependent nonlinear transmission is shown in
Fig. 5(a). The sample was mounted on a rotation stage and
placed on a computer-controlled linear translation stage. The
Z-scan experiments were conducted for various angles of inci-
dence and the transmission minimum points (i.e., transmit-
tance at z = 0) were plotted against the angle. The on-axis peak
intensity is kept at 1.4 x 10> W m™2 during the angle-
dependent Z-scan measurement. The nonlinear transmittance
at focus (Tn;,) was measured across various angles of incidence,
spanning from 0° to 50°. In the graph depicting the nonlinear
transmittance of a sample as a function of the angle of
incidence, the following observations were made: the lowest
nonlinear transmission (high NLA) is observed at normal
incidence and a sharp surge in the nonlinear transmittance is
observed from 10 to 20 degrees. Beyond 20 degrees, the
transmittance changes more gradually, indicating a less pro-
nounced variation with increasing angle. This suggests that the
sample exhibits a sharp nonlinear response at lower angles.
The observed change in the NLA can be explained by the

(b)1.6

E|?

Depth (zm)
e
(<]

0
0 10 20 30 40

Angle (degree)

50

Fig. 5 (a) Ty (nonlinear transmittance at the focus for the on-axis peak intensity of 1.4 x 10> W m~2) of PhC at different angles of incidence. (b)
Simulated electric field profile in the DBR as a function of external angle of incidences.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. C, 2024, 12,14085-14095 | 14089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tc02201g

Open Access Article. Published on 07 August 2024. Downloaded on 5/4/2026 7:46:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Journal of Materials Chemistry C

ik
=)
"

o
©
L

Absorbance (a.u.)
o
(]

N
~
1

SOH SO; SOH SO;

o
(Y

SOH  SO7

0.0

—— PEDOT:PSS

460 560
Wavelength

200 300

PEDOT:PSS

Fig. 6

effective field distribution in the sample when exciting with
resonant and off-resonant frequencies. At normal incidence,
when the band-edge precisely aligns with the excitation wave-
length (ie., 532 nm), the highest overall field localization
occurs within the high refractive index layers of the PhC.>* As
the Au@C is embedded in the PVK matrix, the nonlinear media
experiences the maximum field strength. Conversely, altering
the incident angle results in a blue shift of the reflection band
and the band edge modes, causing the excitation at 532 nm to
become off-resonant. Consequently, this reduces the inter-
action with the Au@C, leading to lower nonlinear absorption.
The decline in nonlinear transmittance from 20° to 50° can be
attributed to the increased path length traversed by the excita-
tion pulse. The simulated electric field amplitude in the PhC
with respect to the angle of incidence for 532 nm excitation is
given in Fig. 5(b). The change in the nonlinear transmittance
shown in Fig. 5(a) is well correlated with the spatial electric
field intensity mapping given in Fig. 5(b).

3.2. PEDOT:PSS as saturable absorber

The PEDOT:PSS thin film was fabricated by drop-casting
1.3 wt% solution in water to a clean glass slide. The primary

—~
(Y]

600

20pm EHT = 200KV
WD = 55mm

Signal A = SE2
Mag= 450X

T
700 Dato: 20 Fob 2024 21
Time: 16:39.03

(a) Primary structure of PEDOT:PSS, (b) UV-visible absorption spectrum, (c) cross-sectional SEM.

structure of the PEDOT:PSS is shown in Fig. 6(a). The UV-
visible absorption spectrum of the PEDOT:PSS film is pre-
sented in Fig. 6(b). The sample shows faint absorption in the
visible and broad absorption in the near IR spectral regions,
which is attributed to the excitonic absorption related to the
n-n* transition of PEDOT moiety. The distinctive peak
observed at approximately 380 nm is a result of the transition
from the n to n* states within the PEDOT. The extended
absorption beyond 700 nm corresponds to the transitions of
polarons and uncoupled bipolarons. Cross-sectional SEM
was taken to find the thickness of the drop-casted film
(Fig. 6(c)). It is found that the thickness of the film is
approximately 3.1 pm.

To investigate the nanosecond nonlinear absorption proper-
ties of the drop-casted PEDOT:PSS film, open-aperture (OA) Z-
scan experiments were performed at various excitation inten-
sities. The OA Z-scan trace obtained at on-axis peak intensity
2.8 x 10" W m ™2, which corresponds to input laser energy of
20 pJ is shown in Fig. 7(a). The OA Z-scan data indicate the
presence of a saturation effect. This is evident from the
increased transmission, which reaches its maximum at z = 0,
in contrast to the normalized linear transmittance. The I value

(b)
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Fig. 7

. two level system
20 :

(@) Normalized transmittance of a pure PEDOT:PSS film as a function of sample position. Experimental data are depicted as circles, while

theoretical fits based on egn (2) are shown as solid lines. (b) Mechanism of saturable absorption.
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Table 1 Optical parameters of PEDOT:PSS and PhC

Linear B x107° I, x 10"
Sample transmittance (%) (mw™) (W m™?)
PEDOT:PSS 30 — 2.02
PhC 90 1.42 —

52,54

is obtained by fitting the experimental data to eqn (2)

dI:_ % |,

E 7 (2)

Estimated values of the nonlinear absorption coefficient (f3)
and saturation intensity (I;) of PEDOT:PSS and PhC can be
found in Table 1. The results are consistent with the previous
reports by S Paul et al** For a more detailed analysis of
saturation effects, Z-scan experiments have been conducted at
different peak intensities. The increased transmittance on high
light fluences can be explained based on a two-level system,
consisting of ground-state and excited state (see Fig. 7(b)).
When the absorption cross-section of the excited state is
lower than that of its ground state, bleaching of ground-state
electrons occurs, leading to saturation of absorption. This
occurs because of Pauli’s blocking, a phenomenon where the

Pulsed laser beam Forward bias

® Nonlinearly transmitted pulse

(a)

m Linearly transmitted pulse

View Article Online
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excitation of electrons from the valence band (VB) to the
conduction band (CB) is hindered, preventing any further
absorption of laser pulses.>®

3.3. Asymmetric light propagation in PhC/PEDOT:PSS
multilayer system

We demonstrate that the tunable RSA behavior in PhC and SA
behavior in PEDOT:PSS can be used to realize a passive all-
optical non-reciprocal device. Such a device is an optical
analogous to an electronic pn junction. In an electronic diode,
the application of external bias voltage controls the flow of
current, whereas in an all-optical diode, the transmission is
controlled by axially asymmetric nonlinearity in the system.
Since the electromagnetic wave equations obey the time-
reversal symmetry, light propagation through a medium fol-
lows optical reciprocity. In other words, the transmission
through the medium remains unaffected by swapping the
detector and source positions.>* However, the asymmetry in
the nonlinear absorption behavior can break this symmetry, if
the laser intensity is sufficiently high, above a threshold value.
In this case, either the SA or RSA nonlinear processes will
dominate over the other, contingent upon the laser fluence
experienced by each material.

Optical non-reciprocity in light transmission, quantified by
the non-reciprocity factor (NRF), defines the core metric of

Pulsed laser beam
] ////

(b)

Photonic crystal

@ 0 | 8
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Photonic crysta £ B ‘ '\ _— ’\ :§=
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§ \ [ | £
= | | €
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Glass substrate
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~

N

Fig. 8 The schematic illustration represents the working of an all-optical diode. (a) In the forward-biased configuration, transmitted light shows SA-like
behavior, and in (b) the reverse-biased arrangement, it shows RSA-like behavior. The green light in the output of each configuration represents a linear
transmitted pulse, and the dark green corresponds to a nonlinearly transmitted light. (c) Schematic illustration of the spectral response of the photonic
diode. The low band edge mode (532 nm) and the peak of the stop band (488 nm) are indicated. Enhanced light—-matter interaction near the low-energy

band edge (532 nm) is attributed to the slow light effect.
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Fig. 9 Transmission characteristics of the PEDOT:PSS/PhC optical diode. Light transmission in forward bias (red circle) and reverse bias (black square).

Diode transmission plot for (a) 0°, (b) 10°, (c) 20°, and (d) 30°.

optical diode performance. This factor captures the asymmetry
in light transmission, reflecting the ratio of forward nonlinear
transmittance enhancement (relative to linear transmittance)
to reverse nonlinear transmittance reduction (relative to linear
transmittance).

Mathematically, NRF is expressed as:**>

NRFyp = 10log _ererd (3)
reverse
where Tiorward and Treverse Tepresent the nonlinear transmission
values for forward and reverse directions respectively.

The schematic illustration of the photonic diode is given in
Fig. 8. In forward condition, the laser pulses the first incident
on the PEDOT:PSS (see Fig. 8(a)). Due to the saturable absorp-
tion process, the output transmittance increases from its linear
transmittance and keeps increasing with the intensity of the
incoming pulse. This increased intensity then falls on the PhC,
causing a decrease in the effective transmission due to the RSA
effect. Depending on the coefficients of nonlinear absorption in
both materials, the overall impact on transmission will be
primarily dominated by either SA or RSA. The SA effect starts
to dominate over the RSA effect when intensities are sufficiently
greater than the /s value of PEDOT:PSS film. Since the SA term
dominates, the net output is the increase in transmission,

14092 | J Mater. Chem. C, 2024, 12, 14085-14095

above the linear transmission of the whole system. This
intensity-dependent increased light transmission is referred
to as a forward operation.

The reverse operation condition is characterized by a
decrease in the net transmittance as the input intensity
increases (see Fig. 8(b)). In this scenario, the laser beam
initially interacts with the RSA medium before passing through
the SA medium. The RSA effect in the PhC causes attenuation of
the input intensity. The saturation effects will take into a
considerable change in the output only if the excitation inten-
sity of the SA medium is sufficiently high to induce nonlinear-
ity. Thus, in the reverse direction, the sample exhibits a
reduced transmission as increasing the input intensity.

For a detailed explanation of the photonic diode’s operating
principle, readers are referred to R. Philip et al.'® Briefly, the
underlying mechanism is as follows: in the forward condition,
the output intensity obtained from eqn (2) is used as the input
for eqn (1). Conversely, in the reverse condition, the output
intensity obtained from eqn (1) is utilized as the input for
eqn (2). A nonreciprocity is created in the output intensity,
leading to asymmetric direction-dependent light propagation.
However, the parameters in eqn (1) and (2) need to be opti-
mized to get a noticeable change or contrast in the output
intensities. Since material parameters like I; and f,s, cannot be

This journal is © The Royal Society of Chemistry 2024
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Table 2 Optical diode structures, laser parameters, and obtained nonreciprocity factors

Diode structure SA/RSA Laser parameters Nonreciprocity factor (dB)  Ref.
Ti,C,T, MXene/Cep 1064 nm, 7 ns 4.13 20
GeSe/Cgo 1064 nm, 7 ns, 10 ps, and 56 fs ~3 22
Franckeite/Cg, 1064 nm, 220 ps ~2 24

Ag NPs/phenothiazine-Ag composite 532 nm, 7 ns ~3 17

Boron quantum dots/ReS, 515 nm and 1030 nm, 0.394-5.34 ps and 4.45-115 ps 2.5 25
Au/PhC 532 nm, 7 ns ~4.67 57
Titanium nitride/hexagonal gold nanolayer =~ 540 nm, 35 fs 4.8 58
Aluminum-doped zinc oxide/PEA,Pbl, 1550 nm, 35 fs 10.1 26
Colored glass filter/copper pthalocyanine 532 nm, 3 ns — 16
Graphene/Cg 532 nm, 5 ns 4.9 and 6.2 3
2D-tellurium/SnS, 457 nm, 532 nm, and 671 nm CW light — 21
TiN/Cgo 500 nm, 530 nm, 600 nm, 10-15 ps 8, 9.5, 5.5 59
Graphdiyne/SnS, 532 and 671 nm, CW light — 23

Sb/Ceo 780 nm and 1560 nm, 100 fs 5 and 2 60
PEDOT:PSS/PhC 532 nm, 7 ns ~12.5 This work

adjusted during the fabrication process, the remaining vari-
ables to work with are the sample length and linear transmit-
tance of the PEDOT:PSS film.

Fig. 9 validates the practicality of the fabricated device. The
normal incidence transmission characteristic of an optical
diode working on 20 pJ input energy is shown in Fig. 9(a).
The experimentally obtained values of the normalized trans-
mittance of the optical diode in forward and reverse bias
configurations are plotted in red and blue triangles, respec-
tively. This device exhibits optical diode characteristics at an
intensity above ~10"" W m™?, and intensities below this dis-
play reciprocal transmission. The value is called the onset
intensity, where the sample exhibits the transition from linear
to nonlinear behavior. Here, the linear transmittance of the
PEDOT:PSS film is ~30%. The intensity of laser pulses varied
from 10" W m™? to 10> W m™?, translating the sample
through the focus of a 10 cm focal length biconvex lens. The
intensity at each point is calculated from the spatial geometry
of the focussed beam and transmitted intensity is collected
using a pyroelectric detector placed at the far-field. This detec-
tor is placed behind a convex lens to capture the laser beam
effectively.

The nonreciprocity factor of this device is 12.5 dB, and it is
comparable to that of other reported optical diodes based on
the SA/RSA cascaded structure. Table 2 summarizes the com-
parison of different optical diode systems, the laser sources
used to characterize them, and the non-reciprocity factor
obtained in a specific intensity range. To get a better NRF
value, the SA and RSA contrast must be larger. Hence, the large
RSA coefficient of the PhC contributes to the better NRF value.

The diode operation is sensitive to the angle of laser
incidence since the RSA in PhC depends on how well the laser
frequency aligns with the photonic band-edge mode of the PhC.
As discussed in Section 3.1, the nonlinear absorption properties
of the PhC are largely enhanced for normal and near-normal
(less than 10°) incidence and significantly reduced at large
angles. This tunable nonlinear absorption properties of the
system are employed to finely adjust the operations of the
diode. The SA response of the PEDOT:PSS film is expected to
remain unchanged by small angle variations, as the film is

This journal is © The Royal Society of Chemistry 2024

isotropic and homogeneous. The angle-tunable diode actions
are shown in Fig. 9(a)-(d). The data are collected for different
angles of laser incidence, 0°, 10°, 20° and 30°. The NRF values
are 12.5 dB, 8.45 dB, 4.93 dB, and 4.19 dB, respectively. The
tunability in NRF values arises from the angle-dependent non-
linear transmission characteristics of the PhC. This feature
makes this device a suitable candidate for photonic applica-
tions. Compared to other reported photonic diodes, our diode
exhibits superior NRF values, while being scalable and easily
processable.

4. Conclusion

This work presents an all-polymeric optical diode based on the
principle of asymmetric nonlinear absorption in the nonlinear
regime. In contrast to earlier diodes employing this principle,
this diode architecture offers a simplified fabrication process,
exhibits a compact footprint, and eliminates the need for a
liquid phase. The realized optical diode consists of a simple
structure employing PEDOT:PSS as a saturable absorber med-
ium and a one-dimensional polymeric photonic crystal struc-
ture composed of gold-carbon core-shell nanostructures
(Au@C NS) as a reverse saturable absorber medium. In this
diode, integration of the active medium into a PhC architecture
provides a unique avenue for engineering light-matter interac-
tions. Nonlinear optical characterization was conducted
employing the Z-scan, utilizing a Q-switched Nd:YAG laser
emitting 7 nanosecond pulses at 532 nm. This diode exhibits
angular dependence in its light transmission properties. This
allows for the control of non-reciprocity by adjusting the
incident light angle. For incident angles of 0°, 10°, 20°, and
30°, the NRF values are 12.5 dB, 8.45 dB, 4.93 dB, and 4.19 dB,
respectively. This promising combination makes this system a
potential candidate for developing compact photonic inte-
grated devices.
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