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OLEDs through guided SPCE
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One of the primary causes of low light extraction efficiency (LEE) in conventional OLEDs is the trapping of

light within the substrate layer. To overcome this limitation, various nanostructures have recently been

investigated for integration into different OLED layers, aiming to convert the trapped loss modes into

out-coupled light and thereby improve LEE. In this work, we propose a simple yet innovative nanorod

array design composed of metal, insulator, and semiconductor-oxide layers, integrated on the bottom

surface of the OLED structure. This configuration enhances light extraction through guided surface

plasmon-coupled emission (SPCE). Using an inverse design-based optimization approach, the structural

parameters of the nanorods were optimized to achieve wavelength-selective LEE enhancement. The

periodic MIS nanorod array was optimized via the Particle Swarm Optimization (PSO) algorithm for

different emission wavelengths, yielding improvements of 29%, 30%, and 51% at 440 nm, 550 nm, and

640 nm, respectively, compared with conventional OLEDs. In addition, the optimized arrays demonstrate

high spectral luminous efficiency (SLE), reduced UV transmittance, and uniform emission directionality.

These enhancements have significant potential to advance OLED-based display technologies.
Introduction

Organic Light-Emitting Diodes (OLEDs) are thriving in the eld
of display technologies due to their capability of producing
natural colors, low power consumption, fast response, and
many other advantages. For high-efficiency light emission, an
electron transport layer (ETL), a hole transport layer (HTL), and
electron and hole blocking layers have been introduced to
enhance the exciton recombination rate in the emission layer.
Variation in thickness of the layers, such as the ETL and HTL,
has been studied for enhancing LEE of OLEDs.1,2 Micro-
patterned low-index grids to extract waveguide modes, anti-
reection layers to reduce total internal reection (TIR), and
deposition of external hierarchical texture on bottom-emitting
OLEDs to improve external quantum efficiency (EQE) have
been common in OLED structures.3–5 Despite these modica-
tions, progress in OLED performance has stagnated, which
demands the emergence of nanostructures in these devices.
There are several types of nanostructures integrated into
OLEDs, such as periodic nanostructures, randomly distributed
nanostructures, metamaterial incorporated OLEDs, bioinspired
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nanostructures, etc.6–10 Out-coupled efficiency (OCE) of OLEDs
represents the ratio of the number of photons extracted outside
to the number of recombinations of electrons and holes. In
conventional OLEDs, this efficiency is nearly 20%.11 Since EQE
of an OLED is the product of its internal quantum efficiency
(IQE) and OCE, enhancing the OCE is essential for improving
overall device performance. According to Snell's law, approxi-
mately 24% of the trapped optical modes in bottom-emitting
OLEDs result from total internal reection (TIR) at the inter-
face between the glass substrate and air, caused by their
refractive index mismatch.12 Random nanoparticle-based
composite lms can be used as an out-coupling layer for ex-
ible OLEDs.13,14 Incorporating periodic nanostructures, for
example, 2D photonic crystals of SiO2/SiNx incorporated in
a glass substrate using Bragg scattering showed signicant
improvement of up to 50% in OCE compared to conventional
OLEDs.15 A UV-curable acrylate and sol–gel process, combined
with planarized ZnO layers, was used to fabricate a photonic
crystal substrate of OLEDs, resulting in a notable 38% increase
in the OCE.16 Sung et al. fabricated conical SiO2 on the substrate
of an OLED. Aer planarization with TiO2 nanoparticles, 25%
improvement in OCE was observed.17 In addition to photonic
crystals, a 2D nanomesh was employed in OLEDs to increase
extraction efficiency.18 Moreover, inverse design-based optimi-
zation techniques have been used in different photonic devices
and applications, such as the design of mode converters, optical
switches, photonic crystals, etc.19,20
Nanoscale Adv., 2026, 8, 635–645 | 635
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Here, we report the particle swarm optimization (PSO) based
inverse design technique for nanostructures to be incorporated
on the OLED surface. These periodic nanorods have three layers
of metal–insulator–semiconductor oxide (MIS), which signi-
cantly improves the LEE of bottom-emitting OLEDs through
guided surface plasmon coupled emission (SPCE). A major
advantage is that LEE enhancement can be wavelength-selective
by changing the structural parameters of the nanorod. The
semiconductor-oxide layer will reduce TIR by directing optical
modes to the metal–insulator interface of the nanorod, which
will increase SPCE from the OLED. This approach aims to offer
a new strategy for achieving higher optical outcoupling in
bottom-emitting OLED devices along with improved emission
intensity, spectral luminous efficiency (SLE), UV light suppres-
sion, and uniform directionality.
Loss mechanisms in OLEDs and guided
SPCE theory

In OLEDs, EQE is achieved by the multiplication of IQE and
OCE, hEQE = hIQE × hOCE. The OCE decreases due to the
reection loss in the glass substrate, known as substrate-guided
loss. For a commercially available OLED structure like the one
shown in Fig. 1(a), this loss contributes to almost 20% loss of
light inside the OLED structure. Only 20% of the light is out-
coupled to air according to Fig. 1(b). When light is extracted
from a glass substrate to air, it faces reection due to the
refractive index mismatch between glass (RI = 1.45) and air
(RI = 1). According to Snell's law, if the light incident angle
becomes greater than the critical angle of the interface of two
media, it faces TIR loss inside the glass medium. That's why
a nanorod-shaped waveguiding medium like ZnO (semi-
conductor oxide) with a higher refractive index can be inte-
grated at the surface of the glass substrate to support an
Fig. 1 (a) A commercially available OLED structure with different layers. (b
20% of the light becomes out-coupled to air.

636 | Nanoscale Adv., 2026, 8, 635–645
increased number of optical modes inside the waveguide. The
plasmonic nanorod structure, which consists of a metal–
dielectric interface on top of the ZnO layer, can emit the guided
optical modes through the creation of a surface plasmon, and
eventually increase the OLED's light extraction.21

In Fig. 2, we have a MIS nanorod array of diameter ‘D’, ZnO
thickness ‘L’, and periodicity ‘P’. ‘k’ represents the wavevector of
the mode propagating inside the waveguide. The orthogonal
components ‘b’ and ‘kx’ are related to the wavevector through
the incident angle ‘q’, which represents their corresponding
mode number. Here, kx = k cos q and b = k sin q. Since this is
a nite cylindrical waveguide, the mode trapped inside the
waveguide will depend on both axial and transverse boundary
conditions.22,23 The transverse and axial resonance condition for
the cylindrical waveguide is,

kx ¼ Pnm

D
; b ¼ lp

L
(1)

Now, from Fig. 2, it can be written that

k2 ¼ kx
2 þ b2[

�
2p

l

�2

¼
�
Pnm

D

�2

þ
�
lp

L

�2

(2)

Here, Pnm refers to them – th root of the Bessel function of order
n, which arises from solving the wave equation in cylindrical
coordinates with boundary conditions. l is the mode number
which can be l= 0, 1, 2, 3,. for TMmodes and l= 1, 2, 3,. for
TE modes. According to eqn (2), if the length of the waveguide
and the number of modes are xed, to keep the propagation
constant b real, with increasing wavelength, the peak value of
the diameter has to increase. Again, with a xed wavelength,
there is a trade-off between the number of supported modes in
the waveguide and the absorption area of the nanorod in the
case of a larger diameter. Now, with a xed diameter, a longer
) Different types of loss contributions inside a conventional OLED. Only

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 MIS nanorod array placed on a glass substrate. Their structural parameters – ZnO thickness (L), nanorod diameter (D), and periodicity of
the array (P) affect the light propagation constants and optical modes inside the nanorod.
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waveguide will be able to support a larger number of modes at
a specic wavelength. Experimental results also verify this
relation between longer ZnO nanorods and light extraction.24

Furthermore, dipolar coupling for plasmonic resonance
exhibits a red shi with a smaller lattice constant; the peak
Fig. 3 (a) Thickness of different layers in OLEDs with MIS nanorods place
through SPCE. (b) Energy band diagram of the OLED device. (c) A single n
(d) Growth process of the MIS nanorod array on the substrate layer. Con
Finally, the metal layer will be deposited.

© 2026 The Author(s). Published by the Royal Society of Chemistry
periodicity for light extraction decreases with increasing
wavelength.21

So, some important performance parameters of OLEDs, such
as the radiative decay rate, LEE, angular radiation pattern, color
temperature, SLE, and UV light suppression, are affected by the
structural parameters of the nanorod array. In this study, we will
d on the surface of the glass substrate which enhances light extraction
anorod structure made of ZnO, dielectric, and metal (Ag/Au/Cu) layers.
trolled growth of ZnO nanorods will be followed by dielectric coating.

Nanoscale Adv., 2026, 8, 635–645 | 637
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measure LEE enhancement from the ratio of the fareld
transmittance of the MIS nanorod-patterned OLED and the no-
patterned OLED structure. Another performance parameter,
SLE, can also be measured by using the optical power achieved
normalized to human eye sensitivity.

Design principle
Device architecture

An OLED is an injection-type device comprising two electrodes
separated by an organic multilayer. The thickness of different
layers and the energy band diagram of our studied OLED device
are illustrated in Fig. 3(a) and (b). The used OLED device
employs Al as the cathode, Alq3 as the electron transport layer
(ETL), a-NPD as the hole transport layer (HTL), ITO as the
anode, SiN as the encapsulation layer, and glass as the
substrate. For evaluating LEE enhancement, identical
OLED structures were simulated with and without an MIS
nanorod array on the substrate. A single MIS nanorod structure
and the growth process of the nanorods are illustrated in
Fig. 3(c) and (d).

ZnO was selected as the semiconductor oxide, while the
dielectric and metal thickness and dielectric material were
determined from broadband transmittance across the visible
range by changing those parameter values.
Fig. 4 The algorithm flow chart of inverse design optimization of OLED
structure.

638 | Nanoscale Adv., 2026, 8, 635–645
Optimization algorithm

The structural parameters of the nanorod array (ZnO thickness,
nanorod radius, and periodicity) have been optimized using the
inverse-design optimization technique at three distinct wave-
lengths of 440 nm, 550 nm, and 640 nm for blue, green, and red
emitting OLEDs. To observe the trend of LEE enhancement
compared to conventional OLEDs for varying a single param-
eter, every parameter is varied in a specic range. Then the
boundary values for these parameters are set for the optimiza-
tion algorithm, which is known as the Particle Swarm Optimi-
zation (PSO) algorithm. The algorithm ow chart to achieve the
optimum parameter values is depicted in Fig. 4. The algorithm
consists of one judgmental unit (optimum) and two processing
units (PSO and FDTD). In the PSO unit, every particle will nd
its personal best parameters and compare them with the global
parameters. Then the cognitive and social components will be
added to the current velocity of the particles, which is multi-
plied by the inertia weight w. Thus, the algorithm will adjust the
new position of the particles (new structural parameters).

vi (t + 1) = wvi(t) + c1r1(pBesti − xi)

+ c2r2(gBesti − xi) xi(t +1) = xi(t) + vi(t + 1) (3)

Here, r1 and r2 are random matrices regenerated aer every
iteration and bounded in the [0, 1] range, and c1 and c2 are
s with MIS nanorods, which provides optimal parameter values of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coefficients for cognitive and social components. Based on the
requirement of increasing LEE, the near-eld transmission of
light, Tnear-eld, which is the gure of merit in the optimization
algorithm, is monitored by using a eld monitor placed above
the OLED structure, completing forward simulations in FDTD.
The gure of merit is dened as follows:

maximize f(L,D,P) = jTnear-fieldj (4)

The Finite Difference Time Domain (FDTD) method was
employed to solve Vector 3D Maxwell's equations for forward
simulations with the parameter values obtained from optimi-
zation. The Perfectly Matched Layers (PML) boundary condi-
tions were applied to reduce the computational load and avoid
the unnecessary reection of light at the computational
boundaries, and metal boundary conditions were used in the
cathode layer. Multiple dipole sources were positioned using
unit cell symmetry to simulate the behaviour of light inside the
OLED structure.25 Different locations and orientations of dipole
sources have been implemented through parameter sweep. A
frequency domain eld prole monitor captured the data of
Fig. 6 Generation of SPPS at the metal–dielectric interface of the nanor
440 nm, (b) for Au at 550 nm, and (c) for Cu at 640 nm.

Fig. 5 Transmission spectra of the MIS nanorod structure under varying
20 nm, and 30 nm); (b) dielectric layer thickness (30 nm, 60 nm, and 90

© 2026 The Author(s). Published by the Royal Society of Chemistry
time domain electric and magnetic elds and the transmitted
power near the structure. Then the time-domain eld was
converted to the frequency domain using the Fourier transform.
These frequency domain elds are projected into the far-eld
through directional vectors accounting for Snell's law and
Fresnel's law of reection occurring at the far-eld interface.
Results and analysis
Guided SPCE

The effect of metal layer thickness in the nanorod on SPP
generation was rst investigated, given its direct impact on light
absorption. In addition, variations in the dielectric refractive
index and thickness were explored to nd the optimum plas-
monic structure. From Fig. 5(a), it is seen that 10 nm metal
thickness results in maximum light transmission in the visible
range.A steady increase in light transmittance is observed at
a dielectric thickness of 30 nm in Fig. 5(b), and the change in
refractive index of the dielectric material shows a minimal
variation in light transmission as shown in Fig. 5(c). From the
observations, a metal layer thickness of 10 nm, Al203, RI = 1.7–
1.8 in the visible range, as the dielectric layer, and a dielectric
od for different metals from guided light in the ZnO layer: (a) for Ag at

meta-dielectric design parameters: (a) metal layer thickness (10 nm,
nm); and (c) refractive index of the dielectric layer (RI = 1.8, 2.0, 2.3).

Nanoscale Adv., 2026, 8, 635–645 | 639
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thickness of 30 nm have been used as the plasmonic section of
the structure for the optimization process.

To choose the metal, enhancement of light intensity at the
metal–dielectric interface for different metals (Au, Cu, and Ag)
is observed in Fig. 6(a–c), which conrms SPP generation from
guided light waves. Ag exhibits strong surface plasmon
connement in the wavelength range of 400–450 nm, while Au
Fig. 7 LEE enhancement trends at 440 nm, 550 nm, and 640 nm emissio
nanorod radius; (c) periodicity of the array; (d) metal types as the top lay

640 | Nanoscale Adv., 2026, 8, 635–645
demonstrates maximum connement near 530 nm and Cu at
around 600 nm. That's why Ag, Au, and Cu can be used for blue,
green, and red emission regions, respectively, due to their
distinct plasmonic responses at the corresponding wave-
lengths.21 ZnO nanorods as a resonator-type waveguide scatter
the eld to localized light.26,27 This resonance induced
a stronger electric eld along the nanorod gaps due to the
n wavelengths for different structure parameters: (a) ZnO thickness; (b)
er.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Au and Cu exhibit broadband enhancement across the visible
range (400 nm–700 nm), while Ag shows a pronounced peak in the
blue emission region but reduced performance in the red region due
to higher absorption losses.
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refractive index contrast between ZnO and air, causing light
refraction at the nanorod–air interface as per Snell's law.28,29

LEE enhancement trend

Aer dening the plasmonic structure, the enhancement trend
of light extraction efficiency (LEE) at 440, 550, and 640 nm was
investigated by systematically varying the structural parameters
of the MIS nanorods, including ZnO thickness (L), nanorod
radius (R), and array periodicity (P).

As shown in Fig. 7(a), the LEE enhancement curve increases
with ZnO thickness for the three wavelengths. As shown in
Fig. 7(b), the optimal nanorod radius shis to larger values with
increasing wavelength (red shi). However, at a xed wave-
length, the peak radius decreases beyond a critical point
because of the larger absorption area for the photon. Finally,
Fig. 7(c) demonstrates that the peak periodicity shis to
a smaller value as the wavelength faces a red shi. LEE
enhancement maximizes at 440 nm, 550 nm, and 640 nm
wavelengths for the corresponding usage of Ag, Au, and Cu as
metal layers, as expected, which is portrayed in Fig. 7(d). The
Fig. 9 Updated value of near-field transmittance after each iteration from

© 2026 The Author(s). Published by the Royal Society of Chemistry
enhancement trends for different structural parameters with
respect to wavelength shiing follow the theoretical estimation
depicted in the previous section with eqn (2).

Although various metals exhibit distinct plasmon resonance
frequencies and can enhance light intensity at their respective
emission wavelengths, integrating multiple metal layers within
a single OLED unit for display applications is impractical from
a fabrication standpoint. From Fig. 8, it can be observed that Au
and Cu enhance light extraction consistently across the visible
spectrum. In contrast, Ag exhibits stronger enhancement in the
blue emission region but tends to absorb more light at longer
(red) wavelengths, rather than efficiently exciting SPPs. There-
fore, Au or Cu emerges as the more practical choice for the
proposed design.
Optimization results

Observing the parameter trends, the boundary values set for the
PSO algorithm are ZnO thickness [100 nm–800 nm], nanorod
radius [30 nm –80 nm], and array periodicity [180 nm–350 nm].
Aer 25 iterations, the objective function reaches a converged
value and provides optimized structure parameters for all three
wavelengths, as shown in Fig. 9. Since multiple parameters
affect the transmittance, there can be more than one optimized
combination to achieve the optimal gure of merit. The
combinations of optimized parameters to achieve the
maximum objective function are listed in Table 1. If we look at
the optimized parameters, for example, at 440 nm wavelength,
ZnO thickness has reduced while the nanorod radius has
increased in the 2nd combination compared to the 1st one. This
trend has also been followed for the combinations at 550 and
640 nm wavelengths. So, the optimized parameter values
reconrm eqn (2) that for resonance at a particular wavelength,
if one parameter between L and D reaches the maximum value,
the other one will try to reach the minimum to incorporate
maximum optical mode. By reducing the nanorod length and
increasing its radius, the proposed structure can enhance light
extraction, decreasing the vertical footprint of the device relative
to previously reported results at the same time.30 Although our
algorithm explored different metals to optimize performance
across various emission regions, Au or Cu should ultimately be
selected for manufacturing owing to their ability to enhance
the PSO algorithm at (a) 440 nm; (b) 550 nm; (c) 640 nm wavelength.

Nanoscale Adv., 2026, 8, 635–645 | 641
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Table 1 Optimized structural parameters of MIS nanorod arrays for different metals

Wavelength
ZnO thickness
(nm)

Nanorod radius
(nm)

Array periodicity
(nm) Metal

Max
transmittance

LEE enhancement
(%)

l = 440 nm 150.31 74.00 250.00 Ag 0.2066 29.12
100.00 80.00 350.00

l = 550 nm 105.67 78.89 204.06 Au 0.1447 30.36
100.00 80.00 180.00

l = 640 nm 136.48 68.30 195.03 Cu 0.1442 51.78
120.26 74.97 185.75
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light extraction effectively across the entire visible wavelength
range, as discussed in the preceding subsection.

With the optimized MIS nanorod structure on the OLED
surface, other key performance parameters, including emission
intensity, color temperature, far-eld angular distribution, SLE,
transmittance at UV wavelength, and electrical characteristics,
were also analyzed.

Optical performance

As shown in Fig. 10(a–c), the optimized MIS nanorods enhance
emission intensity across the blue, green, and red spectral
regions. The maximum emission intensity increases for red
OLEDs by almost 2 times. It also increases by 1.33 times and
1.42 times for green and blue OLEDs, respectively. The line-
width of the spectrum has become broader for all the OLEDs.

Subsequently, the angular radiation intensity was analyzed
for the simulated OLED without a nanorod array and with the
optimized nanorod array on the substrate surface. The angular
Fig. 10 Enhanced emission intensity after incorporating MIS nanorods
devices. MIS nanorods on the glass surface for (a) blue, (b) green and (c)
patterns between a conventional OLED and MIS nanorod integrated OLE

642 | Nanoscale Adv., 2026, 8, 635–645
coverage of the light intensity of these two devices at wave-
lengths of 440 nm, 550 nm, and 640 nm is portrayed in
Fig. 10(d–f). At l = 440 nm and l = 640 nm, the radiation
pattern remains nearly unchanged, whereas at l = 550 nm the
incorporation of MIS nanorods leads to a more uniform light
intensity distribution. The effective viewing angle for the
proposed device expands up to 30°.

Another performance parameter, the spectral luminosity
efficiency (SLE), was measured at 440, 550, and 640 nm wave-
lengths for the optimized MIS nanorod structures incorporated
on the OLED surface, as demonstrated in Fig. 11(a). The SLE
values obtained at emission wavelengths of 440 nm, 550 nm,
and 640 nm are 5.07%, 62.57%, and 45.57%, respectively. The
highest SLE is obtained at a wavelength of 550 nm, which
corresponds to the maximum overlap with the human eye's
luminosity function. In contrast, the blue emission at 440 nm
exhibits the lowest SLE, primarily due to uorescence-related
limitations.31
on the glass surface for (a) blue, (b) green and (c) red emitting OLED
red emitting OLED devices. Comparative analysis of angular radiation
D at (d) l = 440 nm, (e) l = 550 nm, and (f) l = 640 nm wavelengths.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) SLE values at 440 nm, 550 nm, and 640 nm emission wavelengths for optimized MIS nanorod structures incorporated on the OLED
surface. (b) UV transmittance reduces at 250 nm, 300 nm, 350 nm, and 400 nm wavelengths by using MIS nanorods, which were optimized for
blue (440 nm), green (550 nm), and red (640 nm) emission, compared to the conventional OLED structure without nanorods.
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Another advantage of incorporating optimized nanorods on
the glass surface is the effective suppression of UV wavelengths.
The optimized parameters corresponding to emission wave-
lengths of 440 nm, 550 nm, and 640 nm signicantly decrease
the UV light output from OLEDs compared to conventional
structures. The transmittance in this region reduces from 12%
to 5–7% because of the nanorod structure on top. In particular,
the optimized MIS nanorod design for 550 nm emission
reduces the transmittance to below 5% in the deep UV region,
representing a comparable improvement with the state of the
art.32 The reduction of UV light at 250 nm, 300 nm, 350 nm, and
400 nm wavelengths achieved by introducing optimized nano-
rods for blue, green, and red emission on the OLED surface is
presented in a grouped bar chart in Fig. 11(b).

Electrical performance

We have also compared the electrical characteristics and found
no change in internal quantum efficiency (IQE) and J–V plots
between a conventional OLED and OLED with MIS nanorods, as
Fig. 12 Comparative analysis of (a) IQE; (b) J–V characteristics betwee
becomes saturated and the cut-off voltage are portrayed in the inset of

© 2026 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 12. Since the MIS nanorod array on the glass
surface is a light extraction structure, it will not have any impact
on the photon generation from electron–hole pair recombina-
tion in the emitting layer, and the photon recycling effect is also
not considered. From the inset of the graphs, the maximum IQE
for our studied OLED structure is 12.5% and the cutoff voltage
is found to be 1.8 V.

Fabrication and experimental validation

For the growth of ZnO nanostructures, various techniques are
used, including pulsed laser deposition,33,34 chemical vapor
deposition,35 electrochemical deposition,36 hydrothermal,37

atomic layer deposition38 and chemical bath deposition.39

Compared with many of the previously mentioned techniques,
chemical bath deposition (CBD) is a relatively low-temperature
and low-cost ZnO synthesis method based on a relatively simple
procedure. Deposition of metal and dielectric layers can also be
achieved through methods like e-beam evaporation and sput-
tering.40 Numerous studies have reported the growth of ZnO
n OLEDs with and without MIS nanorods. The voltage at which IQE
the graphs.

Nanoscale Adv., 2026, 8, 635–645 | 643
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nanorod arrays on LED substrates to improve light extraction
efficiency.25,30,41,42 These experimental ndings corroborate our
simulation results, demonstrating the dependence of LEE on
both the ZnO nanorod length30,41 and the array periodicity.42

Furthermore, the electric eld measurements presented in
these studies validate our simulated enhancement of light
intensity attributed to plasmonic effects, as obtained using the
Ansys Lumerical FDTD solver. The optimization of structural
parameters through the inverse design algorithm further rein-
forces the validity of our proposed structure, as the simulated
and experimental outcomes show strong agreement with theo-
retical predictions.
Conclusion

Integration of optimized periodic MIS nanorod arrays on the
substrate surface of the OLED substrate has led to a signicant
enhancement in LEE through the guided surface plasmon-
coupled emission. These ndings not only address the total
internal reection losses in the substrate layer of OLEDs but
also demonstrate the process for wavelength-selective emission
tuning. The LEE enhancement achieved at 440, 550, and 640 nm
with increased emission intensity suggests promising applica-
tions in high-performance displays and energy-efficient
lighting. This inverse design optimization technique can
contribute to the future development of nanostructured opto-
electronic devices. Future research may explore alternative
materials and scalable fabrication for further performance and
cost optimization.
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