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Preface

Photonics and optoelectronics continue to transform modern science and engineering by
enabling advanced technologies for communications, sensing, healthcare, environmental monitoring,
computing, and quantum information processing. Continuous progress in materials, device
design, fabrication processes, and system integration has accelerated the development of compact,
efficient, and high-performance photonic platforms capable of addressing both fundamental scientific
challenges and practical industrial applications.

This Reprint brings together a collection of peer-reviewed articles that reflect recent advances
in photonic and optoelectronic devices and systems. The contributions encompass theoretical
investigations, numerical modeling, device optimization, fabrication technologies, and experimental
demonstrations across a broad range of topics, including integrated photonics, optical waveguides,
resonators, photonic sensors, plasmonics, metamaterials, photonic crystals, semiconductor light
sources, nonlinear photonics, and emerging quantum and artificial intelligence-enabled photonic
technologies. Collectively, these studies illustrate the multidisciplinary nature of the field and
highlight innovative approaches for improving device performance, functionality, and integration.

The primary aim of this Reprint is to provide researchers, engineers, and graduate students
with an up-to-date overview of current developments while promoting the exchange of ideas across
different disciplines within photonics and optoelectronics. It is intended to serve as a valuable
reference for both established researchers and newcomers seeking insight into recent scientific
progress and future research opportunities.

I would like to express my sincere appreciation to all authors for their valuable contributions
and to the reviewers for their careful evaluations and constructive comments, which have helped
maintain the high scientific quality of this Reprint. I also thank the editorial staff of Micromachines
for their continuous support throughout the publication process. I hope this Reprint will contribute
to further advances in photonic and optoelectronic technologies and inspire future research in this
rapidly evolving field.

Muhammad Ali Butt
Guest Editor
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Editorial
Photonic and Optoelectronic Devices and Systems, 4th Edition

Muhammad A. Butt

Institute of Microelectronics and Optoelectronics, Warsaw University of Technology, Koszykowa 75,
00-662 Warsaw, Poland; ali.butt@pw.edu.pl

The rapid development of photonic and optoelectronic technologies continues to
shape progress across integrated photonics, optical sensing, energy harvesting, imaging,
communication systems, and semiconductor-enabled optical devices [1-4]. As modern
applications increasingly demand compactness, higher functionality, and improved effi-
ciency, advances in materials, device engineering, and fabrication technologies are steadily
transforming the capabilities of optical systems [5-8]. This 4th edition of the Special Issue
Photonic and Optoelectronic Devices and Systems brings together eleven contributions that
collectively highlight recent progress across several important areas of photonics and opto-
electronics. The Issue includes one review article and ten original research papers covering
silicon photonics, metasurfaces, radiation detectors, photovoltaics, photoelectrochemical
systems, optical logic, beam shaping, display technologies, LiIDAR systems, and wafer level
optoelectronic integration. Together, these studies reflect the increasingly interdisciplinary
nature of photonics research and demonstrate how innovations in materials, device physics,
and system integration continue to drive the field forward [9].

The review article by the guest editor Dr. Butt presents a broad and timely overview
of the growing convergence between plasmonics and metasurfaces for next generation
planar optical systems [Contribution 1]. The review discusses how the strong field con-
finement enabled by plasmonic structures can complement the versatile wavefront control
offered by metasurfaces within compact and multifunctional optical platforms. Important
developments in modulators, detectors, nanolasers, metalenses, beam steering devices,
and programmable optical surfaces are critically examined alongside key challenges as-
sociated with optical losses, thermal effects, fabrication scalability, and material selection.
By bringing together recent developments across plasmonic, metasurface, and hybrid
architectures, this work provides a useful perspective on how planar optical systems
may continue to evolve for applications in sensing, imaging, communication, and optical
information processing.

The ten original research articles in this Issue address a diverse range of topics span-
ning integrated photonics, photodetection, energy conversion, optical computing, and
display technologies. The study by Smolanski and Malka investigates a compact O band
4 x 1 optical power combiner based on a cascaded multimode interference tree config-
uration implemented on a silicon on insulator platform [Contribution 2]. Designed to
operate around 1310 nm, the proposed device employs low loss S bends and adiabatic
tapers to achieve efficient coherent power combining while maintaining compactness and
fabrication tolerance. Thermal analysis further demonstrates stable operation over a broad
temperature range, making the design attractive for O band photonic transmitters and
integrated photonic systems requiring efficient power scaling.

In the area of solar energy harvesting, Wang et al. report a novel PN tandem solar cell
based on the combination of a dye sensitized TiO, photoanode and a perovskite sensitized
NiO photocathode [Contribution 3]. The work addresses an important limitation of tandem

Micromachines 2026, 17, 671 https://doi.org/10.3390/mil7060671
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dye sensitized solar cells, namely the poor performance of p-type sensitizers, by introducing
a hybrid sensitization approach capable of simultaneously improving open circuit voltage
and short circuit current density. Through optimization of the photoelectrode thickness and
device structure, the authors demonstrate enhanced power conversion efficiency, offering
useful insights into future strategies for improving tandem photovoltaic systems.

Infrared polarization sensitive photodetection is explored in the contribution by
Zheng et al., who propose a compact chiral mid wave infrared photodetector based on
trapezoidal silicon pillars [Contribution 4]. By carefully engineering geometric asymme-
try through displacement and tilt angle manipulation, the proposed metasurface enables
significantly different responses to left and right circularly polarized light, leading to a
high extinction ratio. The compatibility of the design with semiconductor fabrication
processes further highlights its practical relevance for integrated infrared sensing, quantum
communication, and compact polarization selective photonic systems.

Radiation detection technologies are further advanced in the work by Wang and
Li, who propose a novel spiral silicon drift detector featuring a constant cathode gap
and arbitrary cathode pitch profiles [Contribution 5]. Unlike conventional concentric
ring detector geometries, the proposed design enables improved control of electric field
distribution while reducing surface leakage current. Theoretical modeling, together with
three dimensional TCAD simulations, reveal smooth electric potential profiles, uniform
drift channels, and highly symmetric charge transport. This study provides an important
contribution toward the development of high performance detectors for applications in
X ray spectroscopy, particle physics, and radiation monitoring.

Freeform optical beam shaping is examined in the contribution by Zhang et al., who
present the design and ultra precision fabrication of freeform Fresnel lenses for generat-
ing rectangular dark hollow beams [Contribution 6]. By dividing the lens into multiple
fan-shaped sectors capable of independently redirecting light toward prescribed spatial
locations, the authors successfully demonstrate the generation of square hollow beam
profiles. Experimental measurements show strong agreement with simulations, validating
the feasibility of the proposed design. The work highlights the practical value of combining
freeform optics with Fresnel structures for compact beam shaping applications in optical
manipulation, communications, and laser systems.

La Ferrara et al. contribute an interesting study on triple cation perovskite photoan-
odes for solar water splitting, comparing photovoltaic assisted and immersed photoelec-
trochemical operating modes [Contribution 7]. By integrating encapsulated mixed halide
perovskite solar cells with catalytic nickel foils, the authors demonstrate efficient solar
driven water splitting under alkaline conditions while addressing the long standing stabil-
ity challenges associated with perovskite materials. Particularly noteworthy is the strong
performance observed in the immersed configuration, emphasizing the importance of
device architecture in maximizing photovoltage utilization and charge transfer efficiency.
This work represents a promising step toward scalable and efficient photoelectrochemical
systems for hydrogen generation.

All optical information processing in the terahertz regime is explored in the work of
Guo et al., who propose dual band all optical logic gates based on unidirectional electro-
magnetic modes [Contribution 8]. Using a Y-shaped structure capable of supporting robust
one way signal propagation, the authors demonstrate several logic operations including
AND, OR, NOT, and XNOR functions across different frequency bands. Importantly, the
proposed architecture enables simultaneous processing of multiple signals without cross
talk, highlighting its potential for future high throughput optical computing and integrated
photonic logic systems.

2 https:/ /doi.org/10.3390/mil7060671
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Seo and Park present an energy efficient LIDAR receiver based on a time-to-voltage
converter combined with a successive approximation register analog to digital converter
[Contribution 9]. Instead of relying on conventional time to digital conversion schemes,
the proposed architecture converts time intervals into voltage signals before digitization,
significantly reducing circuit complexity and power consumption. Fabricated in a CMOS
platform, the receiver demonstrates compactness and low energy consumption while main-
taining sufficient temporal resolution for short range LiDAR applications. The proposed
approach provides a practical route toward compact sensing systems for autonomous
technologies and environmental monitoring.

Display technologies are represented by the contribution of Byun et al., who inves-
tigate polydimethylsiloxane-based quantum dot color conversion layers for QD OLED
applications [Contribution 10]. By embedding quantum dots within a thermally curable
PDMS matrix, the authors successfully suppress blue light leakage while improving overall
color conversion efficiency compared with conventional quantum dot only layers. Through
systematic optimization of quantum dot concentration and layer thickness, the study
demonstrates the benefits of PDMS as a stable and optically transparent host material for
future high quality display technologies.

Finally, Zhang et al. report a wafer level transfer process for GaN on Si light-emitting
devices based on S5iO,-to-5iO, direct bonding [Contribution 11]. The proposed strategy
combines hybrid planarization with direct bonding to enable efficient transfer of large
area wafers while reducing optical losses associated with silicon absorption. Detailed
investigations of strain relaxation and optoelectronic performance reveal notable improve-
ments in light output together with important insights into thermal and stress related
behavior during substrate transfer. This work offers a practical pathway for advancing
high performance GaN based optoelectronic devices and Micro LED technologies.

These eleven contributions collectively provide a timely perspective on several impor-
tant directions currently shaping photonic and optoelectronic research. A noticeable theme
across the Issue is the increasing emphasis on compact and multifunctional optical sys-
tems, whether through integrated silicon photonics, metasurface-enabled photodetection,
freeform beam shaping, wafer level integration, or energy efficient sensing and computa-
tion. At the same time, advances in renewable energy devices, radiation detection, and
display technologies illustrate how innovations in materials and device engineering con-
tinue to expand the practical reach of photonic technologies. This Special Issue highlights
not only the diversity of modern photonics research but also the growing convergence
between optical physics, semiconductor technologies, materials engineering, and system
level design. We hope that the studies presented here will stimulate further developments
and encourage continued efforts toward compact, efficient, and application driven photonic
and optoelectronic systems.

Funding: This research received no external funding.
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Article
An Energy-Efficient LIDAR Receiver Using Time-to-Voltage
Converter and SAR ADC in 180 nm CMOS

Bobin Seo and Sung-Min Park *

Division of Electronic & Semiconductor Engineering, Ewha Womans University, Seoul 03760, Republic of Korea;
ghqls28@ewha.ac.kr
* Correspondence: smpark@ewha.ac.kr

Abstract

This paper proposes an energy-efficient LIDAR receiver topology based on a time-to-
voltage converter (TVC) followed by a 5-bit SAR ADC. By converting the time-interval
between START and STOP signals into the voltage domain, the proposed topology avoids
the complexity of conventional TDC-based designs and enables the use of a moderate-
speed, energy-efficient SAR ADC. The proposed TVC in the proposed LiDAR receiver
consists of an on-chip avalanche photodiode (APD), a CMOS transimpedance-limiting
amplifier (CTLA), a time-gating circuit, a ramp generator, and a peak-and-hold (PDH)
block. Thereafter, the converted voltages are digitized by a VCM-based single-ended SAR
ADC with a binary-weighted CDAC, a strong-arm latch comparator, and custom digital
logic. A reset generator is also incorporated to coordinate the sampling, comparison, and
settling phases. The proposed LiDAR receiver is implemented in a 180 nm CMOS process,
where the TVC occupies an area of 171 pm x 98.8 um, while the TVC-SAR receiver occupies
417 um x 356 pm, respectively. The proposed LiDAR receiver consumes 13 mW from a
single 1.8 V supply, in which the SAR ADC consumes 3.68 mW only. The TVC-SAR receiver
resolves the time-intervals ranging from 7 ns to 32.1 ns with a resolution of 0.81 ns. Hence,
the proposed topology provides an energy-efficient solution along with its reduced circuit
complexity and chip implementation for short-range LiDAR applications.

Keywords: TIA; time-to-voltage converter; LIDAR; SAR ADC; CMOS

1. Introduction

Light detection and ranging (LiDAR) technology has become increasingly important in
a wide range of applications, including transportation and autonomous systems, environ-
mental and geospatial monitoring, satellite-based atmospheric observation, and healthcare
monitoring such as activity recognition and fall detection [1-6]. These applications require
highly accurate, fast, low-power, and cost-effective sensing solutions, rendering LiDAR
sensors an essential component in modern electronic systems. As the adoption of LIDAR
continues to expand, there has been a growing demand for compact and energy-efficient
circuit implementations that can maintain reliable performance under strict power and
size constraints.

In time-of-flight (ToF) LiDAR sensor systems, CMOS implementation often requires
substantial downstream digital processing for timing extraction and digitization [7]. In
some conventional architectures, these functions are performed using either on-chip or
off-chip processing units. To address this issue, time-to-digital converters (TDCs) have been
widely adopted in recent LiDAR systems [8-10]. However, TDC-based implementations

Micromachines 2026, 17, 622 https://doi.org/10.3390/mil7050622
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usually involve considerable design complexity, and moreover their timing accuracy can
be sensitive to mismatch, process-voltage-temperature (PVT) variations, metastability, and
layout/routing parasitic components [11,12].

To alleviate these limitations, this paper proposes a topology in which a successive-
approximation-register analog-digital-converter (SAR ADC) is placed after a time-to-
voltage converter (TVC). The SAR ADC is an attractive choice because of its simple ar-
chitecture and high energy-efficiency, particularly in low-to-medium-speed applications
because the TVC first converts the time-interval between START and STOP signals into a
voltage-domain quantity.

Figure 1 shows the block diagram of the proposed LiDAR receiver, where the SAR
ADC is connected to the output of the TVC so that the time-intervals can be directly
translated into digital codes.

ﬁransmlsslon \
J Lens Tx

This work

Distance

Y Receiving T Estimation
\Lens i i /

Figure 1. Block diagram of the proposed LiDAR sensor.

Figure 2 shows the block diagram of the proposed TVC circuit, which consists of an on-
chip avalanche photodiode (APD), a CMOS transimpedance-limiting amplifier (CTLA), a
Schmitt trigger, a time-gating circuit called rising edge detector (RED), an enable-controlled
ramp generator (i.e., an integrator circuit), and a peak-and-hold (PDH) block. Therefore,
the TVC converts the time-intervals between the START signals transmitted from the
transmitter (Tx) and the STOP signals reflected from the targets into the corresponding
voltages, hence enabling the voltage-domain time-encoding for ToF LiDAR sensor applica-
tions [13]. Thereafter, a common-mode voltage (VCM)-based SAR ADC is employed as a
back-end digitizer.

sTo;ED M ;—-Mi _/_

[ dt PDH Vive

START

Figure 2. Block diagram of the TVC circuit.

This paper is organized as follows. Section 2 discusses the circuit operations and, Section 3
presents the post-layout simulation results, and the conclusion is followed in Section 4.

2. Circuit Description
2.1. Front-End Detection

In this work, on-chip APDs are implemented based on a P*/N-Well/Deep N-Well
(P*/NW/DNW) structure where avalanche multiplication is initiated at the P*/NW junc-

tion. The central P* contacts are tied to the TIA input, suppressing slow substrate diffu-
sion currents while maintaining high responsivity and wide bandwidth. Shallow-trench-
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Micromachines 2026, 17, 622

isolation (STI) formed deeper than the junction serves as a guard ring, thus reducing electric
field crowding and preventing premature breakdown at the cost of slightly worse responsiv-
ity. The DNW enhances the NIR sensitivity by blocking hole diffusion into the P-substrate
via a built-in potential barrier. For optical access, salicide blocking is applied to the P*
source/drain regions, while P* contacts remain silicided for low resistance. Minimizing
the contact area is also necessary to preserve responsivity [14,15].

Figure 3 shows the internal cross-section of the proposed P*/NW/DNW APD.
For improved optical and electrical performance, salicide blocking is applied to the P*
source/drain regions to enable efficient light absorption, while the P+ contacts remain
silicided to reduce series resistance. The active area diameter is designed to be 40 pm to
enhance responsivity, and an octagonal layout is adopted to mitigate edge breakdown. The
device achieves a responsivity of 4.16 A/W at a reverse bias of 10.5 V and a photodetection
bandwidth of 1.7 GHz at 10.25 V.

Salicide P+ Contact P-sub Contact

Blocking Layer N-well Contact
S S S S
T [N+t T[N+ 1
1 1 1 |
-wel
\ N-well /
Deep N-wel
P-substrate

Figure 3. Internal cross-section of the P*/NW/DNW APD [14,15].

Figure 4 illustrates the schematic diagram of the CMOS transimpedance-limiting
amplifier (CTLA) employed as the front-end amplifier. The CTLA adopts a dual-feedback
topology composed of a main inverter-based TIA and an additional active feedback path.
An NMOS switch is inserted in the feedback loop so that the auxiliary feedback is activated
only when the input photocurrent exceeds a certain threshold [16,17]. Under small-signal
input conditions, the circuit operates as a conventional TIA to maintain linear amplification,
while for large input currents the active feedback path drives the output into saturation,
thus performing a limiting function. This approach suppresses pulse distortion and extends
the input dynamic range without requiring a multi-stage limiting amplifier. The CTLA
exhibits a transimpedance gain of 69.8 dB() and a bandwidth of 2.78 GHz, while consuming
6.76 mW. The input-referred noise spectral density is 14.9 pA//Hz, and the input dynamic
range is 40 dB (10 pApp to T mApp).

R
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|:: M,
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> A Vocria

L MWV
Re2

Figure 4. Schematic diagram of the CTLA [16,17].
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Figure 5 shows the schematic diagram of the Schmitt trigger that is employed in the
proposed TVC to convert the analog output of the CTLA into a digital signal. Compared to
a conventional latch-based design, the suggested Schmitt trigger can be realized using a
smaller number of CMOS transistors, enabling a more compact and power-efficient design.
In this work, the circuit uses only six CMOS transistors.

VO,CTLA

Figure 5. Schematic diagram of the Schmitt trigger.

Due to its inherent hysteresis characteristics, the Schmitt trigger improves noise
immunity and prevents false switching caused by small fluctuations in the TIA output.
This effectively allows reliable signal detection over a wider input range, which can be
interpreted as an improvement in the usable dynamic range of the TIA output. Although
the Schmitt trigger consumes 1.02 mW, which is not particularly low for a simple six-
transistor implementation, it provides a simpler and more power-efficient solution when
compared to conventional approaches in time-based conversion systems that rely on more
complex latch or comparator structures for analog-to-digital pulse generation.

2.2. Time-to-Voltage Converter

Figure 6 illustrates the schematic diagram of the time-gating circuit, where START and
STOP signals pass through inverter stages to introduce a slight delay, thereby generating
narrow pulse signals based on edge-detection principles. Unlike a conventional rising-
edge detector that only indicates the occurrence of a signal transition, the proposed circuit
utilizes both START and STOP signals to capture the time-interval between them.

START l_[>0 - DO_DO_lEM"

STOP l_|>o = D:)_D_":M‘|5 ICRED

CTRL

Figure 6. Schematic diagram of the time-gating circuit.

In this implementation, the STOP signal corresponds to Vo g1, while the START signal
is externally applied from the Tx. These signals drive the gates of the PMOS and NMOS
transistors, which selectively connect the capacitor node to VDD or GND. Consequently,
the capacitor is charged during the time-interval between START and STOP, effectively

8 https:/ /doi.org/10.3390/mi17050622



Micromachines 2026, 17, 622

converting the time-difference into a voltage level. The inverted voltage across the capacitor
is then used as the CTRL signal.

Figure 7 shows the schematic of the proposed ramp generator that operates as a time-
gated integrator rather than a conventional continuous-time ramp generator. It consists
of a voltage-to-current conversion stage (op-amp, a resistor, and M;y), a current mirror
(M19—Myg), a load capacitor (Crg) and a reset switch (Myg). The op-amp regulates the
source node of M;y such that a current proportional to the input voltage is continuously
generated through My7. This current is mirrored by M19—Mj( and serves as the charging
current for the load capacitor (Crg). The CTRL signal generated from the time-gating
circuit defines the integration window and operates as an active-low enable signal.

Figure 7. Schematic diagram of the time-gated ramp generator circuit.

When CTRL is high, M3 is turned-on, thus forcing the output node to ground and
resetting the capacitor. In this phase, the mirrored current is diverted through M;g, and no
integration occurs.

When CTRL transitions to low (i.e., during the time-interval between START and
STOP signals), Mjg is turned-off and the mirrored current from My is injected into the
capacitor. In consequence, the capacitor is actively charged during this interval, generating
a voltage ramp proportional to the input time difference. Therefore, the proposed circuit
can generate ramp signals only within the defined time-interval, hence enabling accurate
time-to-voltage conversion for the subsequent SAR ADC.

Figure 8 shows the peak detect-and-hold (PDH) circuit where the input of the PDH
(Vin) is connected to Vo rg, so that the circuit detects and holds the peak voltage stored
on the capacitor. The reset signal (RST) discharges the stored voltage on the capacitor and
is externally applied after two cycles of the SAR ADC to ensure stable operations. This
configuration enables accurate sampling of the peak value and maintains it for subsequent
processing by the ADC, thereby preventing signal loss due to rapid signal variations.

Figure 8. Schematic diagram of the peak-detect and hold (PDH) circuit.
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Figure 9 illustrates the block diagram of the proposed TVC-SAR receiver. As aforemen-
tioned, START signals from the Tx are applied directly to the TVC whereas STOP pulses
reflected from targets enter the TVC after being processed through the analog front-end
circuit including the on-chip APD and the CTLA. The TVC converts the time-intervals
between the START and STOP signals into analog voltages. Then, the generated voltages
are transferred to the SAR ADC through a sample-and-hold (S/H) circuit followed by a
VCM-based single-ended SAR ADC.

C-DAC
cho—-o/ o-l—
STARTo :H
STOPo °
SAMPLE Reset Shift 5 SAR 5 | Output | 5
J— cLx Generator Register| Logic Register|[” out
MSWP
SMSWN
Logic
SAMPLE C-DAC

Figure 9. Block diagrams of the proposed TVC-SAR receiver.

The SAR ADC consists of an S/H circuit that samples both IN+ and IN— inputs
(which correspond to the comparator’s differential inputs), a capacitive digital-to-analog
converter (C-DAC), a strong-arm latch comparator, a reset generator, and digital logic. To
maintain sampling consistency, the VCM is sampled by using a C-DAC. The S/H circuit is
implemented using a transmission-gate (TG) based sampling structure, and is controlled
by the ‘Sample” and ‘Sample_B’ signals generated from the logic block of the SAR ADC.

2.3. Strong-Arm Comparator and SR Latch

Figure 10a depicts the schematic diagram of the strong-arm comparator. Whenever
IN+ is greater than IN—, the transistor My is turned on. Therefore, a low signal is delivered
to both M3g and My, turning Masg off and My on. In consequence, the output node (OUT+)
is pulled up to Vpp, producing a strong logic high signal. To the contrary, the opposite
output node (OUT-) is discharged toward ground, generating a strong logic low signal.
These regenerative operations rapidly amplify the small input difference and enable fast
decision-making. In addition, the clock signal (CLK) is applied to the transistor M;5, which
acts as a tail switch. The comparator operates only when the clock signal is high, thereby
reducing static power consumption and improving overall power efficiency.

wlf= i wl-

M?i =§ﬂu Mys = IE“H
ouT- pOUT— —2

Azl B sl Uendl) U vl

ouT+
—1lno

(@) (b)

Figure 10. Schematic diagrams of (a) strong-arm comparator and (b) SR latch.
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Figure 10b shows the schematic diagram of the SR latch. By placing the SR latch after
the strong-arm comparator, the comparison result is stored and maintained until the next
clock cycle, ensuring stable digital output for subsequent logic processing. The SR latch is
implemented by using NOR gates constructed at the MOSFET level, which improves the
circuit uniformity and allows more consistent device matching when compared to gate-level
implementations. Furthermore, the SR latch prevents the output glitches and provides a
reliable digital interface between the analog comparator and the following digital logic.

In this work, the strong-arm latch is driven by CLK, i.e., the inverted clock signal,
instead of the main clock used in the preceding logic blocks. By operating on the comple-
mentary clock phase, the latch functions at a different timing from the logic that generates
signals synchronized with the main clock signal. This timing separation provides addi-
tional settling time for the comparator outputs and helps to prevent potential timing errors,
thereby ensuring more reliable and accurate comparison results.

2.4. C-DAC

As aforementioned, a Vcy-based single-ended SAR ADC architecture is employed
in the proposed TVC-SAR receiver. For proper Vcy-based operations, the negative input
(IN—) node is connected to the common-mode voltage (Vcy), while the positive input
(IN+) node is connected to Vj, that is the output of the preceding TVC. The IN-node in
this C-DAC is solely connected for symmetry and therefore does not affect the switching
operations, comparator decision, or conversion, hence serving only to sample and hold the
common-mode voltage (Vcm).

Figure 11 shows the schematic diagram of the C-DAC. Here, the unit capacitance (C)
has a minimum value of 35.6 fF. During the sampling phase, the top plate of the C-DAC is
connected to Vi, while the bottom plate is tied to Vcyy, thus allowing the input signal (Vin)
to be stored. Then, the input signal is sampled at the top plate of the C-DAC through the
connected sample-and-hold (S/H) circuit. According to the bit decision generated by the
SAR logic, the bottom plate of the C-DAC is switched to either Vrprp or VRgpN-

SAMPLE
Vin [ ‘] ‘[ ‘| ‘I '| 0 Veoac
< [l N - o
(&) (&) (&) (&) (&)
o o o 0 o o o 0 o

Vrerp )

Vreen

Vem

Figure 11. Schematic diagram of the C-DAC circuit.

After the sampling phase, the SAR conversion process begins. Starting from the most
significant bit (MSB), the comparator sequentially performs bit-by-bit comparisons. The
resulting C-DAC voltage (Vcpac) is compared with the input signal (Vj,) through the
comparator to determine each bit. The total capacitance of the C-DAC array is designed to
be 16C that corresponds to the binary-weighted capacitor structure, i.e., (8C + 4C + 2C +
C + Q). In the MSB decision step, the C-DAC output is adjusted by £(Vrerr — VrERN)/2,
depending on the switching result. In the subsequent steps, the voltage change becomes
+(Vrerr — VrReeN)/4, £(VrRerp — VREEN)/ 8, and so on for the lower bits. It is noted that
the value of V¢y is defined as the mid-point between Vrgrp and Vyepn.
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Figure 12 depicts the switching control circuit for the C-DAC. Through this switching
block, each capacitor is connected to V¢ during the sampling phase, allowing the input
signal to be properly stored. During the conversion phase, based on the bit-decision result,
the capacitor is switched to Vrgpp when the decision becomes ‘1" and to Vrgrny when
the decision becomes ‘0". These switching operations enable the C-DAC to generate the
corresponding reference voltage levels for each bit, hence facilitating the accurate successive
approximation during the conversion process.

SAMPLE
VCM
SAMPLE
B,
[
Vrerp -
SAMPLE CON CON L
B, Bn
CON
VREFN
CON

Figure 12. Schematic diagram of the switching control circuit of C-DAC.

Figure 13 illustrates the principal operations of the C-DAC for the upper 2-bit example.
During the sampling phase, Vi, is sampled onto the capacitors. Afterward, the input signal
is disconnected, and the comparator determines the polarity between VN, and Vin_. Based
on the decision, the capacitor is switched from V¢ to either Vrgpp or VRgpn, resulting in
a step change of =(Vrgrp — Vrern)/2 in the C-DAC output for the MSB decision. In the
subsequent bit cycle, the C-DAC output is further adjusted by +(Vrgrp — Vrern)/4-
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Figure 13. Schematic diagram of the C-DAC operations during SAR conversion.
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2.5. Digital Logic and Reset Generator

Figure 14 depicts the block diagram of the reset generator circuit that consists of a D
flip-flop (DFF) and logic gates. It can count eight clock cycles and generate a reset signal
at the 9th cycle. In the proposed SAR ADC architecture, the sampling phase occupies
two clock cycles, followed by five comparison cycles. Thereafter, one additional clock cycle
is allocated for settling before the end-of-conversion (EOC) signal is generated. At every
9th rising edge of the clock, the reset signal is generated, returning the SAR ADC to the
sampling phase. Although the proposed converter is a 5-bit SAR ADC, the reset signal
is generated every eight clock cycles rather than six cycles in order to allocate additional
timing for the end-of-conversion (EOC) signal generation and the SAMPLE state control.
The generated reset signal is distributed to the digital logic block, where it initializes the
internal registers and coordinates the timing of the SAMPLE and EOC signals.

§ T

D -
J.
> a8
D QRESET
5 LD as
DDt
> a8
| D_
L 1p aQ
=
LD e
|

Figure 14. Schematic diagram of the reset generator.

Figure 15 shows the block diagram of the digital logic, consisting of a shift register
and several DFFs that perform the bit-decision operation of the SAR algorithm. To ensure
sufficient sampling and settling time before the sampled signal is transferred from the
sample-and-hold (S/H) circuit to the C-DAC, the SAMPLE signal occupies twice the
duration of a single bit-comparison state. Consequently, the sampling operation lasts
for two clock cycles, followed by five clock cycles dedicated to the bit-by-bit comparison
process. After the final comparison, an additional clock cycle is consumed to allow for
redundancy in the bit decision and sufficient settling time. Although this results in more
than five clock cycles being used for the conversion, the removal of redundancy improves
the overall accuracy. Moreover, since the target ADC is not designed for high-speed
operations, the additional clock cycle does not significantly degrade performance.

During the conversion phase, the SAR logic receives the comparator output and
determines the switching direction of the C-DAC. Depending on whether the comparator
output is logic “1” or ‘0’, the corresponding capacitor is connected to either Vrgrp or VrrrN,
respectively. In addition, the set input of each DFF is controlled by the output of the shift
register so that the decision-making process is activated only for the corresponding bit
position, while the other stages remain inactive. This mechanism enables the sequential bit
evaluation and the proper propagation of the SAR decision through the register chain.
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Figure 15. Block diagram of the digital logic.

3. Layout and Simulation Results

Figure 16 illustrates the layout of the proposed TVC-SAR receiver, in which the TVC block
integrated with two on-chip P*/NW/DNW APDs occupies an area of 171 pm x 98.8 um,
while the overall TVC-SAR receiver layout occupies an area of 417 um x 356 um, respectively.
It should be noted that a dummy APD is added not only to enhance the responsivity of the
on-chip APD, but also to improve the symmetry of the analog front-end circuitry. Also, it is
clearly seen that the layout of the proposed TVC-SAR receiver includes a TVC followed by a
5-bit SAR ADC. Post-layout simulations were carried out for the TVC-SAR receiver by using
the model parameters based on a standard 180 nm CMOS technology. The DC simulation
results indicate that the proposed TVC-SAR receiver consumes 13 mW from a single 1.8 V
supply voltage, in which the SAR ADC only consumes 3.68 mW.

356pm

Figure 16. Layout of the proposed TVC-SAR receiver.

Figure 17 compares the simulated pulse response of the CTLA alone with that of
the CTLA plus Schmitt trigger for various input currents. As observed from the results,
the Schmitt trigger starts to recognize the input signals from ~14 wAp,. This corresponds
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to a time-interval of 32.9 ns, which translates to a distance of 4.93 m. In the case of the
CTLA alone, the output pulse begins to exhibit distortion starting from around 1 mAp,.
However, with the addition of the Schmitt trigger, the distorted pulses are effectively
restored, maintaining a stable pulse shape up to ~2.8 mA,,,, confirming enhancement in
the effective dynamic range. At 2.8 mAy,, the corresponding time-interval is 2.32 ns, which
translates to a distance of 0.35 m.

2.0,

A ) 1

vV (V)

1 Vocrma

TR T

10pA,,  14pA,,  20pA,,  100pA,,  S00pA,,  1mA,  25mA,, 28mA,

0.0

Figure 17. Pulse response comparison of the CTLA alone with the CTLA plus Schmitt trigger for
various input currents.

Figure 18 presents the simulated AC responses of the CTLA alone and the CTLA +
Schmitt trigger, respectively. The inclusion of the Schmitt trigger increases the effective
transition gain up to 81.3 dBQ). While the Schmitt trigger is inherently non-linear, this AC
response characterizes its small-signal behavior during switching, thus confirming that the
system maintains a high bandwidth of 2.2 GHz for high-speed pulse restoration.

1 w/ Schmitt trigger TZ gain = 81.3dBQ, BW ;5 = 2.20GHz
80.0
700 1 CTLA TZ gain = 69.8dBQ, BW_, ;3 = 2.78GHz
S
)
g
S 6007
50.0 1
40.0 4
300 h r T T T T T T T T T T
10° 10! 10° 10° 104 108 108 107 108 10° 1010
Frequency (Hz)

Figure 18. AC response comparison of the CTLA alone and the CTLA plus Schmitt trigger.

Figure 19 shows the simulation results of the proposed time-to-voltage converter
(TVC) with At = 7 ns. The START and STOP signals are detected at their rising edges to
generate the CTRL signal, which remains low only during the interval At and stays high
otherwise. This CTRL signal drives the ramp generator-based integrator, enabling charging
exclusively during At. The resulting Vo rg is then processed by the peak-detect-and-hold
(PDH) circuit, effectively converting the input time interval into a proportional voltage.

15 https:/ /doi.org/10.3390/mi17050622



Micromachines 2026, 17, 622

START

CTRL

Bt PDH

CHARGE

Figure 19. Simulation results of the proposed TVC for At =7 ns.

Figure 20a depicts the transfer characteristic from the input time-interval (At) to the
TVC output voltage, along with its best-fit linear approximation. While the overall trend
follows a linear relationship, noticeable deviation is observed particularly in the lower time
region due to the intrinsic nonlinear behavior of the TVC.

Figure 20b reveals the corresponding integral nonlinearity (INL), calculated with
respect to the best-fit line and normalized by the 5-bit equivalent LSB. Over the evaluated
range, the INL is simulated to be +1.276/—4.557 LSB, resulting in a peak-to-peak INL
of 5.833 LSB. The relatively large INL mainly originates from the nonlinear voltage-time
characteristic in the initial charging region.

To further evaluate the local linearity, the differential nonlinearity (DNL) was extracted
based on the variation in the instantaneous slope relative to the ideal slope obtained from
linear fitting.

Figure 20c shows the simulated results of DNL, where the DNL ranges from —0.264
to +1.860 LSB, with a peak-to-peak value of 2.124 LSB. Despite the non-ideal linearity
reflected in the INL, the TVC maintains a monotonic transfer characteristic across the entire
operating range, without any missing codes. This is also supported by the bounded DNL
behavior, indicating that the local step variation remains controlled. Therefore, although
the absolute linearity is limited, the proposed TVC is still suitable for applications where
monotonicity and consistent time resolution are more critical than strict linearity.

Figure 21 presents the simulated phase operations of the proposed SAR ADC. The
operation consists of a 2-clock-cycle sampling phase, followed by 5 comparison cycles.
Afterward, one clock cycle is allocated for settling, during which the EOC signal is gen-
erated. This sequence repeats periodically. In the proposed implementation, the SAR
ADC operates with a fixed synchronous timing scheme without an explicit asynchronous
start-of-conversion (SOC) signal, while the PDH circuit holds the converted voltage before
the SAR conversion phase begins.
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Figure 20. Simulation (a) transfer characteristic vs. best-fit line, (b) INL, and (c¢) DNL results of the
proposed TVC.
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Figure 21. Simulated timing diagrams of the proposed SAR ADC operation phases.

Figure 22 shows the simulated C-DAC output (Vcpac) for different time intervals.
The results correspond to At = 8.62 ns, 16.72 ns, 17.53 ns, and 27.25 ns. The first sample (blue
and red) on the left presents the results for 16.72 ns and 17.53 ns. It demonstrates that the
SAR ADC can clearly distinguish even a small time-difference of 0.81 ns that corresponds
to the LSB resolution. This LSB resolution of 0.81 ns corresponds to the detection range
of 12.2 centimeters in distance. Therefore, it is noted that the proposed sensor system has
a minimum detectable range of 1.05 m and a maximum detectable range of 4.82 m. The
second sample (purple and green) on the right figure shows the results for 8.62 ns and
27.25 ns, where different switching behaviors of the C-DAC can be observed depending on
the input time-interval.

Sample Sample Sample Sample

— —  — —

At=27.25ns

At=17.53ns

Jm=1ﬁ.72ns | - ‘

At=8.62ns

Figure 22. Simulated Vcpac for different time intervals, respectively.

Figure 23 shows the timing-diagrams of the C-DAC switching control circuit. The
signals include B;, (generated by the SAR logic based on bit decisions), which switches the
capacitor to Vrgpp, CON (that is connected to Vrgpn), and SAMPLE (that is connected to
Vem). These timing-diagrams confirm that the capacitor switching occurs without overlap,
thus ensuring proper and reliable C-DAC operations.
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Figure 23. Timing diagrams of the C-DAC switching control signals.

Figure 24 presents an example of the full 5-bit digital output for At = 18.34 ns. It
can be observed that the final output is determined and becomes valid simultaneously
with the assertion of the end-of-conversion (EOC) signal. In addition, all output bits (Py)
exhibit clearly distinguishable logic low and high levels, indicating stable and accurate
digital conversion.

P4

P3

P2

P1

PO

EOC

Figure 24. 5-bit SAR ADC output waveforms at At = 18.34 ns.

Figure 25 shows the FFT spectra of the standalone SAR ADC only and the proposed
TVC + SAR system. The FFT spectra were normalized with respect to the fundamental
tone at 40.148 kHz, where the fundamental tone was set to 0 dB. Figure 25a shows the
FFT spectrum of the standalone SAR ADC, where the measured SINAD and ENOB were
26.67 dB and 4.14 bits, respectively. Figure 25b shows the FFT spectrum of the complete
TVC + SAR ADC system under the same sampling condition, in which the measured
SINAD and ENOB were 20.57 dB and 3.12 bits, respectively. Compared to the standalone
SAR ADC, the proposed TVC + SAR ADC system exhibits increased distortion due to the
nonlinearity and timing conversion error introduced by the TVC stage.
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Figure 25. FFT spectra of (a) the standalone SAR ADC only, and (b) the complete TVC + SAR
ADC system.

Table 1 summarizes the prior time-of-flight (ToF) sensing systems together with the
proposed work. Since the prior arts target various LiDAR applications and adopt different
architectures such as ADC- and TDC-based implementations, the comparison is primarily
intended to provide system-level architectural overview rather than strict specification-
to-specification benchmark comparison. Nonetheless, Table 1 highlights the differences
in backend conversion strategy, implementation complexity, power consumption, and
scalability relevant to LiDAR receiver designs.
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Table 1. Performance comparison of the proposed TVC-SAR with the previously reported ToF systems.

Parameters [18] [19] [20] [21] This Work
Architecture AFE + TDC TDC TDC ADC + TDC TVC + SAR ADC
Target Wide-DR High precision Multichannel Long-range Short-range
Time Conv. Zero-crossing Direct time Sampling VTC + TDC TVC
Technology (nm) 350 350 180 65 180
Supply Voltage (V) 3.3 3.3 3.3 1.2/1.8 1.8
Resolution (ps) ~100 ~10 ~180 6.25 810
Power dissipation (mW) 155 ~150 45 (per channel) 12.44 13.0
Core area (mm?) N/A 10 (Whole IC) 2.52 0.06 0.148
Complexity Very high High High High Low
Digitization TDC TDC SSA-TDC ADC/TDC SAR ADC

Ref. [18] employed pulse-shaping with zero-crossing detection to achieve a wide
dynamic range (~1:50,000). However, the proposed work significantly reduces analog
front-end complexity by eliminating the need for LC resonators and nonlinear feedback
TIAs, while maintaining a scalable architecture.

Ref. [19] achieved high timing accuracy using a multi-channel TDC with additional
time-domain parameters for walk error compensation. Meanwhile, the proposed architec-
ture avoids complex TDC calibration and multi-parameter extraction, resulting in lower
implementation complexity and improved energy efficiency.

Ref. [20] adopted a hybrid sampling-based readout (SSA-TDC) to capture waveform
information, whereas the proposed design eliminates the need for high-speed sampling
arrays and memory, thereby reducing hardware overhead and simplifying the signal
processing chain.

Ref. [21] utilized a multiplexed ADC/TDC structure to improve integration efficiency.
However, the proposed work further simplifies the architecture by directly converting
time information into the voltage domain, avoiding duplicated conversion paths and
synchronization issues.

Overall, the proposed TVC-SAR ADC-based LiDAR receiver achieves a more favor-
able tradeoff among circuit complexity, power consumption, and scalability by removing
the need for high-speed TDCs and complex hybrid architectures, while still enabling
efficient time-interval digitization.

4. Conclusions

We have proposed a low-power LiDAR receiver topology based on a time-to-voltage
converter (TVC) followed by a 5-bit SAR ADC, implemented in a 180 nm CMOS process.
By translating the time-intervals into the voltage domain, the proposed topology eliminates
the need for a complex TDC-based architecture and enables a simpler and more energy-
efficient back-end conversion. The proposed topology integrates on-chip APDs, a CTLA, a
time-gating circuit, a ramp generator, a PDH, and a V¢y-based SAR ADC with a binary-
weighted C-DAC and strong-arm comparator. In addition, dedicated digital logic and
a reset generator were exploited to ensure the proper timing coordination and reliable
operations. With its reduced architectural complexity, compact implementation, and low
power consumption, the proposed TVC-SAR receiver topology provides an energy-efficient
solution for time-interval detection and is well suited for low-power and area-constrained
LiDAR sensor applications.
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Abstract

GaN-on-Si light-emitting devices have been widely studied in the field of opto-electronics,
while their optical performance and characterization accessibility are severely limited by
the strong visible light absorption of the native silicon substrate. Conventional substrate
transfer technologies often suffer from inherent thermal, optical, or mechanical bottlenecks.
In this study, we developed a robust wafer-level substrate transfer strategy for 8-inch green
GaN-on-Si light-emitting device wafers, utilizing a hybrid planarization process com-
bined with 5i0,-5iO; direct bonding. The hybrid planarization precisely eliminated the
900 nm macroscopic steps, achieving sub-nanometer surface roughness for high-yield
wafer bonding. We systematically investigated the physical evolution during substrate
removal. Results indicate that the removal of the thick native silicon and high-stress
buffer layers effectively released the additional in-plane biaxial compressive stress within
the multiple quantum wells (MQWs), thereby mitigating the quantum-confined Stark
effect (QCSE). Benefiting from the elimination of the light-absorbing silicon substrate and
the incorporation of a built-in back-surface reflector (BSR), the transferred devices achieved
a remarkable 1.9-fold enhancement in relative optical performance, albeit with an inherent
trade-off of increased reverse leakage current while preserving basic diode functionality.
Furthermore, optothermal dynamic analysis at high injection levels suggests a potential
localized thermal bottleneck at the thick SiO, bonding interface, where a hypothesized
heat-induced spectral red shift may counteract the carrier-screening blue shift. This work
provides a feasible wafer-level substrate transfer process for GaN-on-Si devices and offers
systematic experimental insights into stress relaxation and optothermal behaviors during
the substrate transfer process.

Keywords: GaN-on-Si; Micro-LEDs; SiO,-5iO, direct bonding; substrate transfer

1. Introduction

Micro-light-emitting diodes (Micro-LEDs) have been widely investigated for advanced
optoelectronic applications, owing to their outstanding advantages in brightness, contrast,
response speed, and long-term stability under harsh environments [1-4]. For the fabrication
of high-brightness blue and green light-emitting devices, the InGaN/GaN material system
is the most mature and mainstream choice. Regarding the epitaxial growth substrate, com-
pared to traditional sapphire substrates with inherent limitations in thermal conductivity
and electrical insulation, silicon (Si) substrates have been widely recognized as a promising
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platform for GaN-based optoelectronic devices. This is primarily attributed to their mature
large-scale wafer manufacturing processes, low material cost, excellent thermal conductiv-
ity, and inherent compatibility with complementary metal-oxide-semiconductor (CMOS)
manufacturing lines [5,6].

Despite the above advantages of GaN-on-Si technology, the narrow bandgap of silicon
renders it a strong absorption medium for visible light. Consequently, a large portion
of photons emitted downward from the active region is absorbed by the native silicon
substrate, leading to a drastic reduction in light extraction efficiency (LEE) of the devices [7].
Furthermore, the opacity of the silicon substrate completely blocks the backside optical
access, making it difficult to perform accurate optoelectronic characterization and failure
analysis of the device arrays from the backside. Therefore, to address the above issues,
substrate lift-off and transfer technologies are required, which refer to detaching the as-
grown GaN epitaxial layers from the native silicon substrate and transferring them onto a
target carrier substrate [8].

Among the various substrate transfer technologies explored to date, micro-transfer
printing or adhesive bonding based on organic polymers has been widely adopted due to its
broad process window and high tolerance for surface topography [9-11]. However, when
used as the bonding medium, these organic polymer layers have inherently poor thermal
conductivity, which will introduce a large thermal resistance at the bonding interface
and lead to accelerated device degradation under high-current or high-frequency driving
conditions. More critically, the significant refractive index mismatch between organic
materials, high-index GaN, and the carrier substrate will trigger total internal reflection
(TIR) at the interface, which further reduces the light extraction efficiency [12-14].

Recently, flip-chip bonding (FCB) has been widely studied for the assembly of Micro-
LED arrays, which achieves electrical and mechanical interconnection between the device
and the driver substrate via metallic micro-bumps (e.g., Indium and Tin) [15-17]. While FCB
shows good feasibility for small-scale array assembly, it faces several inherent bottlenecks
when applied to large-area wafer-level transfer. First, the transfer yield of flip-chip processes
is difficult to meet the requirements of high-pixel-density device arrays. Second, the large
mismatch in the coefficient of thermal expansion (CTE) between silicon and GaN will
easily cause micro-bump cracking and interfacial failure during the high-temperature
bonding process [18,19]. Most crucially, in conventional flip-chip architectures, the silicon
substrate is often retained, which means the aforementioned issues of light absorption and
characterization obstruction remain unresolved.

In contrast, 5Si0,-S5i0O, wafer-level direct bonding presents distinct advantages. By
eliminating the need for any intermediate adhesive layers, this technology not only ensures
superior mechanical reliability but also mitigates optical discontinuities and air gaps at
the interface. This establishes a continuous and optimized optical medium channel for the
efficient extraction of photons at the micro and nanoscales [20-22]. However, S5i0,-5iO;
direct bonding imposes stringent requirements on surface morphology, where achieving
void-free bonding across an entire wafer is predicated on maintaining a sub-nanometer
surface roughness [23,24].

Direct wafer bonding has been explored in GaN-based materials and device platforms.
Ryu et al. demonstrated the transfer of AlGaN/GaN epilayers grown on Si(111) onto Si(100)
wafers by direct wafer bonding, followed by selective dry etching to fabricate thin-body
N-face GaN-on-insulator wafers for HEMT applications [25]. Dragoi et al. reported GaN-
engineered substrates based on SiO,-assisted plasma-activated bonding and oxide-free
covalent bonding, highlighting the flexibility of wafer bonding for integrating GaN with
different target substrates [26]. In addition, the electrical characteristics of SiOp/GaN
interfaces have been shown to be strongly affected by Ga—OH-related interfacial states,
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emphasizing the importance of interface chemistry in GaN/oxide systems [27]. However,
these studies mainly focused on transistor-oriented N-face GaN transfer, engineered GaN
substrates, or electrically active SiO, /GaN interfaces. Wafer-level transfer of fully processed
GaN-on-Si light-emitting devices, especially after the formation of mesa structures and
thick metal electrodes, remains less explored.

Different from the transfer of bare epitaxial layers or transistor-oriented GaN struc-
tures, the wafers used in this work had already undergone front-side LED fabrication.
The mesa etching and Ni/Al/Ti p-metal deposition introduced macroscopic steps of ap-
proximately 900 nm. To overcome the severe geometric undulations introduced by the
front-end fabrication process, this study developed a hybrid planarization strategy and
successfully achieved wafer-level bonding and substrate transfer of 8-inch GaN-on-Si green
light-emitting device wafers. To systematically explore the fundamental physical evolu-
tion during the transfer process, devices with a mesa diameter of 200 um were adopted
as representative test vehicles in this study. Although their size exceeds the definition
of conventional Micro-LEDs, they were fabricated with the full front-end process flow
of Micro-LEDs, and provide a robust and representative platform to clearly analyze the
complex stress, electrical, and optothermal dynamic behaviors during the bonding and
transfer process without the interference of size effects.

This work conducted multidimensional analyses on the evolution of the mechanical,
optical, and electrical properties of the devices before and after transfer. The study first
revealed the stress evolution law during the substrate thinning process, confirming that the
removal of the massive bulk silicon and high-stress buffer layer caused severe fluctuations
in macroscopic wafer warpage while realizing the steady relaxation of the additional
in-plane compressive stress in the active region, which effectively mitigates the quantum-
confined Stark effect (QCSE). The impact of substrate removal and thermal annealing on
the electrical characteristics of the devices was also evaluated, confirming that the core
p-n junction rectification characteristics remained robust despite an inevitable increase in
process-induced leakage current. More importantly, the luminescence test results verified
the significant optical benefits brought by substrate transfer: by eliminating the strongly
light-absorbing native silicon substrate and introducing a built-in metal Back-Surface
Reflector (BSR), a 1.9-fold increase in luminous intensity was achieved at low injection
currents. These detailed optoelectromechanical analyses provide solid process verification
and experimental reference for the substrate transfer of GaN-on-Si optoelectronic devices.

2. Materials and Methods

The 8-inch green GaN-on-Si (111) epitaxial wafers used in this study were grown via
metal-organic chemical vapor deposition (MOCVD) by Suzhou Hanhua Semiconductors Ltd.
(Suzhou, China). As illustrated in Figure 1, the epitaxial structure primarily consists of the
following: an AIN/AlGaN strain-control buffer layer to mitigate the mismatch in lattice
constants and thermal expansion coefficients, a high-crystalline-quality unintentionally
doped GaN (u-GaN) layer, a Si-doped n-GaN contact layer (approximately 1 um thick),
an InGaN/GaN-based strain-release underlayer, an InGaN/GaN multiple quantum well
(MQW) active light-emitting region with a peak emission wavelength centered around
520 nm, and a Mg-doped p-GaN hole injection layer.

Figure 2 illustrates the overall fabrication process flow. To verify the wafer-level,
ultra-high-yield bonding and non-destructive substrate lift-off, front-side fabrication pro-
cesses for Micro-LEDs were performed on the epitaxial wafers. As shown in Figure 2a,
a 100 nm thick indium tin oxide (ITO) layer was first deposited onto the p-GaN surface,
followed by rapid thermal annealing (RTA) at 600 °C for 5 min to form a high-quality ohmic
contact. Subsequently, as depicted in Figure 2b, circular mesa structures with a diameter of
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200 pm were defined via photolithography and a Cl,-based inductively coupled plasma
(ICP) etching process. Following this, a Ni/Al/Ti composite multilayer metal stack with
thicknesses of 100 nm /400 nm/20 nm was sequentially deposited onto the ITO surface of
the mesas via electron beam evaporation, as shown in Figure 2c. This metal layer serves
not only as the p-contact interconnection electrode but also acts as a BSR in the final trans-
ferred device architecture. The real morphology corresponding to the processing stage
shown in Figure 2c is provided in Figure Ala,b. Figure Ala shows the optical microscope
image of the fabricated circular LED mesa structure after Ni/Al/Ti p-metal deposition, and
Figure Alb presents a representative optical photograph of the 8-inch wafer.

p-GaN
EBL
QS —
Underlayer: InGaN/GaN based layers ‘

N-GaN contact layer

Strain control layer and uGaN

Silicon (111), 1150um

Figure 1. Schematic diagram of the epitaxial structure for green Micro-LEDs.

Ni/AUTi
v Si0,

ITO
P-GaN

(a) (b) () (d)

Si0,

(e) () (9 (h)

Figure 2. Schematic of the fabrication process: (a) deposition and thermal annealing of the
100 nm-thick ITO transparent conductive layer; (b) mesa etching to define the light-emitting area;
(c) deposition of the p-metal (Ni/Al/Ti) on the mesa; (d) deposition of a 1.5 um SiO, layer covering
the entire structure, followed by planarization via CMP; (e) wafer-level direct bonding to a silicon car-
rier wafer with a 300 nm SiOj layer; (f) complete removal of the native silicon substrate; (g) thinning
of the N-face nitride materials to remove the buffer layers and expose the n-GaN; (h) deposition of
N-face ITO and fabrication of through-vias.
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The aforementioned etching and the introduction of the thick multilayer metal elec-
trodes resulted in macroscopic steps of up to 900 nm. To eliminate these steps and prepare
a high-quality interface for bonding, a hybrid planarization strategy combining selective
etching and multiple rounds of chemical-mechanical polishing (CMP) was employed in
this study. As shown in Figure 2d, an approximately 1.5 pm thick SiO, layer was deposited
over the entire device wafer surface using plasma-enhanced chemical vapor deposition
(PECVD). Due to the high conformality of the PECVD process, the underlying 900 nm
macroscopic steps were faithfully replicated on the oxide surface, resulting in significant
topographic undulations. Subsequently, precise overlay lithography and dry etching
were utilized to selectively remove these protruding oxide features. Finally, the wafer
surface underwent multiple CMP treatments to achieve a sub-nanometer smooth surface
(Ra < 0.21 nm) suitable for direct bonding.

Following planarization, the wafers were ready for bonding. An 8-inch silicon wafer
with a 300 nm oxide layer grown on its surface was selected as the receptor carrier wafer.
Both the planarized Micro-LED wafer and the silicon carrier wafer were subjected to an
optimized Ny /O, mixed plasma activation treatment at room temperature to achieve a
highly hydroxylated surface. Subsequently, a high-precision alignment system was used to
accurately align and pre-bond the two wafers in a vacuum environment, as illustrated in
Figure 2e. The pre-bonded wafer pair was then placed in a vacuum annealing furnace and
annealed at a constant temperature of 300 °C for 3 h to form a dense SiO,-SiO; covalent
bond network.

After bonding, a combined thinning process was performed on the native thick silicon
substrate. First, back-grinding was used to rapidly and completely remove most of the
bulk native silicon, as shown in Figure 2f. Subsequently, highly selective deep ICP etching
was utilized to completely clear the residual silicon and the underlying high-stress buffer
layers, achieving precise thinning of the n-GaN face and completing the non-destructive,
wafer-level transfer of the epitaxial layers, as illustrated in Figure 2g. After removing
the native substrate, exposing the N-face, and completing the thinning process, a 200 nm
thick ITO transparent conductive layer was grown on the n-GaN surface, as shown in
Figure 2h. To facilitate optoelectronic characterization, probe-access vias with a diameter
of 80 um were defined using photolithography and ICP etching, providing localized
access to the buried p-metal electrodes. The optical morphology of the fabricated mesa
and the detailed cross-sectional schematic of the probing configuration are provided in
Figure Alc,d of Appendix A. During the electroluminescence (EL) measurements, a micro-
probe station (with a typical probe tip diameter of 10-20 um) was employed to establish the
electrical interconnection: one probe was precisely positioned through the via to contact
the underlying p-electrode, while the complementary probe was biased against the n-face
ITO transparent conductive layer, thereby completing a robust vertical current injection
path. The current density and integrated optical intensity were normalized to the active
LED mesa area, which excluded the vias.

3. Results and Discussion
3.1. Hybrid Planarization and Wafer-Level Transfer

Achieving high-precision, high-yield wafer-level direct bonding is critically dependent
on achieving sub-nanometer surface roughness and the complete elimination of macro-
scopic topographic fluctuations. As previously described, the mesa etching and the depo-
sition of thick multilayer p-metal electrodes inevitably introduced a severe macroscopic
step height of approximately 900 nm on the wafer surface. To overcome this significant
geometric obstacle, a hybrid planarization strategy was systematically developed, and its
evolution was closely monitored in this study.
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Figure 3a displays the surface profile evolution recorded by a step profiler at key
stages of the planarization process. In the initial state, a distinct step height of 900 nm is
observed above the Micro-LED mesa. The subsequently deposited 1.5 pm-thick SiO; layer
via PECVD exhibited highly conformal growth characteristics, almost entirely preserving
the macroscopic height difference (with a variation of less than 20 nm). Consequently,
direct chemical-mechanical polishing (CMP) at this stage would inevitably trigger severe
pattern density effects and localized dishing. To circumvent this issue, this study employed
a strategy involving overlay lithography combined with selective dry etching to precisely
reduce the protruding oxide features. As shown by the second profile in Figure 3a, this dry
etching step significantly reduced the steep macroscopic step height.

l \ l 900 nm
H H § 200 nm
<40nm
<10nm

Figure 3. Surface morphology characterization of the planarization process: (a) the evolution of
surface morphology at different stages of the hybrid planarization; (b) 3D AFM image of the final
SiO, bonding surface after the second CMP treatment, indicating sub-nanometer roughness.

The pre-planarized surface then underwent the first round of CMP, followed by the
conformal deposition of an additional 300 nm SiO; layer to repair any potential residual
micro-scratches and provide a fresh, pristine oxide layer for final polishing. The third and
fourth profiles in Figure 3a vividly illustrate the progressive elimination of the step height.
After the second CMP treatment, a flat macroscopic surface was finally obtained, with the
global height variation reduced to a negligible range of 10-20 nm.

Beyond macroscopic flatness, the microscopic surface roughness directly determines
the density of the interfacial covalent bonds. Figure 3b displays the three-dimensional
(3D) atomic force microscopy (AFM) morphology of the SiO, surface after the second
CMP process, acquired over a scanning area of 10 um x 10 pm with a resolution of
256 x 256 pixels. The 3D topography clearly reveals a uniformly dense surface feature
without any visible macro-protrusions, residual particles, or scratches, demonstrating
the effectiveness of the hybrid planarization process. The measured root-mean-square
roughness (Sq) is 0.200 nm, while the average roughness (Sa) is 0.158 nm, and the maximum
peak-to-valley height (Sz) is strictly limited to within 2.791 nm. These sub-nanometer
roughness metrics perfectly meet the stringent requirements for spontaneous covalent
S5i0,-5i0; bonding under room-temperature activation, fundamentally ensuring the high
yield of the subsequent wafer-level bonding and transfer.

After the formation of the covalent SiO,-5SiO; interface, the bonded wafer pair un-
derwent extremely rigorous mechanical grinding and reactive ion etching to completely
remove the approximately 1 mm thick native bulk silicon substrate. This etching process
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was precisely stopped at the AIN/AlGaN buffer layer. Such a harsh thinning process
typically introduces enormous shear stress; if the bonding interface were weak, it would im-
mediately trigger massive film delamination or catastrophic fracture. A full-wafer scanning
acoustic microscopy (SAM) image of the bonded wafer pair is shown in Figure 4a, and a
normal photograph of the wafer after bonding, removal of the native silicon substrate, and
n-GaN thinning is provided in Figure 4b. Part of the wafer had been diced for subsequent
experiments, so the remaining portion of the actual post-transfer wafer is shown. While the
optical photograph provides an intuitive view of the wafer appearance after bonding and
substrate removal, the SAM image provides clearer and more quantitative visualization of
the bonding quality. Analysis of the SAM image using Image] (version 1.54g) identified
11 visible voids and showed that the void-affected area fraction is approximately 4.301%.
In addition, the fraction of LED-patterned regions not overlapped by any voids was found
to exceed 95%, indicating that the majority of the LED regions on the wafer were struc-
turally preserved after bonding. Additionally, optical and electrical characterization was
performed on devices selected from regions without visible bonding defects.

Figure 4. Evidence of the transfer yield at the macroscopic scale: (a) Post-bond full-wafer SAM image.
(b) Normal optical photograph of the wafer after bonding, removal of the native silicon substrate,
and n-GaN thinning. Part of the wafer was diced for subsequent experiments, and the remaining
portion is shown. (c) The PL map of the initial GaN-on-Si epitaxial wafer before deice fabrication.
(d) The PL map of the post-transfer wafer after SiO,—SiO, direct bonding and complete removal of
the native bulk silicon substrate.

Figure 4c and Figure 4d present the full-wafer PL peak wavelength mappings before
and after substrate transfer, respectively. Figure 4c displays the typical concentric circular
emission pattern of the initial GaN-on-Si epitaxial wafer, while Figure 4d shows that
after complete removal of the native silicon substrate, the 8-inch ultrathin epitaxial film
maintained a high degree of overall integrity on the carrier wafer. Combining the SAM
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images and pl map, it can be concluded that although a small number of macroscopic
bubbles or voids can be observed at the edges or in localized areas (which may originate
from trace particle contamination or gas trapping during the room-temperature bonding
process), they did not propagate to cause catastrophic large-area film peeling, nor did
they significantly affect the core active light-emitting region. That macroscopic optical
integrity conclusively proves that the sub-nanometer smooth surface achieved through
hybrid planarization was successfully transformed into an extremely robust covalent
bonding network, capable of withstanding the extreme mechanical stress challenges of
the subsequent processes. Furthermore, a careful comparison of the two peak wavelength
mappings reveals a global blue shift in the overall emission wavelength after the removal
of the silicon substrate. This physical phenomenon will be analyzed in detail in the
next section.

3.2. Strain Relaxation and Optical Evolution Analysis

The mechanical removal of the massive native silicon substrate and the severely lattice-
mismatched buffer layer inevitably triggers a drastic redistribution of internal stress within
the GaN epitaxial layer. High-resolution X-ray diffraction (HRXRD) would provide a
direct measurement of lattice strain. However, the strain evolution in this study had to
be monitored while maintaining the bonded sample as an intact 8-inch wafer during the
sequential substrate-removal process. The available XRD system could not directly accom-
modate the full-size 8-inch bonded wafer. Although cleaving the wafer into small pieces
would enable conventional XRD measurements, such a destructive process would partially
release the wafer-scale mechanical constraint, introduce edge-related stress relaxation, and
prevent continuous characterization on the same wafer during the subsequent thinning
steps. Therefore, instead of XRD, we employed a non-destructive characterization strategy
combining PL spectroscopy of the MQWs with wafer-scale warpage measurements using
a non-contact thickness gauge. In this context, the PL peak shift and FWHM evolution
are used as optical indicators of relative strain relaxation in the active region, while the
warpage data reflect the macroscopic mechanical response of the bonded wafer stack. It
should be specifically noted that due to localized stress modulation and slight process
deviations introduced during the wafer bonding process, the global PL emission often
exhibits a certain degree of spatial non-uniformity. Therefore, to strictly eliminate the
interference of spatial variations and accurately track the intrinsic strain evolution, a fixed
representative micro-area near the center of the wafer was selected for continuous in situ
PL monitoring after each sequential thinning step in this study. Representative stacked PL
spectra recorded during the progressive back-thinning process are shown in Figure 5.

The extracted PL peak wavelength, FWHM, and wafer warpage are summarized in
Figure 6a,b. Interestingly, although the microscopic active region exhibited an extremely
steady and monotonic strain relaxation, the macroscopic warpage fluctuated violently
due to structural asymmetry. Specifically, as shown in Figure 6b, the warpage exhibited
a dramatic peak at the remaining thickness of 2.8 pm. Based on the epitaxial design, it is
hypothesized that the removal of the highly strained AIN/AlGaN buffer layer at this stage
temporarily disrupts the stress balance, potentially causing the observed peak before further
strain relaxation. Meanwhile, as shown in Figure 6a, the PL peak wavelength continuously
blue-shifted from approximately 514 nm to 511 nm, accompanied by a noticeable narrowing
of the full width at half maximum (FWHM). This microscopic evolution is consistent with
the progressive release of the additional in-plane biaxial compressive stress within the
InGaN/GaN MQWs during the removal of the underlying constraint layers. This strain
relaxation is expected to weaken the piezoelectric polarization field, thereby mitigating the
quantum-confined Stark effect (QCSE). The previously tilted energy bands consequently
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recovered to a flatter state, resulting in an increased effective bandgap (wavelength blue
shift). Meanwhile, the FWHM narrowing is primarily driven by the homogenization of
local strain gradients and the reduced sensitivity of quantized energy levels to interfacial
thickness fluctuations within the flattened band structure, which collectively suppresses
the inhomogeneous broadening of the emission spectrum.
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Figure 5. Stacked photoluminescence (PL) spectra of the InGaN/GaN MQWs at different remaining
epitaxial thicknesses during the progressive back-thinning process.
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Figure 6. Decoupling of macroscopic structural deformation and microscopic localized strain:
(a) Evolution of the PL peak wavelength and full width at half maximum (FWHM) as a function
of the remaining GaN thickness. (b) Corresponding macroscopic wafer warpage measured by a
non-contact thickness gauge.

3.3. Electrical Performance Analysis

To evaluate the electrical integrity of the Micro-LEDs after undergoing extreme physi-
cal and thermal processes, such as wafer bonding and substrate lift-off, the current-voltage
characteristics before and after transfer were compared. As shown in Figure 7 (plotted
on both linear and semi-logarithmic axes), although the electrical framework exhibited
a certain degree of process-induced degradation, the core rectification characteristics of
the p-n junction were successfully preserved. Specifically, in the reverse bias region, the
transferred device exhibited a leakage current of approximately 3.1 x 10~% A at 5 V, which
is an increase of about three orders of magnitude compared to the pre-transfer baseline
of 1.48 x 107 A. This increased leakage can be primarily attributed to two factors: first,
the ICP etching performed to fabricate probe access via inevitably introduced plasma
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damage and dense surface states on the sidewalls, which act as non-radiative Shockley—
Read-Hall (SRH) leakage channels; second, the profound strain relaxation (as evidenced
in Section 3.2), combined with thermal annealing at 300 °C, may have activated latent
threading dislocations as conductive leakage paths.
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Figure 7. Current-voltage (I-V) characteristics of the Micro-LEDs before (red) and after (blue) the

wafer-level transfer.

Furthermore, in the forward bias region, the turn-on voltage increased from approx-
imately 2.5 V to 3.3 V, accompanied by a decrease in the slope of the I-V curve. This
indicates a significant increase in the series resistance of the device, likely related to the
slight degradation of the fragile p-GaN/ITO ohmic contact interface due to the thermal
budget during the bonding process. To further evaluate device variation, turn-on voltage
and reverse leakage current at —5 V were extracted from five devices before transfer and
five devices after transfer, as summarized in Table Al. The statistical results show the
same general trend as the representative I-V curves in Figure 7: the transferred devices
remain functional but exhibit higher turn-on voltage and increased reverse leakage com-
pared with the pre-transfer devices. Overall, the current transfer process successfully
preserves the normal diode operation of the devices, allowing further optical-intensity
measurements to be performed and thereby enabling evaluation of the effect of substrate
transfer. However, for practical Micro-LED applications, this level of increased leakage
current (by more than three orders of magnitude) and elevated turn-on voltage requires
further optimization. The following electroluminescence analysis is therefore conducted to
assess whether the transferred device architecture can still provide optical-performance
enhancement despite the observed electrical degradation. Meanwhile, for future practical
Micro-LED devices, the balance between optical enhancement and electrical degradation
should also be carefully considered.

3.4. Optical Enhancement and Thermal Limitations

To verify the core objective of this wafer-level substrate transfer—namely, improving
optical performance by replacing the strongly absorbing silicon substrate—a comprehensive
analysis of the electroluminescence (EL) performance was conducted. Figure 8a compares
the EL spectra at a low injection current density of 5 A/cm?. To ensure a rigorous and fair

33 https:/ /doi.org/10.3390/mi17050607



Micromachines 2026, 17, 607

optical comparison, the baseline spectrum before transfer was mathematically smoothed
and fitted to remove the strong Fabry—Pérot (FP) interference fringes originally formed by
the GaN/air and GaN/Si interfaces, thereby accurately extracting its intrinsic spontaneous
emission envelope.
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Figure 8. Optoelectronic luminescence characteristics before (red) and after (blue) the transfer: (a) EL
spectra at a low injection current density of 5 A/cm?. (b) Integrated EL intensity as a function
of injection current density (L-] curves), (c) peak wavelength, and (d) FWHM evolution versus
current density.

As shown in Figure 8a, the integrated EL intensity of the transferred device exhibited
a remarkable 1.9-fold increase (nearly 100% enhancement) compared to the silicon-based
reference device. The approximately 1.9-fold increase in EL intensity indicates improved
light extraction in the transferred device architecture. Before transfer, photons emitted
toward the substrate side could be absorbed by the native Si substrate. After substrate
transfer and Si removal, the Ni/Al/Ti p-metal becomes the backside optical boundary
beneath the light-emitting region, where it can partially redirect downward-propagating
photons toward the emitting side. Therefore, the observed EL enhancement is attributed to
the combined optical effect of removing the absorbing Si substrate and enabling a reflective
backside boundary through the transfer process. These two changes occur simultaneously
in the present device structure. The reflection efficiency may depend on the specific
backside metal stack, and further optimization using different reflector materials will be
considered in future work.

Remarkably, as revealed by the macroscopic integrated intensity versus current density
curves in Figure 8b, this significant optical dividend is strongly maintained even at higher
injection levels. Throughout the tested current range, the emission intensity maintained a
growth trend without exhibiting significant efficiency droop. This continuous enhancement
proves that within the current operating range, the optical gain provided by substrate
transfer dominates the device performance. However, it is essential to objectively evaluate
this optical success against the electrical degradation discussed in Section 3.3. While the
1.9-fold optical output enhancement successfully validates the transfer strategy for the
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current test devices, the accompanying increase in reverse leakage current is a significant
process-induced defect. When facing future applications of true Micro-LEDs, such a severe
leakage current cannot be ignored, as it would severely compromise overall efficiency and
reliability. This inherent trade-off explicitly indicates that although the optical architecture
is successfully verified, the current process conditions must be rigorously optimized in
future work. Despite the strong growth in macroscopic EL intensity, the evolution of
the microscopic spectra—particularly the FWHM and peak wavelength—serves as an
extremely sensitive probe revealing the underlying optothermal dynamics. As shown in
Figure 8d, the FWHM of the transferred device remained narrower than the pre-transfer
baseline across all injection currents. This phenomenon corroborates the PL results in
Section 3.2, confirming that substrate lift-off and N-face thinning released the additional
stress, thereby weakening the QCSE. The resulting band-flattening is directly manifested
as a narrowing of the emission linewidth and an improvement in color purity.

However, the evolution of the peak wavelength (Figure 8c) reveals the competition
between carrier dynamics and heat accumulation at high injection levels. At low current
densities, the transferred device exhibited a shorter wavelength (blue shift) compared
to the state before transfer, again consistent with the initial strain relaxation. But as the
injection current increased, the pre-transfer device exhibited a typical and continuous blue
shift due to the excellent heat dissipation of the bulk silicon. In comparison, the blue shift
trend of the transferred device becomes less pronounced at high current densities, with
the emission wavelength remaining near 510 nm. This behavior may be understood as
the result of competing mechanisms under high-current injection. On one hand, increased
carrier injection can weaken the QSCE in the InGaN/GaN quantum wells, leading to a blue
shift of the EL peak. On the other hand, self-heating may become more pronounced in the
transferred device structure, possibly due to the additional thermal resistance introduced
by the bonding and interfacial layers. According to the temperature dependence of the
semiconductor bandgap described by Varshni’s empirical relation, an increase in junction
temperature would reduce the effective bandgap and induce a red shift in the emission peak.
Such a thermally induced red shift could partially compensate for the injection-induced
blue shift, resulting in the observed stalled blue shift in the peak position at higher current
densities. Since temperature-dependent EL measurements, thermal simulations, and
direct junction-temperature extraction were not performed in this study, this interpretation
should be regarded as a plausible explanation rather than a quantitative confirmation. This
observation suggests that thermal management of the bonding and interfacial layers should
be considered in future high-current Micro-LED designs.

4. Conclusions

In summary, by employing a customized hybrid planarization strategy combining
selective dry etching and iterative chemical-mechanical polishing (CMP), this study success-
fully achieved the wafer-level substrate transfer of 8-inch GaN-on-Si green light-emitting
devices via SiO,-5iO; direct bonding. The combined PL and wafer-warpage results suggest
that the sequential removal of the massive native silicon substrate and high-stress buffer
layers induces strong macroscopic wafer-shape evolution while gradually relaxing the
additional compressive strain in the MQW active region. This strain relaxation increases
the intrinsic bandgap of the well layer via the deformation potential effect and effectively
weakens the piezoelectric polarization field in the active region to significantly mitigate
the QCSE, resulting in a continuous blue shift in the emission peak and a narrowing of the
spectral linewidth.

Regarding the optoelectronic performance evolution, the extreme substrate transfer
and thermal annealing processes inevitably led to an increase in reverse leakage current
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and series resistance of the devices, while the core rectifying architecture of the p-n junction
maintained robust integrity. More importantly, by eliminating the strongly light-absorbing
native silicon substrate and incorporating a BSR, the transferred devices achieved a remark-
able 1.9-fold enhancement in relative optical performance, showing a significant optical
advantage over the original GaN-on-5Si devices. However, as an inherent trade-off, the
significant increase in leakage current indicates that the current transfer and processing
conditions require further rigorous optimization to meet the stringent electrical demands
of future micro-scale applications.

Furthermore, an analysis of the spectral evolution at high injection levels showed a
stalled blue shift trend in the transferred devices. It is hypothesized that this behavior may
arise from a competition between the injection-induced blue shift and potential localized
self-heating caused by the additional thermal resistance of the bonding interface. This
observation suggests that the thermal management of the bonded structure remains a
crucial consideration for future high-current applications.

Ultimately, this work validates a high-yield wafer-level substrate transfer process
for GaN-on-Si light-emitting devices and provides systematic experimental insights into
stress control, optimization, and thermal management issues during the substrate transfer
process. The relevant process and mechanism conclusions can also provide a reference for
the subsequent fabrication and transfer of Micro-LED arrays with smaller pixel sizes.
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Appendix A

Table A1. Statistics of electrical characteristics before and after substrate transfer.

Device Group No. Turn-On Voltage (V)  Reverse Leakage Current at —5V (A)
Before transfer 1 2.4 —3.962 x 1077
Before transfer 2 2.6 —7.893 x 1078
Before transfer 3 2.6 —2.852 x 1078
Before transfer 4 2.6 —1.486 x 1077
Before transfer 5 2.4 —1578 x 1078
After transfer 1 3.3 —9.870 x 104
After transfer 2 3.4 —1.719 x 10~*
After transfer 3 33 —2.970 x 10~*
After transfer 4 35 —3.410 x 10~*
After transfer 5 3.4 —4.228 x 1074
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Figure Al. Real morphology of front-side LED structures and EL measurement configuration:

(a) Optical microscopy image of the fabricated circular LED mesa. (b) Representative optical photo-
graph of an 8-inch wafer with fabricated LED device structures. (c) Optical photograph of the actual
EL testing process. (d) Cross-sectional schematic diagram illustrating the EL measurement setup.

References

1. Zhang, S.; Zheng, H.; Zhou, L.; Li, H.; Chen, Y.; Wei, C.; Wu, T.; Lv, W.; Zhang, G.; Zhang, S.; et al. Research progress of micro-led
display technology. Crystals 2023, 13, 1001. [CrossRef]

2. Huang, Y.; Hsiang, E.-L.; Deng, M.-Y.; Wu, S.-T. Mini-led, micro-led and oled displays: Present status and future perspectives.
Light Sci. Appl. 2020, 9, 105. [CrossRef] [PubMed]

3. Hsiang, E.-L.; Yang, Z.; Yang, Q.; Lan, Y.-F.; Wu, S.-T. Prospects and challenges of mini-led, oled, and micro-led displays. J. Soc.
Inf. Disp. 2021, 29, 446-465. [CrossRef]

4. Behrman, K.; Kymissis, I. Micro light-emitting diodes. Nat. Electron. 2022, 5, 564-573. [CrossRef]

5. Wu, H;; Lin, X,; Shuai, Q.; Zhu, Y,; Fu, Y;; Liao, X.; Wang, Y.; Wang, Y.; Cheng, C.; Liu, Y.; et al. Ultra-high brightness micro-leds
with wafer-scale uniform gan-on-silicon epilayers. Light Sci. Appl. 2024, 13, 284. [CrossRef]

6. Qi, L.; Zhang, X.; Chong, W.C.; Lau, K.M. Monolithically integrated high-resolution full-color gan-on-si micro-led microdisplay.
Photon. Res. 2023, 11, 109-120. [CrossRef]

7. Tian, P; McKendry, ].].D.; Gu, E.; Chen, Z,; Sun, Y.; Zhang, G.; Dawson, M.D.; Liu, R. Fabrication, characterization and applications
of flexible vertical ingan micro-light emitting diode arrays. Opt. Express 2016, 24, 699-707. [CrossRef]

8. Yin, L.; Zhou, H,; Ji, X; Li, J.; Wang, K,; Li, C.; Zhang, ]J. Investigating the performance and reliability of Au-Sn bonded flip-chip
micro-leds. IEEE Trans. Electron Devices 2024, 71, 1999-2004. [CrossRef]

9.  Wang, Y;; Dong, X,; Han, S.; Song, Y.; Sheng, C.; Wang, C.; Huang, X; Ge, Y. 25.6: A study on micro-led stamp transfer technology:
Requirement and challenges. SID Symp. Dig. Tech. Pap. 2021, 52, 347-348. [CrossRef]

10. Carreira, J. EC.; Xie, E.; Bian, R.; Herrnsdorf, J.; Haas, H.; Gu, E.; Strain, M.].; Dawson, M.D. Gigabit per second visible light

communication based on algainp red micro-led micro-transfer printed onto diamond and glass. Opt. Express 2020, 28, 12149-12156.
[CrossRef] [PubMed]

37 https:/ /doi.org/10.3390/mi17050607



Micromachines 2026, 17, 607

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Zhu, S.; Shan, X,; Lin, R.; Qiu, P; Wang, Z.; Lu, X,; Yan, L.; Cui, X.; Zhang, G.; Tian, P. Characteristics of gan-on-si green micro-led
for wide color gamut display and high-speed visible light communication. ACS Photonics 2023, 10, 92-100. [CrossRef]

Lau, J.H. Recent advances and trends in advanced packaging. IEEE Trans. Compon. Packag. Manuf. Technol. 2022, 12, 228-252.
[CrossRef]

Trindade, A.J.; Guilhabert, B.; Xie, E.Y.; Ferreira, R.; McKendry, ].].D.; Zhu, D.; Laurand, N.; Gu, E.; Wallis, D.].; Watson, LM.; et al.
Heterogeneous integration of gallium nitride light-emitting diodes on diamond and silica by transfer printing. Opt. Express 2015,
23,9329-9338. [CrossRef] [PubMed]

Lu, X,; Zhu, S.; Lin, R.; Sun, D.; Cui, X; Tian, P. Performance improvement of red ingan micro-leds by transfer printing from si
substrate onto glass substrate. IEEE Electron Device Lett. 2022, 43, 1491-1494. [CrossRef]

Yang, Z.; Ji, X.X.; Zhou, H.J.; Li, ] X.; Wang, X.Y.; Lu, X.Z.; Yin, L.Q.; Zhang, ].H. Research on au-in flip-chip bonding process of
2300 ppi micro-led arrays. IEEE Trans. Electron Devices 2024, 71, 7637-7643. [CrossRef]

Wang, C.; Yang, T.X,; Zhou, Y.J.; Yuan, ] W.; Guo, C.L.; Zhou, X.T.; Sun, J.; Yan, Q. A metal micro-dot array-based alignment-free
flip-chip bonding technique for micro-led display fabrication. Mater. Sci. Semicond. Process. 2026, 207, 110466. [CrossRef]

Zhou, H.J.; Wang, K.F; Ji, X.X.; Yin, L.Q.; Zhang, ].H. High resolution micro-led arrays using au-sn flip-chip bonding. IEEE Trans.
Electron Devices 2023, 70, 3140-3144. [CrossRef]

Yin, L.Q.; Fu, H,; Yang, Z.; Zhou, H.J.; Wang, X.Y.; Ji, X.X.; Lu, X.Z.; Zhang, ]. H. Research on micro-led heterogeneous integration
and reliability based on copper pillar bumps. IEEE Electron Device Lett. 2026, 47, 124-127. [CrossRef]

Shi, J.; Chen, Y.; Miao, G.; Jiang, H.; Song, H. Recent progress in group Ill-nitride micro-led displays: From material improvement
methods, device optimization techniques to full-color realization strategies. Mater. Sci. Semicond. Process. 2025, 186, 109090. [CrossRef]
Chen, D.; Chen, Y.-C.; Zeng, G.; Zhang, D.W,; Lu, H.-L. Integration technology of micro-led for next-generation display. Research
2023, 6, 0047. [CrossRef]

Liang, D.; Fang, A.W.; Park, H.; Reynolds, T.E.; Warner, K.; Oakley, D.C.; Bowers, ]J.E. Low-temperature, strong SiO,-SiO,
covalent wafer bonding for III-V compound semiconductors-to-silicon photonic integrated circuits. J. Electron. Mater. 2008,
37, 1552-1559. [CrossRef]

Wang, Q.; Ko, W.H. Si-to-Si fusion bonded touch mode capacitive pressure sensors. Mechatronics 1998, 8, 467-484. [CrossRef]
Calvez, A ; Larrey, V.; Noél, P.; Rieutord, F; Fournel, F. Exploring chemical catalytic mechanisms for enhancing bonding energy in
direct silicon dioxide wafer bonding. Appl. Sci. 2025, 15, 3883. [CrossRef]

Lee, H.; Kim, G.; Jeong, W.; Lee, Y.; Jeong, H.; Ahn, Y.; Kim, C.; Ha, D.H. Strategies for enhancing SiO, chemical-mechanical
polishing (cmp): Functional nanoparticle abrasive design and integration. Chem.-A Eur. ]. 2026, 32, €02584. [CrossRef]

Ryu, KK.; Roberts, ].C.; Piner, E.L.; Palacios, T. Thin-body n-face gan transistor fabricated by direct wafer bonding. IEEE Electron
Device Lett. 2011, 32, 895-897. [CrossRef]

Dragoi, V.; Razek, N.; Guiot, E.; Caulmilone, R.; Liao, M.; Wang, Y.S.; Goorsky, M.S.; Yates, L.; Graham, S. Direct wafer bonding of
gan for power devices applications. ECS Trans. 2018, 86, 23. [CrossRef]

Uenuma, M.; Ando, R.; Furukawa, M.; Uraoka, Y. The influence of Ga—OH bond at initial GaN surface on the electrical
characteristics of SiO, /GaN interface. Phys. Status Solidi (B) 2019, 257, 1900368. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

38 https:/ /doi.org/10.3390/mi17050607



. o zZ
. micromachines ml\l)\Pu
F

Article

All-Optical Terahertz Dual-Band Logic Gates Based on
Unidirectional Modes

Dewang Guo !, Yun You '*, Zhimin Liu ! and Jie Xu 2*

School of Science, East China Jiaotong University, Nanchang 330013, China
School of Medical Information and Engineering, Southwest Medical University, Luzhou 646000, China
*  Correspondence: youyun202003@163.com (Y.Y.); xujie011451@163.com (J.X.)

2

Abstract

All-optical logic gates have emerged as a critical technology for enabling broadband,
low-loss, and high-speed communication systems, addressing the inherent bandwidth
limitations of electronic counterparts. Here, we propose a Y-shaped structure leveraging
unidirectional modes in the terahertz regime, which enables the realization of multifunc-
tional all-optical logic gates within the lower- and upper-frequency bandwidth regions,
including, but not limited to, AND, OR, NOT, and XNOR gates. Numerical simulations
and theoretical analyses confirm that the proposed logic gates exhibit robust one-way prop-
agation characteristics, with electromagnetic signals demonstrating complete immunity to
backscattering even in the presence of structural defects. Furthermore, nonlocal effects are
found to have a negligible impact on the operational bandwidths of our design. Building
upon this Y-shaped configuration, we further develop an all-optical digital logic system
(AODLS) capable of supporting bifrequency multi-input and multi-output logic operations.
When lower- and upper-frequency signals are injected into separate input ports, their corre-
sponding output signals remain fully independent, eliminating cross-talk and enabling true
parallel computation. This dual-band parallel processing capability represents a significant
advance over conventional single-band all-optical logic systems, opening new avenues for
high-throughput all-optical computing and integrated photonic circuits.

Keywords: logic gates; surface magnetoplasmons (SMPs); unidirectional propagation;
nonlocal effects

1. Introduction

Since the transistor was first invented in 1947, there has been great developments in
electronic technology. However, affected by the constraints of both Moore’s law and Joule’s
law, electronic communications suffer from defects such as cross-talk [1,2]. All-optical
communications, owing to their ultra-fast data processing, error-free transmission [3], and
minimal or even zero energy loss [4], reveal their potential as candidates for next-generation
communication technology.

All-optical logic gates, which fulfill various logical functions, have received much
attention for their potential applications in all-optical computing systems [5-7] and photonic
integrated circuits [8,9]. Nowadays, there are several methods to realize all-optical logic
functions, such as semiconductor optical amplifier (SOA) [10,11], optical interference
effect [12,13], third-order nonlinear effect [14-16], and interferometry [17-19]. In fact, due
to the unavoidable reflections in conventional optical logic gates, the contrast ratios (CRs)
of most logic gates are typically below 30 dB. In numerous investigations focusing on
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sub-wavelength all-optical logic gates, the conventional surface magnetoplasmons (SMPs)
fail to be strictly unidirectional, and there will always be propagating modes in both
directions once nonlocal effects are considered [20]. Note that in ref. [21], while in certain
frequency regimes SMPs modes clearly lose their unidirectionality owing to nonlocal
effects, spatial dispersion does not always prevent the existence of unidirectional surface
waves. Indeed, it can be shown that the upper bulk mode bandgap (opened due to time-
reversal-symmetry breaking) is characterized by a nonzero topological invariant number;
topologically protected unidirectional surface waves can emerge when an interface is
formed with a material having a bulk mode bandgap with different topological properties.
In addition, while the conventional SMPs are not strictly unidirectional in the lower bulk
mode bandgap, in most cases of interest they may be practically unidirectional due to the
unavoidable losses that would largely attenuate the backward propagating modes. The
one-way electromagnetic (EM) modes are theoretically topologically protected, which has
been theoretically demonstrated [22,23] and experimentally proven [24,25] by many groups.
Notably, in recent microwave-related research based on unidirectional waveguides, they
have successfully implemented AND and OR logic operations under a unified logic-level
definition, which is more suitable for cascading applications [26].

In this paper, we propose a robust AODLS based on unidirectional modes in the
terahertz regime. The Y-shaped module of the AODLS enables the implementation of
fundamental logic gates across distinct lower- and upper-frequency bands, including, AND,
OR, NOT, and XNOR gates. Since nonlocality-immune SMPs modes are unidirectional and
immune to backscattering, this implies an ultra-high contrast ratio. Most importantly, the
AODLS supports bifrequency multi-input multi-output logic operations, where upper- and
lower-frequency signals can be processed simultaneously with signal isolation between
input and output ports. This intrinsic signal decoupling enables true parallel computation,
a capability that surpasses the performance of single-band all-optical logic systems reported
in the existing literature. This work establishes a new paradigm for all-optical calculations,
offering a scalable solution for the development of high-throughput integrated photonic
circuits and next-generation optical information processing systems.

2. Physical Model

The Y-shaped structure is a widely adopted physical model in the field of all-optical
logic devices; it has been extensively studied over the past few decades [27-30]. As schemat-
ically illustrated in Figure 1, the proposed structure consists of three symmetric straight
arms (labeled ‘A’, ‘B’, and ‘C’), each constructed from alternating layers of dielectric (5i)
and semiconductor (InSb), with both layers having a uniform thickness d. The Si layer
is bounded by a perfect electric conductor (PEC), while the InSb layer is terminated by a
perfect magnetic conductor (PMC). Notably, the InSb segments are divided into two regions
(InSb-a and InSb-b) with distinct magnetic configurations. The blue-colored InSb-a is mag-
netized along the +z direction by an external magnetic field By, whereas the brown-colored
InSb-b is magnetized along the -z direction. The equivalent magnetic bias configurations
could potentially be realized through engineered current-driven electromagnetic fields (pat-
terned current arrays) to generate spatially varying effective magnetic fields with opposite
orientations. The z-direction thickness of the InSb layers is treated as infinitely extended
in the two-dimensional model, with all results readily extending to three-dimensional
structures by adjusting the z-dimension boundary conditions. To implement basic logical
operations based on unidirectional modes, the key lies in establishing two independent
unidirectional channels to achieve efficient EM wave transmission.

40 https:/ /doi.org/10.3390/mi17050509



Micromachines 2026, 17, 509

1 1
1 y I
. (b) Al nsb-a O [ x !
. InSb-b @ [B .
5 :
: InSb-a © Si 5
I o
! 1
'____________________________________I
7777777777777777777777777777777777 ;
(c) One-way channel-1

Figure 1. (a) The schematic of the Y-shaped structure of all-optical logic operations. (b) The three
types of arms. (c) Pre-designed two one-way channels. Note that we use w.?, w.’ to clarify the
procession w, for blue-colored InSb-a, and brown-colored InSb-b layers, respectively.

In our work, the relative permittivity of InSb-a, and InSb-b, influenced by the magnetic

field, are given by:
n el ie5 0 . 81{ —isg 0
€= |—ie5 & 0, €,=|ie5 & 0 1
b
0 0 &5 0 0 &
with
(w +iv)w,? Wewy? wy?
g1 =¢ , € =¢ , &3 =¢t(l— ———— (2)
w w[(w +iv)? —wcz]) OQw[(w—i—iv)2 — wc?] ® w(w+11/))

where ¢ denotes the high-frequency permittivity of the semiconductor, wy, is the plasma
frequency of the semiconductor, w is the angular frequency, and w, = eBy/m* (e and m*
represent the charge and effective mass of the electron) is the electron cyclotron frequency.
In this papet, € = 15.6 (InSb), ¢ = 11.68 (5i). In the following analytical derivation, the
semiconductor is assumed to be lossless for clarity, while the realistic material loss will
be incorporated into subsequent full-wave transmission simulations. To establish two
independent unidirectional channels for efficient EM signal transmission, it is essential to
characterize the dispersion relation of the SMPs in those arms. According to Maxwell’s
equations with appropriate boundary conditions, one may readily calculate the dispersion
equations in the above three arms using;:

A o el Sy
S%k + m + étxdtanh(ocdd) =0, (‘A) ©)
1
By S 5, tanh(agd) =0,  (‘B') )
gl{ tanh(abd) €4 d ) =
@B _f ]|, w | (‘C) 5)
“le] " tanh(a,d) “leb"  tanh(apd) !
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where a, = \/k2 — €2 ko, ap = \/k? — €] kg%, and ag = \/ k2 — &4 ko? respectively represent

the transverse attenuation coefficients of the SMPs in the InSb-a, InSb-b, and Si layers.
From the dispersion equations, it is evident that the SMPs in the arms exhibit contrasting
propagation properties for opposite wavenumbers, reflecting the nonreciprocity effect.
Crucially, tuning the external magnetic field enables the creation of a unidirectional propa-
gation region, where EM waves are confined to travel exclusively along a single direction.
With the dispersion equation of the SMPs derived, the asymptotic frequencies (AFs) can be
readily calculated. These AFs define the boundaries of the complete one-way propagation
(COWP) bands, within which we observe that:

1,
+
Wsp ™ = (6)
N w(+2):1( w2 + dw,? 5 + we)
sp 5 c p o+ &5 c

(-1 1 €00
O wsp = 2(\/(4;62 + 4a;p2€oo iy —w)
Wsp ™ = @)

_ 1
ws(pz) =wp = E(,/wc2+4wp2 + we)

for arms ‘A’ /‘B’. wsp”) and wsp(’) indicate the AFs in the limits of k — +co and k — —oo,
respectively. In fact, the values of w,; and wj, correspond to the zero point of &,. And

+1
ws(p ) = We

®)

_ 1
ws(p) wp = E(\/wCZ + 4wp? + we) 9)

for ‘C’, where the cyclotron frequencies of InSb-a and InSb-b are equal (w . = w.’), analyses

of Equations (6)—(9) reveal that the three arms share identical AFs, denoted as w, and wy,
significantly simplifying the design process for effective broadband.

The implementation of broadband all-optical logic operations based on unidirectional
SMPs modes necessitates the establishment of independent one-way propagation channels
and sufficiently broad COWP bands. We choose w.” = w?l = 0.7wy (wp = 47 x 10'2 rad/s),
d =0.05A, (A = 2mc/ wyp) in the following work. Under this parameter configuration, the
dispersion curves for the SMPs in the arms “‘A’/‘B” and ‘C’ are calculated and plotted in
Figures 2a and 2b, respectively. In these figures, the red solid lines represent the dispersion
curves of the SMPs modes, while the blue solid curves correspond to the lowest-order bulk
modes within the green-shaded bulk zones, and the black dashed lines indicate light-lines
in the medium. Black horizontal arrows mark the values of AFs, and black dots denote
cutoff frequencies ws, which are influenced by the dielectric thickness d. Based on our
calculations, the bandwidths of the COWP bands in the arms ‘A’ /B’ are 048wy <w <0.71w)
(COWP_1), 1.22w), < w < 1.41w, (COWP_2). For arm ‘C’, the COWP band bandwidths
are 0 < w < 0.7wp, (COWP_1), 1.22w, < w < 141w, (COWP_2). Consequently, two distinct
unidirectional propagation channels are established (‘A — C" and ‘B — C’) in the lower
one-way regions (0.48wy < w < 0.7wp). Conversely, the EM signal transmission from arm
‘A’ to arm ‘B’ is effectively suppressed, demonstrating the non-reciprocal characteristic
essential for optical logic isolation. Here, the propagation direction is reversed in the
upper one-way regions (1.22w, < w < 1.41wy), enabling two one-way channels (‘C — A’
and ‘C — B’), while the signal transmission between arms ‘A’ and ‘B’ remains prohibited.
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Actually, the designed bandwidths are sufficiently broad to ensure operational robustness
and facilitate practical device implementation.
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Figure 2. (a) The dispersion diagrams of arms ‘A’/‘B’, w" = w.’ = 0.7wp and d = 0.05A,. (b) The
dispersion diagrams of arm ‘C’, w.* = wel = 0.7wp and d = 0.05A,. (c,d) Electromagnetic signal
transmission through channels operating at 0.6f, and 1.3f,, respectively.

To verify the theoretical predictions regarding the unidirectional propagation char-
acteristics of SMPs and the inter-arm coupling effects, full-wave EM simulations were
conducted using finite element method (FEM). The simulation setup, as illustrated in
Figure 2¢,d, incorporates structural perturbations in the form of air holes (radius 7 = 1.5 um)
placed at the InSb-InSb interfaces with v = 0.002cwy,, and SMPs are excited using a magnetic
current source. We chose two frequencies f = 0.6f, and f = 1.3f,, corresponding to the
lower and upper unidirectional frequency bands of interest. The simulated magnetic field
distributions confirm the robust one-way channeling behavior. As shown in Figure 2¢, the
EM signal is efficiently guided through the unidirectional channels ‘A — C"and ‘B — C/,
while the propagation from arm ‘A’ to arm ‘B’ is effectively suppressed at their interface
for f = 0.6f,. This observation validates the predicted lower-band isolation. Similarly,
Figure 2d demonstrates that at f = 1.3f,, the EM signal propagates exclusively from arm
‘C’ to arms ‘A’ or ‘B’, with no signal transfer occurring between arms ‘A’ and ‘B’. These
results are in excellent agreement with the theoretical dispersion analysis. In addition,
the EM signal is observed to circumvent the introduced air-hole defects entirely, with the
defects exerting a negligible influence on the transmission characteristics of the one-way
SMPs, further demonstrating the remarkable robustness of the unidirectional propagation
against structural imperfections. The proposed design exhibits robust tolerance to material
defects and realistic fabrication tolerances, thereby verifying its practical feasibility for
real-world implementation.

The bandwidths of the unidirectional propagation region in the three arms can be
effectively tuned by adjusting the external magnetic field (By). To systematically investigate
the influence of the magneto-static field on the COWP bands, we plot the AFs as functions
of the cyclotron frequency w, for d = 0.05A,. As shown in Figure 3a, for arms ‘A’/‘B’,
increasing By initially broadens and subsequently narrows the COWP_1 band, while the
COWP_2 band exhibits a monotonic expansion in bandwidth. In contrast, Figure 3b
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reveals more complex variations in the COWP bands for arm ‘C’, with the maximum total
bandwidth achieved at w. = 0.7w).
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Figure 3. (a) The asymptotic frequencies (AFs) are plotted as functions of w, in the arms “‘A’/“B’.
(b) AFs are plotted as functions of w, in the arm ‘C’". (¢,d) The cutoff frequencies wf as functions of
the thickness d in the arms ‘A’/’B’, ‘C’, respectively.

In addition to the magnetic field, the dielectric layer thickness d also plays a critical
role in shaping the COWP bands, as the excitation of reverse-propagating SMPs can reduce
the effective unidirectional window. The relationship between d and werat we = 0.7wp is
examined in Figure 3c,d. The results indicate that for d < 0.053A,, the COWP bands in
arms ‘A’/’B” and ‘C’ remain largely unaffected. However, once d > 0.053)\p, the upper-
frequency COWP_2 band in arms “A’/‘B” undergo significant narrowing. Therefore, to
ensure adequate operational bandwidths in both the lower- and upper-frequency regimes
while maintaining strong unidirectional confinement, we select the optimal parameter of
d = 0.05A, and w, = 0.7w), for the subsequent design and analysis of the proposed all-optical
logic device.

3. Realization of Basic Logic Gates

As discussed in the context of Figure 2, the arms ‘A’, ‘B, and ‘C’ support unidirectional
forward propagation modes within the operational frequency range of 0.48w), < w < 0.7w.
Leveraging the two distinct one-way channels established in this frequency band, the
proposed Y-shaped structure can function as a platform for all-optical logic gates, including,
but not limited to, AND, OR, NOT, and XNOR gates, as schematically illustrated in
Figure 4a,b. In the logic operation scheme, arms ‘A’ and ‘B’ serve as input ports, while arm
‘C’ acts as the output port. Figure 4a presents simulated field distributions for the Y-shaped
structure at f = 0.6f, when the EM signal is excited in only one of the input ports. For the
OR gate implementation under positive logic convention, the presence of an EM signal in
an arm is defined as logic “1’, whereas the absence of signal (zero-energy state) corresponds
to logic ‘0. Accordingly, when any input port receives a logic 1" (unidirectional EM signal),
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the output port also exhibits logic “1’, thereby realizing the OR gate function. Specifically, for
input combinations ‘10" or ‘01", the output power reaches 0.426 mW with a transmittance of
0.316, corresponding to logic state ‘1’; for input ‘11, the output power increases to 1.7 mW
with a transmittance of 0.63, also corresponding to logic state ‘1’; and for input ‘00", no
output power (0 mW) or transmittance (0) is detected, corresponding to logic state ‘0’. In
contrast, the AND gate operation requires the adoption of a negative logic scheme. Here,
the propagation of EM signal is interpreted as logic ‘0", while the absence of energy flow is
regarded as logic ‘1". Under this principle, if any input port is excited with EM signal (logic
‘0"), the output will correspondingly yield logic ‘0’. This logical inversion, combined with
the unidirectional transmission characteristics of the structure, enables the realization of
the AND gate within the same physical layout.
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Figure 4. (a) Simulated field distributions of the Y-shaped structure at f = 0.6f,, with EM signal
excitation applied to a single input port. (b) Two input ports are excited with EM signals of phases
3*pi/2 and pi/2 in the left figure, and both input ports are driven by signals with the phase of
3*pi/2 in the right figure. (c,d) The external magnetic field direction applied to the InSb-a and InSb-b
layers are reversed, with simulated field distributions at f = 1.3f,. (e) The truth tables of the OR, AND,
NOT, and XNOR operations.

Similarly, the NOT gate operation is implemented using the negative logic scheme,
wherein the presence of EM energy at the input port is defined as logic ‘1", while the output
port yields logic ‘0". Under this convention, the input logic ‘1’ is converted to the output
logic ‘0’, thereby realizing the logical inversion characteristic of the NOT gate. Furthermore,
the XNOR gate can be achieved by injecting EM signals with distinct phases into the two
input ports. In this scheme, the signal phase of pi/2 is assigned to logic ‘1, and the phase
of 3*pi/2 corresponds to logic ‘0’. Two representative simulations are performed on the
Y-shaped structure, as shown in Figure 4b. In the left figure, when the two input ports
are excited with EM signals of phases 3*pi/2 and pi/2, respectively, the zero-energy state
is observed at the output port. In the right figure, when both input ports are driven by
signals with the phase of 3*pi/2, the EM energy couples unidirectionally into arm ‘C’,
resulting in a clear output signal. Notably, input combinations “10” or ‘01" yield an output
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power of 1.04 x 10~7 mW with a transmittance of 7.7 x 1078, representing logic ‘0, while
inputs ‘11" or ‘00’ result in an output power of 1.7073 mW with a transmittance of 0.63,
corresponding to logic ‘1’. The output characteristics of the unidirectional SMPs are highly
dependent on the applied magnetic field, which enables tolerance to phase deviations via
fine-tuning. The corresponding truth tables for the OR, AND, NOT, and XNOR operations
are summarized in Figure 4e. All simulation results align closely with the theoretical
predictions, demonstrating the reliable logic-level response of the proposed structure.
Accordingly, the Y-shaped module is capable of performing multiple logic operations
and acts as a multifunction logic gate, which has potential for high-performance optical
communication or calculation.

Notably, the arms ‘A’, ‘B’, and ‘C” also support unidirectional propagation modes
within the upper-frequency operating band of 1.22w;, < w < 1.41w;,, where the EM energy
propagates in the backward direction. To implement logic operations in this frequency
regime, the external magnetic field direction applied to the InSb-a and InSb-b layers can
be reversed, thereby inverting the propagation direction in the three arms. Following
the analogous analysis that presents in Figure 4a,b, the OR, AND, NOT, and XNOR logic
functions are successfully demonstrated in Figure 4c,d when f = 1.3f,. In the OR gate, for
inputs “10” or ‘01’, the output power is 0.475 mW with a transmittance of 0.416, representing
logic “1’; for input 11’, the output power rises to 1.9 mW with a transmittance of 0.832,
representing logic “1’; and input ‘00" produces no detectable output power or transmittance,
representing logic ‘0". In the XNOR gate, inputs ‘10" or ‘01’ result in 1.35 x 10~ mW output
power and 1.18 x 1071 transmittance, corresponding to logic ‘0", while inputs ‘11 or ‘00’
yield an output power of 1.9 mW with a transmittance of 0.832, corresponding to logic
“1". The operational principle of these gates relies exclusively on stable unidirectional EM
signals, which afford significantly higher discrimination precision compared to alternative
approaches. For example, in the simulated OR gate operation, the logic 1’ state corresponds
to a clearly defined EM signal, whereas the logic ‘0’ state exhibits no detectable energy,
resulting in a sharply distinct contrast. A distinctive feature of this work is that the SMPs-
based logic gates can operate within two continuous and relatively broad complete COWP
bands. The dual-band capability enables flexible, frequency-selective logic functionality
without altering the physical geometry, thereby enhancing the adaptability of the device
for programmable photonic circuits.

To evaluate the fundamental impact of nonlocal effects on the operational integrity of
the proposed all-optical logic gates, a comparative analysis of the pattern distributions in
arms ‘A’/“B’ and “C" is conducted under both local and nonlocal models at f = 0.6f, and 1.3f,,
as shown in Figures 5 and 6. These findings collectively reveal the pronounced robustness
of both Si-InSb and InSb-InSb structures against nonlocal perturbations. For the Si-InSb
configuration, nonlocal interactions induce a weak excitation of reverse-propagating SMPs
at 0.6f, in Figure 5a, with only minor deviations from the one-dimensional magnetic field
distribution predicted by the local model. This indicates that the core unidirectional trans-
mission property of SMPs remains effectively preserved for practical device applications.
In contrast, Figure 5b reveals that the Si-InSb structure demonstrates complete immunity
to nonlocal effects at 1.3f,, sustaining topologically protected unidirectional surface waves
without any observable degradation in propagation direction. The InSb-InSb structure
displays even stronger robustness, as illustrated in Figure 6. At both the lower (f = 0.6f,)
and upper (f = 1.3f,) operational frequencies, the field distribution curves predicted by
the nonlocal model show perfect consistency with those from the local model. The per-
fect agreement confirms the broadband immunity of the InSb-InSb structure to nonlocal
effects, underscoring its exceptional stability for sustaining unidirectional transmission
modes. These findings demonstrate that nonlocal effects neither compromise the estab-
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lished unidirectional channels nor degrade the computational performance of all-optical
logic gates.
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Figure 5. (a,b) The one-dimensional magnetic-field profiles of Si-InSb structure at 0.6f, and 1.3f,,
respectively. (c,d) Corresponding magnetic-field distributions of the Si-InSb structure under local
and nonlocal models at 0.6f, and 1.3f,.
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Figure 6. (a,b) The one-dimensional magnetic-field profiles of InSb-InSb structure at 0.6f, and 1.3f,,
respectively. (c,d) Corresponding magnetic-field distributions of the InSb-InSb structure under local
and nonlocal models at 0.6f, and 1.3f,.

4. The AODLS for Multi-Input Logic Operations

Optical computations are characterized by super-fast data transmissions relying on fan-
in and fan-out, and our proposed unidirectional-modes-based logic gates have two broad
operating bands. Building on this foundational capability, we now present a systematic
design approach for integrating this module into AODLS. The schematic diagram of the
proposed all-optical AODLS is presented in Figure 7a. To clearly illustrate the signal flow,
arrows have been incorporated into the schematic, indicating the propagation directions
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within the unidirectional channels. The system architecture supports four distinct input
configurations for two independent output ports, enabling versatile logic operations. At
the lower-frequency band operations (0.48f, < f < 0.7f,), the EM signals are injected into
the ‘input-1” and “input-2” ports. The corresponding output signal is collected from the
‘output-3” port. When operating in this upper-frequency band (1.22f, < f < 1.41f,), the input
signals are directed into the ‘input-a” and ‘input-b’ ports, with the output retrieved from
the ‘output-c” port.
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Figure 7. (a) The schematic of AODLS structure. (b) Transmission of EM wave in AODLS.

To experimentally validate the functionality and robustness of the proposed AODLS,
full-wave EM simulations were performed using FEM, with the schematic and simulated
field distributions presented in Figure 7b. Imperfections on the InSb-InSb interface are
introduced as air holes with r = 1.5 um to demonstrate the robust unidirectionality of
the incident EM modes. The input EM wave perfectly bypasses the introduced air hole
defects at the input port and subsequently splits into two guided waves. This confirms
the robustness of the topological one-way channels against backscattering and localization
induced by interface disorders. Notably, virtually no inter-channel cross-talk or spurious
noise is observed during the entire logic operation process. The input/output propagation
characteristics align perfectly with the theoretical predictions based on the dispersion
analysis. Most importantly, inputs applied at ‘input-1” and ‘input-2” have no measurable
effect on ‘output-c’. Similarly, signals injected into “input-a’ and ‘input-b” do not influence
‘output-3’, allowing for concurrent operation. Hence, the signal inputs and outputs are
independent, which is promising for parallel computation. Surely, the OR, AND, NOT,
and XNOR logical operations are also implemented in AODLS. It is worth mentioning
that the AODLS works with two outputs and could be easily extended to the four-output
logic device by suitably assembling the Y-shaped modules at the output ports. The AODLS
shows significant promise in complex logic operations due to its expansibility, precision,
and broadband characteristics. Compared to conventional electronic logic gates, which
rely on distinguishing between relatively high and low voltage levels, the unidirectional
all-optical logic gates offer a distinct advantage, given that the logical state is defined by
the presence or absence of the EM signal.

5. Conclusions

In this work, we have proposed a novel, robust, AODLS operating in the terahertz
regime. Theoretical analysis and full-wave simulations demonstrate that the Y-shaped
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module of the AODLS can independently implement fundamental logic functions (not
limited to, AND, OR, NOT, and XNOR gates) within the lower- and upper-frequency
regions. The lower- and upper-frequency bands are defined by 0.48w, < w < 0.7w), and
1.22wy < w < 1.41wy, respectively. The unidirectional propagation characteristics remain
robust against structural imperfections and operational bandwidths are completely un-
affected by nonlocal effects, ensuring operational stability. In addition, by connecting
Y-shaped modules at the output ports, the AODLS can be extended to the four-output
logic device. The upper-frequency and lower-frequency operational modes are entirely
independent, with no cross-talk observed on their output ports. This intrinsic port isola-
tion enables genuine parallel computation on a single integrated platform. Owing to the
broad operating band, error-free transmission and ultra-fast data processing, our proposed
AODLS could become a novel platform for optical calculations and optical communication.
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Abstract

Quantum dot (QD)-based color conversion layers are key components in QD-OLED dis-
plays because they can provide high color purity and simplified pixel architectures by
converting blue emission from OLEDs into red or green light. The performance of the
color conversion layer strongly depends on the blue light absorption, blue leakage, and
overall emission efficiency of the display. We fabricated the color conversion layers using a
thermally curable polydimethylsiloxane (PDMS) matrix, and their color conversion char-
acteristics were systematically compared with those of QD-only layers. In the QD-only
layers, the intensity of the converted green emission increased with increasing QD con-
centration due to enhanced absorption of blue light emitted from the OLED. However, a
large fraction of blue light was transmitted through the layer without being absorbed by
the QDs, resulting in a significant blue leakage and a relatively low output/input efficiency
below 10%. In contrast, PDMS-based QD color conversion layers exhibited substantially
improved color conversion characteristics. By varying the QD concentration and control-
ling the layer thickness, blue leakage was significantly suppressed and the green emission
intensity increased. The maximum color conversion efficiency of 30.0% was obtained at a
QD concentration of 8.3 wt% with a layer thickness of 35.9 um.

Keywords: quantum dot; color conversion layer; PDMS; blue leakage; color conversion
efficiency; output/input efficiency

1. Introduction

Quantum dots (QDs) are nanoscale semiconductor particles that exhibit discrete
energy levels and size-dependent optical properties due to quantum confinement effects [1-
3]. QDs have been extensively studied during past decades because of their superior
characteristics such as size-tunable wavelengths, high photoluminescence quantum yield,
and narrow emission bandwidth in display applications [4-9]. In particular, QDs have
attracted much attention in recent years as color conversion materials for the blue organic
light-emitting devices (OLEDs), since they can provide high-quality displays by combining
the advantages of OLEDs, such as self-emission and high contrast ratio, with the excellent
characteristics of QDs, including high color purity and spectral tunability [10-12]. In
the QD-OLEDs, the blue OLED serves as the excitation source and the QDs act as the
color conversion layer. QDs absorb the blue light emitted from OLED and re-emit red
or green light from QDs. Since red and green pixels originate from a single blue OLED,
there is no need to use a fine metal mask for sub-pixel formation, offering a simpler pixel
patterning process compared to RGB OLED arrays [7]. QD-OLEDs possess all the excellent
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characteristics of OLEDs, such as a high contrast ratio, fast response time, thin form factor,
and mechanical flexibility [13-15]. In addition, QD-OLEDs provide better color mixing
and a wider color gamut compared to conventional OLEDs due to symmetric and sharp
emission characteristics of QDs [16-18].

In QD-OLEDs, QDs are integrated into a stable and efficient color conversion layer
that is optically transparent, mechanically robust, and compatible with the OLED substrate.
One of the key issues in fabricating color conversion layers is color conversion efficiency,
which determines how effectively blue light is converted into green and red light. QDs
exhibit superior color conversion efficiency compared to traditional phosphors due to their
high quantum yield and narrow emission spectra [7]. This efficiency directly impacts the
overall brightness of displays. The most common approach for fabricating a color conver-
sion layer is to formulate QD ink by dispersing QDs in polymer solutions and forming a
thin film using a solution coating method [19-26]. Among the polymer candidates, UV-
curable resins have been widely used due to their simple processing, patterning capabilities,
and fast curing time [21-26]. Photopolymer resin-based QD inks allow for layer-by-layer
printing, making it easy to control the thickness [26]. However, UV-curable QD-polymer
composites face several limitations when applied to QD-OLEDs. Prolonged exposure to
UV light can degrade both the polymer and the QDs themselves, reducing photolumines-
cence efficiency and spectral stability [27,28]. In addition, the rapid curing process can
lead to internal stresses, non-uniform QD dispersion, and shrinkage-induced cracks [29].
These effects are particularly problematic when scaling to large-area displays or achieving
high pixel density in high-resolution displays. Moreover, some UV-curable resins absorb
part of the blue light emitted by the OLED, decreasing the excitation efficiency of QDs and
thus lowering the conversion efficiency [30].

In this paper, we investigated a color conversion layer in which QDs were dispersed
in a thermally curable polydimethylsiloxane (PDMS). PDMS is a silicon-based elastomer
known for its high optical transparency in the visible and near UV range, excellent thermal
and environmental stability, and low elastic modulus [31]. Unlike UV-cured systems, PDMS
curing does not require irradiation and proceeds uniformly through thermal crosslinking,
minimizing light-induced degradation and allowing more homogenous QD dispersion [32].
Although several authors have demonstrated color conversion layers fabricated using the
nanocomposites composed of QDs dispersed in PDMS, most of the research has focused
on color conversion for the white LEDs [33-35]. In this paper, we report on a PDMS-based
QD color conversion layer for use as a pixel component in QD-OLEDs. By varying the
QD concentration and layer thickness, we fabricated PDMS-based QD color conversion
layers and investigated their color conversion characteristics, including color conversion
spectrum, conversion efficiency, and blue leakage.

2. Materials and Methods

Blue OLEDs were fabricated using ITO-coated glass substrates with a sheet resistance
of about 10 ()/sq. ITO anode patterns were defined using a photolithography process.
The patterned ITO substrates were cleaned with acetone, isopropyl alcohol, and deionized
water, followed by oxygen plasma treatment to remove organic residues before evaporating
the organic materials. Organic and metal layers were deposited by the vacuum thermal
evaporation method at a base pressure of 10~ Torr. After depositing a 50 nm thick N,N’-
bis(naphthalen-1-y1)-N,N’-bis(phenyl)-benzidine (NPB) hole transport layer, a 50 nm thick
4,4'-bis(2,2-diphenylethenyl)-1,1"-biphenyl (DPVBi) luminescent layer was evaporated.
Finally, 0.5 nm thick LiF and a 100 nm thick Al layer were sequentially evaporated to
define the cathodes through a shadow mask without breaking the vacuum. The completed
device structure is ITO/NPB (50 nm)/DPVBi (50 nm)/LiF (0.5 nm)/Al. The devices were
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encapsulated in a nitrogen glove box. The electroluminescence (EL) spectra of the devices
were measured using a spectroradiometer (CS1000, Minolta, Tokyo, Japan). To ensure
measurement accuracy, the spectroradiometer was periodically calibrated using a standard
luminance source traceable to national standards by the supplier. The spectroradiometer
was warmed up for at least 30 min prior to data acquisition. Dark calibration was performed
prior to each measurement to eliminate the influence of dark current and electronic noise.
All measurements were conducted in a light-tight dark box under fixed optical geometry
to minimize ambient light and systematic errors.

Green-emitting CdSe/ZnS QDs (ZEUS, Hwaseong, Republic of Korea) with oleic acid
ligands were used for fabricating the PDMS-based QD color conversion layers. PDMS and
curing agent were purchased from Sewang Hitech Silicone (Kimpo, Republic of Korea). To
ensure uniform dispersion, the QDs were first dispersed in octane, which is a nonpolar
solvent suitable for stabilizing ligand-capped QDs. Four different QD concentrations of
100, 200, 400, and 800 mg were each dissolved in 1 mL of octane and stirred at 1500 rpm for
over 3 h. The QD-octane solution was then mixed with 1 g of PDMS base and 0.1 g of a
thermal curing agent, followed by stirring at 300 rpm for 30 min. The resulting PDMS-QD
solution was spin-coated and cured on a hot plate at 150 °C for 30 min to form the QD
color conversion layers. The fabricated color conversion layer was placed on top of a
blue OLED, and its conversion spectrum was measured using a spectroradiometer. The
layer thickness was measured using a surface profilometer (Surfcorder ET3000, Kosaka
Laboratory, Tokyo, Japan). The shape and size distributions of the QDs were investigated
by transmission electron microscopy (TEM, JEM-ARM200F, JEOL, Tokyo, Japan). Time-
resolved photoluminescence (TRPL) was measured using a modular research fluorometer
for lifetime and steady state measurements (HORIBA, Fluorolog-QM, Kyoto, Japan)

3. Results and Discussion

Figure 1 shows the TEM image, particle size distribution, photoluminescence (PL),
and absorption spectra of the green-emitting CdSe/ZnS QDs, as well as the EL spectrum
of the blue OLED. The QDs exhibit nearly spherical shapes. The particle sizes of QDs
range from 6.5 to 10.0 nm, with the highest population in the range of 8.0-8.5 nm. The
average particle size was measured to be 8.1 nm. The PL spectrum of QDs dispersed in
octane exhibits an emission peak at 534 nm with a full width half maximum (FWHM) of
the spectrum was 45 nm. The blue OLED with a structure of ITO/NPB/DPVBi/LiF/Al
exhibits an EL emission peak at 464 nm with a FWHM of 68 nm. In addition, the emission
spectrum of the blue OLED significantly overlaps with the absorption region of the QDs,
enabling efficient excitation.
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Figure 1. (a) TEM image, (b) particle size distribution, and (c¢) PL and absorption spectra of the
green-emitting CdSe/ZnS QDs, and EL spectrum of the blue OLED.

To investigate the effect of the PDMS matrix on color conversion, the color conversion
characteristics of a QD-only layer were first examined. A QD solution was prepared by
dispersing QDs in octane, and a QD-only layer was formed via spin coating. Figure 2a
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shows a schematic illustration of the QD layer fabrication process and the color conversion
process using the blue OLED. The concentration of QDs dispersed in octane was varied to
100, 200, 400, and 800 mg/mL. Figure 2b shows the thickness of the spin-coated QD-only
layers as a function of QD concentration. As the QD concentration increases, more QDs
accumulate after spin coating, resulting in an increase in the layer thickness.
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Figure 2. (a) Schematic illustration of the fabrication of QD-only layer for color conversion of the
blue OLED and (b) thickness of the QD-only layer as a function of QD concentration.

Figure 3a shows the color conversion spectra of QD-only layers prepared with different
concentrations of QDs. The color conversion of the blue OLED by the QDs occurs as the
QDs absorb the light emitted from the blue OLED, and the absorption of blue light depends
on the thickness of the QD layer. When the QD concentration is 100 mg/mL, the QD
layer is too thin, resulting in almost no color conversion. On the other hand, a clearly
distinguished green peak from the QDs is observed when the QD concentration increases
to 800 mg/mL. In addition, the peak wavelength of the transmitted blue light moves
toward the longer wavelength region as the QD concentration increases. For example, the
emission peak wavelength of the blue OLED is 464 nm, whereas the QD conversion layer at
800 mg/mL exhibits a peak wavelength of 480 nm. This red shift is considered to be due
to the wavelength-dependent absorption characteristics of the QDs. Since QDs exhibit
stronger absorption at shorter wavelengths within the blue emission range of the OLED,
the higher energy components of the blue emission are preferentially absorbed as the QD
layer becomes thicker, while the lower components are relatively less attenuated. This
difference in absorption leads to an apparent red shift.
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Figure 3. (a) Color conversion spectra, (b) blue and green emission intensities, (c) color coordinates
and emission images of QD-only layers fabricated with different QD concentrations.

Figure 3b shows the maximum intensities of the transmitted blue light and the con-
verted green light as a function of QD concentration. As the QD concentration increases,
the thickness of the QD layer increases, resulting in greater absorption of blue light by
the QDs. Consequently, the intensity of the converted green light increases, while the
intensity of the transmitted blue light decreases. Figure 3¢ shows the color coordinates and
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emission images of the light converted by the QD-only layers. The blue OLED exhibits
color coordinates of (0.15, 0.14). At a QD concentration of 100 mg/mL, little color conver-
sion occurs, and the color coordinates are nearly identical to those of the blue OLED, at
(0.15, 0.16). As the QD concentration increases, more blue light is absorbed by the QDs,
causing the color coordinates to shift toward the green region. At a QD concentration of
800 mg/mL, the color coordinates are (0.16, 0.28). Although the color coordinates shift
toward the green region, the blue emission remains dominant and the green emission is
relatively weak, resulting in a greenish-blue color. In addition, the color-converted images
become increasingly blurred and diffused with increasing QD concentration, indicating
enhanced light scattering within the layer.

Figure 4 shows the color conversion efficiencies and the output/input efficiencies
of the QD-only layer as a function of QD concentration. The color conversion efficiency
is defined as follows [24]: Ncce = AQD/(ApOLED — Abtrans) X 100, where nccg is the
color conversion efficiency, Aqp is the integrated area of the converted green emission
spectrum, ApoLpp is the integrated area of the blue light spectrum incident from the
OLED onto the QD layer, and Apyans is the integrated area of the blue light spectrum
transmitted through the QD layer. The output/input efficiency is defined as follows [24]:
Nout/in = AQD/ApoLep X 100, where 1y /in is the output/input efficiency. Agp and Aporgp
are the same as defined above.
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Figure 4. (a) Color conversion efficiencies and (b) output/input efficiencies of QD-only layers
fabricated with different QD concentrations.

The QD-only layer exhibits a low color conversion efficiency of 6.6% due to the thin
thickness at a QD concentration of 100 mg/mL. As the QD concentration increases to
400 mg/mL, the thickness of the QD-only layer increases, and the color conversion effi-
ciency rises to 17.3%. When the QD concentration reaches 800 mg/mL, the color conversion
efficiency slightly decreases to 16.9%. In contrast, the output/input efficiency exhibits lower
values than the color conversion efficiency, because it does not account for the transmitted
blue light, i.e., blue leakage. At a QD concentration of 100 mg/mL, about 85% of the blue
light is leaked without being absorbed by the QDs, resulting in a very low proportion of
converted light, approximately 1%. As the QD concentration increases, a higher proportion
of blue light is absorbed by the QDs. Consequently, the output/input efficiency increases,
reaching 9.5% at a QD concentration of 800 mg/mL.

To fabricate the color conversion layers by dispersing QDs in PDMS, QDs were first
added to octane to prepare a QD solution, which was then mixed with PDMS containing
a curing agent. Figure 5a shows a schematic illustration of the fabrication process of the
color conversion layer in which QDs are dispersed in PDMS, as well as a schematic of the
color conversion process using a blue OLED. For the color conversion layers, 1 g of PDMS
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and 0.1 g of curing agent were used. In addition, the concentration of QDs in 1 mL of
octane was varied to 100, 200, 400, and 800 mg/mL. Therefore, the concentrations of QDs
dispersed in PDMS were 8.3, 15.4, 26.7, and 42.1 wt%, respectively. After spin-coating the
solution containing PDMS, curing agent, octane, and QDs, the coated films were cured at
150 °C for 30 min to form the color conversion layers. The thickness of the color conversion
layers was controlled by repeating the spin-coating and curing processes.
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Figure 5. (a) Schematic illustration of the fabrication of the PDMS-based QD color conversion layer,
and (b) thickness of the PDMS-based color conversion layer as a function of spin-coating cycle.

Figure 5b shows the thickness of the color conversion layers as a function of the number
of repeated spin-coating and curing cycles. The thickness of the layer increases as the
number of spin-coating cycles increases, as the layer cured at 150 °C remains undamaged
when subsequent PDMS-QD mixtures are spin-coated onto it. It should be noted that the
thickness of the color conversion layer decreases with increasing QD concentration despite
the higher solid content. The decrease in the thickness of the color conversion layer at
higher QD concentrations is presumed to be related to the plasticizing effect of oleic acid
ligands coordinated on the QDs [36]. As the QD concentration increases, the amount of
oleic acid also increases, which is believed to reduce the viscosity and surface tension of
the PDMS-QD solution [36,37]. The QD ligands can also delay the PDMS curing kinetics,
allowing the wet film to flow for a longer time during spin-coating, which can result in
the formation of a thinner layer [38]. We observed a noticeable increase in the fluidity of
the PDMS-QD mixture with high QD loading. This reduced viscosity allows the solution
to spread more thinly during the spin coating process, resulting in a decrease in the final
film thickness. On the other hand, we observed that when the QD concentration exceeded
42.1 wt%, it was impossible to measure the thickness of the layer using a surface profiler
because curing of the layer did not occur. This result suggests that an excessive amount of
oleic acid ligands hinders the network formation of the PDMS matrix.

Figure 6 shows the color conversion spectra of the PDMS-based QD color conversion
layers. As the layer thickness increases, the transmitted blue emission decreases and the
converted green emission increases for all QD concentrations. At a low concentration of
8.3 wt%, the blue emission dominates due to the limited absorption of the incident blue light.
As the QD concentration increases to 15.4 wt% and 26.7 wt%, the QD emission progressively
increases, while the blue leakage correspondingly decreases. At the highest concentration
of 42.1 wt%, the blue emission is significantly suppressed, and the QD emission becomes
dominant. These results indicate that the PDMS-based QD color conversion layers exhibit
significantly lower blue leakage and improved color conversion characteristics compared
with the QD-only layers.

Figure 7 shows the variation in the maximum intensities of transmitted blue light
and converted green light for PDMS-based QD color conversion layers with different
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QD concentrations. As the thickness increases, the blue intensity decreases for all QD
concentrations, indicating the enhanced absorption of the incident blue light within the
QD conversion layer. This trend becomes more pronounced at higher QD concentrations,
where the stronger absorption leads to a more rapid attenuation of the blue emission with
increasing thickness. The corresponding green emission intensity increases with increasing
layer thickness due to the enhanced color conversion by the QDs. However, beyond a
certain thickness, the green emission intensity begins to saturate or slightly decreases.
In addition, at higher QD concentrations, the green emission reaches its maximum at a
relatively smaller thickness.
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Figure 6. Color conversion spectra of PDMS-based QD color conversion layers with QD concentra-
tions of (a) 8.3 wt%, (b) 15.4 wt%, (c) 26.7 wt%, and (d) 42.1 wt%.
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Figure 7. (a) blue and (b) green emission intensities of PDMS-based QD color conversion layers with

different QD concentrations.

Figure 8a shows the color coordinates of the PDMS-based QD color conversion layers
with different concentrations of QDs. As the layer thickness and the QD concentration
increase, the emission color systematically shifts from the blue region toward the green
region. This result directly reflects the progressive suppression of the blue leakage and
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the enhancement of the green emission. For example, the color coordinates are (0.23, 0.61)
in the 25.1 um layer with 15.4 wt% QDs. Therefore, the color coordinates of the PDMS-
based QD layer are significantly improved compared to those of the QD-only layer and
are closer to the standard green coordinates (0.19, 0.80) of Rec. 2020. Figure 8b shows the
corresponding color conversion images. As the QD concentration and thickness increase,
the emission color gradually shifts from bluish green to a more saturated green. Figure 8b
also represents that the color-converted images become increasingly blurred and diffused
with increasing QD concentration and layer thickness, indicating enhanced light scattering
within the PDMS-based QD layer. This suggests that the QDs act as scattering centers in
the PDMS matrix, inducing multiple scattering of blue light. This scattering increases the
effective optical path length of blue photons within the layer. This light-trapping effect
enhances the probability of blue light absorption by the QDs. Consequently, blue leakage
is significantly suppressed, and the green emission is correspondingly improved. However,
spatial inhomogeneities can be observed in the color conversion images of 42.1 wt% QDs,
which may be attributed to QD aggregation within the PDMS matrix. This aggregation
results in non-uniform emission and slight degradation of color purity.
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Figure 8. (a) Color coordinates and (b) color conversion images of PDMS-based QD color conversion
layers with different QD concentrations.

Figure 9 shows the color conversion efficiencies and output/input efficiencies of
PDMS-based QD color conversion layers, and TRPL decay curves of the PDMS-QD so-
lutions. The color conversion efficiency increases with increasing thickness, reaches a
maximum value, and then slightly decreases for all QD concentrations. The 8.3 wt% layer
exhibits a maximum color conversion efficiency of 30.0% at a thickness of 35.9 um, while the
15.4 wt% and 26.7 wt% layers show maximum color conversion efficiencies of 26.7% and
25.7% at thicknesses of 27.9 and 5.8 um, respectively. The 42.1 wt% layer exhibits a maxi-
mum color conversion efficiency of 19.0% at a thickness of 0.4 pm. This result indicates that
the optimal thickness for maximum color conversion efficiency decreases with increasing
QD concentration. Furthermore, the maximum color conversion efficiency also decreases as
the QD concentration increases. A similar trend is observed in the output/input efficiency,
where both the maximum output/input efficiency and corresponding optimal thickness
decrease with increasing QD concentration.

To further investigate these efficiency characteristics, TRPL measurements of the
PDMS-QD solutions were performed. The PL decay is significantly prolonged as the QD
concentration increases from 8.3 wt% to 42.1 wt%, indicating enhanced self-absorption
in the dense QD environment. In such a high-density QD system, photons emitted by
the QDs are likely to be reabsorbed by neighboring QDs before escaping the sample,
thereby extending the measured decay time [39]. These results suggest that the PDMS-QD
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system effectively traps and recycles photons through multiple scattering and reabsorption
events. In the PDMS-QD layer, multiple scattering increases the effective optical path
length, thereby enhancing the probability of blue photon absorption and improving color
conversion efficiency while suppressing blue leakage compared to QD-only films. However,
at higher QD concentrations, excessive self-absorption leads to repeated photon recycling
processes, during which photons are increasingly lost via non-radiative recombination
pathways. In addition, serious QD agglomeration in the 42.1 wt% layers may further
exacerbate self-absorption and reduce the maximum color conversion efficiency.
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Figure 9. (a) Color conversion efficiencies, (b) output/input efficiencies of PDMS-based QD color
conversion layers with different QD concentrations, and (¢) TRPL decay curves of PDMS-QD solu-
tions.

4. Conclusions

Color conversion layers were fabricated by dispersing QDs in a thermally curable
PDMS matrix, and the color conversion characteristics of blue light emitted from a blue
OLED were compared with those of QD-only layers. QD-only layers were prepared
by spin-coating a QD solution dispersed in octane. As the QD concentration in octane
increased from 100 to 800 mg/mL, the thickness of the QD-only layer increased from
0.11 to 2.51 pum, resulting in enhanced absorption of blue light by the QDs. Consequently,
the green emission increased while the blue leakage decreased. However, a considerable
amount of blue light was transmitted through the layer, resulting in a relatively low
maximum color conversion efficiency of 17.3%. In contrast, the PDMS-based QD color
conversion layer exhibited significantly improved color conversion characteristics. PDMS-
based layers were fabricated by spin-coating a mixture of thermally curable PDMS, a curing
agent, octane, and QDs. The concentration of QDs varied from 8.3 to 42.1 wt%, and the
thickness of the QD layer was controlled by repeating the spin-coating and thermal curing
processes. The PDMS-based QD layers exhibited significantly reduced blue leakage and
substantially increased green emission intensity compared with the QD-only layers. At
a QD concentration of 8.3 wt% and a layer thickness of 35.9 pym, the PDMS-based layer
exhibited a maximum color conversion efficiency of 30.0%. Higher QD concentrations
slightly reduced the maximum efficiency due to the photon loss caused by excessive self-
absorption, although blue leakage was suppressed even with thinner layers. These results
indicate that the PDMS-based QD color conversion layer provides improved blue light
absorption, reduced blue leakage, and enhanced color conversion efficiency, demonstrating
its strong potential for high-performance QD-OLED display applications.
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Abstract

Freeform Fresnel lenses combine the powerful beam-shaping capability of freeform op-
tics with the lightweight and compact characteristics of conventional Fresnel structures,
leading to their increasing adoption across diverse applications. This paper proposes and
experimentally validates a method for generating rectangular dark hollow beams using
a freeform Fresnel lens. The lens is divided into multiple fan-shaped sectors centered on
the optical axis, with each sector generating a defocused spot at a distinct spatial location.
Based on geometrical optics, a freeform Fresnel lens with a 25 mm aperture is designed
to produce a square hollow beam with a side length of 10 mm. A lens with a division
angle of 5° was fabricated using ultra-precision diamond turning. The angular form error
was measured to be below 0.1°, and the surface roughness was found to be below 10 nm.
An optical testing system was established to characterize the generated beam profile. The
experimental results successfully demonstrate the formation of the desired rectangular
dark hollow beam. The measured results agree well with the simulations, confirming the
feasibility and practical potential of the proposed method.

Keywords: freeform Fresnel lens; rectangular dark hollow beam; beam shaping; ultra-
precision diamond turning

1. Introduction

Dark hollow beams (DHBs) are structured optical fields characterized by low on-axis
intensity and a surrounding high-intensity boundary. They have been widely studied in
atom optics [1,2], optical communications [3], laser material processing [4], and optical
manipulation of particles [5,6]. Most existing studies focus on DHBs with circular symmetry.
However, several theoretical models for DHBs with non-circular symmetry have also been
reported [7-10]. Elliptical hollow beams can be used to trap microscopic particles and guide
them along elliptical trajectories. They can also trap and rotate single elongated objects [11].
In addition, under certain conditions in weak atmospheric turbulence, rectangular DHBs
exhibit a lower scintillation index than Gaussian, elliptical Gaussian, and rectangular flat-
topped beams [12]. Freeform DHBs are particularly suitable for manipulating non-spherical
objects in optical tweezers, as they help suppress unwanted rotational motion of trapped
micro-objects [13].

Micromachines 2026, 17, 448 https://doi.org/10.3390/mil7040448
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Various methods have been proposed to generate DHBs, including phase plates [14,15],
holograms [16], mode conversion techniques [17], axicon lenses [18,19], and hollow fibers [20].
Freeform Fresnel optics has recently emerged as a promising class of optical components. It
combines the advanced wavefront control of freeform optics with the compact form factor
of Fresnel structures. Goldstein proposed a design method for faceted freeform Fresnel
lenses capable of producing prescribed output intensity distributions [21]. With the steady
development of freeform Fresnel lens fabrication processes [22-24], they have been applied
to compact wireless communication systems [25], irradiance shaping [26,27], and head-up
displays [28].

In this study, we propose a method to generate a rectangular dark hollow beam using
a freeform Fresnel lens. The lens aperture is divided into multiple fan-shaped sectors,
each consisting of serrated annular Fresnel zones. A topological mapping is established
between the sectorized sub-apertures and the target rectangular hollow pattern. This
mapping allows each sector to redirect incident light to designated off-axis positions along
the rectangular boundary. The lens is fabricated by ultra-precision diamond turning with
a slow tool servo technique. Experimental results demonstrate that the generated beam
profile is in good agreement with the simulations, validating the proposed method as a
compact and manufacturable solution for structured beam generation.

2. Theoretical Design Method

The fundamental principle for generating a rectangular DHB using a freeform Fresnel
lens is illustrated in Figure 1la. The lens is divided into several sector-shaped regions
with its center as the origin. Each sector generates an off-axis focal spot at a prescribed
spatial location, and each sector consists of serrated annular zones. The superposition of
these off-axis focal spots forms a rectangular intensity distribution on the detection plane.
The topological mapping from the fan-shaped lens sectors to the target plane is shown
in Figure 1b. A freeform Fresnel lens with a division angle of w converts the normally
incident light into a rectangular pattern with a side length of d. Light incident on a sector at
an azimuth angle 6 is mapped to a point on the rectangular pattern with the corresponding
azimuth angle.

The rectangular pattern is both center-symmetric and diagonally symmetric. Therefore,
the design range can be restricted to azimuth angles from 0 to /4. If the design region
is divided into n fan-shaped sectors, the angle w of each sector is 7t/ (4n). The distance 7y,
from the focal point generated by the nth fan-shaped lens sector to the origin is given by

d

= — 1
n 2cos(6y) @
where 0,, denotes the azimuth angle of the nth fan-shaped lens sector, given by
0, =(n—1w 2)

A 2D ray diagram of light incident on the lens facets is shown in Figure 2. The freeform
Fresnel lens consists of planar and groove surfaces, with the groove surfaces facing the
receiver. A collimated incident light beam is refracted by the groove facet with a slope
angle of &« underneath the lens plane. For the nth fan-shaped lens sector, the facet angle « is

given as

o lein(ﬁ)
tan(a) = N, — Nycos(B) 3)

where

B = arctan[(1 —ry)/ f] 4)
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Here, N1, N; are representative refractive index of the air and the Fresnel lens material
respectively, [ is the distance from the center of the facet to the center axis, and f is the focal
length. If we denote the groove width of Fresnel lens as w, the height of the facet & can
therefore be defined as follows:

h=w x tan(a) ®)

Monte Carlo ray-tracing simulations were performed using software TracePro ® 7.0
(Lambda Research Corporation, Littleton, MA, USA) to evaluate the optical performance of
the modular Fresnel lenses. The key parameters of the proposed freeform Fresnel lens are
as follows: lens aperture D = 25 mm, focal length f = 125 mm, two grooves per millimeter
(w = 0.5 mm), groove height 1 < 0.3 mm, material polymethyl methacrylate (PMMA,
n =149, T = 92.4% @ 640 nm), and side length of the rectangular DHB d = 10 mm. A
collimated light source with an output power of 1 W and a wavelength of 640 nm was used
for simulation. The number of simulated rays is 500,000, and the receiving surface is a
square plane with a side length of 15 mm and grid size of 128 x 128.

Light source

Serrated profile

Freeform Fresnel lens

Rectangular
DHB pattern

Receiver plane

(a)
Ay

Design region

Fan-shaped
lens sector Focusing spot

r,,’é d

Rectangular
DHB pattern

Figure 1. (a) Three-dimensional schematic diagram of the freeform Fresnel lens generating a rectan-
gular DHB. (b) Topological mapping from fan-shaped lens sector to the receiver plane.
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Figure 2. 2D ray diagram of light incident on the lens facets.

Figure 3a shows the two-dimensional relative irradiance distribution of the rectangular
DHB for a division angle of 5° (Total 72 sectors over the lens region). The simulation
indicates that a square hollow spot with a side length of 10 mm and a hollow width of
approximately 1 mm can be formed on the receiver plane. The irradiance distribution
exhibits higher intensity along the central regions of each side, with noticeable stitching
artifacts of focused spots at the corners. Figure 3b presents the cross-sectional irradiance
profiles along x = 5 mm and y = 0 mm. The results confirm the absence of stray light
within the hollow region. The minimum irradiance within the effective spot area is about
50% lower than the maximum intensity.
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Figure 3. Relative irradiance distribution of the rectangular DHB for division angle of 5°. (a) Two-
dimensional irradiance distribution. (b) Cross-sectional irradiance distribution curve.

The design principle of the proposed method is to focus the light from each fan-
shaped sector into an individual spot, such that a linear intensity distribution is formed by
superposing these focal spots. Owing to the finite angular span of each sector, the focal
spot deviates from an ideal point and instead exhibits an arc-like profile. Accordingly, the
precision of the angular division between sectors directly influences the beam intensity
distribution on the receiver plane. To enhance the irradiance distribution uniformity of
the rectangular DHB, the segmentation accuracy was increased to 2.5°. Figure 4 shows
the corresponding relative irradiance distribution on the receiver plane. As seen in the
figure, the intensity along the edges of the spot is significantly improved, leading to a more
uniform rectangular pattern. Although reducing the division angle improves irradiance
uniformity, it simultaneously increases machining complexity by narrowing the spacing
between adjacent fan-shaped regions.
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Figure 4. Relative irradiance distribution of the rectangular DHB for division angle of 2.5°. (a) Two-
dimensional irradiance distribution. (b) Cross-sectional irradiance distribution curve.

The cross-sectional profiles of the irradiance distribution of the rectangular DHB in
free space were calculated at various propagation distances z for a division angle of 5°, as
shown in Figure 5. As the propagation distance increases, the hollow region of the optical
spot gradually expands, reaching its designed maximum at the focal plane. At this position,
the beam is most concentrated and its width is minimal. The hollow region gradually
decreases beyond the focal plane. Although a focused spot distribution appears at the rear
focal plane (z = 215 mm), the beam as a whole has already diverged.

9.0x10°

6.0x10°

Irradiance (\n/mz)

3.0x10°
0.0x10°

-8 6 -4 -2 0 2 4 6 8
X (mm)

Figure 5. Cross line (y = 0 mm) of the irradiance distribution of a rectangular DHB at various
propagation distances of 5°.

3. Experimental Verification
3.1. Experimental Setup

To validate the feasibility of the proposed method, a freeform Fresnel lens with a
division angle of 5° was chosen for experimental fabrication, as it involves less machining
complexity. The experiments were conducted on an ultra-precision lathe (Nanotech 650FG,
Moore, Swanzey, NH, USA) equipped with three linear axes (X, Y, Z) and a rotational axis
(C), as shown in Figure 6. A commercially manufactured single-crystal diamond tool was
employed, with a rake angle of 0°, a nose radius of 10 um, and an included angle of 70°.
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Figure 6. Experimental setup and coordinate configuration.

3.2. Verification of the Exemplary Freeform Fresnel Optics

The freeform Fresnel lens with a division angle of 5°, introduced in Section 2, was
successfully fabricated using ultra-precision machining, as shown in Figure 7. Due to the
relatively small facet angles in the central region of the designed freeform Fresnel lens, the
central area with a diameter of 2 mm was fabricated as a planar surface. A cross-sectional
profile comprising 23 facets was measured using a probe-type optical instrument (Form
Talysurf PGI, Taylor Hobson, Leicester, UK). Two line segments at azimuth angles of 0° and
45° were selected for analysis, with the testing starting points set at the central origin of the
optical element (the X-axis of the ultra-precision lathe as the reference axis). The resulting
contour lines, presented in Figure 8, were compared with the intended design, and the forming
angular error was calculated. During measurement of the groove tip morphology, interference
between the probe and the workpiece caused noise in the tip region. Therefore, only the valid
data region was used for analysis. The maximum forming angular error was within 0.1°,
demonstrating that the proposed fabrication process achieved high machining accuracy.

Figure 7. Photograph of the fabricated freeform Fresnel lens.

Based on the surface profile measurement results shown in Figure 8a, roughness
analysis was performed on three grooves. Figure 9 presents the roughness curves of the
inclined surfaces for the 1st, 11th, and 23rd grooves. The results indicate that the surface
roughness values of the three groove inclined surfaces are 8.9 nm, 9.5 nm, and 8.2 nm,
respectively. The experimental findings reveal that the surface roughness of groove-inclined
facets is strictly confined to the nanometer scale, indicating excellent machining consistency
and superior surface finishing quality.
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A freeform Fresnel lens with division angle of 5°, fabricated from PMMA material,

was processed to assess its optical performance, and an optical test setup was established

as shown in Figure 10. The experimental test setup was assembled on a vibration-isolated

optical platform, with all auxiliary testing components mounted on a graduated optical

linear rail to enable precise positional alignment throughout the measurement process. A

640 nm laser integrated with a collimating lens was employed as the illumination source,
which irradiated the machined freeform Fresnel lens; the transmitted beam was then

imaged onto a receiving surface, and the corresponding light spot on this surface was
subsequently captured by a beam analyzer (SP300, Ophir-Spiricon, North Logan, UT, USA).
The freeform Fresnel lens was firmly fixed on a precision lens mount, with its grooved
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surface facing the receiving surface. The receiver employed herein is a ground glass slide,
featuring a light-scattering surface on one side and a flat transparent surface on the other.
The light spot was projected onto the scattering surface of the ground glass, while the beam
analyzer acquired the spot image through its transparent flat side. This beam analyzer is
equipped with a 7.1 mm x 5.3 mm CCD detector and a 5x magnification focusing lens.

Tt tHefmtiere oo s Ground ¢ e QPUCAl ¢ 4 4 s
0.0 00500 2 0 o LA
anafyZer ° ¢ o glasse o o element

o 0 o o e e e e nellielia aFaEET

Figure 10. Photograph of the optical test setup.

Figure 11 presents the experimentally measured optical performance of the fabricated
freeform Fresnel lens. As shown in Figure 11a, a rectangular dark hollow beam with a
side length of 10.3 mm and a width of approximately 1.2 mm was obtained at the focal
plane, where the central intensity is significantly suppressed and the boundary exhibits
a continuous closed high-intensity distribution. The overall beam profile shows good
agreement with the simulated result (Figure 3a), demonstrating that the proposed design
method can effectively achieve the desired beam shaping after fabrication. Meanwhile,
noticeable intensity of non-uniformity is observed along the boundary, particularly near
the rectangular corners. This behavior is consistent with the simulation results, where the
non-uniform energy distribution is attributed to the finite division angle accuracy of the
fan-shaped sectors. Figure 11b further illustrates the evolution of the beam at different
propagation distances. As the propagation distance increases from 95 mm to 125 mm (focal
plane), the hollow region gradually expands and stabilizes, and the rectangular profile
becomes more distinct. At the focal plane, the beam exhibits the most concentrated size
and highest contrast. With further propagation to 155 mm and 215 mm, the beam begins to
diverge, the contrast of the hollow region decreases, and the boundary becomes blurred,
indicating a strong focal-plane dependence of the structure.

Figure 11. Cont.
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(b)

Figure 11. Optical performance test. (a) Measured beam profile test image at focal plane. (b) Cross-

sectional optical path of beam propagation and spot distributions at different transmission positions.

4. Conclusions

This study presents a design method for freeform Fresnel lenses to generate rectangu-
lar dark hollow beams. The approach is validated through theoretical modeling, ray-tracing
simulations, and experimental characterization. The proposed method divides the lens
into multiple fan-shaped sectors and establishes a topological mapping between each
sector and the target rectangular hollow pattern. By redirecting light to off-axis positions
through serrated Fresnel zones, the desired beam profile is formed via spot superposition.
A freeform Fresnel lens with a division angle of 5° was successfully designed and fabricated.
The experimental results agree well with the simulations, confirming the feasibility and
effectiveness of the proposed method. Although reducing the division angle can improve
irradiance uniformity, it also increases machining complexity. Therefore, a trade-off be-
tween optical performance and fabrication difficulty must be considered. The proposed
design strategy is not limited to rectangular beams and can be extended to hollow beams
with arbitrary geometries.

A concentric design with a constant groove width was adopted in this work, and
when combined with the ultra-precision slow tool servo machining process, it effectively
reduces machining difficulty and enables the convenient and efficient fabrication of the
required surface profile. The fabricated lens exhibits an angular error below 0.1° and a
surface roughness below 10 nm, demonstrating excellent machining performance.

Freeform Fresnel lenses replace continuous surfaces with segmented facets, signifi-
cantly reducing thickness and weight. Although this may slightly compromise surface
continuity, it enables lightweight and compact optical designs. Furthermore, such struc-
tures are generally considered compatible with fabrication techniques such as injection
molding and nanoimprint lithography, indicating their potential for large-scale production.
However, this aspect was not experimentally investigated in the present study and will be
addressed in future work.
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Abstract

Mixed-halide perovskite solar cells with the composition Csg 1(MAg 17FA( 83)0.9Pb(l.83B10.17)3
were fabricated obtaining solar cells as glass/ITO/SnO, /triple-cation perovskite/HTL/Au,
and subsequently used as photoanodes for efficient solar-driven water splitting by attach-
ing commercial catalytic nickel foils to the Au back-contact pads of solar cells. To enable
operation in alkaline media, the devices were encapsulated using commercial PET-EVA
multilayer films, providing an effective barrier while leaving the Ni foils exposed as the
electrochemically active interface. Two operating configurations were investigated and
compared: (i) an outside configuration, where the perovskite device powered the external
electrochemical cell, and (ii) an immersed configuration, in which the encapsulated per-
ovskite solar cell was directly integrated, together with the Ni catalyst, into the electrolyte.
In both configurations, the onset potential for the oxygen evolution reaction shifted from
~1.32 V vs. RHE, when the Ni electrode was not powered by the perovskite solar cell, to
~0.34 V vs. RHE, when the perovskite device powered the Ni foil for both immersed and
outside configurations. The immersed configuration delivered the highest performance,
achieving a maximum Applied Bias Photon-to-Current Efficiency of ~20% under AM 1.5 G
illumination (100 mW cm~2), among the highest values reported for perovskite-based pho-
toanodes. Importantly, the enhanced performance does not arise from changes in catalyst
composition or direct semiconductor—electrolyte interaction, but from improved photo-
voltage delivery and reduced resistive losses enabled by the integrated device architecture.
These results demonstrate that device architecture is a key factor in controlling photovolt-
age utilization and charge-transfer kinetics, providing a viable strategy for efficient and
scalable perovskite-based photoelectrochemical systems.

Keywords: perovskite photoanode; solar water splitting; hydrogen evolution; encapsulation;
ABPE; mixed-halide perovskite; photoelectrochemical devices; PET-EVA

1. Introduction

Organic—inorganic hybrid perovskite solar cells (PSCs) have attracted remarkable
attention as next-generation photovoltaic materials due to their high-power conversion
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efficiencies, low-cost fabrication, and tunable optoelectronic properties [1-3]. Despite these
advantages, most perovskite devices suffer from rapid degradation upon exposure to
moisture, oxygen, and light, which severely limits their operational stability and long-
term performance [4]. This challenge underscores the need for innovative encapsulation
strategies and device integration that can simultaneously ensure high efficiency and en-
vironmental robustness. These intrinsic vulnerabilities remain one of the main obstacles
to the commercialization of perovskite-based technologies. To enhance device durability,
several strategies have been proposed, including compositional engineering, interface pas-
sivation, and the use of flexible polymeric encapsulants [5-9]. Polymeric barriers improve
resistance to humidity and oxygen while enabling lightweight, robust, and portable de-
vices compared to heavier commercial alternatives. These encapsulation approaches allow
perovskite-based systems to operate in conditions unsuitable for unprotected devices [10].
Encapsulation also enables the integration of PSCs with photoelectrochemical (PEC) sys-
tems for solar-driven water splitting, where protection from aqueous environment is
essential. Such integrated configurations allow hydrogen production directly from sunlight
while avoiding both the intrinsic instability of perovskites in liquid electrolytes and the
need for an external power supply. Integrating the light absorber and catalytic electrodes
within a compact architecture simplifies the device design, reduces energy losses, and
potentially improves conversion efficiency. The adoption of a PEC approach enables the
direct conversion of solar energy into chemical fuels, offering a pathway toward integrated
Solar-to-Hydrogen systems. This approach has been widely recognized as a promising
route toward sustainable hydrogen production, as it allows direct coupling between light
absorption and catalytic reactions without intermediate electrical conversion steps [11]. In
solar fuel research, water splitting can be achieved through either photocatalytic or photo-
electrochemical (PEC) approaches. In photocatalysis, light absorption, charge separation,
and catalytic reactions occur within suspended semiconductor particles, often making
charge extraction and interfacial processes difficult to control. In contrast, PEC systems rely
on photoelectrodes connected to an external circuit, enabling spatial separation of redox
reactions and direct measurement of photocurrent and applied bias. This configuration
provides a more controlled and quantitative platform to investigate charge-transfer kinetics
and photovoltage utilization. In this context, the PEC approach was specifically chosen to
evaluate how effectively the photovoltage generated by encapsulated perovskite solar cells
can be delivered to the catalytic interface and exploited to drive water-splitting reactions
under alkaline conditions. This is particularly relevant for understanding the role of device
architecture in governing photovoltage delivery, interfacial charge-transfer kinetics and
overall device performance. Perovskite-based devices can provide high photovoltages, but
their effective utilization strongly depends on the device integration and on how efficiently
the photovoltage is transferred to drive interfacial electrochemical reactions. Moreover, the
bandgap tunability of hybrid perovskites, combined with their high absorption coefficients,
makes them promising photoanode materials capable of driving the oxygen evolution
reaction (OER) efficiently under alkaline conditions [12-16].

The use of perovskite materials as photoanodes has gained increasing importance due
to their unique combination of optoelectronic and structural properties that can overcome
the limitations of conventional metal oxides. Traditional metal oxide-based photoanodes
such as BiVOy, WO3, and Fe,O3 exhibit high stability but suffer from wide bandgaps
and sluggish charge transport. In contrast, halide perovskites exhibit high absorption
coefficients, long carrier diffusion lengths, and tunable bandgaps (1.5-2.2 eV), making them
suitable for solar water splitting [12]. Recent studies have demonstrated that perovskite-
based photoanodes can achieve outstanding photoelectrocatalytic activity when properly
protected and integrated with efficient catalysts. For instance, Hansora et al. [13] reported
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FAPDbI3/NiFeOOH photoanode with Applied Bias Photon-to-Current Efficiency (ABPE)
of 7.9%. Similarly, Yang et al. [14] demonstrated that perovskite with carbon/graphite
conductive protection layers and NiFe catalyst can achieve unassisted water splitting with
a high ABPE of 8.5%. More recently, Fehr et al. [15] demonstrated scalable perovskite PEC
systems with Solar-to-Hydrogen (STH) efficiencies of up to 20.8% in tandem configurations,
while Song et al. [16] reported all-perovskite tandem systems with STH efficiencies up to
15% and operational stability exceeding 120 h. These advances highlight the capability of
perovskite materials to deliver high photovoltage (>2.0 V) and high photocurrent densities
(>12 mA cm—2), while maintaining low fabrication costs. However, their integration into
aqueous PEC environments remains challenging. Direct exposure to electrolytes often
results in structural degradation and performance loss due to ion migration and dissolution
of the perovskite layer. Therefore, the development of encapsulation approaches that
combine environmental stability with efficient electronic coupling to catalytic electrodes
is critical for advancing this technology. Among the various perovskite compositions,
triple-cation mixed-halide systems (e.g., Cs/MA /FA-based) have emerged as particularly
suitable for applications requiring enhanced operational stability. Compared to single-
or double-cation perovskites, triple-cation formulations exhibit improved phase stabil-
ity, reduced defect density, and suppressed ion migration, leading to enhanced charge
transport and reduced non-radiative recombination losses. These effects were systemati-
cally demonstrated by Saliba et al. [17], who showed that the incorporation of cesium into
mixed-cation perovskites significantly enhances thermal and structural stability. These
advantages are particularly relevant under PEC conditions, where the device is subjected
to additional stress factors such as continuous illumination, applied bias, and proximity
to aqueous electrolytes. In such environments, less stable perovskite compositions tend
to degrade rapidly due to structural instability and interfacial reactions. Therefore, the
use of triple-cation perovskites represents a rational and strategic choice to enhance both
device durability and performance in PEC configurations. To date, only limited stud-
ies have demonstrated their feasibility for water splitting [15] often without a detailed
photoelectrochemical characterization or a systematic analysis of device integration. In
particular, a direct comparison between perovskite solar cells operating externally to an
electrochemical cell and those integrated within the electrolyte has not been reported. As
a result, the role of device configuration in governing photovoltage delivery, interfacial
charge-transfer kinetics, and overall PEC performance remains unclear. In this context, the
present work addresses this gap by providing a systematic comparison between outside
(OS) and immersed (IS) configurations using the same encapsulated triple-cation perovskite
device. The OS configuration corresponds to a photovoltaic-assisted electrochemical cell
setup, whereas the IS configuration involves direct integration of the solar cell-based de-
vice, together with the Ni catalyst, into the electrolyte. This approach allows the effect of
device architecture to be isolated. Furthermore, we demonstrate that the enhancement
in PEC performance does not originate from changes in catalyst composition or direct
semiconductor—electrolyte interaction, but rather from improved photovoltage delivery and
reduced resistive losses enabled by the integrated device. Finally, this work provides one of
the first comprehensive photoelectrochemical characterizations of triple-cation perovskites
under alkaline conditions, including cyclic voltammetry, onset potential analysis, photocur-
rent response, and ABPE evaluation. In this work, we employ a triple-cation mixed-halide
perovskite, Csg1(MAg17FA(83)0.9Pb(Ip83Brg 17)3, as a light absorber layer in n-i-p solar
cells, glass/ITO/SnO, /triple-cation perovskite/HTL/Au and subsequently adapted to
operate as photoanodes. This formulation of triple-cation perovskite, with a higher cesium
content and optimized halide ratio, enhances structural stability and interfacial charge
transfer [17,18]. To enable operation in alkaline electrolyte, the devices were encapsulated

75 https:/ /doi.org/10.3390/mil7040431



Micromachines 2026, 17, 431

using commercially available PET-EVA multilayer films, forming the final architecture
glass/ITO/SnO, /perovskite/HTL/Au/Ni, where Ni acts as the catalytic interface.

2. Materials and Methods
2.1. Materials

SnO; colloid precursor (tin (IV) oxide 15% HyO colloidal dispersion), Pbl, (>99.999%,
ultradry) and PbBr; (Puratronic, >99.998%) were purchased from Alfa Aesar (Thermo
Fisher Scientific, Rodano, Italy). CsI (>99.999%, anhydrous), acetonitrile (ACN anhydrous),
anisole (>99.7% anhydrous), N,N-dimethylformamide (DMF anhydrous), dimethyl sul-
foxide (DMSO anhydrous), formamidinium iodide (FAI anhydrous), methylammonium
bromide (MABr, >99%, anhydrous), Spiro-OMeTAD, chlorobenzene (CB anhydrous), 4-
tert-butylpyridine (TBPy), bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI), and
FK209 Co (III) TFSI salt were purchased from Sigma Aldrich (Merck Life Science S.r.l.,
Milano, Italy). All chemicals were used without further purification. Glass/ITO substrates
(2 x 2 cm?, 10 Q2 sq~!) were used as conductive supports and purchased from Kintec
(Hong Kong, China).

2.2. Preparation of Precursors

The SnO, solution was prepared by diluting the commercial SnO; colloidal dispersion with
deionized water (1:5). The perovskite precursor solution Csy 1(MAg17FA( 83)0.9Pb(Io83Br0.17)3
was obtained by mixing Pbl, (1.10 M), PbBr; (0.22 M), FAI (1.05 M), and MABr (0.20 M) in
DMEF/DMSO (4:1 v/v). A 1.50 M CslI solution in DMSO was added to achieve 10 mol% Cs
content. The hole transport material (HTM) solution consisted of 73 mg Spiro-OMeTAD
in1mL CB, 27 uL. TBPy, 17 pL Li-TFSI solution (520 mg Li-TFSIin 1 mL ACN), and 7 uL
FK209 Co (III) TFSI solution (375 mg in 1 mL ACN). The alkaline electrolyte (1 M KOH)
was prepared by dissolving 5.61 g KOH pellets (>99.99%), purchased from Sigma Aldrich
(Merck Life Science S.r.1., Milano, Italy) in 100 mL deionized water with stirring, cooled to
room temperature, and freshly used.

2.3. Perovskite-Based Solar Cell and Photoanode Fabrication

ITO substrates were sequentially sonicated in acetone and 2-propanol for 15 min each,
dried with nitrogen, and treated under UV-ozone for 20 min. SnO; electron transport layers
(ETLs) were spin-coated at 6000 rpm for 30 s and annealed at 130 °C for 1 h. The substrates
were then transferred into a nitrogen glovebox for perovskite and hole transport layer (HTL)
deposition. The perovskite layer was spin-coated using a two-step program (1000 rpm for
10 s and 6000 rpm for 20 s), with 200 pL anisole added dropwise as an antisolvent. Films
were annealed at 100 °C for 1 h. The Spiro-OMeTAD layer, as HTL, was spin-coated at
4000 rpm for 30 s, followed by thermal evaporation of 80 nm Au back contact [16]. To use
the pristine perovskite solar cell as a photoanode for PEC testing, the device was modified
by adding two nickel foils onto its existing electrical contacts, one on the Au pad and one on
the ITO-coated glass substrate, named Ni (+) and Ni (—) respectively (Figure 1a). Given the
higher rigidity and hardness of nickel compared to gold, small drops of silver conductive
paste were applied between the Au pads (or ITO) and the Ni foils to improve electrical
contact. To evaluate a suitable thickness of nickel foils for photoelectrocatalytic integration,
the current density—voltage (J-V) characteristics of pristine perovskite devices were first
recorded under standard illumination (AM 1.5 G, 100 mW cm~2) and compared with PSCs
with nickel foils of varying thicknesses as the electrode. Among the thicknesses, 20 pm thick
nickel foil exhibited the best performance. The perovskite devices were then encapsulated
using multilayer polymeric film lamination between two PET-EVA sheets and laminated
using a hot-press laminator (PlastiEVO, Tosingraf S.r.1., Rosa, Italy). The lamination process
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was carried out at 100 °C for 5 min, forming an effective barrier against moisture and
oxygen. The PET layer provided mechanical stability and optical transparency, whereas the
EVA layer ensured strong adhesion and air- and watertight sealing. A Kapton polyimide
tape was first applied to protect the active area from direct exposure to the encapsulant.
Front- and back-view images of the encapsulated devices are shown (Figure 1b).

Spiro

Perovskite

GLASS

(a) (b)

Figure 1. (a) Schematic representation of the n-i-p perovskite solar cell architecture (Glass/ITO/
SnO, /Perovskite /Spiro-OMeTAD/ Au) showing the placement of nickel electrodes in contact with Au
and ITO terminals of the device. (b) Photographs of the typical perovskite device encapsulated using
multilayer polymeric films (PET-EVA). (Left) front, where glass is illuminated by solar simulator,
and (right) back, where Nickel foils are deposited on Au pads and on ITO.

3. Results and Discussion
3.1. Perovskite-Based PEC Confiqurations and Characterization of Standard Electrochemical Cell

The photoelectrochemical performance of the encapsulated PSCs was evaluated in two
operational configurations: (i) outside (OS) configuration, where the perovskite cell pow-
ered an external standard electrochemical cell, and (ii) immersed (IS) configuration, where
the encapsulated device was directly integrated into the electrolyte. The Ni foil in contact
with the Au terminal was used as the working electrode. Illumination was provided by a
LED AM 1.5 G solar simulator (Ossila B.V. Leiden, Netherlands), irradiance 100 mW cm—2
(Figure 2). The standard electrochemical had three-electrode configuration with 1 M KOH
electrolyte, with Ni as the working electrode, Pt as the counter electrode, and Ag/AgCl
as reference (Figure 3). The nickel electrode drove the oxygen evolution reaction (OER) at
the anode (4OH™ — O, + 2H,0 + 4e™), while the platinum counter electrode catalyzed
the hydrogen evolution reaction (HER) at the cathode (4H,O + 4e~ — 2H,; + 4OH™). The
overall process corresponded to water splitting (2H,O — 2H; + Oy). The cyclic voltamme-
try (CV) recorded on the Ni/Pt electrodes, biased with a potentiostat, but in the absence of
the perovskite solar cell (i.e., without any photovoltage contribution) shows the characteris-
tic behavior of alkaline OER, with an anodic onset potential appearing at approximately
E onset (vs. Ag/agcl) = +0.30 V vs. Ag/AgCl. The onset potential (Eonset) is conventionally
defined as the potential at which the photocurrent density reaches a small but measurable
value (typically 0.0001-0.0002 A cm~2 above the baseline), and represents the minimum
external bias required to initiate the electrochemical reaction.

To demonstrate the analyzed results, the measured potentials are converted into
potential versus reversible hydrogen electrode (RHE) using [19]

ERHE = EAg/AgC] + E%g/AgCl + 0.059 x pH (1)

The potential of the reference electrode, concerning the standard hydrogen electrode at
25°C(0.197 V for Ag/AgCl), is denoted as EOAg / agclr While the working potential measured
versus the reference electrode is represented as Exg/agc1- Thus, the OER onset corresponds
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to approximately 1.32 V vs. RHE for nickel-based catalysts in alkaline media (1 M KOH,
pH = 14) (Figure 4). The Ni(OH), /NiOOH redox transition, which reflects the formation of
active NiOOH sites, occurs at a lower potential of around 1.1 V vs. RHE.

(a)
1- SUN solar simulator

Potenziostat

A\
(b)
Pote osta
HER
CE
\\,':\ .,'/"../,7 00 ®
9 3 - — » 4 @ e
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S - \---/...\ -
: v,"'..l.f".\ ‘I
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1M KOH

Figure 2. Schematic representation of the encapsulated PSC in (a) outside and (b) immersed config-
uration with Nickel as the working electrode and platinum as the counter electrode and the third

electrode as reference.
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Figure 3. Standard photoelectrochemical cell used for water-splitting experiments in 1 M KOH
aqueous electrolyte. The electrodes are biased to the potentiostat via alligator clips.
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Figure 4. Cyclic voltammetry curve of a standard electrochemical cell, biased with a potentiostat,
employing nickel as the working electrode and platinum as the counter electrode in 1 M KOH
aqueous solution, at scan rate 100 mV/s. The arrows indicate the direction: from positive to negative
voltages (dark arrow, reduction) and from negative to positive voltages (red arrow, oxidation).

3.2. Encapsulated Device Characterization for PEC Applications

After fabrication of PSCs, the J-V characteristics under LED solar simulator, recorded
before and after encapsulation, are shown in Figure 5. The nearly overlapping curves
confirm that the encapsulation processes do not affect the electrical performance of the
devices. To assess whether the encapsulation procedure alters the photovoltaic performance
of the devices, a statistical comparison of the key photovoltaic (PV) parameters (short-circuit
current density, Jsc, open-circuit voltage, Vo, fill factor, FF, and power conversion efficiency,
PCE) was carried out before and after encapsulation. Figure 6 shows the distribution
of each parameter across multiple devices, represented as box-and-whisker plots with
the individual datapoints overlaid. This analysis allows a direct evaluation of potential
degradation or variability induced by the encapsulation process.

The distributions of PV parameters reveal that encapsulation does not negatively
affect the photovoltaic performance of the PSCs. A slight increase in J. is observed after
encapsulation. This improvement is attributed to a reduction in surface and interfacial
recombination losses. In particular, the encapsulation layers act as an effective barrier
against moisture and oxygen, which are known to induce trap states and accelerate interfa-
cial degradation in perovskite devices. In addition, the lamination process can improve
interfacial contact between layers, particularly at the back contact, thereby facilitating more
efficient charge extraction. A minor contribution from enhanced optical confinement within
the encapsulated structure may also play a role. Similar trends have been reported in
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the literature, where encapsulation strategies were shown not only to enhance environ-
mental stability, but also to suppress non-radiative recombination and ion migration at
perovskite interfaces, leading to improved photovoltaic performance, although different
encapsulation chemistries were used [20]. Overall, these effects contribute to more effi-
cient carrier collection, resulting in the observed increase in photocurrent. These results
confirm the robustness of the encapsulation strategy and demonstrate that the devices
retain full photovoltaic functionality prior to their implementation as photoanodes in
PEC measurements.

0.000 -
== PSC before encapsulation (standard holder and pristine eledrodes)l

- PSC after protective layer (nickel on pristine electrodes)
= PSC after protective layer and polymeric lamination

_0.025 T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

V (Volt)

Figure 5. Typical J-V characteristics of PSCs recorded before and after encapsulation. The green
curve corresponds to the pristine device measured in the standard holder with original electrodes
(gold as positive and ITO as negative electrode); the black curve represents the device after applying
the protective Kapton layer and catalytic nickel foil electrodes on the pristine contacts; and the red
curve shows the device after full encapsulation with the polymeric multilayer lamination (PET-EVA).
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Figure 6. Statistical distribution of photovoltaic parameters before and after encapsulation: (a) short-
circuit current density (Js¢), (b) open-circuit voltage (Voc), (c) fill factor (FF) and (d) power conversion
efficiency (PCE).
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3.3. Experimental Setup for Perovskite Solar Cells in Outside and Immersed Configurations

The photoelectrochemical performance of the encapsulated PSCs (called PSC A, PSC B,
PSC C and PSC D) was evaluated in two operational configurations: outside and immersed.

3.3.1. Outside Configuration

In the OS configuration, the encapsulated PSCs operated as independent light-
harvesting units, directly powering the external electrochemical cell for water splitting.
Figure 7 shows the corresponding photographs. The left panel displays the full experimen-
tal setup, including the electrochemical cell, the solar simulator, and the microprobes used
to contact the external perovskite solar cell. In the central image, a single external PSC is
contacted with two microprobes, while the right image shows two PSCs connected in series
and contacted in the same manner, both illuminated under identical conditions.

Figure 7. Photographs of the experimental setup used for testing PSCs in outside configuration
under LED solar illumination. (Left) The encapsulated PSC is connected externally to the standard
electrochemical cell. (Center) Single perovskite solar cell. (Right) Two PSCs connected in series.

Typical ]-V curves (Figure 8) confirm that connecting two PSCs in series increases
the open-circuit voltage (Voc) as expected, while the current density (J) decreases slightly
due to additional contact resistance introduced by the series connection. In the OS con-
figuration, the only driving force for the reaction was the photovoltage delivered by the
perovskite solar cell placed outside the electrolyte, which powered the Ni/Pt electrochem-
ical cell. All measurements in alkaline electrolyte were performed under zero applied
bias from the potentiostat. No hydrogen evolution was detected in the dark, confirming
the absence of spontaneous electrochemical activity. Under illumination, the photocur-
rent was observed, demonstrating that the photovoltage generated by external PSCs was
sufficient to autonomously power the water-splitting reaction. The chronoamperometric re-
sponse (Figure 9) clearly shows a marked increase in photocurrent (Jp) upon illumination,
corresponding to hydrogen generation, and a return to baseline in the dark.
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Figure 8. Typical current density—voltage (J-V) characteristics of one PSC and of the two devices
connected in series, lighted with LED solar simulator.
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Figure 9. Photocurrent density of the photoelectrochemical cell connected to PSCs in series, lighted
by LED solar simulator and no bias with potentiostat.

3.3.2. Immersed Configuration

In the IS configuration, the encapsulated perovskite solar cell was directly placed in
the alkaline electrolyte, serving simultaneously as the photovoltaic absorber and as the
mechanical support for the nickel electrode that defined the active area, and no bias is
applied from the potentiostat. In this arrangement, the PSC was fully integrated within
the electrochemical environment. Photographs of the experimental setup are presented
in Figures 10 and 11, where LED solar simulator lighted through the substrate glass side.
The light beam was oriented perpendicularly to the photoanode surface to ensure uniform
illumination of the active area. Figure 12 compares the transient photocurrent generated
(Jpn) by one PSC when contacted with either one or two nickel foils. When two Ni foils
are connected to the two Au pads of the PSC (red curve), the photocurrent nearly doubles
relative to the configuration with a single Ni foil (black curve). This increase is consistent
with the increasing of the electrochemically active area while the operating voltage remains
unchanged, confirming that the photocurrent scales proportionally with the area of active
Ni contact interfaces participating in the OER process. The transient ]t profiles exhibited
clear ON/OFF photoresponses synchronized with light modulation, confirming that no
reaction occurred in the dark and unbiased (see Videos S1 and S2 recorded with a single
nickel foil and two nickel foils, respectively).

Figure 10. Photographs of the photoelectrochemical setup when perovskite-based photoanode was
immersed. (Left) The encapsulated perovskite-based photoanode illuminated through the glass
substrate using the LED solar simulator. (Right) Another view of the same setup during operation.

The influence of externally applied bias from the potentiostat on the PEC performance
was also examined (Figure 13). As expected, the photocurrent increased if 300 mV bias was
applied, indicating improved charge separation and enhanced interfacial charge-transfer
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kinetics. No measurable current or hydrogen evolution was observed in the dark, even
under applied bias, confirming the strictly photoinduced nature of the process.

Figure 11. Magnified views of the perovskite-based photoanode showing the actual placement of
the nickel electrodes on the Au terminals after encapsulation. (a) Configuration with a single Ni
electrode placed on one Au pad of the device. (b) Configuration with two Ni electrodes positioned
on two separate Au pads, defining independent photoactive areas sharing a common ITO contact.
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Figure 12. Photocurrent-time (Jpp—t) response of photoanode under illumination but no bias with
potentiostat. The black curve corresponds to a device with a single Ni foil electrode placed on one
Au pad, while the red curve refers to a device with two Ni foil electrodes positioned on two separate
Au pads. PSC C-Ni foil 0.56 cm? each, PSC D-Ni foil 0.6 cm?.
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Figure 13. Photocurrent-time response of the immersed perovskite photoanode under chopped
illumination. The black curve corresponds to measurements performed at 0 V bias, while the red
curve represents data acquired under an applied bias of +300 mV. PSC had 3 Nickel foils, 0.5 cm? each.
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3.4. Photoelectrochemical Response: Outside vs. Immersed Configuration

A comparative CV analysis was performed on the same encapsulated PSC, first
operated outside the electrolyte and then immersed in the electrolyte to enable a direct
comparison. The measurements were also compared with those of a standard Ni electrode
measured without the perovskite solar cell. (Figure 14). The CV curves were recorded
without iR compensation; however, the series resistance of the system (4-7 ) results in
a negligible uncompensated drop, making this correction unnecessary for interpreting
the data. Both configurations, OS and IS, exhibit hysteresis between the reduction and
oxidation scans, a characteristic of perovskite-based photoelectrodes associated with ionic
migration and capacitive charging within the halide perovskite absorber [21]. However,
hysteresis is noticeably more pronounced in the OS configuration (dark curve Figure 14),
indicating slower interfacial equilibration and higher recombination losses when the device
is electrically connected through external wiring. In contrast, the immersed device shows
a more stable and reproducible CV shape, suggesting improved charge-transfer kinetics.
This difference can be rationalized considering the electrical and electrochemical coupling
in the two configurations. In the OS configuration, the photovoltage generated by the
perovskite is delivered through external wiring and metallic contacts before reaching the
electrolyte, introducing additional series resistance, contact losses, and potential drops
at multiple interfaces. These effects reduce the effective driving force available for the
electrochemical reaction and slow down interfacial charge transfer. In contrast, in the IS
configuration, the catalyst is directly integrated within the electrochemical environment
and electrically coupled to the perovskite back contact, minimizing resistive losses and
enabling a more efficient transfer of photogenerated holes to the NiOOH active sites.
This improved coupling enhances the kinetics of the Ni(OH), /NiOOH redox transition
and facilitates faster charge injection into the electrolyte. These effects contribute to the
observed history-dependent electrochemical response, which is absent in the standard
electrochemical cell where the Ni and Pt electrodes are not powered by the perovskite
solar cell (blue curve; Figure 14). Moreover, in the IS configuration (red curve; Figure 14),
the photocurrent increases more rapidly and reaches higher values compared to the OS
configuration. The onset potential for oxygen evolution shifts dramatically when the PSC
is used for powering the nickel foil electrode for both IS and OS configurations. While
the Ni/Pt electrochemical cell, not powered by the perovskite absorber, exhibits an onset
around 1.32 V vs. RHE (Figure 14; blue curve), both the IS and OS PSC-Ni configurations
show a much earlier onset at ~0.34 V vs. RHE (Figure 14; black and red curves).

This strong reduction in overpotential does not originate from the Ni-electrolyte
interface itself, as nickel already forms Ni(OH), /NiOOH in the standard cell, but rather
from the photovoltage and photogenerated holes supplied by the perovskite absorber
directly into the NiOOH catalytic sites, triggering the Ni(OH), /NiOOH redox transition
at approximately 177 mV (Figure 14; black and red curves). This value is markedly lower
than the anodic peak observed at ~1.1 V in the configuration where the electrochemical cell
operates without being powered by the PSC (Figure 14; blue curve). This comparison clearly
shows that the photovoltage provided by the perovskite significantly lowers the energetic
threshold required for Ni activation in alkaline media. This behavior indicates that the
photovoltage generated by the perovskite effectively shifts the Fermi level of the electrode
under illumination, enabling earlier activation of the catalytic cycle. In this sense, the
perovskite does not merely act as a power source but actively modulates the electrochemical
potential at the catalyst interface. Furthermore, the IS configuration shows the highest
photocurrents and the most favorable kinetics, whereas the OS configuration still benefits
from photovoltage assistance but is limited by additional resistive and interfacial losses.
Taken together, the comparison demonstrates that the perovskite solar cell is responsible
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for the drastic reduction in OER onset potential and that direct immersion maximizes
the efficiency of photovoltage transfer to the catalytic interface and reduces hysteresis
compared to the OS configuration. Overall, these results demonstrate that the observed
enhancement in the IS configuration is not due to changes in catalyst composition or
intrinsic activity, but rather to improved photovoltage delivery and reduced resistive losses
enabled by the integrated device architecture. This highlights the critical role of device
design in maximizing the utilization of photogenerated charge carriers in perovskite-based
PEC systems. Although the CV curves highlight clear differences in onset potential and
photocurrent behavior between the two configurations, a quantitative metric is needed to
determine how effectively the devices convert absorbed photons into chemical output.
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Figure 14. Cyclic voltammetry curves of the encapsulated perovskite in both OS and IS configurations,

dark and red curves respectively, compared to the cyclic voltammetry of a standard electrochemical
cell (the blue one).

Although direct quantification of Hy /O, and Faradaic efficiency was beyond the
scope of the present study, these measurements will be necessary in future work to validate
practical energy conversion and determine the corresponding Solar-to-Hydrogen (STH)
efficiency. Therefore, in this study, the Applied Bias Photon-to-Current Efficiency (ABPE)
was used as a direct and reliable metric of photoelectrochemical performance.

The ABPE is defined as

 Jpn X (1.23 = Viigs)

ABPE(%) = 5 % 100 @)
m

where Jp, is the photocurrent density (A cm~2), 1.23 V is the thermodynamic potential
required for water splitting, Vy,4 is the applied bias potential, and Py, is the incident light
power density (100 mW cm~2 under standard AM 1.5 G solar illumination). The potential
corresponding to the maximum of the ABPE curve is referred to as the optimal bias (Vopt),
which represents the point of maximum conversion efficiency (Figure 15).

The IS configuration delivers the highest ABPE (~19.9%) because it minimizes contact
resistance and enables more efficient photovoltage transfer to the Ni/NiOOH interface,
whereas the OS configuration (~17.8%) remains limited by additional wiring and interfacial
losses. Table 1 summarizes the photoelectrochemical parameters obtained for both the IS
and OS configurations.
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Figure 15. Applied Bias Photon-to-Current Efficiency curves for the PSC operated in the OS and

IS configurations.

Table 1. Summary of key photoelectrochemical parameters for the PSC operated in the OS and

IS configurations.

. 3 VOnset Vopt ]ph ABPE yax
Configuration (Vvs.RHE)  (Vvs.RHE)  (mA/cm?) (%)
IS (oxidation curve) 0.34 0.93 15.7 ~19.93
IS (reduction curve) 0.34 0.93 15.7 ~18.31
OS (oxidation curve) 0.34 0.75 13.6 ~17.80
OS (reduction curve) 0.34 0.93 9.9 ~10.39

To examine the effective operating conditions of the device in different configurations,
the J-V curve, measured for pristine PSC in photovoltaic (PV) mode (before immersion),
was overlaid with the photocurrent-potential characteristics extracted from cyclic voltam-
metry in the IS and OS configurations (Figure 16). This combined representation directly
shows how much of the photovoltage generated by the perovskite can be transferred to the
electrochemical reaction under each operating mode.
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Figure 16. ]J-V curve of the perovskite solar cell (black, before immersion) overlaid with the
photocurrent—potential responses extracted from CV in the IS (red) and OS (blue) configurations. The
intersection point indicates the self-driven operating condition for OER without external bias.
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In PV mode (black curve), the device shows V. of ~1.05 V and short-circuit current
density exceeding 20 mA cm~2, representing the maximum power available from the
perovskite absorber. When the same device operates as an immersed photoanode (red
curve), the anodic photocurrent follows a markedly different J-V trajectory, intersecting
the PV curve at approximately 0.89 V and ~14.7 mA cm 2. This intersection defines
the potential operating point at which the photovoltage generated by the perovskite is
sufficient to sustain OER without external bias. The higher current at the intersection
reflects the more efficient transfer of photovoltage to the Ni/NiOOH interface in the IS
configuration, in accordance with improved charge-transfer kinetics and reduced interfacial
losses. In contrast, the OS configuration (blue curve) exhibits lower photocurrent and its
intersection with the PV curve occurs at a much smaller current density and at a higher
voltage, 0.93 V, closer to V.. This indicates that only a limited fraction of the available
photovoltage is effectively transferred to the electrochemical cell when the device is not
immersed, due to additional series resistance and wiring losses, and the absence of direct
semiconductor—electrolyte coupling. As a result, the OS configuration operates close to
the OER onset, which explains why only a few high-performing cells can drive oxygen
evolution in this configuration.

3.5. Stability of Immersed Device

To evaluate the operational long-term stability of the immersed perovskite-based
photoanode, an aging test was carried out under continuous illumination with an LED
solar simulator in 1 M KOH, with simultaneous monitoring of the photocurrent and visual
inspection of the device over time (Figure 17).
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Figure 17. Photocurrent stability of the immersed perovskite-based photoanode under continuous
illumination in 1 M KOH. The photocurrent density (Jph) is shown as a function of time, with different
colors corresponding to consecutive measurement intervals. Photographs of the deviceatt=0h, 3 h,
and 6 h during immersion are reported above the graph, highlighting the physical evolution of the
sample over time.

At t =0 h, the photograph (inset of Figure 17) shows the device at the beginning of the
immersion. After ~3 h of immersion, a yellowish coloration becomes visible along the edges
of the encapsulation, indicating that although the PET-EVA lamination provides a good
barrier against moisture and alkaline exposure, it is insufficient on its own to fully protect
the device edges from electrolyte penetration. Additionally, epoxy resin was applied at the
borders to reinforce edge sealing, but partial penetration still occurred during prolonged
operation. After 6 h, the perovskite layer shows complete degradation, accompanied by a
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sharp decrease in photocurrent, confirming that device failure occurs once the electrolyte
reaches the active layer. The observed edge degradation likely originates from electrolyte
penetration through imperfect sealing, leading to perovskite dissolution and ion migration.
Future work should explore advanced edge-sealing materials or multilayer encapsulation
strategies. Previous studies have shown that PET-EVA encapsulation can offer effective
environmental protection in alkaline media [22,23], suggesting that the operational stability
observed here could be further extended through improved edge-sealing strategies.

3.6. Comparison with Literature-Reported Approaches

Table 2 compares the IS configuration presented in this study with representative
perovskite-based photoelectrodes reported in the literature under similar alkaline con-
ditions (1 M KOH, AM 1.5 G illumination). A direct comparison highlights that the
present device achieves among the highest ABPE values reported for single photoan-
ode configurations, reaching ~20%, significantly exceeding previously reported values
(typically <8.5% for standalone perovskite photoanodes [13,14]). It is important to note that
higher efficiencies reported in the literature are often achieved in tandem architectures (e.g.,
perovskite/silicon systems [15]), where additional photovoltage is provided by a second
absorber. In contrast, the performance reported here is obtained using a single perovskite-
based photoanode, emphasizing the effectiveness of the proposed device architecture in
maximizing photovoltage utilization. Compared to previous immersed configurations,
the improved performance can be primarily attributed to the combined effect of the triple-
cation composition, which enhances electronic quality and stability, and the optimized
device integration that minimizes resistive losses and improves charge-transfer kinetics at
the catalyst interface. In terms of operational stability, the device exhibits a degradation
timescale of approximately 5 h, comparable to other triple-cation perovskite systems [15],
while longer stability reported for single-cation systems is generally associated with signifi-
cantly lower efficiencies. This highlights the current trade-off between performance and
durability in perovskite-based PEC systems. Overall, this comparison demonstrates that
high PEC performance can be achieved without relying on complex tandem architectures,
but rather through optimized device integration and efficient photovoltage utilization.

Table 2. Recent literature data obtained with the best perovskite photoelectrodes in 1 M KOH,

illumination 100 mW cm™2.

Jph (mA/cm?)

Photoelectrode Configuration at1.23 V vs. RHE

ABPE (%) STH (%) Aging Ref.

Csp.1(MAg.17FA 83)0.9Pb(lo.83Bro.17)3
immersed 16.4 19.9 5h This work
photoanode/Nickel foil

MAPDbI3-BiVO,4 photoanode tandem—outside

PSC 5.01 6.2 [12]
FAPbI3 /Ni/NiFeOOH—immersed 73 9.8 3 days [13]
photoanode
FAPbBr3 /carbon/graphite/NiFe 912 85 100 h [14]
immersed photoanode
Cs0.05FA0.85MA(.1Pb(lo.95Bro.05)3 &
FA(PbI3)O_97(MAPbI3)0.03 immersed 20 134 % 5h
photocathode & photoanode [15]
. . 16.9 20.8* 1h
Tandem perovskite/silicon phoanode 10 13.4 * 102h
* Fehr et al. [15] reported STH efficiencies assuming a 100% Faradaic efficiency for the catalysts, which corresponds

to an ABPE.
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Further improvements in encapsulation and edge sealing will be required to extend
operational lifetimes while maintaining the high efficiency demonstrated here.

4. Conclusions

This work presents a systematic comparison between outside (OS) and immersed (IS)
configurations of encapsulated triple-cation perovskite solar cells operating as photoan-
odes for solar-driven water splitting. The OS configuration corresponds to a photovoltaic-
assisted electrochemical cell setup, whereas the IS configuration involves direct integration
of the solar cell-based device, together with the Ni catalyst, into the electrolyte. The re-
sults clearly demonstrate that device architecture plays a decisive role in governing the
photoelectrochemical response. In particular, the immersed configuration significantly
enhances charge-transfer kinetics, reduces hysteresis, and increases photocurrent density
and overall PEC efficiency compared to the outside configuration. A key finding of this
study is that the observed performance enhancement does not originate from changes in
catalyst composition or from direct semiconductor—electrolyte interaction, as the perovskite
absorber remains fully encapsulated. Instead, the improvement arises from more efficient
photovoltage delivery and reduced resistive losses enabled by the integrated device archi-
tecture. This provides direct experimental evidence that photovoltage utilization, rather
than catalyst modification, is a critical factor in determining the performance of perovskite-
based PEC systems. Under AM 1.5 G illumination, the immersed configuration achieves
an ABPE of approximately 20%, among the highest values reported for perovskite-based
photoanodes, while simultaneously reducing the OER onset potential by nearly 1 V com-
pared to a standard Ni/Pt electrochemical system. From a broader perspective, this study
introduces three main advances: (i) the first systematic comparison between outside and
immersed configurations, enabling isolation of architectural effects; (ii) the identification
of photovoltage delivery and resistive losses as the dominant factors governing PEC per-
formance; and (iii) one of the first comprehensive photoelectrochemical characterizations
of triple-cation perovskites under alkaline conditions. In addition to these fundamental
insights, the proposed architecture outlines a viable route toward scalable PEC systems,
based on solution-processed perovskite absorbers, commercially available PET-EVA en-
capsulation materials, and a simplified monolithic design that minimizes external wiring
and associated losses. Future work should focus on improving long-term operational
stability through advanced encapsulation and edge-sealing strategies, as well as on direct
quantification of hydrogen and oxygen evolution to determine Solar-to-Hydrogen and
Faradaic efficiencies. These developments will be essential to translate the demonstrated
performance into practical and scalable solar fuel technologies.
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Abbreviations

The following abbreviations are used in this manuscript:

oS Outside

1S Immersed

OER Oxygen Evolution Reaction
HER Hydrogen Evolution Reaction
ABPE Applied Bias Photon-to-Current Efficiency
RHE Reversible Hydrogen Electrode
PET-EVA  poly (ethylene terephthalate)-ethylene vinylacetate
AM Air Mass

PSC Perovskite Solar Cell

PEC Photoelectrochemical

STH Solar-to-Hydrogen

Ccv Cyclic Voltammetry

ITO Indium tin oxide

n-i-p negative-intrinsic-positive

ETL Electron Transport Layer

HTL Hole Transport Layer

IRY% Current Density—Voltage

LED Light Emitting Diode

Jsc Short-Circuit Current Density
Voc Open-Circuit Voltage

FF Fill Factor

PCE Power Conversion Efficiency
Jph Photocurrent Density

PV Photovoltaic

Vopt Optimal Bias
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Abstract

In this paper, an innovative design of a silicon spiral drift detector (SDD) has been proposed.
In this design, gaps under the SiO, layer between the cathode rings are kept constant, with
a minimum value to reduce the surface leakage current. The cathode pitch profile P(r) as
a function of radius r is allowed to change in an arbitrary way to achieve the optimum
field distribution. The concept, design considerations, modeling and electrical simulations
have been carried out for this novel structure with a hexagonal spiral silicon drift detector.

Using one-dimensional analyses, we obtain the exact solution of the spiral designr = r(0)
1

with a near-arbitrary pitch profile P(r) = P; (é) ", with 1 as an arbitrary real number.
We also obtained the electric potential and field profiles on both surfaces of the detector.
Using a Technology Computer-Aided Design (TCAD) tool, we made 3D simulations of
the detector’s electrical properties. The hexagonal spiral silicon drift detector has excellent
electrical properties: a uniform electric field, smooth distribution of electric potential and
electron concentration, and a clear electron drift channel. The distributions of the electric
field, electric potential, and electron concentration are symmetrical and smooth, which is
beneficial for applications in photon sciences (X-ray) and safeguards and homeland security
(particle radiation). The theoretical work and simulation results serve as solid foundations
for the detector design and the expansion of semiconductor technology.

Keywords: spiral silicon drift detector; Arbitrary Pitch Profiles; constant cathode gap;
electric field distribution; electric potential distributions; electron concentration distribution

1. Introduction

The concept of the silicon drift detector (SDD) was first introduced by E. Gatti and P.
Rehak in the 1980s [1], marking a significant advancement in radiation detection technol-
ogy. Since their emergence in 1983, SDDs have evolved as a pivotal tool across numerous
scientific and industrial domains due to their exceptional performance and technological
maturity. These detectors are fabricated using planar processing techniques and the prin-
ciple of lateral depletion on ultra-pure, high-resistivity silicon substrates. In contrast to
conventional silicon-based detectors like micro-strip or pixel devices, SDDs offer distinct
benefits including rapid response times, high energy resolution, ease of integration, low ca-
pacitance, minimal noise, and uniform internal drift characteristics. Moreover, they operate
effectively without the need for liquid nitrogen cooling, and under a nearly parallel surface
drift field, the electrons move toward the anode at an approximately constant velocity.

Micromachines 2026, 17, 354 https://doi.org/10.3390/mil7030354
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SDDs have found extensive applications in cutting-edge fields such as in experiments
at CERN’s LEP NA45 in 1992 and BNL’s Relativistic Heavy Ion Collider [2-4] in 2001, as
well as in photon and nuclear physics [5,6], dark matter detection [7], X-ray fluorescence
spectroscopy [8-10], medical imaging [11-15], and X-ray pulsar navigation [15-19]. For
instance, pulsar-based navigation techniques leverage SDDs for deep space exploration and
autonomous satellite guidance, with collaborative efforts like those between NASA and
BNL focusing on modular X-ray spectrometers for lunar surface mapping. The historical
progression of detector technology, beginning with single crystals, bipolar transistors,
germanium crystal counters, lithium-drift detectors, and charge-coupled devices in the
1950s, culminated in the development of SDDs, underscoring their transformative impact.

Structurally, SDDs have advanced from initial silicon strip designs to concentric
ring and spiral configurations. Traditional concentric ring SDDs feature a central anode
surrounded by cathode rings but require manual voltage biasing for each ring to establish
a potential gradient, leading to challenges such as nonlinear potential distribution and
complex resistor selection. In response, the spiral SDD was developed to address the
limitation of automatic voltage division. By utilizing a spiral cathode ring that functions
simultaneously as a rectifying junction and voltage divider, this design generates a potential
gradient (or transverse drift field), enabling incident carriers to drift efficiently to the
collection anode [20,21] without external dividers. This innovation significantly simplifies
operation and mitigates issues like high power consumption and heating, which are
prevalent in large-area SDDs or arrays. The main advantages of the spiral SDDs are less
surface leakage current (less noise, better resolution) and better drift field for fast charge
collection. Consequently, the spiral SDD has become a mainstream technology.

In our novel design method, the cathode gaps (g) under SiO; are kept constant to
minimize surface leakage current. We allow the pitch profile P(r) to vary in an arbitrary
way to obtain the optimum electric field distribution. Our design is different from that
in [22], where a constant electric surface field is imposed. Although cathode gaps were kept
constant in both cases, our electric field is allowed to change to obtain the optimal profile.
Exact solutions of SDD of spiral design r = r(8) can be obtained for the hexagonal spiral
SDD. Based on the theoretically calculated coordinates of each point on the spiral ring,
the SDD structure diagram can be drawn. Technology Computer-Aided Design (TCAD)
is used for simulation in this work. We have systematically researched its respective
electrical properties, such as the electric field and potential distributions, and the electron
concentration distribution.

2. The Novel Spiral Silicon Drift Detector (SDD) Concept and
Design Considerations

Figure 1 presents the top and bottom views of the novel spiral SDD. The structural
parameters and the foundational rules of the detector’s design can be seen clearly in
Figure 2. In a spiral SDD, the cathode pitch P(r), the cathode width w(r), and the gap
between cathode rings g(r) can be written as, on the top surface:

P(r) = g(r) + w(r) = g+ w(r) @
Here, we use constant gap g, and on the bottom surface

Pp(r) = gg(r) + wp(r) = gg + wp(r) )
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Figure 1. (a) The top view of the novel spiral SDD unit cell. (b) The bottom view of the unit cell.
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Figure 2. The cross-section view and the structural parameters of the novel spiral SDD.

In our work, we chose the constant and minimum gap values for both surfaces to
reduce surface leakage current. On the top surface, let E(r) as the electric field profile on
the surface; then, the voltage drop between r and r + Ar is AV(r):

AV(r) = E(r) - P(r) = pr<sr> or 3)

where pg denotes the sheet resistance of the cathode ion implant, and I represents the ohmic
current in the spiral, and

|} 2m (circle)
]| 6 (hexagon)
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where « is a parameter for different spiral shapes.
We have:

_ olpgr
E(I‘) - P(I’)W(I‘) (4)
From Equations (1) and (4), we have:
E(r) = _odper ®)
P(r)[P(r) — g]
We can obtain the electric potential profile ¢(r) on the top surface:
r r rdr
d)r:/E(rdr:oprfi (6)
0= ), B = e | ppa) —g]
We chose the following cathode pitch profile:
1
T n
P =P £ ) %
I
where a real number (near arbitrary) (0 < n < o0), and n defines how fast P(r) changes
with r. Let .
r\n
= (5) ®
We have:
P(x) = Pyx
and
r =ryx"

where r; denotes the radius of the first ring of the spiral, and P; represents the pitch of the
first ring.
Equation (6) becomes:

/ olr X"~ LdxryxM
ps 1T]P X PlX _ g)

or n—2
psodrl n/ N=2dx
o(r) = . ©)
Ifn=1,
1
r\2 g
2apirn ()"~ #
d(r) = > 2 In (10)
P, 1- &
m=1)
Forn # 1.
For
Py
— 11
§< 5 (an
Let
1 1
_(E\"_ 8 & (g > I\T S
y (1‘1) D) > P, (smcer > 1y, <r1> > l) (12)
ie.,
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Sincey =x— £, x =y + §,dx =dy
Equation (9) becomes

g 2n—2
B(r) = cxpsIrl n/ x2— de - ocpSIrl2 /Y (Y"‘ PT) 4
X = p; Pl2 Y1 y Y
2n—-2
apglr®n ¥ oy 3 g
cb(r):—/ (14 B ) g (13)
P;? Y1 Y P1y Y
From Equation (12), we have
8
=<1 14
Pyy (9
So, we can use the Taylor expansion to express:
2n—2 _
8 _ (2n-2)( g
(1+ %) 1+u(m)+2
e (590
(2n-2)(2n-3)(2n—4)...2n—i-1) ( g \'
+ 1] (m) + e
(i— o0)
(15)
Equation (13) becomes
i
B(r) = XN ¥ y2n-3qy (14 yp, Cn-2CnRlCnoich) (1)) (16)
Carry out integration, we have
1ri2 yznfz_y2n72
o= [0,
(17)

+Y5 (zniz)((zz?]:z):iginiiil) (an_z_i - Y%ﬂizii)] + Vg1

where

{ (5)% (1)

S

We can use the boundary conditions (we already used one of them in Equation (17)):

d(r=11) = Vg, (19)
d)(r = R) = Vout
Let ,
_ aplr®n
A - TZl
and ( " 2)
yznfzfylnf
o (2n-2)(2n—3)---(2n—i—1 i m-2-i
1Y, (2n )((21:]72)71)(”11 i )(y2n 2-i _yln )
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We can rewrite Equations (17) and (19) as:

br)=A- B(ﬁ) Vg
¢(r=r1) = A-B(1) + Vi1 = Ve (20)
dp(r=R)=A B(%) + Vi1 = Vout
We have:
R
Vout = VE1 = A~ B()
I
Finally, we have the design value of P;:
(XPsIl‘12T] ( R )
Pi=4/o——— B(— 21
! \/Vout — Vi 1 &)
For the backside, we let the backside surface electric potential
(22)

¥p(r) = Vg +vd

(r) (v<1)

Vg is the voltage on the central cathode on the backside. We can calculate the circular

SDD spiral rings’ polar angle 6(r) (top surface)

[19]:

T 27tdr
0(r) = = 23
(r> r P(I‘) ( )
Using Equation (7), we have:
_2mrp 1 r. -1
0(r) = () ¥ ~1 4
n
Then, for SDD spiral rings we have
p*ll % (n=1)
o(r) = -1 25)
P1 1 I: I‘L ! :| (Tl > 1)
Solve r as the function of 0,
e (n=1
riefn or n=
- o 26)
n |1+ 5ok 176 (n>1)
For the backside, from Equation (22), we have the backside electric field
Ep(r) = vE(r) (27)
Let
Pp(r) = P(r) (28)
then oomdr  r 2nd
mudr mudr
By (r) = -/ (29)
rip PB(T) rip P(r)
Similarly to Equation (2), we have:
B 2nrig 1 1—1 _ 1—1
9]3 (I‘) = P1 1_ [1‘ n 1B “} (30)
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Let
rip =11 (31)
We have
6p(r) = 0(r) (32)
P1 o
rle | 27 (33)
g = N
n [1 + 25&1 n?—l(p} "
Since:
Pp(r) = gg + wa(r) (34)
Letgg = g, wg = N, we get:
Pp(r) = g+ wp(r) = g+ w(r) =P(r) (35)

and

(36)

Now, back to Equations (17) and (18). Let P% =0.1(g =10 pum,P; =100 pm), n = 1.6,

we have: )
16
y;=1-01=09

Starting from the fourth term, the subsequent contributions are negligible due to
their diminishing magnitude; thus, the truncated formula retains only the first three terms.
Equation (17) is now:

2 12 12 2
¢(r) = Vg1 + 1‘6%511“ : 1.2yl . + 1'6%511“ '0'6(5’0'2 - Y(l)'z) (38)
L6p,L 0. 0.
+ o Logdn 0,015 (y 08 — y708)]
Here, we only take i = 3 to achieve enough accuracy.
On the backside, we have:
¥(r) = Vg +0.3¢(r) (39)
The detector full-depletion voltage is Vig:
. eNeffd2
Via=— . — e (40)

Let Vg = V¢q,d = 0.03 cm, we have Viq = 72.09 V.
For R = 1200 um = 0.12 cm, & = 6, pg = 2000, 1 = 10 x 10-5 A, = 1.6, g = 0.001 cm,
r; = 0.0255 cm, Vout = 30V, and Vg = 18 V, we have:

1
y(R) = (%) 0.1 =2633
yy=1-01=09

R\  y"?-y? 02 02 08 _ —08) _
B( > = 2 1 06(y"? —y12) —0.015(y 8 - y0%) = 2.0787

I
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From Equation (21) we obtain:
P1 = 0.014706 cm ~ 147.1 pm

Due to the fact that the hexagonal shape is the closest to the circular shape and can
also be arranged in an array to make a pixel detector, we select the hexagonal shape for
the detector unit. An n-type silicon substrate with a doping level of 1 x 10> cm~3 is
used. The spiral SDD cell has a thickness of 300 um. Figure 3 is a 2D cross-sectional view
at Z = 0 um (due to symmetry, only half of the cross-section is shown). The structure
of the spiral SDD anode (near r = 0) and the cathode rings on both sides can be shown
clearly. The aluminum electrode contact layers and the silicon dioxide protective layers
are also observable. We can see that the central feature on the cell’s top surface is a heavily
doped N-type region, which serves as the collecting anode and has a radius of 220.4 pm.
The doped layer exhibits a concentration of 1 x 10'° /cm? and the doping depth is 1 um.
Heavily doped P-type spiral rings, with a doping depth of 1 um and a doping concentration
of 1 x 10! /ecm3, are around the anode. The detector anode surface is covered with a 1 pm
aluminum layer. Likewise, the start and end points of the spiral ring are also aluminized to
the same thickness. The remaining surfaces are coated with a 1 um silicon dioxide layer,
utilizing the material’s inherent stability and chemical inertness. At the bottom of the
silicon bulk, there is a heavily doped hexagonal P-type cathode with a radius of 220.4 um
near r = 0. The doping concentration is 1 x 10" /cm? and the doping depth is 1 um. A
heavily doped P-type spiral ring with a doping depth of 1 um and a doping concentration
of 1 x 10" /em? is surrounding the central cathode. The spiral ring on the top surface,
along with the central hexagonal cathode on the bottom surface and the spiral ring jointly
constitutes the cathode of this detector. The electrode contact points of the structure are
positioned at the central positions of the anode top surface, the central cathode (bottom
surface), the starting point of the first ring of the spiral cathode, and the ending point of the
spiral cathode on both surfaces, respectively.

100+

(pm) X

Materials:

[ N-type silicon bulk
(1%x10%/cm?)

I P+ (1¥10%/cm?) Cathode

B\ (1x10/cm®) Anode

I sio.

I Aluminum

2004

2991
300+
3014

(Hm)

0 500 1000
r (radius)

Figure 3. A two-dimensional cross-section view of the novel spiral SDD.
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3. Electrical Characteristic Results

To investigate the electrical behavior performance of the spiral SDD in more detail, we
carried out 3D simulations of detector electrical properties including the profiles of electric
field, potential, and electron concentration by TCAD (Sentaurus 2019).

3.1. Electric Field Distribution of the Spiral SDD

To reveal the internal electric field distribution more clearly, we created a 2D cross-
section at Z = 0 um through the detector cell shown in Figure 4. The red zones indicate
strong electric field regions corresponding to the anode positions, while the central regions
exhibit nearly stable electric field intensity with distinct drift channels, indicating the
complete depletion of the detector. We can obviously see a nearly stable and uniform
electric field distribution on the carrier drift channel, demonstrating a superior electric field

uniformity that can enhance the detector performance.

Electric Field(V*cm™1)
-0.365x102 4.167x102 §,333x102 1.250x102  1.667x103 2.083x103 2.500x103

- - =

Figure 4. Electric field distribution of a cross-section at Z = 0 pm through the detector cell.

Figure 5 presents a one-dimensional curve for a cut at the X = 160 pm position from
Figure 4. It is evident that the detector’s electric field intensity distribution exhibits an
anode-symmetric pattern; the detector’s electric field is between 100 V/cm near the outer
ring (r = R) and close to 600 V/cm near the anode.
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Figure 5. Electric field profile of the one-dimensional cross-section of the novel detector (X = 160 um).

3.2. Electric Potential Distribution of the Spiral SDD

An analysis of the electric potential distribution across a two-dimensional cross-
section of the spiral SDD at Z = 0 um is shown in Figure 6. It is evident that the potential
distribution is highly symmetrical. The figure shows that the potential is the highest in
the collector anode region (red area), while the surrounding areas exhibit lower potential.
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Under the electric field force, carriers drift from low-potential regions to high-potential
regions, moving from the periphery toward the detector center. They ultimately reach
the collector anode to complete the charge collection. It demonstrates a good gradient
distribution of potential.

Electrostatic Potential(V)

-6.048x101 -5.032x10!  -4.015x10! -3.025x101  -2.033x101 -1.042x10! -5.258x10-1

Figure 6. Electric potential profile of a cross-section at Z = 0 um through the detector cell.

In Figure 7, we can see the one-dimensional potential distribution at a cut at
X =160 pm from Figure 6. It is evident that the potential reaches its maximum at the
anode and gradually decreases from the center toward both ends, exhibiting a smooth
potential grading for electrons drifting towards the anode.
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Figure 7. Electric potential profile of the one-dimensional cross-section of the novel detector
(X = 160 pm).

3.3. Electron Concentration Profile for the Spiral SDD

The 2D electron concentration distributions of the spiral SDD under full-depletion
conditions are shown in Figure 8 (cut at Z = 0). We can see that the electron concentration
is the highest in the collector anode region, forming a clear drifting channel for the electrons
(red area in the figure) in the detector’s central region, consistent with the drift channel
demonstrated by the electric field distribution shown in Figure 4.

101 https:/ /doi.org/10.3390/mi17030354



Micromachines 2026, 17, 354

eDensity(cm?)

2.333x100  9.404x101 3.790x103 1.527x105 6.156x106  2.481x108 1.000x1010

Figure 8. Electric concentration profile for the spiral SDD.

4. The Novel Spiral Silicon Drift Detector (SDD) Concept and Design
Considerations from the Second Arbitrary P(r) Profile

A second arbitrary P(r) profile:

Let
&Py

= . r—r;
& +sin o

P(r) (£>2) (41)

Then the spiral angle 0(r) is

g e
0(r) = 8 P(r)dr_E,P1/ [é—l—sm }dr

I I
6(r)—2—ﬂ[£(r—r)—|—r <1—cosr_r1>} (42)
) S ry
For a SDD front surface field E(r),
since olp.r
S
Let
w(r) = BP(r) (44)
Then we have I
alpgr
(r) = (45)
BP(r)?
The SDD front surface potential is
T
b(r) = / E(r)dr + Vi (46)

From Equations (41) and (45) we get:

_adpg [T . r—r] 2
o(r) = BEPl/rl [E—i—sm - ] dr + Vg

$(r) = s KEZ + 1) (r—r1) +2&r; - (1 — cos r—r1> - 1r—lsinz(rr—_lrl) +VE1:| (47)

BEPq 2 ] 4
d’(R) = Vout
We have
_ _ alpg s 1 B _ooor—r\ 1. 2(r—r)
Vout — Vg1 = BEP, [(E + 5 (R—r1) +2&r1 - |1 —cos - 2 sin -

(48)
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This equation can be used to determine ¢ or P; (if one or the other is fixed).
On the backside surface, we let:

Pg(r) = P(r)
wg(r) = w(r)
(1) = 0(r) )

¥(r) =V +ydlr)  (0<y<1)

We can use the method of iteration to calculate r as a function of 0 as the following:

@ letr®=r (50)

@r=r+ 5P 51)
@r(z):n—i-i{(f;e—n(l—cosr(l)rl_rl)} (52)
@r(n):n—i—;{g’gf—rl(l—cosr(nz_n)} (53)
® stop till : r(n);@f)(n_l) <1074 (54)

We used the following parameters for SDD calculations:

Py = 0.00638 cm, r; = 0.0255 cm, R = 1200 pm = 0.12 cm, & = 2, 3 = 0.85, we get a
SDD with 21 turns of spiral.

Figure 9 presents the top and bottom views of the novel spiral SDD from the second
arbitrary P(r) profile. The structural parameters and the foundational rules of the detector’s
design from the second arbitrary P(r) profile can be seen clearly in Figure 10. Figure 11
is a 2D cross-sectional view at Z = 0 um from the second arbitrary P(r) profile (due to
symmetry, only half of the cross-section is shown).

:
b
Doping Concentration (cm-)
W 1.000x10°
3.684x1016
1357x101
0.000x100
-1357x10
-3.684x101¢
-1.000x101
:
el
Doping Concentration (cm)
W 1.000x100

3.684x101¢
1.357x10"

0.000x10°
-1.357x104
-3.684x101¢
-1.000x1012

(b)

Figure 9. (a) The top view of the novel spiral SDD unit cell from the second arbitrary P(r) profile.
(b) The bottom view of the unit cell from the second arbitrary P(r) profile.
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Figure 10. The cross-section view and structural parameters of the novel spiral SDD from the second
arbitrary P(r) profile.
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Figure 11. A two-dimensional cross section view of the novel spiral SDD from the second arbitrary
P(r) profile.

5. Electrical Characteristic Results from the Second Arbitrary P(r) Profile

5.1. Electric Field Distribution of the Spiral SDD from the Second Arbitrary P(r) Profile

Due to the appropriate pressure applied to the contact points of the electrodes of
the double-sided spiral SDD, the detector has a reasonable potential distribution, and a
good electric field distribution can be formed within the detector. Figure 12 shows the
electric field distribution inside the P(r) and the second P(r) structures of the spiral SDDs,
respectively. The red area is the strong electric field area where the detector anode is located.
The electric field intensity in the middle area is almost stable and forms a distinct drift
channel, indicating that the detector has been completely exhausted. It can clearly be seen
from the figure that there is an uneven distribution of the electric field at the position of the
carrier drift channel in the middle of the P(r) detector, while the electric field distribution in
the middle area of the second P(r) detector is uniform and the carrier drift channel is nearly
straight, indicating that the second P(r) detector has a higher uniformity of the electric field
and better detector performance.
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Figure 12. The electric field distribution diagrams of the spiral SDDs: (a) the P(r), (b) the second P(r).

To compare the uniformity of the electric field distribution of the P(r) and the second
P(r) detectors, Figure 13 shows a one-dimensional curve comparison of the electric field
distribution at X = 160 pm, with the red curve representing the electric field distribution
of the P(r) detector and the black curve representing the electric field distribution of the
second P(r) detector. It can be clearly observed that the electric field intensity distribution
of the second P(r) detector is symmetrical about the anode, there is a peak in the electric
field distribution curve, and the magnitude of the electric field decreases with the increase
in detector radius, and the curve is smooth. The electric field intensity distribution of the
P(r) detector has three peaks including the anode area, and the electric field variation trend
is unstable with fluctuations. Thus, it is verified that the electric field distribution of the
second P(r) detector is more uniform and has better electrical performance than that of the
P(r) detector.
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Figure 13. Electric field distribution curves of the spiral SDDs.
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5.2. Electric Potential Distribution of the Spiral SDD from the Second Arbitrary P(r) Profile

Figure 14 shows the two-dimensional cross-sectional potential distribution of the P(r)
and the second P(r) structures of the double-sided spiral SDDs, respectively. It can be seen
from the figure that the area where the collected anode is located has the highest potential
(the red area in the figure), while the potential around it is low. The carriers drift under the
force of the electric field, moving the path from the low-potential area to the high-potential
area, that is, the carriers drift from the periphery to the center of the detector, and finally
reach the collection anode to complete the signal readout. The second P(r) detector shown
in Figure 14b has a more uniform, symmetrical and better gradient distribution of potential
than the P(r) detector.

Electrostatic Potential(V)
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Figure 14. The two-dimensional cross-section potential distribution of the spiral SDDs: (a) the P(r),
(b) the second P(r).

To highlight the difference in potential distribution between the P(r) and the second
P(r) detectors, the potential distribution of the detector was cut at X = 160 pm to obtain
the one-dimensional curve of potential with radius as shown in Figure 15. It can be clearly
observed that the potential is highest at the anode and gradually decreases from the middle
to both ends. The potential distribution curve of the second P(r) detector is smoother than
that of the P(r) detector, meaning that the potential distribution of the second P(r) detector
is more uniform.

5.3. Electron Concentration Profile for the Spiral SDD from the Second Arbitrary P(r) Profile

Figure 16 respectively shows the electron concentration distribution of the P(r) and
the second P(r) structures of the spiral SDDs in the fully exhausted state, with the highest
electron concentration in the collected anode region and a high electron concentration
channel (the red area in the figure) generated in the middle region inside the detector, which
is consistent with the drift channel generated in the electric field distribution. A comparison
of the electron concentration distribution of the P(r) and the second P(r) detectors shown in
Figure 16a,b reveals that the second P(r) detector has a more uniform electron concentration
distribution, indicating superior electrical performance of the detector.
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Figure 15. Potential distribution curves of the spiral SDDs.
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Figure 16. Electron concentration distribution diagrams of the spiral SDDs: (a) the P(r), (b) the
second P(r).

6. Conclusions

In this paper, an innovative design of the silicon spiral drift detector (SDD) has been
proposed. In our design method, the cathode gaps (g) under SiO; are kept constant to
minimize the surface leakage current. We allow the pitch profile P(r) to vary in an arbitrary
way to obtain the optimum electric field distribution. Exact solutions for the SDD with
a spiral design r = r(0) can be obtained for the hexagonal spiral SDD. According to the
coordinates of each point of the spiral ring obtained by theoretical calculation, the SDD
structure diagram can be drawn. Technology Computer-Aided Design (TCAD) is used
to simulate the novel SDD in this work. We have systematically researched its respective
electrical properties, such as electric field distribution, electric potential distribution, and
electron concentration distribution. Simulation results have shown a uniform electric
field and smooth electric potential and electron concentration profiles. It makes the SDD
particularly outstanding in fields of space physics and photon science, such as pulsar
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X-ray detection and X-ray fluorescence spectrometers. This new design can be realized
with the current SDD-processing technology, such as epitaxy, photolithography and ion
implantation. In summary, our novel design of the silicon spiral drift detector can serve as
a valuable method for the further improvement of SDD’s fields.
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Abstract

Although the polarization state, as a key physical dimension of light, plays an irreplaceable
role in many frontier fields such as quantum communication and chiral sensing, traditional
photodetectors are limited by the inherent optical isotropy of materials and thus are unable
to directly distinguish circular polarization information. This paper numerically reports a
miniature circular polarization photodetector based on chiral metasurfaces, which achieves
an excellent extinction ratio of up to 31 dB through the collaborative regulation of geometric
displacement manipulation and tilt angle operation. This device utilizes the symmetry-
breaking effect to construct significantly different transmission spectral responses between
left circularly polarized light (LCP) and right circularly polarized light (RCP). Our research
not only provides a high-performance implementation solution for on-chip polarization
detection but also opens up new paths for the future development of quantum optics,
integrated sensing, and ultra-compact polarization optical systems.

Keywords: MWIR photodetector; metasurface; circular polarization extinction ratio

1. Introduction

Polarization of light, as a fundamental optical degree of freedom of light, carries key
information required in fields such as quantum cryptography, biomedical imaging, and
remote sensing [1-3]. Traditional polarization detection techniques usually rely on bulky
discrete optical components such as wave plates and polarizing beam splitters, facing inher-
ent limitations such as complex system alignment and difficulty in integration [4]. In recent
years, compact linear polarization photodetectors based on anisotropic nanomaterials (such
as two-dimensional perovskites and nanowires) have made significant progress [5,6]. How-
ever, due to their intrinsic symmetry, these materials cannot directly distinguish circular
polarization states—yet the precise detection of circular polarization is a core requirement
in cutting-edge fields such as chiral photonics and spin-optical computing [7].

To address this challenge, metasurfaces [8-12], with their ability to flexibly manipulate
light fields at subwavelength scales, offer a promising solution for on-chip polarization
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optics. Dielectric metasurfaces, through their subwavelength-scale “meta-atom” arrays,
can precisely control the phase, amplitude, polarization, and frequency of light in unprece-
dented ways, providing a powerful platform for achieving compact and efficient photonic
devices [13-16]. In terms of linear polarization detection, a polarization extinction ratio
exceeding 15 dB has been achieved by designing metasurfaces with in-plane asymme-
try [17]. However, distinguishing between circular polarizations requires metasurfaces
with chiral responses [18-23], which need to exhibit significant asymmetric transmission
characteristics for LCP and RCP. Previous studies, such as designs based on plasmonic
helical gratings or multilayer twisted metamaterials, have often been limited by complex
multilayer fabrication processes or low efficiency [24-28]. On the other hand, although
single-layer metasurfaces based on dielectric materials have achieved excellent circular
dichroism, their light typically needs to be incident from the substrate side [29-32], which
is incompatible with the conventional top-integration process of detectors. Therefore, the
core challenge lies in designing a single-chip integrated chiral metasurface that combines
high extinction ratio, small size, and high efficiency.

Here, we report a compact circularly polarized photodetector (CPPD) that achieves
a circular polarization extinction ratio (CPER) of 31 dB at a wavelength of 4.3 um by
monolithically integrating a chiral metasurface with a type-II superlattice detector. By
cooperatively regulating the symmetry breaking introduced by geometric displacement
and tilt angle, the designed metasurface unit generates highly differentiated transmission
responses to left- and right-handed circularly polarized light, with a circular dichroism
(CD) exceeding 80%. The chiral metasurface is fabricated using silicon materials that are
fully compatible with semiconductor processes and can be directly embedded in standard
photodetector fabrication processes. Additionally, this paper systematically analyzes the
impact of key process errors on the final performance of the device.

2. Materials and Methods

Figure 1a shows the three-dimensional structure of the mid-wave circularly polarized
photodetector, which consists of a type-II superlattice photodetector at the bottom and a
chiral silicon metasurface at the top. Figure 1b indicates that the chiral silicon metasurface
is composed of a MgF2 film and a silicon pattern array. Figure 1c is the xy cross-sectional
view of the silicon metasurface, which shows that the unit cell of the metasurface is
composed of two right-angled trapezoids and a rectangular strip. The lower trapezoid can
be obtained by rotating the upper trapezoid counterclockwise by 180 degrees. Figure 1d
is the xz cross-sectional view of the circularly polarized photodetector, highlighting the
functionality of each layer. Additionally, the structure information of the type-II superlattice
photodetector from bottom to top is a 500 um GaSb substrate, a 500 nm AlGaSb buffer layer,
a 230 nm P-type doped GaSb, 400 pairs of 2.5 nm InAs/2.5 nm GaSb type-II superlattice
absorption layers, a 240 nm AlGaSb barrier layer, and a 500 nm InAs top contact layer.
The optical refractive indices of silicon and MgF2 at a wavelength of 4.3 um are 3.48 and
1.38, respectively. The real part of the refractive index of the absorption layer in the type-II
superlattice photodetector at a wavelength of 4.3 um is 3.8, and the optical absorption length
is approximately 1.7 um. The absorption rate of the device is calculated by commercial
software COMSOL 5.6, which is equal to 1 minus the transmission rate minus the reflection
rate. Moreover, the specific structure of the optical model is a cube with a typical size of the
operating wavelength. Periodic boundary conditions and (perfectly matched layers) are,
respectively, applied to the four sides and (top and bottom) surfaces of the cube to reduce
the computational load. The polarization information of the incident light is regulated by
the incident port. The reflection rate and transmission rate are the area integrals of the
Poynting vector at the reflection port and transmission port, respectively.
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Figure 1. The structure and material information of the mid-wave CPPD. (a) Three-dimensional
structure diagram of the mid-wave CPPD. The incident light is circularly polarized light (CPL), and
the direction of the incident light is the Z-axis. (b) Three-dimensional structure diagram of the top
chiral silicon metasurface. (c) The cross-sectional view of the silicon metasurface in the xy plane. The
px =235 um, py =2.35 um, a0 = 0.92 pm, al =2.91 um, a2 = 1.33 um, b0 = 2.76 pum, b1 = 1.68 um.
(d) The cross-sectional view of the mid-wave CPPD in the xz plane, which can show the thickness
and material composition of the device. The hs = 1.61 pm, ha = 2.68 um.

3. Results

Figure 2 shows the absorption spectrum and CPER spectrum of CPPD in Figure 1.
Here, CPER = 10 x log;;(A;/AR), where Aj and AR represent the optical absorption
rates of CPPD under LCP and RCP incident conditions, respectively. The light red curve
and the green curve represent the absorption rates, and their corresponding Y-axis is
on the left. For the RCP incident case, there are three typical absorption valleys in the
spectrum within the 4 to 4.6 pm band, located near 4.21 um, 4.3 pm, and 4.53 um. The
absorption peak at 4.6 um is extremely weak, almost approaching the failure state where
the detector does not respond. For the LCP incident case, when the wavelength is less
than 4.23 um, the spectral line is almost the same as that of RCP, corresponding to an
insignificant CD. However, when the wavelength is greater than 4.23 pm, the spectral
lines of RCP and LCP are approximately mirror images of each other, corresponding to a
significant CD. Additionally, the highest efficiency of CPPD is approximately 0.72. The
blue solid line shows the CPER information of CPPD. There are three peaks in the CPER
spectrum, but the peak exceeding 10 dB only exists at the operating wavelength of 4.3 um,
corresponding to a super-large 31 dB. The phenomenon that the peak positions of CPER
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almost correspond one-to-one with the absorption valleys in the RCP absorption spectrum
also exists. This is because the value of CPER is usually determined by the small quantity
AR in the denominator.

1.6 T T y T y
e RC P 30
e LCP

1.2 «=— CPER(dB) [ 20

Absorption
S
@0

0.4
—20
0.0 _ _ 0
4.0 4.2 4.4 4.6

Wavelength(pm)

Figure 2. Absorption spectra and CPER spectra of CPPD. The combination of the black circle and
arrow in the lower right corner pointing to the left indicates that the two curves below correspond to
the left axis of the dual Y-axis.

3.1. Structural Evolution of the Unit Cell of the Metasurface

The geometric unit cell design of chiral metasurfaces is generally a chiral symmetric
structure to break mirror symmetry and thereby generate differentiated optical responses
when light interacts with the structure, achieving selective control of LCP/RCP. Figure 3a—c
shows the entire process of the evolution of the unit cell of metasurfaces from a non-chiral
symmetric structure to a chiral symmetric structure. Figure 3a corresponds to the case
where the metasurface unit cell is a silicon bar. The silicon bar has C; rotational symmetry
and does not belong to a typical chiral symmetric structure. As shown in Figure 3b, when
two rectangles are placed on the upper and lower sides of the silicon bar, due to the
horizontal misalignment of the two rectangles, the metasurface unit cell becomes a chiral
symmetric structure. Figure 3c shows the case where two triangles are added, which
can enhance the chiral symmetry. Figure 3d shows the CD spectra of the metasurface
under different unit cell structures. It can be found that the intensity of the CD spectrum
corresponding to the unit cell in Figure 3a is zero, the peak intensity of the CD peak
corresponding to the unit cell composed of the silicon bar and the two rectangles does not
exceed 0.6, while the CD intensity corresponding to the combination of the rectangle and
the triangle can reach 0.9. This increasing CD intensity is likely due to the introduction
of complex geometric structures, which increases the chiral symmetry of the metasurface.
Additionally, for dielectric metasurfaces, they generally require a high refractive index
difference An to enable subwavelength structures to accumulate sufficient phase differences
within an extremely short propagation distance, thereby efficiently controlling the light
wavefront [33]. Figure 3e shows the influence of An on CD. When An is greater than 0.62,
the metasurface no longer has chiral modulation capability. Here, An = npjop2 —ns, where
nyer2 is the refractive index of MgF; and n; is the refractive index of the other substrate.
Figure 3f shows the transmission spectrum and CPER spectrum of the metasurface in
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(@)

Figure 3c. The maximum transmission peak of LCP is peak a, with an intensity close
to 100%, while the minimum intensity of the RCP valley corresponds to valley b, which
is approximately 0. The maximum value of CPER occurs at a wavelength of 4.3 um,
approximately 31 dB. Here, CPER = 10 x log(Trcp/Trcp) where Trcp and Trcp are the
transmission rates of the metasurface for LCP and RCP, respectively.
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Figure 3. Structural variations and CD spectra. (a) a single rectangular unit cell. (b) three rectangular
unit cells. (c) a combination of rectangular and triangular. (d) CD spectra of the metasurface
corresponding to the three different unit cells. (e) CD spectra corresponding to different substrates.
(f) Transmission and CPER spectra of the optimized structure. The combination of a green arrow and
a green circle indicates that CPER corresponds to the right axis of the dual Y-axis. The letters a and b
respectively represent the wavelength corresponding to the extreme values of the transmittance.

3.2. Analysis of Optical Resonance Modes

Multipole expansion [34] can precisely reveal the complex electromagnetic resonant
modes in metasurface units, which is crucial for understanding and optimizing the in-
teraction between light and subwavelength structures and achieving efficient light field
control. The multipole expansion method is a theoretical approach that decomposes the
overall electromagnetic response of a complex source (such as a metasurface unit) into the
sum of contributions from basic radiation units such as electric dipoles (ED), magnetic
dipoles (MD), electric quadrupoles (EQ), and magnetic quadrupoles (MQ). Figure 4a shows
the normalized multipole expansion spectrum intensity of the metasurface under LCP
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incidence. It can be observed that near peak a, the intensities of ED, MD, EQ, and MQ
all correspond to a minimum value, which can be simply understood as no resonances
occurring within the metasurface. This extremely weak resonance phenomenon may imply
that at this time, the metasurface can be equivalently regarded as a dielectric film with an
impedance matching air, corresponding to a transmission peak. Figure 4b shows the multi-
pole expansion spectrum of the metasurface under RCP incidence, where the intensities
of ED and EQ are most significant at valley b. It can be considered that the destructive
interference of the ED and EQ modes leads to a transmission valley close to 0. Figure 4c
presents the magnetic field intensity distribution of the metasurface at peak a and valley b.
Regardless of whether the cross-section is the XZ plane or the YZ plane, there are significant
red spheres appearing within the metasurface, indicating that a standing wave effect of
the guided mode resonance type has occurred, which explains the extreme values of the
spectral transmittance.
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Figure 4. Multipole expansion and magnetic field intensity distribution. (a) Multipole expansion of
the chiral metasurface under LCP incidence. (b) Multipole expansion of the chiral metasurface under
RCP incidence. (c) Magnetic field distribution of the cross-section of the metasurface at peak a2 and
valley b. Define peak a as the maximum value of the LCP transmittance near the 4.3 pm wavelength
in Figure 3f, and valley b as the minimum value of the RCP transmittance near the 4.3 um wavelength
in Figure 3f.

3.3. Analysis of Vertical Coupling Effect

To ensure the efficient transmission of 4.3 um wavelength light to the detector, it is
necessary to simulate the thickness of the MgF, anti-reflection layer between the chiral
metasurface and the detector to guarantee the minimum coupling between them. Figure 5a
shows the influence of the MgF, film thickness ks on the absorption rate of the CPPD. For
the case of RCP incidence, the absorption rate first decreases and then remains constant as
hs increases. For the case of LCP incidence, the absorption rate shows periodic oscillations
as hs increases. Additionally, considering the requirements for the quality of the MgF2
film formation, ks cannot be too large. Ultimately, an optimal ks of 2.68 um is marked
by a green box. Figure 5b shows the magnetic field intensity of the CPPD at peak a. It
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can be found that the magnetic field can penetrate the metasurface and enter the detector
below. However, as shown in Figure 5c, when the incident light corresponds to valley b,
the metasurface exhibits the characteristics of a perfect reflector, prohibiting any photons
from entering the detector.
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Figure 5. (a) The influence of the thickness hs of the dielectric layer between the chiral metasurface
and the detector on the CPPD. The green box refers to the best hs. (b) The magnetic field distribution
diagram of the CPPD at the peak a. (c) The magnetic field distribution diagram of the CPPD at
valley b.

3.4. Analysis of Potential Errors

In addition to considering the influence of MgF, film thickness, CPPD also needs to
take into account other factors, such as the degree of the polynomial in the optical model,
mesh size, under-etching depth error, and over-etching depth error, etc. Figure 6a shows
the influence of the degree of the polynomial function in the electromagnetic finite element
algorithm on the absorption rate. When the degree of the polynomial is greater than or equal
to 2, the calculation results of COMSOL tend to be stable. Figure 6b shows the influence of
the mesh size of MgF, and silicon on the CPPD. It is obvious that when the mesh size is
less than 40 nm, the simulation results are convergent. However, for silicon metasurfaces,
large mesh sizes will cause significant result fluctuations. Figure 6c,d, respectively, show
the influence of under-etching depth error and over-etching depth error on the device.
Both cases have significant damage effects. Especially for the under-etching situation,
when the etching error exceeds 60 nm, the device almost loses its chirality. Therefore, in
the formal processing of the device, the etching rate and time can be precisely controlled,
high-selectivity etching processes can be adopted, and real-time endpoint detection can be
used to ensure that the etched structure size is as consistent as possible with the design
target, thereby achieving the ideal etching state.
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Figure 6. The influence of (a): polynomial degree, (b): mesh size, (c): under-etching depth error,

(d): over-etching depth error.

4. Conclusions

In summary, we report a CPPD with a simple fabrication process. This device achieves

a circular polarization extinction ratio of up to 31 dB at a wavelength of 4.3 pm by mono-

lithically integrating a precisely designed chiral silicon metasurface with a type-II super-

lattice absorber. Our design constructs a metasurface with a strong chiral response by

regulating the displacement and tilt angle of the structural units, resulting in highly dif-

ferentiated transmission spectra for LCP and RCP, with a circular dichroism exceeding

80%. Moreover, the all-dielectric metasurface is fabricated using a technology compatible

with complementary metal-oxide-semiconductor processes, providing an expandable path

for the development of chip-level polarization detection systems. The design principles

revealed in this work can be further extended to other spectral bands by adjusting the

metasurface configuration and absorption materials, thus opening up new possibilities for

wide-spectrum detection of all Stokes parameters.
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Abstract

Dye-sensitized solar cells (DSSCs) have attracted significant attention as next-generation
photovoltaic devices due to their low cost, simple fabrication process, use of earth-abundant
materials, and potential for colour tunability and transparency. p—n tandem DSSCs have
garnered particular interest owing to their higher open-circuit voltage compared to single-
junction DSSCs. However, the performance of such tandem devices remains limited by
relatively low open-circuit voltage and short-circuit current density, primarily due to the
scarcity of suitable p-type sensitizers. To address this challenge, we report a novel p—n
tandem solar cell integrating a dye-sensitized TiO, photoanode with a perovskite-sensitized
NiO photocathode, achieving a record power conversion efficiency of 4.02%. By optimizing
the thickness of the TiO, layer, a maximum open-circuit voltage of 1060 mV and a peak

2

short-circuit current density of 6.11 mA cm™* were simultaneously attained.

Keywords: PN tandem solar cells; dye-sensitized TiO, photoanode; perovskite-sensitized
NiO photocathode

1. Introduction

Dye-sensitized solar cells (DSCs) are attractive as next-generation solar cells because
of many advantages, e.g., low cost and facile fabrication, earth-abundant raw materials,
colourful and transparent [1-3]. The theoretic upper limit of photon-to-current conversion
efficiency (PCE) of DSSC is 33% [4]. However, the reported highest efficiency of DSSC
is only in the range of 12-15% [5-9]. One of the main limiting factors is due to the light
absorption range of dyes covering only within 700-800 nm, which is much narrower than
that of commercialized crystalline silicon-based solar cells and other kinds of inorganic
thin film solar cells. PN tandem solar cells can not only widen the absorption spectrum but
also avoid adverse interactions between two kind dyes positioned separately. However,
several studies have been dedicated to PN tandem quantum dot-sensitized solar cells, but
have not obtained competitive performance [10-12].

It is evident that the current reported performance of p—n tandem dye-sensitized
solar cells (DSSCs) significantly lags behind that of conventional n-type DSSCs, primarily
due to the limited efficiency of p-type DSSCs. With respect to the p-type semiconductor—
exemplified by NiO—an ideal sensitizer must fulfill two key criteria. First, its highest
occupied molecular orbital (HOMO) level should be lower in energy than the valence band
of NiO (—5.1 eV versus vacuum), while its lowest unoccupied molecular orbital (LUMO)
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level should be higher than the redox potential of the I3~ /I~ couple (—4.85 eV versus
vacuum). This energetic alignment ensures sufficient driving force for efficient hole injection
into the valence band of NiO and simultaneous electron transfer to the electrolyte for the
reduction of I3~ to I”. Second, the width of the absorption spectrum for the sensitizer
is of great significance. The ideal sensitizer should possess broad spectral absorption
across the solar spectrum to capture more photons to enable a higher short-circuit current
density (Jsc).

It is obvious that the currently reported performance of pn tandem DSSCs is far behind
that of conventional n-type DSSCs, which is limited by the poor performance of p-type
DSSCs [13-16]. To date, numerous scientific researchers have dedicated significant efforts
toward optimizing the performance of dye-sensitized solar cells (DSSCs). The PMI-6TTPA-
TPA dye has attracted considerable attention due to its relatively broad absorption spectrum
and high extinction coefficient [17,18]. P-type DSSCs based on this dye have achieved a
power conversion efficiency (PCE) of 1.3%. To further enhance device performance, in 2015,
Bach’s group successfully introduced the tris(acetylacetonato)iron (III)/(II) redox couple
([Fe(acac);]°/17) into p-type DSSCs, achieving an improved PCE of 2.51% [19]. Despite
the passage of over a decade, the PCE of p-type DSSCs has remained largely stagnant at
this level. The majority of reported devices exhibit a PCE below 1%, significantly lagging
behind their n-type counterparts. This performance gap is primarily attributed to the lack
of an efficient p-type sensitizer.

Organic-inorganic hybrid perovskites have attracted significant research interest
due to their high extinction coefficient, bipolar charge transport characteristics, broad
absorption spectrum, low material cost, and facile fabrication process. These advantageous
properties have led to their widespread application in optoelectronic devices, particularly
in solar cells and photodetectors [20-23]. Building upon these merits, our group previously
reported an efficient CH3NH3Pbl3-sensitized p-type mesoporous NiO solar cell employing
an iodine-based liquid electrolyte, achieving a high open-circuit voltage (Voc) of 205 mV
and a remarkable short-circuit current density (Jsc) of 9.47 mA cm ™2 [24]. In this work, we
successfully designed a novel pn tandem dye-sensitized solar cell by integrating an organic
dye (N719)-sensitized n-type TiO; photoanode and an organometal halide perovskite
(CH3NH;3PbI;_Cly)-sensitized p-type NiO photocathode, which share a common iodine-
based liquid electrolyte to form a sandwich-structured device. By optimizing the thickness
of the TiO; layer, a record power conversion efficiency of 4.02% was achieved, along with a
Voc of 1060 mV, a Jsc of 6.11 mA cm ™2, and a fill factor (FF) of 0.62.

2. Experimental Section
2.1. Fabrication of the Perovskite-Sensitized NiO and Al,O3z Photocathode

All chemicals were of analytical grade and used as received unless otherwise specified.
A compact NiO thin film was deposited on FTO glass (8 Q) sq~!, Nippon Sheet Glass,
Tokyo, Japan) via spray pyrolysis using a 0.2 mol L~! solution of nickel acetylacetonate in
acetonitrile at 500 °C [22]. Subsequently, mesoporous NiO and Al,O3 films were deposited
onto the prepared NiO compact layer by screen printing, employing a paste consisting of
commercially available NiO and Al,O3 nanoparticles (20 nm, Inframat, Manchester, CT,
USA). The resulting film was then annealed at 450 °C for 30 min, followed by annealing at
550 °C for 15 min. A bright yellow CH3NH3Pblz_,Cly precursor solution was prepared
by dissolving 1.224 g of PbCl, and 2.099 g of CH3NHj3I in 5 mL of DMF and stirring the
mixture at 50 °C for 2 h. The perovskite solution was then spin-coated onto the mesoporous
NiO/ Al O3 film at 2000 rpm for 30 s under ambient conditions with controlled humidity
(<30%), followed by thermal annealing at 100 °C for 90 min until a dark grey, uniform
film formed.
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2.2. Preparation of TiO, Photoanode Sensitized by N719 and Solar Cell

A dense TiO, layer was deposited on FTO glass (8 Q sq~!, Nippon Sheet Glass,
Japan) following a previously reported method [9]. Briefly, clean FTO glass was placed
on a hot plate maintained at 450 °C. A solution of 0.38 M titanium di-isopropoxide
bis(acetylacetonate) (Sigma-Aldrich, St. Louis, MO, USA) in 2-propanol was atomized and
sprayed onto the substrate surface, followed by annealing at 450 °C for 30 min. Subse-
quently, a mesoporous TiO, film was fabricated by screen-printing a TiO; paste onto the
compact TiO; layer-coated FTO glass. The resulting film was then calcined in a stepwise
manner: 375 °C for 15 min, 450 °C for 15 min, and 500 °C for 30 min. After cooling to 80 °C,
the TiO; films were immersed in a 0.3 mM solution of N719 dye in a 1:1 (v/v) mixture of
acetonitrile and tert-butyl alcohol and allowed to adsorb at room temperature for 20 h. The
electrolyte, consisting of 0.5 M Lil, 0.25 M I, 0.3 M tert-butylpyridine, and 0.03 M urea in
ethyl acetate, was introduced into the cell using the vacuum backfilling technique.

2.3. Characterizations

General material characterizations: The film thickness was measured using a pro-
filometer (Dektak 150, Veeco Instruments Inc., Plainview, NY, USA). UV-vis-NIR spectra
of the films were recorded with a Perkin-Elmer UV /Vis spectrophotometer (Lambda 950,
PerkinElmer, Shelton, CT, USA). The crystalline phases were characterized by X-ray powder
diffraction (XRD) using a PANalytical X'Pert (PANalytical, Almelo, The Netherlands) PRO
diffractometer equipped with Cu Ka radiation.

Photovoltaic characterizations: A 450 W xenon arc lamp (Oriel, model 9119, NewPort,
RI, USA) equipped with an AM 1.5G filter (Oriel, model 91192) was used to provide a
simulated solar irradiance of 100 mW ¢cm~2. The current-voltage characteristics of the
device were measured under these conditions by applying an external potential bias and
recording the resulting photocurrent using a Keithley 2400 digital source meter (Keithley,
Solon, OH, USA). To minimize light scattering, a 4 x 4 mm? aperture mask was placed on
the solar cell active area. The same data acquisition system was employed to control the
incident photon-to-current efficiency (IPCE) measurements. During IPCE measurements, a
white light bias at 1% of standard sunlight intensity was applied to the sample along with
an AC modulation signal (10 Hz).

3. Results and Discussion

The efficiency of the tandem cell (17 = 4.02%) outperforms either of the half cells (3.24%
for n-type half cell and 1.78% for p-type half cell). In comparison to the best pn tandem
dye-sensitized solar cell reported in 2010 by Udo Bach, the Js. of our tandem cell is much
higher (6.11 mA cm~2 versus 2.40 mA cm~2), which arises from the more efficient p-type
perovskite sensitizer with a wider light absorption range. The overall efficiency is therefore
improved by 110.48% (4.02% versus 1.91%). Such performance is superior to all of the
previously reported PN tandem solar cells based on organic dyes and quantum dots (see
Table 1). The primary reason for this can be attributed to the advantageous properties
of perovskites: one is their broad absorption spectrum, and the other is their bipolar
charge transport characteristics. Both of these properties contribute significantly to the
performance of the fabricated pn tandem solar cell.

Figure 1 represents the structure of N719 (Figure 1a) and perovskite (Figure 1b) and a
schematic configuration of the pn tandem solar cell with the approximate energy levels of
each component. The potential electron transfer processes within the tandem cell are also
depicted. The device comprises an N719 dye-sensitized n-type TiO, photoanode and an
organometal halide perovskite (CH3NH;3PblI;_Cly)-sensitized p-type NiO photocathode,
arranged in a simple sandwich configuration with an intermediate electrolyte layer. Under
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light illumination, the N719 dye sensitizer injects electrons into the conduction band of
TiO; at the anode, while the CH3NH3Pbl3_,Cly injects holes into the valence band of NiO
at the cathode. The photo-oxidized N719 dye or reduced CH3NH;3Pbl3_Cly sensitizer
is then regenerated by a commonly used iodide/triiodide electrolyte. Because the two
photoelectrodes are connected in series, the photovoltages of this tandem device are the sum
of the corresponding p and n devices. Consequently, this tandem configuration achieves
a significantly higher photovoltage and power conversion efficiency (PCE) compared to
single-junction solar cells.

Table 1. Photoelectric properties of reported p-n tandem solar cells.

References Cell Structure Voc (mv) Jsc (mA cm—2) PCE (%)
P+N 732 2.26 0.39%
[25] p 83 0.269 /
N 650 7.16 /
P + N (N side) 918 3.62 0.66%
P + N (P side) 887 2.73 0.78%
[26] P 93 1.0 0.027%
N 762 5.83 2.36%
P + N (N side) 910 0.97 0.55%
P + N (P side) 880 0.53 0.37%
[27] P 350 1.66 0.2%
N 660 1.64 0.61%
P + N (N side) 1079 24 1.91%
P 186 4.64 0.3%
N 905 2.74 1.79%
[18] P + N (P side) 958 4.07 2.42%
P 227 3.87 0.3%
N 799 11.80 5.88%
(a) (b)
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Figure 1. (a,c) The structures of N719 and perovskite. (b) Scheme representation of the tandem solar
cell. The energy level (versus vacuum level, Vac) diagram of the component materials and a simple
electron transfer processes are also shown.

The transmittance of the different films varies significantly, as shown in Figure 2a.
Notably, the FTO glass/compact NiO/mesoporous Al,O3 structure exhibits higher trans-
mittance compared to the FTO glass/compact NiO/mesoporous NiO structure. This
difference can be attributed to the larger bandgap of Al,O3 relative to that of NiO, which
enhances light penetration and consequently leads to a higher photocurrent in solar cells
employing the FTO glass/compact NiO/mesoporous Al,Os3 configuration as photocath-
odes.
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Figure 2. (a) Transmittance of FTO glass, FTO glass/c-NiO, FTO glass/c-NiO/m-Al,O3, and FTO
glass/c-NiO/m-NiO. (b) Absorbance of pure NiO and Al,O3 films deposited with perovskite.
(c,d) Steady-state and transient fluorescence spectroscopy of FTO glass/m-Al,O3, FTO glass/c-
NiO/m-Al,O3, and FTO glass/c-NiO/m-NiO.

Furthermore, when perovskite is deposited on pure NiO and Al,Oj films, a distinct
difference in absorbance is observed, as shown in Figure 2b. Compared with NiO films,
AlyOs films exhibit a higher extinction coefficient, which facilitates the capture of a greater
number of photons and thereby contributes to a higher short-circuit current density in solar
cell applications.

In addition, both the FTO glass/compact NiO (c-NiO)/mesoporous Al,O3 (m-Al,O3)
and FTO glass/compact NiO/mesoporous NiO structures (m-NiO) were subjected to
steady-state and time-resolved fluorescence measurements, as shown in Figure 2c,d.
The results show that fluorescence quenching occurs rapidly in the FTO glass/compact
NiO/mesoporous NiO structure, whereas the fluorescence lifetime is significantly longer
in the FTO glass/compact NiO/mesoporous Al,Os film. To accurately analyse the life-
time, we calculated the lifetimes for both samples. The carrier lifetimes are estimated
to be approximately 7.8 and 3.6 ns for the FTO glass/c-NiO/m-Al,O3 and FTO glass/c-
NiO/m-NiO, respectively. This indicates that porous NiO exhibits a stronger capability
for capturing photogenerated carriers compared to porous Al,Os, thereby enabling more
efficient hole extraction in the device and leading to a higher open-circuit voltage (Voc).

To analyse the morphology of NiO and confirm the adsorption of perovskite on its
surface, scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) were performed on the FTO/NiO substrate after perovskite deposition, as displayed
in Figure 3. The results reveal that the as-prepared porous NiO film exhibits uniform
particle size. EDS mapping shows a homogeneous distribution of Pb, I, Cl, and C elements
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across the surface, confirming the successful adsorption of perovskite onto the porous
NiO layer.

Figure 3. SEM of mesoporous NiO nanoparticles and EDS of Pb, I, Cl, and C elements.

To analyse the crystal structure of the perovskite, X-ray diffraction (XRD) measure-
ments were conducted, as shown in Figure 4a. The annealed MAPbI;_,Cl, film exhibits
characteristic diffraction peaks at 260 angles of 14.08°, 28.41°, 31.85°, 40.46°, and 43.16°,
corresponding to the (110), (220), (310), (224), and (314) crystal planes of the tetragonal
perovskite structure, respectively, which is consistent with the previously reported lit-
erature [28]. In addition, the peak located at 12.7 degrees is attributed to Pbl, and is
marked with a “#” symbol.To clarify the presence and chemical states of the elements in
the prepared MAPbI3_Cly film, X-ray photoelectron spectroscopy (XPS) was employed to
analyse the elemental composition of the perovskite. As shown in Figure 4b, clear peaks
corresponding to Pb, I, C, and N are observed. To detect the Cl element, high-resolution
XPS spectra for Cl were acquired, as depicted in Figure 4c. The results confirm the presence
of chlorine in the as-prepared perovskite film.

In order to fabricate a highly efficient pn tandem solar cell, we firstly have devoted
effort to optimizing the performance of p- and n- single-junction solar cells. For the p part
device, we have previously reported an efficient CH3NH3Pbl3-sensitized p-type meso-
porous NiO solar cell based on iodine liquid electrolyte, with a high V. of 205 mv and a re-
markable J. of 9.47 mA cm 2. By simply replacing CH3NH3Pblz with a CH3NH3zPblz_Cly
sensitizer, the V. of the cell was further increased to 315 mV, and Js. increased to 11.80 mA
cm 2 (as shown Figure 5 and Table 2). It is particularly necessary to point out that both the
Voc and Jsc are the highest among the p-type DSCs or p-type QDSCs based on the iodide
electrolyte. In addition, a perovskite-sensitized Al,Os3-based solar cell was fabricated,
which achieved a short-circuit current density of 14.95 mA cm~2—significantly higher than
that of the NiO-based device. This performance difference is primarily attributed to the
intrinsic light absorption of NiO, which leads to parasitic absorption and consequently
reduces the available photons for perovskite excitation, thereby lowering the short-circuit
current density.
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Figure 4. (a) XRD patterns and (b) XPS characterization of CH3NH;3Pbl3_,Cly. (c) Cl 2p core-
level XPS spectra of the perovskite films showing the characteristic doublet peaks of Cl 2p 3/2
and Cl12p 1/2.
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Figure 5. (a) Current-voltage characteristics and (b) incident photon-to-current conversion efficiency
spectra of the CH3NH3Pbl3_,Cly /NiO-based p device (red), CH3NH3Pbl;_Cly/NiO-based p device
(blue), N719/TiO,-based n device (black), the tandem pn device based on NiO (pink), and the tandem
pn device based on NiO (green). A simulated AM1.5 light (100 mW cm~2) was employed to illuminate
from the photoanode side.

Table 2. Photovoltaic parameters for the pn-tandem solar cells as well as p-type solar cell and
n-type DSSC.

Solar Cell Structure Voo (mv) Jsc (mA cm—2) FF PCE (%)
p-type (NiO) solar cell 315 11.80 0.48 1.78
p-type (Al,O3) solar cell 304 14.95 0.46 2.09
n-type DSC 751 6.55 0.66 3.24
pn tandem solar cell (NiO) 1060 6.11 0.62 4.02
pn tandem solar cell (Al,O3) 1046 6.30 0.60 3.97

Tandem solar cells based on mesoporous Al,O3 and mesoporous NiO were fabri-
cated, building upon the design principles of single-junction solar cells. Figure 5a shows
the current voltage characteristics of a tandem cell illuminated through the photoanode.
The resultant photovoltaic parameters are listed in Table 1. As clearly seen, the short-
circuit current density (Jsc = 6.11 mA cm~2) of the tandem cell based on mesoporous NiO
nearly equals half of the p-type solar cell (Jsc = 14.95 mA cm~2); the open-circuit voltage
(Voc = 1060 mV) nearly equals the sum of that of the n-type dye-sensitized half cell (751 mV)
and p-type perovskite-sensitized half cell (315 mV); and the fill factor (FF = 0.62) is between
that of the two half cells. The efficiency of the tandem cell (PCE = 4.02%) outperforms both
of the half cells (3.24% for the n-type half cell and 1.78% for the p-type half cell). Although
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the efficiency of the dye- and perovskite-based p—n tandem sensitized solar cells exceeds
that of purely dye-sensitized p—n tandem solar cells, their performance still significantly
lags behind that of solid-state perovskite tandem solar cells. The primary reason is that the
liquid electrolyte is inefficient in extracting and transporting charge carriers. Moreover, the
solvent in the liquid electrolyte can degrade the perovskite structure.

The stacked solar cells based on Al,O3 exhibit the same pattern, but the difference
is that the open-circuit voltage of the Al,O3 stacked solar cells is lower than that of the
NiO stacked solar cells, while the short-circuit current density is higher than that of the
NiO-based stacked solar cells. The main reason for this is the parasitic light.

The incident photon-to-electron conversion efficiencies (IPCEs) of the devices were
measured as shown in Figure 5b. The dye-sensitized solar cells exhibit two distinct absorp-
tion peaks at 340 nm and 532 nm, characteristic of the N719 dye. In contrast, perovskite-
sensitized Al,O3 and NiO films show broad and intense absorption across the entire spectral
range from 320 to 780 nm. Notably, the absorption intensity of the perovskite-sensitized
Aly,O3 device is higher than that of its NiO counterpart, suggesting a greater short-circuit
current density, which is consistent with the current-voltage (J-V) measurements. For the
tandem solar cells based on Al,O3 and NiO, respectively, their comparable absorption
intensities indicate similar short-circuit current densities.

The stability of tandem solar cells based on NiO and Al,O3 was systematically in-
vestigated. The fabricated devices were stored in a closed container at room temperature
(25 £ 5 °C) and humidity (RH 25% 4= 5%) and monitored periodically, with performance
measurements conducted approximately every 7 h. Both devices exhibited a slight in-
crease in performance during the initial 40 h, followed by a rapid decline thereafter, as
illustrated in Figure 6. By 100 h, the device performance had degraded to nearly zero.
This pronounced degradation is primarily attributed to the use of polar organic solvents
for electrolyte dissolution in this device architecture, which can readily interact with and
destabilize the perovskite layer, leading to severe material decomposition and consequent
performance loss.
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Figure 6. The stability of PN tandem solar cells based on NiO and Al,Os. (a) Voc, (b) Jsc, (c) Fill

Factor, and (d) PCE. All of the fabricated devices were stored in a closed container at room tem-

perature (25 £ 5 °C) and humidity (RH 25% =+ 5%) and monitored periodically, with performance

measurements conducted approximately every 7 h.
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4. Conclusions

In conclusion, we have for the first time demonstrated a novel double junction solar
cell by using dye-sensitized porous TiO; films as the photoanode and organometal halide
perovskite (CH3NH3Pbl;_,Cly)-sensitized porous NiO films as the photocathode. The
double junction cell achieved a photocurrent of 6.11 mA cm~2, a photovoltage of 1060 mV,
and a record efficiency of 4.02% at 1 sun light intensity. The utilization of a perovskite-
sensitized p-type semiconductor layer as an alternative to noble Pt shows great potential to
convert conventional single-junction solar cells into more efficient double junction solar
ones with minor changes. Compared to organic dyes, perovskite materials are cost-effective,
easy to prepare, and time-efficient. Moreover, they exhibit a high extinction coefficient,
bipolar charge transport characteristics, and a broad absorption spectrum. When employed
as sensitizers in pn tandem-sensitized solar cells, perovskites have the potential to exceed
previously reported efficiency records, including improvements in the Vo, Jsc, and FF
parameters. Therefore, this work opens a new path of research on highly efficient tandem-
sensitized solar cells for the future.
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Abstract

High-speed silicon (Si) photonic transmitters operating in the O-band require higher on-
chip optical power to support advanced modulation formats and ever-increasing line
rates. A straightforward approach is to operate laser diodes at higher output power or
employ more specialized sources, but this raises cost and exacerbates nonlinear effects
such as self-phase modulation, two-photon absorption, and free-carrier generation in
high-index-contrast Si waveguides. This paper proposes a low-cost 4 x 1 tree-cascade
multimode interference (MMI) power combiner on a Si-on-insulator platform at 1310 nm
wavelength that enables coherent power scaling while remaining fully compatible with
standard commercial O-band lasers. The device employs adiabatic tapers and low-loss
S-bends to ensure uniform field evolution, suppress local field enhancement, and mitigate
nonlinear phase accumulation. The optimized layout occupies a compact footprint of
12 um x 772 pm and achieves a simulated normalized power transmission of 0.975 with
an insertion loss of 0.1 dB. Spectral analysis shows a 3 dB bandwidth of 15.8 nm around
1310 nm, across the O-band operating window. Thermal analysis shows that wavelength
drift associated with £50 °C temperature variation remains within the device bandwidth,
ensuring stable operation under realistic laser self-heating and environmental changes.
Owing to its broadband response, fabrication tolerance, and compatibility with off-the-shelf
laser diodes, the proposed combiner is a promising building block for O-band transmitters
and photonic neural-network architectures based on cascaded splitter and combiner meshes,
while preserving linear transmission and enabling dense, large-scale photonic integration.

Keywords: multimode interference; optical power combiner; beam propagation method;
O-band

1. Introduction

Optical power combiners are fundamental components in modern photonic integrated
circuits, enabling compact, low-loss signal routing and power distribution for data com-
munication and sensing systems [1-5]. In short-reach optical interconnects, particularly
in the O-band around 1310 nm, the continuous drive toward higher line rates (800 Gb/s,
1.6 Tb/s, and beyond) has intensified the need for highly efficient on-chip power-combining
schemes [6-8]. In such transmitters, modulators, passive routing, filtering elements, and
packaging interfaces introduce several decibels of optical loss, thereby significantly tighten-
ing the link budget. As a result, higher optical power is required at the transmitter output
than can typically be delivered by a single commercial O-band laser operated at standard
drive conditions, which motivates the development of on-chip power-scaling techniques.
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A straightforward approach is to drive laser diodes at higher output power or to
employ specialized higher-power laser modules. However, these solutions increase system
cost and reduce energy efficiency, and they may also exacerbate nonlinear effects such
as self-phase modulation, two-photon absorption, and free-carrier generation in high-
index-contrast silicon (Si) waveguides [9,10]. Under such conditions, these nonlinearities
can degrade signal integrity and limit the linear dynamic range of advanced modulation
formats. An alternative strategy is to coherently or quasi-coherently combine multiple
moderate-power channels from standard commercial lasers using low-loss on-chip power
combiners, thereby increasing the available optical power while preserving linearity and
cost-effectiveness.

Among various combining mechanisms, multimode interference (MMI) couplers have
emerged as reliable and fabrication-tolerant solutions due to their self-imaging property,
simple geometry, and broadband operation [11,12]. MMI theory enables precise control
of optical field replication inside a multimode region, supporting a wide range of power-
splitting and power-combining configurations [13-15]. Continued development of MMI-
based devices has led to implementations based on conventional Si waveguides, slot-
waveguide structures, and hybrid material platforms [16-19]. These designs demonstrate
stable performance, improved polarization tolerance, and enhanced modal control, thereby
establishing MMIs as versatile building blocks for integrated photonics.

Material platforms play a critical role in determining the optical and thermal per-
formance of MMI devices. Si, Si-nitride, Si-gallium nitride, and alumina have each been
explored for wavelength-division multiplexing and power-combining applications, owing
in particular to their low absorption in the O-band spectral range [20,21]. Slot-waveguide
configurations, in which the optical field is strongly confined in a low-index region, can
further enhance power efficiency and reduce device footprint [22]. Fabrication-tolerant
layouts and hybrid dielectric structures improve the achievable insertion loss and band-
width uniformity across the O-band [23-25]. Nevertheless, for multi-input combiners on
high-index-contrast Si platforms, the strong field confinement that enables compactness
may increase sensitivity to sidewall roughness, wavelength variation, and nonlinear effects
at elevated optical intensities [26,27].

To alleviate these limitations, recent works have proposed cascaded and multi-stage
MMI layouts, often based on slot-waveguide geometries, to distribute interference more
evenly and suppress parasitic reflections [28]. Although slot-waveguide MMIs can offer
strong field confinement, they typically require tighter lithographic control and more com-
plex process steps. In contrast, the present work employs a buried Si waveguide MMI
realized on a Si-on-insulator (SOI) platform, which is fully compatible with conventional
complementary-metal-oxide-semiconductor (CMOS) fabrication flows and thereby simpli-
fies practical implementation. The proposed tree-cascade 4 x 1 MMI power combiner is
designed and numerically optimized for O-band operation, targeting low insertion loss,
broad spectral robustness, and high fabrication tolerance.

By combining four moderate-power inputs from commercial O-band laser sources,
the proposed architecture increases the available on-chip optical power without resorting
to expensive high-power laser modules and may help reduce nonlinear penalties in the
combining region. The design targets low insertion loss, broad spectral stability with a
3 dB bandwidth of 15.8 nm, and high fabrication and thermal tolerance, thereby providing
a suitable solution for next-generation high-speed O-band transmitters. In addition, the
compact 4 x 1 combiner can serve as a fundamental building block in photonic neural-
network architectures that rely on cascaded networks of splitters, combiners, and active
amplifying or weighting elements for implementing tunable synaptic weights and large-
scale matrix operations [29].
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2. Structural Design and Theoretical Analysis

The proposed 4 x 1 power combiner is implemented on a SOI platform, which
provides high refractive-index contrast and enables strong optical confinement throughout
the device. This material configuration supports compact routing and efficient control
of modal evolution. Figure 1a illustrates the x-y cross-section of the proposed combiner.
In this configuration, the high-index regions (shown in green) correspond to Si (n = 3.48)
formed on a 220 nm-thick SOI platform marked as Ts;. The surrounding cladding (shown
in white) is silicon dioxide (SiO,) with a refractive index of 1.44.
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Figure 1. (a) Top-view (x-y) cross-section of the four Si input waveguides, embedded in a SiO,
cladding. (b) Side-view (x-z) schematic of the tree-cascade MMI structure, including the tapered
inputs, S-bend connections, and upper combining stage.

Figure 1b presents the x-z plane cross-section at Y = 0, showing the four input ta-
pers, the two MMI; couplers, an output taper following each MMI;, the pair of S-bend
waveguides connecting MMI; to MMIy, the two input tapers leading into MMI,, the MMI,
coupler, and the output taper. The input tapers in MMI; extend over an Liaper of 15 um, and
gradually expand from 0.5 pm to 0.8 um, while the output transition has the same length
and contracts from 0.8 pm back to 0.5 pm. A second taper length marked as Liapera of
22.5 um is also implemented with the same width transition for improved mode matching
in the upper combining stage. The gap (G¢) between the output tapers of each MMI, is
7.2 pm.

Both MMI; constitute the first combining stage, merging the four input channels into
two intermediate paths. These two paths are routed upward using S-bend waveguides
with their widths matched to the 0.5 pm taper output. The S-bend length is 242.5 um, while
having an offset of 2.6 um, and the center-to-center spacing (Gs) at the S-bend outputs is
set to be 2 um.

Finally, MMI, performs the final combining step, producing a single output channel
at the top of the device. The overall device length is 772 pm.
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The operation principle of the MMI device relies on the self-imaging effect, in which the
input optical field is periodically reproduced along the propagation axis of the multimode
region. The key parameters governing this effect are the effective width, beat length, and
MMI length, given by the following equations:

The beat length of the MMI combiner is expressed as [30]:

_ Ao W

= —L M

where the operating wavelength is denoted by A, the effective refractive index of the guided
mode is represented by 1., and the effective width of the multimode interference region is
denoted by W,.

The effective width depends both on the physical width and the polarization state.
For TE polarization, it is defined as [30]:

A n
We = Wymr + = (Clad) , )

\/ e f2 - nclad2

where 71,4 is the refractive index of the silica cladding.
The length of the MMI region that supports self-imaging is then given by [30]:

3pL
Lyvvr = ZNW’ 3)

where p is a positive integer, and N is the number of input sources. In this work, N = 2 for
each individual MMI and p = 1 were selected to obtain a compact device length.

The optical bandwidth and fabrication tolerance of MMI couplers are known to
depend strongly on these geometrical parameters, as small width or length variations can
significantly alter the self-imaging condition.

The insertion loss (IL) of the combiner is described by:

IL[dB] = —10log,, <£‘;§1> )
where Py is the output optical power, and Pj, is the power of a single input source (thus
N Pj, represents the total launched power for equal-amplitude inputs).

For simulation purposes, a multi-input excitation (N = 4) was applied in the beam
propagation method (BPM) using its multi-objective optimization tool (MOST) analyses,
while the full device operates as a 4 x 1 combiner under coherent illumination.

In addition to the parameters defining the MMI region, the performance of the com-
biner strongly depends on the geometry of the tapered transitions and S-bend sections.
To reduce bending-related losses, the geometry of the S-bend sections was selected with
particular care. Prior studies indicate that an offset of 5 pm is a suitable choice for Si
waveguides [31]. For a given offset O and S-bend length L, the corresponding bend radius
R can be obtained from the geometric relationship:

_LP+0?

)
40 7

®)
In our design, substituting L and O into Equation (5) yields a bend radius of 5.65 mm.

This relatively large radius is well above the typical minimum bend radius used in SOI
waveguides and thus keeps bend-induced radiation loss in the S-bend sections negligible.
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Unlike conventional MMI combiners, where inputs are symmetrically aligned, the
proposed layout routes signals through curved geometries to support multi-layer intercon-
nectivity. The tree-cascade MMI configuration further enhances robustness by enabling
gradual mode evolution and reducing sensitivity to fabrication errors. These design fea-
tures allow the combiner to serve as a high-efficiency component suitable for scalable
photonic integration.

The analytical self-imaging relations provide an initial estimate for the MMI length
under idealized assumptions. Because the proposed SOI layout includes access tapers and
routing sections that affect the modal excitation and effective propagation constants, the
final MMI dimensions were determined by full-device BPM optimization.

3. Simulation Results

Comprehensive numerical simulations were carried out using the BPM module in
RSoft CAD (v2024.09) to validate the optical performance of the proposed 4 x 1 MMI power
combiner. The analysis considers both the modal characteristics and the field propagation
along the entire device, including the S-bend transitions, tapered input sections, and the
tree-cascade MMI regions. The key design parameters, namely the S-bend geometry, MMI
width, and MMI length, were systematically varied in order to maximize transmission
efficiency and minimize IL over the O-band. The results presented in this section include
the geometrical optimization of the MMI regions, optical field propagation maps, and the
spectral response of the combiner.

To accurately model light propagation within the structure, the fundamental guided
mode of the input buried Si waveguide was obtained using the Mode Solver in RSoft.
The input waveguide consists of a Si core with dimensions of 500 nm (width) x 220 nm
(thickness), embedded in a SiO, cladding. Figure 2a shows the transverse electric (TE) field
component (Ey) of the fundamental TE; mode for the Si core, with an effective refractive
index of 2.73. It can be seen that strong optical confinement is achieved within the Si
core, with the field exhibiting evanescent decay into the surrounding cladding. This field
distribution represents the steady-state modal solution of the Si core buried waveguide.
The mode was normalized to unit power and exported as a field file for use as the input
excitation in the subsequent BPM simulations. Figure 2b presents the optimization and
tolerance analysis of the input Si waveguide as a function of width and silicon thickness.
The optimal dimensions are 500 nm x 220 nm, where the normalized power reaches
its maximum value. A robust tolerance window is observed around this point, where
simultaneous deviations of approximately +20 nm in both width and thickness maintain
>90% of the normalized power. This indicates that the proposed design is relatively tolerant
to realistic fabrication variations.
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Figure 2. (a) Simulated fundamental mode profile in the Si core (x—y plane) for the nominal input

waveguide geometry (500 nm x 220 nm). (b) Two-dimensional tolerance map of the normalized
combined output power as a function of input waveguide width and Tg; around the nominal
design point.
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Figure 3a shows the transverse electric field distribution (Ex) of the fundamental
TE( mode across the four input Si taper waveguides. The simulation exhibits four well-
confined field regions, each localized within its corresponding Si core. The effective
refractive index of the guided mode is calculated to be 2.73, thereby confirming single-mode
operation in each input waveguide for the selected geometrical and material parameters.
The strong light confinement within each Si core, together with the negligible field overlap
between adjacent channels, indicates that inter-channel coupling and crosstalk at the input
section are minimal. To further illustrate the mode uniformity, Figure 3b presents a one-
dimensional line profile extracted along the central horizontal axis (Y = 0) of the same field
map. The profile exhibits four distinct and symmetric intensity peaks associated with the
four input waveguides. Each peak reaches a normalized amplitude close to 1, whereas the
regions between neighboring peaks drop nearly to 0, forming two pairs of peaks separated
by a low-intensity valley. This symmetry in the intensity distribution verifies that all four
input channels are well balanced in optical power and that the simulated field distribution
is spatially periodic and uniform across the input array.
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Figure 3. (a) TE, field distribution (x—y plane) of the four Si input taper waveguides at 1310 nm
wavelength. (b) Ex intensity profile along the x-axis (Y = 0).

The balanced modal intensity is crucial for maintaining equal optical weighting when
the fields propagate into the MMI region. Such uniform inputs guarantee that constructive
and destructive interference in the MMI section will occur predictably, thereby ensuring
high-efficiency optical power combination and minimal phase imbalance at the output.

To achieve high-efficiency optical power combining, the lengths and widths of both
MMI sections were optimized using a parametric sweep with the MOST module in RSoft.
The optimization was performed with BPM by launching the simulated fundamental TE
mode at the inputs and modeling the complete cascaded structure (including access tapers
and interconnecting S-bends). Therefore, the reported optimal MMI lengths correspond
to the integrated device performance, rather than to an isolated, idealized slab-MMI es-
timate. The discrepancy from the analytical self-imaging length is expected because the
analytical model relies on simplified assumptions (e.g., uniform multimode region and
ideal excitation) and does not fully capture modal dispersion, effective-index variations,
and transition-induced changes in modal excitation in high-index-contrast SOI implemen-
tations. The optimization process aimed to identify the structural dimensions that provide
maximum output power and minimal IL within the O-band.

Figure 4a presents the normalized output power as a function of Wy 1. The curve
reaches its optimized value at 9 pm, where constructive interference between the guided
modes is strongest. Importantly, the output remains above 80% of the peak across a
tolerance window of £0.15 um, showing that the selected value lies at the center of a
robust, fabrication-tolerant region.
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Similarly, Figure 4b shows the length optimization of Lypyi, with a simulated opti-
mum of 255.5 um. Using the analytical expressions for effective width (Equation (2)) and
beat length (Equation (1)), MMI; yields an effective width of 9.25 pm, a beat length of
237.74 um, and a calculated self-imaging length of roughly 267.45 pm from Equation (3).
The difference between these analytical predictions and the simulated optimum follows the
expected trend for SOl MMIs, where BPM optimization refines the idealized self-imaging
estimate. The device maintains high performance within a tolerance of roughly 4-6 pm, con-
firming that the chosen simulated length is stable under standard lithographic variations.

The MMI, stage, responsible for further field consolidation, was optimized in the
same manner. As shown in Figure 4c, Wypv2 exhibits maximum transmission at 4 pm,
with a tolerance band of 0.1 um. Despite its smaller geometry, the optimal point lies well
inside the allowable tolerance range, preserving strong modal overlap and low IL.

Lastly, Figure 4d illustrates the optimization of Lypvpe. The optimal performance is
obtained at 207.5 pm, again with a tolerance of +6 um. For reference, the analytical expres-
sions for effective width and beat length (Equations (1) and (2)) yield an effective width of
4.25 um and a beat length near 50.18 pum for this stage, and the corresponding self-imaging
estimate from Equation (3) gives a calculated length of roughly 18.81 um. As expected,
these closed-form values differ from the BPM-optimized result, which accounts for full
vectorial field evolution and taper-induced modal reshaping. The selected simulated value,
therefore, ensures proper self-imaging and stable performance across typical dimensional
variations, enabling reliable two-to-one combining into the output waveguide.

Overall, these results confirm that both MMI sections exhibit stable optical behavior
over moderate fabrication variations. Maintaining normalized power above 0.8 across the
tolerance ranges demonstrates that the device is highly robust and manufacturing-friendly
for integration within photonic systems.

To support low-loss routing between the lower and upper combining stages, the
interconnecting waveguides were implemented using smooth S-bend transitions. Their
geometry was evaluated using the MOST optimization tool, and the resulting normalized
transmission is presented in Figure 5. The simulated trend follows the expected behavior.
Very short bends suffer from increased radiation loss, and as the length increases, the
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transmission rises, reaching a maximum at an S-bend length of 242.5 pm. For longer bends,
the transmitted power gradually decreases due to additional propagation loss. From this
figure, the normalized power remains above 0.9 for S-bend lengths between approximately
200 pm and 280 pm, corresponding to a tolerance of about +40 um around the optimum
value. This wide tolerance window indicates that the S-bend is highly robust to dimensional
variations and can be reliably fabricated using standard CMOS-compatible processes.

1r 242.5 um (peak)
0.98}
0.96

0.94 1

Normalized power (a.u.)

0.921

0:3 200 210 220 230 240 250 260 270 280
S-bend length (um)

Figure 5. Normalized output power versus S-bend length.

Figure 6 shows the simulated optical field evolution in the designed 4 x 1 power
combiner at 1310 nm under simultaneous excitation of all four input ports with equal
amplitudes and in-phase operation (zero relative phase difference). The field evolution
confirms stable confinement within the Si core across both MMI stages and along the
interconnecting S-bend transitions. The optical energy follows the intended combining path
without noticeable radiation into the silica cladding, indicating that the chosen geometry
supports low-loss propagation. The output region exhibits the expected interference
pattern associated with the final combining stage, with a well-defined mode emerging at
the device exit. Overall, the field distribution demonstrates that the device maintains high
transmission and robust modal behavior across the full 772 pm propagation length.
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Figure 6. Simulated field propagation (x-z plane) of the optimized 4 x 1 power combiner.

The spectral response of the proposed combiner over the O-band (1260-1360 nm) was
evaluated using BPM simulations, in which the fundamental mode at each wavelength was
first obtained from the mode solver and then post-processed using a MATLAB (R2024a)
script, as shown in Figure 7. The device exhibits high transmission at the operating
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wavelength of 1310 nm. Applying the 3 dB criterion (normalized power of 0.5), the
resulting optical bandwidth is 15.8 nm, extending from approximately 1301 nm to 1317 nm.
These results demonstrate that the tree-cascade MMI combiner maintains high transmission
efficiency within a 15.8 nm window around 1310 nm and can therefore operate effectively
in the O-band region commonly employed in Si photonic communication systems.
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Figure 7. Spectral response of the combiner, showing peak transmission at 1310 nm and a well-defined
3 dB bandwidth across the O-band.

To assess thermal sensitivity, the thermo-optic coefficient of Si was taken into account,
leading to an effective wavelength shift of approximately 0.1 nm/°C. A temperature
excursion of 50 °C, therefore, produces a spectral shift of about +5 nm around the nominal
peak at 1310 nm. From a simulation perspective, the 3 dB bandwidth is mainly constrained
by the wavelength dependence of the MMI mechanism, since deviations from the design
wavelength introduce phase mismatch among the guided modes and degrade the self-
imaging condition. From Figure 7, the normalized transmission at the shifted wavelengths
(1305 nm and 1315 nm) remains between about 0.64 and 0.90, corresponding to a worst-case
thermally induced excess loss of 1.9 dB with respect to the peak value. As shown in Figure 7,
the device exhibits a 3 dB bandwidth of 15.8 nm, extending from approximately 1301 nm to
1317 nm, so this 5 nm drift remains well within the high-efficiency operating window of
the combiner. This bandwidth is primarily determined by the wavelength dependence of
the MMI mechanism, as efficient power combining relies on maintaining the relative phase
relationships among the guided modes within the multimode region. Deviations from the
design wavelength lead to progressive phase mismatch, which degrades the self-imaging
condition and defines the 3 dB operating window. Consequently, the output transmission
and self-imaging behavior are only weakly affected by moderate temperature variations,
indicating that the proposed design is thermally stable and suitable for reliable operation
in dense Si photonic integration platforms.

A further consideration from a practical perspective is that the lasers may operate
as mutually non-coherent sources. To quantify the associated performance penalty, simu-
lations were performed in which independent phase offsets were applied to each of the
four input sources. Figure 8 presents the normalized output power as a function of the
relative (overall) phase mismatch among the four non-coherent inputs. The proposed
combiner maintains high efficiency, achieving >90% combining efficiency for phase de-
viations between 0° and 8.49°. However, larger phase mismatches lead to a noticeable
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reduction in combining performance; for example, at a 30° phase shift, the combining
efficiency decreases to 65.1%. To mitigate this sensitivity, an active phase-control stage
should be integrated at the input waveguide section to align the phases of the four sources.
This functionality can be implemented using on-chip phase shifters, for instance, based
on a doped Si rib waveguide heater [32], a titanium nitride (TiN) microheater [33], or a
PIN-diode phase-shifting structure [34].
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Figure 8. Normalized output power of the proposed combiner as a function of the relative phase
shift between the non-coherent input sources.

To benchmark the proposed 4 x 1 combiner, a comparative study was carried out
against previously reported MMI-based power combiners implemented on InP/InGaAsP
and SOI platforms. The main design metrics, namely the footprint, number of input lasers,
IL, and operating bandwidth, are summarized in Table 1. The comparison indicates that the
proposed tree-cascade SOI combiner simultaneously achieves ultra-low IL and a compact
layout while supporting four input lasers in the O-band.

Table 1. Comparison between the proposed power combiner and previously reported MMI-

based designs.
MMI Power Combiner Footprint (um?) Number of .
Type (Width x Length) Lasers IL (dB) Bandwidth (nm) Year
2-Stage combiner based on
InP/InGaAsP [35] 5 x 1700 4 4.03 N/A 2013
MMI based on
InP/InGaAsP 6 x 1720 2 0.77 N/A 2015
waveguide [36]
MM based on SO strip 5 x 142.186 2 2 N/A 2015
waveguide [37]
Tree-Cascade MMI 4 > 1 12 x 772 4 0.1 15.8 In this work

combiner (SOI)

In particular, the simulated IL is on the order of 0.1 dB, which is significantly lower
than the multi-dB losses reported for earlier MMI combiners. Although the device foot-
print of 12 pm X 772 pum is only moderately larger in area than the most compact SOI
structure reported for two inputs, the proposed combiner accommodates four inputs and
substantially reduces the propagation length compared with other four-input designs.
Moreover, it is the only device in the comparison for which a quantified 3 dB bandwidth
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is provided. The measured bandwidth of 15.8 nm around 1310 nm shows that, despite
the inherent wavelength sensitivity of the self-imaging mechanism, careful optimization
of the MMI dimensions and S-bend transitions yields a broad operating window. This
combination of ultra-low IL, compact footprint, and verified wide bandwidth makes the
proposed combiner highly suitable for integration in dense silicon photonic circuits, where
power efficiency and spectral robustness are critical. The insertion loss values reported
in Table 1 are presented as representative values taken from the respective references,
derived from either numerical simulations or experimental measurements, depending on
the original work.

4. Conclusions

A 4 x 1 SOI power combiner based on a tree-cascade MMI architecture has been de-
signed, optimized, and numerically evaluated for O-band operation at 1310 nm. The struc-
ture employs buried Si waveguides with adiabatic tapers and low-loss S-bend transitions
in order to maintain controlled modal evolution and suppress radiation loss throughout
the combining network. BPM simulations were used to determine the optimal geometrical
parameters of the two MMI stages and the interconnecting S-bends, resulting in efficient
self-imaging and a compact overall footprint of 12 um x 772 um.

At the nominal operating wavelength of 1310 nm, the device exhibits a normalized
transmitted power of 0.975, which corresponds to an insertion loss of approximately 0.1 dB.
Parametric optimization of the MMI widths and lengths shows that the normalized power
remains above 0.8 within realistic width and length deviations, and the S-bend analysis
indicates that normalized power above 0.9 is maintained for a wide range of bend lengths
around the optimum value. These results confirm that the proposed geometry is highly
tolerant to fabrication-induced dimensional variations and is compatible with standard
CMOS processing.

The spectral response over the O-band was obtained by combining BPM simulations
with a wavelength-by-wavelength mode solver and post-processing in MATLAB. Applying
the 3 dB criterion with a normalized power level of 0.5, the combiner achieves a 3 dB band-
width of 15.8 nm, extending from approximately 1301 nm to 1317 nm around the 1310 nm
peak. This bandwidth is significant for a self-imaging-based device and demonstrates
that careful optimization of the multimode region and taper transitions can overcome
the intrinsic wavelength sensitivity of MMI structures. In addition, thermal analysis that
incorporates the thermo-optic coefficient of silicon shows that a temperature variation
of 50 °C produces a wavelength shift of about +5 nm, which remains well inside the
obtained 3 dB bandwidth. The associated excess loss remains below 2 dB, indicating that
the combiner maintains stable performance under realistic self-heating and environmental
conditions.

A comparison with previously reported MMI-based power combiners implemented
on InP/InGaAsP and SOI platforms shows that the proposed device combines several key
advantages. It supports four input channels while achieving an IL that is significantly
lower than the multi-dB values typically reported for similar functions. At the same
time, the footprint is competitive with existing SOI implementations, and the required
propagation length is notably shorter than that of other four-input designs. Furthermore,
among the devices considered, the present work is the only one that reports a quantified
3 dB bandwidth, which provides a clear indication of the usable operating window for
system-level design.

In summary, the 4 x 1 tree-cascade MMI combiner presented in this work offers
ultra-low insertion loss, a compact footprint, wide optical bandwidth, and robust tolerance
to both fabrication deviations and thermal drift. These characteristics make it a strong
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candidate for integration in high-speed O-band transmitters, coherent power-combining
front ends, and scalable silicon photonic circuits, including photonic neural network archi-
tectures that rely on cascaded meshes of splitters, combiners, and active weighting elements.
Future work may address experimental realization, polarization-diverse operation, and
extension of the architecture to larger input counts and other wavelength bands.
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Abstract

Plasmonics and metasurfaces (MSs) have emerged as two of the most influential platforms
for manipulating light at the nanoscale, each offering complementary strengths that chal-
lenge the limits of conventional optical design. Plasmonics enables extreme subwavelength
field confinement, ultrafast light-matter interaction, and strong optical nonlinearities,
while MSs provide versatile and compact control over phase, amplitude, polarization,
and dispersion through planar, nanostructured interfaces. Recent advances in materials,
nanofabrication, and device engineering are increasingly enabling these technologies to
be combined within unified planar and hybrid optical platforms. This review surveys the
physical principles, material strategies, and device architectures that underpin plasmonic,
MS, and hybrid plasmonic—dielectric systems, with an emphasis on interface-mediated op-
tical functionality rather than long-range guided-wave propagation. Key developments in
modulators, detectors, nanolasers, metalenses, beam steering devices, and programmable
optical surfaces are discussed, highlighting how hybrid designs can leverage strong field
localization alongside low-loss wavefront control. System-level challenges including op-
tical loss, thermal management, dispersion engineering, and large-area fabrication are
critically examined. Looking forward, plasmonic and MS technologies are poised to define
a new generation of flat, multifunctional, and programmable optical systems. Applications
spanning imaging, sensing, communications, augmented and virtual reality, and optical
information processing illustrate the transformative potential of these platforms. By con-
solidating recent progress and outlining future directions, this review provides a coherent
perspective on how plasmonics and MSs are reshaping the design space of next-generation
planar optical hardware.

Keywords: plasmonics; metasurfaces; hybrid plasmonic system; modulators; nanolaser

1. Introduction

Modern optical systems are increasingly constrained by the size, complexity, and
rigidity of conventional bulk components [1]. As emerging applications such as immersive
displays [2,3], compact imaging [4,5], biomedical sensing [6,7], high-speed communica-
tion [8,9], and optical information processing [10] continue to expand, there is a growing
demand for optical hardware that is thinner, lighter, faster, and more functionally versa-
tile than traditional lens and waveguide-based architectures [11]. These demands have
driven intense interest in planar and nanoscale approaches that enable optical functionality
to be implemented directly at material interfaces rather than accumulated through long
propagation paths [12,13].
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Plasmonics [14,15] and metasurfaces (MSs) [16-19] have independently matured into
powerful platforms for nanoscale light manipulation. Plasmonic structures exploit collec-
tive electron oscillations at metal-dielectric interfaces to confine optical fields far below the
diffraction limit, enabling ultrafast light-matter interaction, strong optical nonlinearities,
and extreme miniaturization of active devices [20,21]. MSs, in contrast, consist of planar
arrays of subwavelength scatterers that enable precise control over optical phase, ampli-
tude, polarization, and dispersion within layers only hundreds of nanometers thick [11,22].
Through appropriate design of their constituent meta-atoms, MSs can replace bulky re-
fractive or diffractive elements with flat optical components capable of wavefront shaping,
beam steering, holography, and imaging [23-28].

While plasmonics and MSs rely on distinct physical mechanisms, their functional
roles are increasingly complementary. Plasmonic elements provide strong field localization
and high-speed modulation over nanometer-scale interaction volumes, making them
well-suited for modulators [24], detectors [25], nanolasers [29], and nonlinear optical
elements [12]. MSs, on the other hand, excel at spatially distributed wavefront control and
multifunctional optical processing, enabling complex transformations of optical fields in
free space or in hybrid environments [26-28]. When combined within hybrid plasmonic-
dielectric or plasmonic-MS architectures, these strengths can be leveraged simultaneously,
allowing systems to achieve performance levels unattainable by either platform alone [30,
31].

Recent progress in materials science and nanofabrication has further accelerated
this trend. Alternative plasmonic materials, including transparent conducting oxides,
transition metal nitrides, and two-dimensional materials, offer improved tunability, reduced
loss in selected spectral regimes, and compatibility with large-scale fabrication [21,32,33].
In parallel, advances in MS design methodologies and manufacturing techniques such
as deep-ultraviolet lithography, nanoimprint lithography, and multilayer stacking are
enabling large-area, high-yield production of complex planar optical components [34,35].
These developments have made it increasingly feasible to co-integrate plasmonic and MS
functionalities within unified planar platforms.

This review surveys the fundamental principles, material platforms, and device-level
implementations of plasmonic, MS, and hybrid plasmonic—dielectric systems, with a par-
ticular emphasis on interface-mediated optical functionality. Sections 2 and 3 revisit the
physical foundations of plasmonics and MSs, highlighting design strategies and perfor-
mance trade-offs relevant to planar and hybrid architectures. Subsequent sections examine
representative devices and applications, including ultracompact modulators and detec-
tors, metalenses, beam steering systems, programmable optical surfaces, and emerging
optical information processing schemes. Key challenges related to optical loss, dispersion,
thermal management, and large-area fabrication are critically discussed, followed by a
forward-looking perspective on how plasmonics and MSs are shaping the future of flat,
multifunctional, and programmable optical systems.

2. Rethinking Plasmonic Fundamentals for Planar and
Interface-Engineered Optical Systems

Plasmonics is based on the excitation of surface plasmon polaritons and localized
surface plasmon resonances at metal dielectric interfaces, enabling electromagnetic confine-
ment far below the diffraction limit [36]. While the physical foundations of these modes are
well-established, their relevance is increasingly defined by planar optical architectures in
which functionality is concentrated at engineered interfaces rather than distributed along
extended propagation paths. In this setting, plasmonic loss and limited propagation length
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are no longer dominant constraints but are outweighed by the advantages of extreme field
localization, ultrafast response, and strong light-matter interaction [37,38].

Surface plasmon polaritons originate from collective electron oscillations coupled
to electromagnetic waves at metal dielectric boundaries and exhibit dispersion relations
that deviate strongly from the free-space light line. This behavior enables precise control
of modal confinement, group velocity, and the local density of optical states, allowing
plasmonic structures to support slow light effects, enhanced spontaneous emission, and
tailored mode coupling within compact footprints [39]. For planar systems that prioritize
localized interaction and high functional density, these dispersion characteristics provide
a powerful mechanism for engineering optical response at surfaces and interfaces rather
than long-distance waveguides.

Localized surface plasmon resonances supported by metallic nanostructures such
as nanorods, nanodisks, and bowtie antennas further expand the available design space
by concentrating optical fields into nanoscale hotspots [40,41]. These localized fields
enhance nonlinear optical processes, amplify Raman scattering, and strongly modify
radiative emission pathways. Recent advances in inverse electromagnetic design allow
systematic tailoring of resonance spectral position, symmetry, and near-field distribution,
enabling efficient coupling to gain media, molecular emitters, and quantum systems [42,43].
As feature sizes and inter-element gaps approach the subnanometer regime, quantum
mechanical effects such as electron tunneling and nonlocal response become increasingly
significant, marking the onset of quantum plasmonic behavior [44,45].

Material selection remains a key factor in determining plasmonic performance and
functionality [46,47]. Noble metals such as gold and silver continue to serve as reference
materials, but are limited by interband absorption, chemical instability, and challenges
in large-scale fabrication [48,49]. Transition metal nitrides, particularly titanium nitride,
offer improved thermal stability and compatibility with complementary metal oxide semi-
conductor processes [50]. Aluminum enables plasmonic operation in the ultraviolet and
visible spectral regions [51], while copper provides a cost-effective alternative when oxi-
dation can be effectively managed [52]. Transparent conducting oxides, such as indium
tin oxide, introduce epsilon near-zero regimes in which strong field enhancement and
ultrafast tunability can be achieved [53]. Two-dimensional materials, including graphene,
support highly confined and electrically tunable plasmons in the mid-infrared, enabling
dynamically reconfigurable plasmonic responses at planar interfaces [54].

The functional role of plasmonic building blocks is also evolving. Plasmonic waveg-
uides are increasingly valued not for long-distance transport but for maximizing interaction
strength within minimal physical length [55]. Antennas are no longer passive scattering
elements but multifunctional components capable of coupling, concentrating, modulating,
and reradiating optical fields within engineered environments [56]. Resonant plasmonic
structures provide sharp spectral selectivity and enhanced field confinement, enabling
compact filtering, sensing, and switching functionalities. New coupling strategies between
plasmonic elements and dielectric or MS-based structures enable controlled energy ex-
change across different confinement regimes without relying on extended propagation [36].

Together, these developments highlight a shift in how plasmonic physics is inter-
preted within modern optical systems. Rather than serving as a lossy alternative to con-
ventional guiding, plasmonics is increasingly recognized as an enabling platform for
interface-mediated optical functionality in planar and hybrid architectures. By localizing
electromagnetic energy precisely where optical processing occurs at surfaces, boundaries,
and engineered nanostructures, plasmonic modes provide a foundation for compact, ultra-
fast, and highly responsive optical components that naturally complement MSs and other
planar photonic platforms [57].
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3. MS Fundamentals Through a Forward-Looking Lens

MSs have redefined the concept of wavefront engineering by demonstrating that
optical phase, amplitude, and polarization can be controlled within a planar layer of
subwavelength scatterers [26,58]. Generalized Snell’s law captures the essence of this
approach by showing that abrupt phase shifts at an interface can redirect light in ways
unattainable by conventional optics [59]. As MSs move from laboratory demonstrations to
real integrated devices, the emphasis is shifting from simple beam steering toward complex,
multifunctional responses that can operate across broad bandwidths and variable incident
conditions [60].

The meta-atom is the primary building block of MSs [61]. Dielectric meta-atoms
based on Mie resonances can produce strong electric and magnetic responses with minimal
absorption loss [62]. This dual response allows designers to achieve full two pi phase control
while maintaining high transmission efficiency. Metallic meta-atoms, while more lossy,
continue to be valuable for achieving polarization rotation, broadband absorption, and
tunable behavior [28]. The future of MS engineering likely lies in hybrid meta-atoms that
combine the strengths of dielectric confinement and plasmonic field intensification. Such
structures can open new parameter spaces for multifunctional devices that simultaneously
control polarization, spectral response, and wavefront curvature [30,63,64].

Functional control in MSs is becoming increasingly versatile. Phase modulation
alone can produce lenses, beam deflectors, and holograms, but amplitude modulation
allows the creation of spatial filters, structured illumination systems, and complex imaging
platforms [65-67]. Polarization control enables devices that convert linear to circular
polarization or tailor polarization singularities [68]. Dispersion engineering allows MSs
to achieve achromatic focusing, multi-wavelength functionality, and group delay control.
As MSs continue to evolve, these functional mechanisms will merge, resulting in optical
interfaces that act as integrated field processors capable of performing spatial, spectral, and
polarization-based transformations simultaneously.

The future of MSs depends critically on fabrication technologies. Electron beam
lithography has facilitated the exploration of novel designs, but it cannot support commer-
cialization due to low throughput [69]. Wang et al. demonstrated a broadband, polarization-
insensitive TiO, achromatic metalens for near-infrared biological imaging [70]. The device
relied on a scalable process that produces high-aspect-ratio nanopillars, ~1.5 pm tall with
nearly vertical sidewalls, enabling the required group-delay control for operation across
650-1000 nm. Within this band, the metalens achieved 77-88.5% efficiency and operates
with a numerical aperture of 0.24-0.1. The fabrication steps are outlined in Figure 1a. A
1500 nm TiO; layer was deposited by electron-beam evaporation, patterned using PMMA
A2 and electron-beam lithography, and transferred into a Cr hard mask via lift-off. Reactive
ion etching defined the nanopillars, and the final TiO, structures emerged after Cr removal.
Top-view SEM images in Figure 1b,c show 4725 nanopillars with four cross-section types,
closely matching the intended design. The tilt-view SEM in Figure 1d confirms ~89°-90°
sidewalls and aspect ratios up to ~37.5. Optical characterization is presented in Figure 1e,f.
As shown in Figure le, all wavelengths from 650 to 1000 nm focus at ~60 pm, matching the
designed focal length and NA = 0.24. Figure 1f depicts circular, diffraction-limited focal
spots across the band, with Strehl ratios > 0.81 and FWHM deviations < 9%. These results
confirm that the fabricated nanopillar array accurately delivers the phase and group-delay
profiles required for broadband achromatic performance.
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Figure 1. (a) Schematic of the fabrication process, showing the highly directional etching used to
form the TiO, nanostructures. (b,c) Top-view SEM images of the achromatic metalens at different
magnifications, where four distinct nanopillar geometries are visible. (d) Tilt-view SEM image
highlighting the structural quality of the fabricated metalens. (e,f) Measured focal-spot intensity
profiles in the x-z and x—y planes at multiple wavelengths; the lower panels show the corresponding
radial intensity distributions (solid lines) with fitted curves (dashed lines) [70].

Nanoimprint lithography presents a path toward scalable manufacturing, while deep
ultraviolet lithography may eventually enable MS fabrication in standard semiconductor
foundries [71]. Recently, Hutterhofer et al. introduced a scalable imprint-lithography
method for fabricating semiconductor photoelectrodes and applied it to amorphous gal-
lium phosphide (a-GaP) [72]. By combining anapole modes with MS lattice resonances,
broadband absorption enhancement was achieved. The process offered high throughput
and low cost while preserving the engineered photonic response. As shown in Figure 2a,
the resist-coated sample was imprinted with the inverted stamp, forming a ~180 nm-thick
polymer mask that can be used directly for etching, reducing processing steps. Residual
polymer was removed with acetone and isopropanol. Figure 2b—d shows the unit-cell
design and SEM images confirming uniform nanostructuring, with only minor radius
variations originating from the stamp. The final MS electrode and a planar a-GaP film are
shown in Figure 2d. After etching, the exposed ITO around the edges functions as the
back contact for both electrodes [72]. Photoelectrochemical measurements under sunlight
and hydrogen-evolution conditions showed a 5.7-fold photocurrent increase over a planar
film, supported by optical characterization and numerical modeling of both individual
nanodisks and the full MS [72].

Additional techniques such as atomic layer deposition and multilayer stacking may
allow MSs to expand into three-dimensional architectures, offering enhanced control over
optical dispersion and modal composition [73]. Overcoming fabrication challenges will
determine whether MSs can transition from specialized components to ubiquitous optical
elements in commercial systems. A comparison of plasmonic, MS, and hybrid approaches
is presented in Table 1, emphasizing their operational principles and the performance
attributes that define their application potential.
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Table 1. Key Characteristics of Plasmonics, MSs, and Hybrid Photonic Platforms.

Hybrid Plasmonic-
Dimension Plasmonics Metasurfaces (MSs) MS/Plasmonic-Dielectric
Systems
Extreme subwavelength Complete.p he'lse, amplitude, Combines strong confinement
. . and polarization control at . . ) .
Core confinement; ultrafast lanar interfaces: (plasmonics) with low-loss routing
Physical Strength electron-mediated response; Eroa dband func t’ionalit and wavefront control
strong nonlinearities [74-77]. . . y (dielectric/MS) [30,80-82].
improving [78,79].
Enables nanometer-scale Enables flat optics, ultrathin Achieves high modulation
modulators. detectors. and lenses, programmable efficiency with reduced loss; allows
Key Advantages quantum-scale hotspots; supports apertures; Supports highly integrated and

ENZ-based ultrafast switching
[24,25,83].

multifunctionality and
complex wavefront shaping
[11,13,84,85].

programmable photonics; enables
compact optical processors
[63,86,87].

Main Limitations

Ohmic (absorption) loss; short
propagation lengths; heat

Fabrication scalability; limited
broadband achromaticity;
need for multi-layer

Coupling mismatch between
dielectric and plasmonic modes;

(Current) generation; material stability intesration for complex thermal management; fabrication
constraints [88]. funftions [89,90] p tolerance demands [55,91,92].
High-index dielectrics (Si, .
Alternatives to Au/Ag: TiN TiO;); hybrid designs n{ggj&gﬁg i‘i??n%?v?éve dides:
. (CMOS-compatible), Al (UV), Cu  combining metallic and P . . ) ’
Materials Outlook . . meta-waveguides with engineered
(low-cost), ITO (ENZ), graphene  dielectric scatterers; . . o
. . dispersion and polarization
(tunable mid-IR) [50,93]. phase-change materials for control [94,95]
reconfigurability [11,18,28,62]. o
Metalenses, holographic Hybrid ENZ modulators,

Device-Level
Examples

Plasmonic modulators,
nanolasers, hotspots for sensing,
ultrathin detectors [96,97].

processors, beam steering
devices, MS-based neural
networks [98,99].

MS-enabled compact waveguides,
reconfigurable intelligent photonic
surfaces [100,101].

Performance Frontier

Femtosecond-scale modulation;
deep subwavelength mode
confinement; intense local fields
for nonlinear processes [102].

System-level optical
functionality: multi-frequency
control, phase—amplitude—
polarization multiplexing; flat
optical architectures for
cameras and LiDAR [103,104].

Best-of-both-worlds: high speed +
low footprint + programmable
wavefront control; pathways
toward optical computing [105].

Scalability Outlook

Requires new plasmonic materials
with lower loss and CMOS
compatibility [106].

Moving toward mass
production via nanoimprint,
DUV lithography; multi-layer
stacking likely [34,107].

Depends on seamless integration in
Si photonics; improved thermal
handling and coupling
engineering [108].

Role in Future
Optical Computing

Provides nonlinear activation,
ultrafast switching, and strong
light-matter interaction for deep
photonic neural networks
[57,109].

Provides spatial
transformations and
diffractive computing layers
(e.g., MS neural networks)
[110,111].

Forms complete photonic compute
stacks: MS front-end for linear ops +
plasmonic activation layers [112].

Role in Imaging
and Sensing

Raman enhancement, nanoscale
detectors, localized field hotspots
[113,114].

Metalenses, reconfigurable
holography, spectral filters
and absorbers [115-117].

On-chip structured illumination,
MS-controlled plasmonic sensors,
integrated spectrometers [118,119].

Enhances sensing elements

Enables ultrathin imaging

Compact, integrated

Role in AR/V.R and (photodetectors, modulators) stacks, fOId?d metalenses, emitter—-MS—detector stacks for

Compact Optics beam combiners for headsets .
[120,121]. [11,122] next-gen wearable optics [123].

Application High-speed interconnects, Consumer imaging, LIDAR, Full-stack systems: flat cameras,

Sectors Poised
for Disruption

ultrafast computing nodes,
quantum sources [124,125].

3D sensing, AR/VR displays,
optical encryption
[123,126,127].

photonic processors, adaptive
optical networks [128].
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Table 1. Cont.

Hybrid Plasmonic-
Dimension Plasmonics Metasurfaces (MSs) MS/Plasmonic-Dielectric
Systems
Low-loss materials, Broadband achromatic Thermal engineering,
Future thermal management, operation, dynamic tunability, ~mode-matching strategies,
Research Priorities quantum-plasmonic large-area manufacturing foundry-compatible
integration [46,129]. [130-132]. fabrication [133].
. MSs: universal optical Hybrid platforms: planar, scalable,
Plasmonics: acts as nanoscale . e . .
.. " . s . interfaces providing computationally aware optical
Long-Term Vision processing nodes” embedded in bl i definine th h .
larger photonic circuits [134] programmable wavetront systems defining the next photonic
’ control [135]. paradigm [136,137].
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Figure 2. (a) Workflow for fabricating the a-GaP MS using nanoimprint lithography, where the
patterned polymer layer serves as the etching mask, (b) Illustration of the individual MS unit cell,
(c) SEM micrographs at multiple magnifications showing the large-area nanostructure, (d) Photograph
comparing two photoelectrodes: one incorporating the imprinted MS (left) and the other consisting
of a uniform 100 nm thick a-GaP film, each deposited on a 100 nm thick ITO layer [72].

4, Plasmonic Devices as Drivers of Extreme Performance

Plasmonic devices excel where high field intensity and ultrafast response are essen-
tial. Plasmonic modulators demonstrate this potential by achieving significant refractive
index changes over extremely small interaction lengths [138]. Transparent conducting
oxides in the epsilon near-zero regime support strong index modulation with minimal
voltage, enabling modulators that operate at terahertz speeds and potentially even support
femtosecond-scale switching [33]. As data rates continue to rise, such modulators could
form key building blocks for next-generation on-chip interconnects and optical logic cir-
cuits. Coherent optical communication enables the highest data throughput and spectral
efficiency, making it well-suited to meet rapidly growing bandwidth demands. It relies on
in-phase/quadrature (IQ) electro-optic modulators that encode information in both the
amplitude and phase of light. For large-scale integration, these modulators must combine
energy efficiency with a compact footprint.

Heni et al. reported ultracompact silicon-based IQ modulators with an active region
of 4 x 25 um x 3 um, operable with sub-1 V drivers [139]. The plasmonic-organic hybrid
IQ modulators consist of two imbalanced high-speed plasmonic Mach-Zehnder modu-
lators (MZMs) integrated into a silicon photonic Mach-Zehnder interferometer (MZI),
as shown in Figure 3a. The phase shift between the I and Q arms was controlled either
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by a thermo-optic phase shifter or by wavelength tuning enabled by the MZI imbalance.
DC biases independently set the operating points of the two MZMs. Each MZM con-
tained a 15 or 20 pm plasmonic slot waveguide with a 130 nm slot width (Figure 3b). The
metal-insulator-metal (MIM) slot was filled with the organic electro-optic (OEO) com-
posite HD-BB-OH/YLD124. In the active region, the electrical RF field and the optical
mode were both tightly confined to the slot and exhibited nearly complete spatial overlap
(Figure 3c,d). They achieved exceptionally low electrical energy consumption: 0.07 fJ bit !
at 50 Gbits~!, 0.3 f] bit~! at 200 Gbits !, and 2 fJ bit~! at 400 Gbits~!. These performance
metrics highlight the potential of such devices for both long-haul and short-reach coherent
communication systems.

Driving |El Field

\] I Au

Optical |E| Field

Figure 3. Plasmonic IQ modulators with attojoule-per-bit energy consumption: (a) Colorized SEM
image of a plasmonic IQ modulator on a silicon platform, incorporating two Mach-Zehnder modula-
tors (MZMs), (b) Close-up of the active plasmonic slot waveguide. Light from the silicon waveguide
is coupled into the gold slot waveguide via tapered mode converters. The slot is filled with an organic
electro-optic material, (c,d) Cross sections of the plasmonic slot waveguide showing simulated ¢
electrical driving field and d optical field distributions [139].

Photodetectors that incorporate plasmonic structures utilize localized resonances to
concentrate optical energy into the semiconductor region or generate hot electrons that
contribute directly to photocurrent [140,141]. These mechanisms can extend detection
bandwidth, enhance responsivity, and reduce detector volume. Plasmonic detectors could
be integrated into multispectral imaging systems, biosensing platforms, and hyperspectral
cameras, especially when combined with MSs that provide spectral filtering or beam shap-
ing [4,142]. Oshita et al. presented a plasmonic photodetector that reconfigures its spectral
responsivity through electromechanical deformation rather than electrical bias control [143].
The photodetector consisted of an n-type silicon cantilever with a plasmonic gold diffrac-
tion grating on its surface and a nearby electrode (Figure 4a). Applying a voltage between
the electrode and the cantilever generates an electrostatic force that drives the cantilever
into resonance (Figure 4b), thereby changing the incident angle 6 and reconfiguring the
plasmonic resonance. Dual zigzag support structures reduce stiffness and increase the
angular scanning amplitude.

When light of an appropriate wavelength strikes the grating at the resonant angle,
surface plasmon resonance (SPR) enhances absorption. The absorbed energy excites elec-
trons in the gold, enabling them to overcome the Schottky barrier at the Au/n-Si interface.
These electrons are collected as a photocurrent I(t) between the gold anode and aluminum
cathode. Because the incident angle is periodically modulated, the detector’s spectral
response is scanned in time. However, capacitive coupling between the cantilever and the
electrode (Figure 4c) introduces a displacement current D(t), which appears as a periodic

150 https://doi.org/10.3390/mi17010119



Micromachines 2026, 17, 119

background signal due to repeated charging and discharging of the capacitor. This ap-
proach produced clear peak shifts across 1250-1310 nm. To highlight potential applications,
near-infrared spectroscopy was also demonstrated using the device. Because the structure
enables sub-bandgap detection in silicon via a Schottky junction, this photodetector is a
promising candidate for compact near-infrared spectrometers integrated into industrial
silicon imaging systems [143].

Plasmonic nanolasers offer a route to coherent light generation at scales far smaller
than traditional optical cavities [144,145]. By confining electromagnetic fields within
volumes comparable to the cubic wavelength in matter or even smaller, nanolasers can
interact strongly with emitters and achieve threshold reductions [146]. Their small footprint
makes them compatible with dense photonic integration and suggests they may become
key components of optical interconnect networks or photonic neural architectures [29].
Extraordinary optical transmission (EOT) in metal nanohole arrays (NHAs) and Tamm
plasmon (TP) states have been studied since their discoveries in 1998 and 2007, respectively.
Both phenomena underpin a wide range of plasmonic devices, including absorbers, lasers,
and narrowband filters. Although the influence of hole size and geometry on EOT has
been well documented, the corresponding effects on TP structures incorporating metal
NHAs remain less explored—particularly the role of controlled randomness in the hole
arrangement.

Shahid et al. systematically varied both the hole size and spatial distribution in metal
NHAs and examined the resulting changes in EOT and Tamm resonances [147]. Three
configurations were investigated: a bare NHA, a passive TP cavity, and a TP laser. The
device structures and excitation direction are shown in Figure 4d-h. Figure 4d,e illustrate
the Tamm plasmon (TP) cavity, which consists of a 100 nm-thick perforated Au film on top
of a PU layer. The hole-array configurations in Figure 4f-h are applied to the Au layer of
the TP cavity shown in Figure 4e. When the PU layer was doped with IR-140 dye molecules,
the passive TP structure became an active Tamm plasmon laser (TPL). The characteristics of
the Au nanohole array (NHA) were controlled by adjusting the hole arrangement, the unit-
cell length (A), and the hole size (dy,). Figure 4f-h present the three NHA configurations
investigated. The first is a simple periodic square array with period A. The second, shown
in Figure 4g, is a multilattice (ML) arrangement composed of two concentric square arrays
with periods Ay and Aj. The third configuration, shown in Figure 4h, consists of nanoholes
placed randomly within each repeating unit cell. As periodicity increases, multiple Tamm
resonances emerge; however, these resonances disappear once the array transitions to
a pseudo-periodic random configuration, defined as holes placed randomly within a
repeating square unit cell. The appearance of multiple resonances was attributed to
dispersion-line folding in periodically patterned TP cavities. Dispersion calculations further
clarify the origin and behavior of these resonance features in both transmission and lasing
emission spectra [147].

Plasmonic waveguides, although limited by propagation loss, remain valuable for
routing optical energy within extremely compact regions [77,92]. Hybrid waveguides
that combine dielectric and plasmonic confinement can balance loss and confinement to
achieve functional pathways for dense circuit architectures [81,148]. As the need for optical
interconnect density increases, plasmonic waveguides may provide the only viable solution
for submicron-scale wiring.
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Figure 4. Principle of the electromechanically reconfigurable plasmonic photodetector, (a) Schematic
of the device featuring a plasmonic structure with a gold diffraction grating, (b) Electromechanical
angular scanning enabling wavelength-dependent photodetection, (c) Capacitive coupling between
the fixed electrode and the cantilever, generating a periodic displacement current [143], (d) Schematic
of the Tamm plasmon (TP) device comprising a Au nanohole array (Au-NHA) on a polyurethane
(PU) layer placed atop a DBR, illuminated from below along the + z direction, (e) Exploded view
with key structural parameters. The PU layer can be either undoped—serving as a passive resonant
cavity—or doped with IR-140 dye to form a Tamm plasmonic laser (TPL), (f-h) Top-view illustrations
of three NHA configurations and their corresponding unit-cell lengths: (f) a regular NHA with period
A, (g) a multilattice (ML) NHA with additional periods A; and Aj, and (h) a unit cell containing
randomly distributed holes. All Au-NHA holes are square with a side length [147].

5. MS Photonic Devices as System-Level Disruptors

MS devices have advanced beyond individual optical components and are now poised
to reshape entire systems [115,126,135]. Beam steering MSs, for example, can replace
bulky mechanical systems in LiDAR by imposing electronically controlled phase gradients.
This approach allows rapid scanning speeds, reduced power consumption, and compact
form factors suitable for consumer electronics and autonomous navigation systems [149].
Metalenses illustrate the transformative potential of MSs by collapsing the complexity of
traditional lens systems into thin, planar layers [11]. These lenses can be engineered for
specific spectral bands, for broad achromatic operation, or for insensitivity to polariza-
tion. As computational imaging techniques mature, metalenses may be integrated with
algorithms to produce imaging systems that achieve superior performance with minimal
hardware [115].

Recently, Ullah et al. demonstrated an all-dielectric coding MS that advances the
understanding of spin-dependent light-matter interactions and enables spin-switchable
wavefront manipulation [150]. Their design, composed of Si nanobricks arranged in a
square lattice, exploits tailored coding patterns to simultaneously modulate the geometric
and propagation phases at 780 nm. This capability allows efficient spin-dependent wave-
front control, enabling functionalities such as generating optical vortex beams with various
orbital angular momentum (OAM) states and performing beam-shaping operations that
split and steer the incident beam at prescribed angles. Figure 5 presents the schematic
configuration of the proposed 2-bit/1-bit spin-selective coding MS. When circularly po-
larized (CP) light with handedness +0 is incident normally, the MS directs the output
into the cross-polarized channel, generating either an OAM-carrying structured beam or a
split beam depending on the input spin state. Under right-handed circular polarization
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(RCP, +0), the MS functions as a vortex-beam generator, producing distinct OAM modes.
In contrast, left-handed circular polarization (LCP, —o) induces controlled beam splitting
at a designed angle. These functionalities arise from the precise engineering of the coding
patterns and the hybrid 2-bit/1-bit encoding, which enables flexible and independent ma-
nipulation of the transmitted wavefronts. Convolution-based operations further enhance
the versatility of the MS, supporting more complex and multichannel optical manipula-
tions. Collectively, this strategy provides a simple yet powerful framework for developing
high-capacity encrypted communications, quantum information systems, and advanced
non-invasive imaging technologies [150].

Incidence Beam

+0

OAM Steering

Beam Shaping

Figure 5. Schematic illustration of the various spin-switchable functionalities enabled in the proposed
design by altering the handedness of the incident light [150].

Holographic MSs extend this concept by offering complete control over the structure
of optical wavefronts [151,152]. They can generate three-dimensional holograms, encode
spatial information into beams, or perform optical transformations that mimic the func-
tions of neural networks. Such holographic processors could one day serve as analog
accelerators for machine learning workloads [153]. Hu et al. presented a 3D-integrated
MS device that stacked a hologram MS with a monolithic Fabry—Pérot cavity color-filter
microarray, enabling simultaneous low-crosstalk, polarization-independent, high-efficiency
full-color holography and color microprinting [154]. This dual-function platform offers a
new route for applications such as data storage, security encoding, color display technolo-
gies, and information processing. The 3D integration strategy can be further expanded by
incorporating additional functional MS layers, such as polarizers or metalenses to create
multifunctional flat optical systems. Figure 6a shows the 3D-integrated MS, consisting
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of a stepwise MDMEFP color-filter array and a hologram MS. The metal-dielectric-metal
Fabry-Pérot filters, formed by varying the dielectric thickness, provide high transmission,
a wide color gamut, and narrow linewidths, superior to plasmonic color filters [154].

Color filter microarray ~ Spacer Hologram metasurface

Figure 6. 3D-Integrated MSs for Full-Color Holography: (a) The exploded diagram shows the device
architecture. A color-filter microarray forms a visible microprint under white-light illumination,
while the underlying MS encodes holographic phase information. When illuminated with red,
green, and blue lasers, the structure produces three independent far-field holograms that can be
combined to form a full-color image, (b) The front view shows three micro-units composed of
metal-dielectric-metal Fabry—Pérot cavity filters. Each filter transmits only the laser wavelength
closest to its resonance, directing the selected light to the hologram MS and generating three separate
monochromatic greyscale holograms [154].

The hologram MS, made of isotropic dielectric nanostructures, imparts the required
phase profile for high-quality far-field holography. As illustrated in Figure 6b, under RGB
laser illumination, each wavelength passes only through the filter whose resonance closely
matches it, then reaches the hologram layer to form three independent monochromatic
greyscale holograms. Combining these channels yields a full-color hologram. The device
simultaneously encodes holographic information and color microprint patterns within
the arranged filter array. This 3D integration offers several advantages over wavelength-
multiplexed plasmonic and PB-phase MS holography: (i) higher transmission and diffrac-
tion efficiency due to FP cavity filters and dielectric nanostructures; (ii) reduced inter-
channel crosstalk from the narrow FP resonances; (iii) polarization-independent operation;
and (iv) straightforward fabrication using standard EBL and metal deposition without
pattern-transfer steps [154].

Reconfigurable MSs represent one of the most exciting directions for future re-
search [11,116,117]. By incorporating materials such as phase change alloys, liquid crystals,
graphene, or mechanical actuation layers, MSs can dynamically alter their optical re-
sponse [155-157]. These platforms can tailor electromagnetic wave propagation through
a wide range of tuning mechanisms that modify their effective optical, electrical, or geo-
metric properties (Figure 7). Electrical tuning uses components including varactors, PIN
diodes, and graphene gating to adjust the response by altering circuit parameters or carrier
density [158]. Thermal tuning, enabled by phase-change materials such as VO, or GST and
by thermo-optic effects, modulates the refractive index through controlled heating [159].
Optical tuning relies on photoexcitation or nonlinear optical processes to modify carrier
concentration or refractive index using incident light [160,161]. Mechanical tuning, imple-
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mented with MEMS actuators or flexible substrates, directly alters the physical geometry of
the meta-atoms [162]. Additional mechanisms such as electro-optic tuning, which exploits
the Pockels or Kerr effects, and magneto-optic tuning, which uses magnetic bias in ferrites,
provide high-speed or nonreciprocal control [163]. Collectively, these mechanisms offer
powerful and versatile pathways for achieving dynamic beam steering, tunable absorption,
reconfigurable holography, and adaptive wavefront engineering.

Electrical tuning Thermal tuning
-Varactors -VO,

-PIN diodes ' -GST

-Graphene gating ‘ <z -Thermo-optic effects

> <&
@ Optical tuning
< ﬁ -Photoexcitation
=,

: -Non-linear effects

Mechanical tuning '
-MEMS actuators Electro-optic tuning
-Flexible substrates Magneto-optic tuning -Pockels or Kerr
-Magnetic bias in effects
ferrites

Figure 7. Tuning mechanisms for reconfigurable MSs.

6. Hybrid Plasmonic and Photonic Architectures for Planar
Optical Systems

Hybrid photonic plasmonic systems provide an effective pathway for combining the
complementary strengths of dielectric photonics, plasmonics, and MSs within planar optical
platforms. Dielectric components offer low-loss signal distribution and stable optical func-
tionality, while plasmonic elements enable extreme field confinement, ultrafast response,
and enhanced light-matter interaction within deeply subwavelength regions [55,80,164,165].
By incorporating plasmonic functionality only where strong interaction is required, hybrid
systems achieve high performance without the efficiency penalties associated with fully
plasmonic architectures.

Hybrid modulators serve as a representative example of this approach. In such devices,
localized plasmonic regions are incorporated within otherwise dielectric guiding structures,
enabling large modulation efficiency over short interaction lengths [166,167]. Kieninger
et al. demonstrated long-term thermally stable silicon organic hybrid modulators that
satisfy Telcordia high temperature storage requirements [168]. These results highlight the
suitability of hybrid architectures for practical and reliable optical systems. The silicon
organic hybrid Mach-Zehnder modulator shown in Figure 8 illustrates the operating
principles of this approach. Figure 8a presents the top view of the device, showing the
Mach Zehnder interferometer geometry with multimode interference couplers for optical
splitting and recombination, along with the ground signal ground transmission line used
for electrical driving. Figure 8b depicts the cross section of each interferometer arm, where a
silicon slot waveguide filled with an electro-optic polymer concentrates the radio frequency
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electric field within a nanoscale region. This configuration enables strong overlaps between
the electrical and optical fields, resulting in efficient phase modulation while maintaining
low loss dielectric propagation. Figure 8c shows the high-speed transmission configuration
used to evaluate device performance, illustrating how the modulated optical signal is
generated, amplified, and detected. Figure 8d presents representative eye diagrams at
forty gigabits per second after extended thermal storage, demonstrating stable high speed
operation and confirming the robustness of the hybrid design [168].

(a) G
— ~E—
S
GC
MMI G MMI ECL G4 EDFA BP PD
Device 5 (Tx1; Device 2 (Tx2):
(d)
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Figure 8. SOH modulator concept. (a) Top view of the SOH MZM with GSG transmission line and
MMI couplers, (b) Perspective view showing the Si slot waveguides, EO-filled slot, poling process,
and push—pull operation, (c) Setup for generating and detecting 40-Gbit/s signals using the SOH
modulator, (d) 40-Gbit/s eye diagrams for devices after 330 h and 2700 h of high-temperature storage,
showing ~10% drive-voltage increase for the aged device [168].

Hybridization also extends naturally to MS-based platforms, where plasmonic and
active material responses can be combined at the meta-atom level. Figure 9 illustrates
a terahertz hybrid MS that integrates multiple control mechanisms within each meta-
atom [169]. Figure 9a shows the unit cell architecture, in which phase change material
and semiconductor components are co-located to enable electrically and optically driven
modulation. Figure 9b illustrates the simulated or measured electromagnetic response of the
MS under different external stimuli, demonstrating independent tuning channels. Figure 9¢
presents system-level functionality in the form of switching or logic operations enabled
by multi-field control. This example highlights how hybrid MSs move beyond passive
wavefront shaping to support programmable and multifunctional optical behavior [169].

Efficient coupling between dielectric and plasmonic regions remains a central chal-
lenge due to mismatched modal profiles and dispersion characteristics [55,80]. Design
strategies such as tapered transitions, slot-based confinement, and impedance-matching
structures enable controlled energy transfer over short distances, allowing plasmonic re-
gions to function as localized processing nodes embedded within larger planar optical
systems.

Despite their advantages, hybrid photonic plasmonic systems face challenges related
to optical loss, thermal management, and fabrication tolerance [165]. Heat generated by
plasmonic elements can influence nearby dielectric or MS structures, while nanoscale
fabrication variations can affect coupling efficiency and device reproducibility. Continued
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advances in alternative plasmonic materials, thermal engineering, and scalable nanofabri-
cation techniques are therefore essential.
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Figure 9. Schematic design and operating mechanism of the proposed hybrid MS. (a) Conceptual
illustration of the MS, where the phase-change material VO, is electrically driven, and the semicon-
ductor Ge is modulated by optical pumping. (b,c) Geometric configuration and detailed dimensional
parameters of the unit cell [169].

From a system perspective, hybrid platforms enable simultaneous optimization of
footprint, efficiency, speed, and functionality. Compared to purely dielectric devices, hybrid
systems offer enhanced modulation efficiency and access to ultrafast and nonlinear optical
responses [101,170]. Compared to fully plasmonic implementations, they provide improved
stability and reduced loss. As a result, hybrid photonic plasmonic architectures represent
a practical pathway toward compact, multifunctional, and programmable planar optical
systems that bridge nanoscale physics and real-world applications [5,64,171-173].

7. Applications and Emerging Technologies That Will Drive Adoption

The convergence of plasmonics and MSs aligns closely with several emerging tech-
nological trends [174]. Optical computing stands at the forefront, requiring high-speed
operations and parallel processing capabilities [175,176]. MS-based optical neural networks
can process information at the speed of light by performing matrix multiplications in free
space, while plasmonic nonlinearities may offer the necessary activation functions for all
optical deep learning systems [175].

Augmented reality (AR) and virtual reality (VR) demand compact, lightweight, and
high-performance optical systems [5]. MSs can produce thin lens stacks, holographic com-
biners, and tunable beam shaping devices that are essential for next generation wearable
displays. Integrating plasmonic sensors into these systems could provide simultaneous
health monitoring or environmental sensing [177]. Contact lenses play a central role in
vision correction and are increasingly regarded as a promising platform for AR displays
through the incorporation of electronic and optical functionalities. MSs provide rich op-
tical control within an ultrathin footprint, making them attractive for compact imaging
and display applications. Despite this potential, integrating MSs into contact lenses re-
mains difficult due to the limited biocompatibility of conventional imprinting materials
and structural deformation arising from swelling and contraction on hydrated surfaces.
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Ko et al. presented a biocompatible transfer strategy that employs hyaluronic acid (HA)
as a soft mold to realize MS integration on contact lenses and enable holographic light
projection [178]. A high-efficiency metahologram was achieved using all-metallic three-
dimensional meta-atoms with rectangular anisotropy and a reflective metallic backplane.
Figure 10 illustrates the schematic of an MS-integrated contact lens. In the reflection mode,
the MS-engineered wavefront propagates into the far field, where it reconstructs the target
holographic image. The phase-only computer-generated hologram (CGH) was obtained
using the Gerchberg-Saxton (GS) algorithm based on iterative Fourier transforms. To
efficiently realize the retrieved phase profile, the MS consists of uniformly sized meta-
atoms with spatially varying in-plane rotation angles, enabling phase control through the
Pancharatnam—Berry (PB) mechanism. By leveraging the PB phase, the reflected wave-
front acquires a spatially tailored phase distribution while maintaining a nearly uniform
amplitude. To suppress wrinkling and maintain structural integrity during transfer onto
soft, wettable lenses, a corrugated metallic layer on the HA mold was reinforced with a
SiO; capping layer. This biocompatible transfer approach opens a pathway for embedding
diverse optical elements, including holograms, lenses, and gratings onto contact lenses,
advancing AR displays and human—computer interaction technologies [178].

Circularly-polarized
incident light

Biocompatible
metasurface-embedded
contact lens

Figure 10. Schematic illustration of an MS-integrated contact lens for holographic light projection.
Upon illumination with circularly polarized light, the all-metallic MS reflects and reconstructs the
designed holographic image [178].

Sensing and spectroscopy represent another major application space [171-173]. Plas-
monic hotspots greatly enhance Raman scattering, enabling the detection of molecular
signatures at extremely low concentrations. MS-based absorbers and filters allow for
compact spectrometers that operate across visible, infrared, and terahertz bands. These
platforms can support portable diagnostic devices, environmental sensors, and chemical
analysis systems [179]. Bound states in the continuum (BICs) are nonradiative optical
modes with strong field confinement and growing relevance in nanophotonics. They are
commonly classified as symmetry-protected or accidental BICs, depending on the radi-
ation suppression mechanism. While symmetry-protected BICs are typically controlled
by a single structural parameter, accidental BICs rely on complex mode coupling, making
their design and application more challenging. Li et al. developed an accidental BIC MS
based on periodic H-shaped Si3Ny4 nanopillars and evaluated its refractive index sensing
performance through both wavelength shift and intensity modulation [180]. The sensor
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demonstrated high sensitivity, achieving 501 nm/RIU in wavelength-based detection and
9.35 x 10* counts/RIU in intensity-based detection, and shows strong potential for biode-
tection applications. These results provide new insights into mode coupling in BIC systems
and introduce an effective dual-channel approach for high-sensitivity optical sensing [180].

Optical biosensors enable quantitative analysis and molecular structural identifica-
tion, yet conventional refractive-index-based methods often lack the sensitivity needed to
detect low-molecular-weight analytes. Although non-optical platforms such as field-effect
transistors offer higher sensitivity, they do not provide molecular fingerprinting capabil-
ities. To address these limitations, Zhu et al. developed mid-infrared biosensors based
on optical conductivity, enabling sensitive and quantitative detection of small molecules
while enhancing their spectroscopic signatures [173]. These sensors employed a hybrid
MS composed of monolayer graphene integrated with metallic nanoantennas, combining
plasmonic, electronic, and spectroscopic functionalities. Molecular adsorption induces
carrier doping in graphene, which can be optically detected with high sensitivity. Because
the resulting resonance shifts are directly linked to graphene carrier density, the platform
enables reliable quantification of molecular interactions and is insensitive to carrier mobility

degradation. Figure 11 shows the structure and optical response of the hybrid MS.

Graphene

Au antenna — s
Graphene | SiO, | Pt | Si
Sio, Pt Si
— L
(d) 100
80 -
<
S 60
Q
=
£ 40 Or
BY K] CENETET— ORTYr T ORI (SR e P s S C § Dpmma
£ 20
0 A o,

800 1200 1600 2000 2400 2800
Wavenumber (cm™)

Figure 11. (a) Schematic illustration of the graphene-metal MS, where small analyte molecules
are adsorbed onto suspended monolayer graphene. (b) Optical microscopy image of a fabricated
device, confirming the uniform and continuous coverage of graphene across a large area. (c) SEM
image of graphene-coated nanorod antennas; the inset highlights a single antenna gap bridged by
suspended graphene. (d) Measured reflectance spectrum showing the dominant plasmonic resonance
(wy) around 1500 cm 1, a secondary resonance dip (wyr) near 1000 cm !, and the PMMA absorption
feature (w_PMMA) at approximately 1700 cm ™! [173].

As illustrated in Figure 11a, the device consisted of a periodic array of Au nanorod
antennas coated with monolayer graphene and separated from a Pt back reflector by a
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SiO, spacer, forming an optical cavity. The optical micrograph in Figure 11b confirms
uniform graphene coverage over a large area, while the SEM image in Figure 11c reveals
graphene conformally covering the nanorods and remaining suspended across 30 nm gaps,
as highlighted in the inset. The reflectance spectrum in Figure 11d exhibits two mid-infrared
resonance features arising from plasmon-phonon coupling: a primary plasmonic resonance
near 1500 cm~! (w;) and a secondary dip around 1000 em ™! (wyy), along with a PMMA-
related absorption peak near 1700 cm~!. In addition, the MS supported surface-enhanced
infrared spectroscopy, allowing detection of sub-nanometer molecular monolayers and
affinity-based glucose sensing down to 200 pM, as well as enhanced infrared fingerprinting
of trace biomolecules and polymers [173].

Communications technology continues to push for higher bandwidth and lower la-
tency [181]. MS-based wavelength management and plasmonic high-speed modulators
can significantly enhance the performance of optical interconnects [182,183]. Liu et al. pre-
sented a hybrid optical modulator formed by integrating a graphene sheet with a dielectric
MS that supports a pronounced toroidal resonance [184]. The MS was composed of a pair
of mirror-imaged, asymmetric silicon split-ring resonators capable of sustaining a strong
toroidal dipole mode characterized by an ultra-narrow spectral linewidth (~0.77 nm), a
high-quality factor (~1702), and nearly complete resonance contrast. Numerical simu-
lations revealed that incorporating graphene enables effective control of the resonance
transmission by tuning its Fermi level. A maximum modulation depth of approximately
78% was obtained, demonstrating the strong modulation capability of the proposed struc-
ture. In addition, the influence of resonator asymmetry on the toroidal response was
systematically analyzed, along with the dependence of modulation efficiency on graphene
parameters. These findings highlight the potential of the graphene-dielectric MS platform
for applications in optical modulation, filtering, and biochemical sensing [184].

Furthermore, Zeng et al. exploited the synergistic integration of graphene with en-
gineered MSs to realize a free-space mid-infrared modulator that operates at gigahertz
frequencies, requires low driving voltages, and functions at room temperature [185]. By
further patterning the hybrid graphene-MS structure into addressable pixels, a prototype
spatial light modulator capable of high-frame-rate single-pixel imaging was demonstrated,
offering performance improvements by several orders of magnitude compared with tra-
ditional liquid-crystal or micromirror-based devices. These results paved the way for
advanced infrared wavefront manipulation, where rapid temporal and spatial modula-
tion is essential for next-generation photonic technologies [185]. Figure 12 illustrates the
operation and imaging performance of the hybrid graphene-MS spatial light modulator
(SLM). The fabricated prototype consists of a 6 x 6 array of electrically isolated functional
pixels, as shown in Figure 12a,b. Each pixel can be independently switched between an
“ON” and “OFF” state by applying gate voltages of +7 V and —3 V, respectively, enabling
programmable spatial modulation of mid-infrared light.

The device functionality was first characterized through raster scanning of individ-
ual pixels. As shown in the insets of Figure 12¢c, predefined mask patterns forming the
letters “CINT” were clearly resolved by sequentially activating one pixel at a time while
keeping all others in the OFF state. These measurements, performed at a wavelength of
8.3 um, demonstrated accurate spatial encoding by the MS SLM. When the pixels cor-
responding to each mask are switched ON simultaneously, the reflected signal exhibits
distinct real-time variations as different masks are applied, as indicated by the red trace
in Figure 12c. The single-pixel imaging capability of the SLM was demonstrated using
the experimental configuration shown schematically in Figure 12d. Reconstructed images
of a cross-shaped object at different wavelengths are presented in Figure 12e, confirming
broadband imaging functionality. Higher image contrast was observed at wavelengths
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of 7 um and 8.5 um, whereas reduced contrast appeared at 5.5 pm and 9.5 pm, reflecting
the wavelength-dependent modulation efficiency of the device. Together, Figure 12a—e
validate the feasibility of the hybrid graphene-MS SLM for high-speed, programmable
mid-infrared imaging applications [185].
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Figure 12. Hybrid graphene-MS spatial light modulator and single-pixel imaging demonstration.
(a) Optical micrograph of the active region, showing a 6 x 6 array of independently addressable
functional pixels, (b) Photograph of the fabricated device after wire bonding to a chip carrier,
(c) Measured spatial reflection patterns forming the word “CINT” at a wavelength of 8.3 um,
obtained by selectively applying gate voltages of —3 V (OFF) and +7 V (ON) to individual pixels.
The insets show the corresponding mask patterns acquired by raster scanning, where only one pixel
is switched ON at a time while all others remain OFF (purple denotes the ON state). Variations in
the applied SLM patterns lead to distinct changes in the detected single-pixel signal intensity, (d)
Schematic of the single-pixel imaging setup incorporating the hybrid graphene-MS SLM, including
flat mirrors (M1, M2), a beam splitter (BS), a polarizer (P), a parabolic mirror (M3), and a mercury—
cadmium-telluride (MCT) single-pixel detector, (e) Reconstructed images of a cross-shaped target
obtained using a raster-scan measurement matrix at wavelengths of 5.5 um, 7 um, 8.5 um, and 9.5
pum, demonstrating broadband imaging capability [185].

8. Core Challenges Driving the Research Strategy

Although the future appears promising, several grand challenges stand between cur-
rent technologies and large-scale deployment. As summarized in Figure 13, advancing
MS and plasmonic platforms toward scalable, high-performance operation requires ad-
dressing four primary hurdles: (i) intrinsic material losses that limit efficiency in plasmonic
systems, (ii) chromatic dispersion that constrains broadband and achromatic functionality,
(iii) fabrication scalability necessary for wafer-level patterning with nanoscale precision,
and (iv) thermal reliability issues arising from optical field-induced heating and repeated
phase-change cycling.

From a manufacturing perspective, scalable preparation technologies capable of bal-
ancing nanoscale accuracy with high throughput are rapidly emerging [186]. Deep ultravio-
let lithography, particularly 193 nm immersion processes, offers excellent critical dimension
control, overlay accuracy, and compatibility with CMOS foundries, making it well-suited
for wafer-scale MS and plasmonic device fabrication [187,188]. Nanoimprint lithography
provides a complementary approach, enabling cost-effective, high-throughput replication
of dense nanostructures over large areas and has already been adopted for commercial
metalens production [189,190]. Hybrid fabrication strategies that combine optical lithogra-
phy for alignment-sensitive layers with nanoimprint techniques for large-area patterning
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further enhance manufacturability, suggesting a realistic pathway toward mass production
of plasmonic and MS-based optical systems [35,191].

Core Challenges Driving
the Research Strategy

Material
Losses

Figure 13. Key Technical Challenges Limiting Scalable MS and Plasmonic Technologies.

Loss in plasmonic materials remains a fundamental issue, particularly for applications
requiring high efficiency [32,192]. Advances in material synthesis, epitaxy, and hybrid
mode engineering may mitigate these losses, but completely overcoming them remains
difficult [193]. MSs face their own limitations in chromatic dispersion, which restricts
broadband functionality and achromatic imaging performance [194]. Scalability of fabri-
cation is another major barrier. To integrate MSs into consumer electronics or large area
optical systems, manufacturing processes must transition toward wafer-scale patterning
without sacrificing nanoscale precision [195,196]. Furthermore, thermal reliability presents
concerns for both plasmonic and phase change-based MSs, as repeated cycling or sustained
field intensity can degrade material performance [197,198]. These challenges reflect not
only technological hurdles but also opportunities for interdisciplinary innovation. The
combined expertise of materials scientists, nanofabrication engineers, optical physicists,
and computational designers will be essential for shaping the next generation of integrated
optical systems.

Beyond the challenges discussed above, several open issues remain insufficiently
explored at a fundamental and system level. In particular, the long-term stability, aging
behavior, and failure mechanisms of densely integrated plasmonic and MS structures
under realistic electrical, thermal, and optical operating conditions are not yet well un-
derstood. Equally important is the absence of unified system-level design methodologies
that explicitly account for cross-domain interactions among optics, electronics, thermal
transport, and control circuitry. Finally, there is a growing need for predictive multiscale
modeling frameworks that can bridge nanoscale electromagnetic response with macro-
scopic system performance, reliability, and manufacturability. Addressing these issues
will be critical for the transition from proof-of-concept demonstrations to robust, scalable
photonic technologies.

An additional challenge that becomes increasingly critical at the system level is bal-
ancing peak device performance with power consumption and thermal management [199].
While plasmonic and MS devices often demonstrate record speed, compactness, or field
confinement, practical deployment requires optimization of energy-per-operation rather
than isolated performance metrics [200]. In many cases, reduced device length, lower
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capacitance, and strong light-matter interaction enable overall energy efficiency despite
intrinsic optical loss. Hybrid architectures that localize high-speed or high-field function-
ality to specific regions, while relying on low-loss dielectric routing elsewhere, provide a
practical pathway for managing thermal load [201,202]. As a result, performance, power
dissipation, and thermal stability must be treated as coupled design variables in future
integrated photonic systems rather than optimized independently.

9. Future Vision: Roadmap for Next-Generation Plasmonic and
MS Photonics

The future of planar optical systems is increasingly shaped by concrete experimental
demonstrations that translate plasmonic and MS concepts from theoretical constructs into
functional devices and system-level components [123]. A growing body of work reveals a
clear trajectory toward optical platforms that are flat by design, programmable in function-
ality, and tightly coupled to electronic drivers and computational frameworks, signaling a
fundamental shift in how optical hardware is conceived and implemented [203,204]. Rather
than relying on bulk components or extended propagation paths, future optical systems
emphasize interface-engineered functionality, where light manipulation occurs within
subwavelength regions and planar layers.

Metalens-based imaging platforms provide one of the most visible indicators of this
transition. Commercial demonstrations have shown that a single MS lens can replace com-
plex stacks of refractive elements in compact sensing modules, while remaining compatible
with semiconductor manufacturing and delivering performance suitable for depth sensing
and biometric applications [205]. Academic and industrial efforts have further extended
this concept to compact infrared imaging systems for extended reality headsets and multi-
wavelength metalenses for aerial and mobile cameras [122]. These developments outline
a realistic pathway toward optical stacks for cameras, microscopes, and head-mounted
displays that achieve high performance within thicknesses of only hundreds of nanometers
to a few micrometers.

A similar evolution is occurring in beam steering and ranging technologies. MS-
based beam steering using liquid crystal loading and high-index nanoantenna arrays has
demonstrated solid-state operation without mechanical motion and with angular coverage
sufficient for automotive lidar [149]. Emerging commercial platforms further validate this
approach by introducing programmable MS chips capable of large-angle beam steering
controlled entirely through software, already integrated into three-dimensional ranging
modules [206]. These results suggest that future depth sensing, free space communication,
and adaptive illumination systems will increasingly rely on flat programmable apertures
rather than mechanically scanned optics or phased arrays.

Intelligent photonic surfaces represent another major pillar of the roadmap. Diffractive
and MS-based optical neural networks have demonstrated that passive planar layers can
perform classification and inference tasks directly in the optical domain [207]. Subsequent
implementations using MSs with tailored phase profiles have enabled image recognition,
digit classification, and multiplexed optical processing in both near-field and far-field
configurations, including architectures that exploit geometric phase control and polar-
ization multiplexing [208]. More recent proposals extend this concept toward all optical
convolutional neural networks in which MSs implement convolutional operations and
diffractive layers act as optical decoders, pointing toward physically implemented machine
learning systems that operate at the speed of light [209]. These advances illustrate how
MSs can evolve from static optical components into adaptive information processing layers
co-designed with electronic learning and control algorithms.
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On the plasmonic side, hybrid photonic plasmonic devices provide a complementary
pathway toward ultrafast and energy-efficient active functionality at deeply subwavelength
scales. Hybrid modulators incorporating transparent conducting oxides operating in the
epsilon near zero regime have demonstrated micrometer-scale footprints, femtojoule per
bit energy consumption, and multi-gigahertz modulation bandwidths [210]. Related ar-
chitectures that integrate indium tin oxide or similar materials within slot waveguides or
asymmetric coupling structures further enhance light-matter interaction while maintaining
manageable insertion loss [93]. Proposals combining transparent conducting oxides with
graphene indicate that two-dimensional materials will play an increasingly important role
in future active devices by enabling stronger tunability and reduced driving voltages [211].
Collectively, these results support a vision in which plasmonic elements function as local-
ized switching and modulation nodes embedded within broader planar optical systems
rather than as standalone guiding platforms.

Reconfigurable MSs form an additional cornerstone of the roadmap. Platforms based
on phase change materials, mechanical actuation, and electro-optical tuning enable dynamic
control over phase, amplitude, and beam direction [212]. Low-loss phase change materials
such as antimony selenide have enabled rewritable on-chip MSs with strong refractive index
contrast and nonvolatile operation in technologically relevant spectral bands [213,214].
Mechanically tunable and liquid crystal-based MSs have demonstrated real-time beam
steering and adaptive wavefront control, directly addressing the needs of lidar, adaptive
optics, and dynamic imaging systems [215,216]. As these technologies mature, intelligent
photonic surfaces capable of real-time optimization through sensor feedback and machine
learning based controllers become increasingly feasible.

Taken together, these developments outline a coherent roadmap for next-generation
planar photonics. Continued progress in low-loss plasmonic materials and optimized
hybrid geometries is required to push modulators and switches into regimes where they
outperform purely dielectric devices in both energy efficiency and footprint [136,217].
MSs must advance toward broadband and multifunctional operation, as demonstrated by
multicolor metalenses and folded MS imaging systems that already show compact and high-
quality performance in proof-of-concept devices [218]. Three-dimensional meta-optical
architectures that combine multiple planar layers or folded optical paths will be essential for
realizing complete imaging and spectroscopic systems within millimeter or submillimeter
thicknesses. At the same time, compatibility with standard semiconductor fabrication
processes remains a key enabler for large-scale deployment, as evidenced by commercial
efforts in flat optics and foundry-compatible MS platforms targeting mass production [205].
These trends support a future in which hybrid plasmonic and MS photonics provides a
unified design framework for planar, programmable, and computationally aware optical
systems [172].

To synthesize these directions at the system level, Figure 14 presents a consolidated
roadmap linking plasmonic, MS, and hybrid planar platforms to emerging application
domains. As illustrated, MS-based imaging, sensing, and beam steering technologies
are positioned for near term commercialization due to their reliance on predominantly
passive functionality and strong compatibility with wafer-scale manufacturing [219-221]. In
contrast, optical computing and highly reconfigurable photonic processors offer substantial
long-term impact but face higher barriers related to system integration, programmability,
power consumption, and thermal management [111,222]. This progression suggests a
staged development pathway in which passive and quasi-static planar optics mature first,
followed by increasingly complex active and computational photonic systems.
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Plasmonics Metasurfaces
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Hybrid Systems Applications
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Figure 14. Roadmap illustrating the functional domains of plasmonics, MSs, and hybrid photonic
systems, and their connection to emerging optical applications.

10. Concluding Remarks

The convergence of plasmonics and MSs marks a pivotal moment in the evolution of
planar and interface-engineered photonic systems, reshaping long-standing assumptions
about how optical hardware should be designed, fabricated, and optimized. Throughout
this review, it has become evident that plasmonics provides unmatched field confinement,
ultrafast light matter interaction, and the ability to engineer strong optical nonlinearities
within deeply subwavelength volumes. At the same time, MSs introduce unprecedented
control over phase, amplitude, polarization, and dispersion within planar interfaces mea-
sured in only hundreds of nanometers. When these two domains are considered jointly
rather than independently, a new design space emerges in which optical functionalities
traditionally requiring bulky components or long propagation lengths can be realized
within compact, reconfigurable, and computationally aware architectures.

Central to this vision is the recognition that future photonic platforms will depend
critically on interface-mediated control rather than bulk material propagation. Plasmonics
enables modulators, detectors, and nanoscale resonant elements that operate at terahertz
or even femtosecond speeds, while MSs offer versatile wavefront shaping, multiplexed
information channels, and the ability to embed computational transformations directly into
optical layers. Emerging hybrid systems demonstrate that these strengths are complemen-
tary rather than competitive. By combining plasmonic field enhancement with the low-loss
routing and broadband manipulation offered by dielectric MSs, hybrid devices can surpass
the performance of either platform alone. This synergy is already evident in applications
ranging from ultracompact electro-optic modulators to multifunctional metalenses, coding
MSs, and three-dimensional integrated optical processors.

Despite these opportunities, several challenges remain foundational to future progress.
Loss in plasmonic materials continues to constrain efficiency for many applications. Broad-
band achromatic behavior in MSs is limited by dispersion, and large-area nanofabrication
still requires breakthroughs in throughput, cost, and reproducibility. Thermal reliability,
particularly in devices that rely on high field intensities or phase change materials, must
also be addressed. These challenges are not barriers but catalysts for interdisciplinary
innovation. Advances in alternative plasmonic materials such as transition metal nitrides
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and transparent conducting oxides, along with scalable fabrication strategies such as
nanoimprint lithography, deep ultraviolet patterning, and multilayer stacking, are already
beginning to close these gaps.

Looking ahead, the technological trajectory outlined in this review suggests a clear
roadmap. Hybrid plasmonic and MS architectures are likely to form the backbone of
next-generation planar optical systems that are flatter, faster, more energy efficient, and
inherently programmable. MS-based beam steering, full color holography, reconfigurable
optical interfaces, and metalens-based imaging stacks are rapidly transitioning from aca-
demic demonstrations to industrial adoption. Plasmonic modulators and detectors are
poised to reshape high-speed communication and optical information processing. Diffrac-
tive and MS-based neural networks point toward optical processors that merge physical
wave propagation with artificial intelligence. Together, these developments indicate that fu-
ture planar photonic platforms will be characterized by compact footprints, multifunctional
operation, and deep coupling with electronic and computational systems.

In essence, plasmonics and MSs are no longer parallel research directions but com-
plementary pillars of a unified planar photonics paradigm. Their combination enables
devices that process, sense, modulate, and compute optical information with efficiencies
and form factors unattainable in traditional bulk or waveguide-dominated architectures. As
materials continue to evolve and fabrication techniques mature, plasmonic and MS-based
technologies will play a defining role in next-generation optical hardware, influencing fields
as diverse as optical computing, augmented and virtual reality, quantum technologies,
sensing, spectroscopy, and telecommunications. The vision that emerges is one of truly
planar and programmable photonic systems capable of transforming both fundamental
research and applied technological landscapes.
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