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Abstract

Power-over-fiber (POF) technology is emerging as a promising alternative to conventional elec-

trical power delivery. In remote access networks, photovoltaic power converter (PPC) and

modulators are key components for enabling both power and data transfer over fiber. A POF

link offers immunity to electromagnetic interference while providing reliable, high-resolution

data transmission. These advantages make it particularly well-suited for integration into min-

imally invasive surgical endoscopes, where precise, real-time diagnostics are essential. As POF

advances toward on-chip integration, careful modulator design becomes critical to complement

PPC performance and maximize overall system efficiency.

In this work, we investigated remote powering techniques and designed a reflective surface-normal

electroabsorption modulator (SNEAM) specifically for integration into distal-end imaging sur-

gical endoscopy tool, enabling both power delivery and high-speed data transmission. The

SNEAM design is based on the Quantum Confined Stark Effect (QCSE), offering high mod-

ulation depth, low power consumption, and a compact footprint. For remote powering, we

explored two optical coupling methods, laser to laser edge coupling and second surface normal

coupling to GaAs based PPC. We demonstrated laser to laser edge coupling using commer-

cially available laser sources as efficient PV absorbers. By coupling a 1427 nm pump laser to

a 1540 nmsingle-junction receiver laser, an efficiency of 33% was achieved with an open circuit

voltage Voc of 0.83 V. With an 850 nm pump laser coupled to a 905 nm triple junction receiver

laser, we observed efficiency of 32.7% with Voc of 3.5 V.

In the second method, the multi-segment GaAs based PPC was illuminated under surface nor-

mal incidence using Gaussian and annular beam profiles delivered through a double-clad fiber.

A Gaussian illumination of 850 nm on 350 µm diameter with 4 junction PPC results in 50%

efficiency and Voc of 4.56 V at 10.7 W/cm2 illumination. For higher illumination on 4 junctions

PPC, the annular beam illumination holds a maximum efficiency of 47.3% and Voc of 4.76 V

at 52.5 W/cm2 illumination. We present comparative studies on Gaussian and annular beam

illumination for compact design strategies and future improvement scope.

The SNEAM device in the 1560 nm operation were designed and fabricated. The device was

successfully transfer printed onto a targeted reflection surface to enable reflection of modulated

data using the EAM device. The SNEAM device with 30 µm active diameter and overall di-

mensions of 80 µm × 87 µm was tested for DC and AC characterization. The DC testing shows

an extinction ratio of 6 dB between bias voltages of -2 V to -7 V. The data modulation over

a single mode fiber were demonstrated at 1 Gbps with a driving voltage of 6 V. The device

exhibits a 3 dB electro-optic bandwidth of 9 GHz at a bias voltage of -5 V.

Future work will focus on the hybrid integration of PPCs and the SNEAM device onto a single

chip, packaged with multi-core fiber that supports both channels for power and data trans-

mission. The design will target a compact 1 mm footprint optimized for distal-end imaging

surgical tools, thereby advancing the development of miniaturized, high-performance diagnostic

systems.
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Chapter 1

Introduction

1.1 Motivation

In the past, advances in photonics have consistently translated into impactful medical applica-

tions, with successive technological milestones finding rapid adoption in clinical practice. The

introduction of low-loss optical fibers marked a pivotal development, enabling the emergence of

fiber-optic endoscopes and minimally invasive imaging systems that fundamentally changed how

clinicians access and visualize internal anatomy. Subsequent progress in light-source technol-

ogy—particularly the development of high-brightness light-emitting diodes (LEDs) and tunable

laser sources—has further expanded the capabilities of biomedical imaging. These sources pro-

vide wavelength-selectable illumination that enhances image contrast and supports advanced

techniques such as multispectral imaging for improved tissue characterization. Depending

on the clinical application, illumination wavelengths spanning the ultraviolet to near-infrared

regimes are employed, including 460–490 nm blue light for phototherapy, 470 nm for optogenetic

activation, and red to near-infrared wavelengths (600–1350 nm) for deep-tissue cardiovascular

monitoring and imaging [1].

In parallel with developments in photonic components, complementary metal–oxide–semiconductor

(CMOS) image sensor technology has undergone rapid evolution. Driven largely by the smart-

phone industry’s demand for extreme miniaturization, low power consumption, high pixel

density, and cost-effective mass production, micro-scale CMOS image sensors have become

increasingly capable and accessible. These attributes have been successfully translated into
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biomedical imaging, where compact sensors such as the AMS NanEYE2D RGB [2] have en-

abled high-resolution imaging in highly constrained form factors. As a result, camera-on-tip

endoscopes have emerged as a practical solution for delivering real-time visual information in

minimally invasive procedures, combining small device footprints with clinically relevant image

quality [3, 4]. This convergence of photonics and microelectronics has supported the devel-

opment of surgical tools aimed at earlier disease detection and improved diagnostic accuracy,

thereby facilitating intervention at earlier and potentially more treatable stages.

Conventional surgical endoscopes typically integrate multiple subsystems, including imaging

and illumination modules, transmission pathways for data and electrical power, working chan-

nels for surgical tools or fluid management, and a flexible or rigid housing with a control inter-

face. As endoscopic systems continue to miniaturize for catheter-based and minimally invasive

applications, progress is driven not only by reductions in device size but also by increasing

demands on real-time imaging quality at the distal end of the device, where the imaging sensor

is positioned at the anatomical target site. In many diagnostic and interventional procedures,

relative motion between the imaging tip and the target tissue arises from normal physiologi-

cal processes, such as cardiac contraction or blood flow, as well as from device advancement

during navigation. As imaging is performed closer to these target sites within confined anatom-

ical pathways, such motion can degrade image quality and introduce motion-related blurring.

Maintaining clinically useful visualization under these conditions increasingly relies on higher

frame-rate imaging to preserve image clarity. Supporting this level of real-time imaging per-

formance requires continuous transmission of image data from the distal imaging electronics to

proximal control and processing units located outside the patient, with signals conveyed along

the full length of the device.

In long, slender catheter-scale instruments, the electrical connections used for power delivery

and data transmission extend along the full length of the device. When such systems are op-

erated in radio-frequency (RF) –active settings, including magnetic resonance imaging (MRI),

these continuous conductive paths can interact with MRI RF fields. Experimental studies on

intravascular guidewires (thin conductive navigation wires) used in interventional MRI have

demonstrated that such interactions can lead to induced currents and localized heating along

the device between the patient interface and proximal external equipment [5].

Cardiac MRI studies employing catheter-based imaging (long flexible access tubes) further illus-

trate both the clinical value of combining local intravascular or intracardiac views with MRI’s
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ability to reveal tissue structure beneath and surrounding the visible surface—such as vessel

wall thickness, plaque burden, or myocardial abnormalities—and the associated susceptibility

of long electrical interconnects to RF-induced effects [6, 7].

To mitigate these interactions, conventional electrical interconnect approaches employ galvanic

isolation, controlled current return paths, and RF suppression techniques. While effective,

these measures typically increase device diameter and stiffness, limiting mechanical flexibility

and complicating the integration of advanced distal imaging capabilities. Collectively, these

constraints motivate the exploration of alternative interconnect and power delivery strategies,

including optical fiber–based solutions, for next-generation chip-on-tip endoscopic systems [8].

Accordingly, the limitations of conventional electrical interconnects in highly miniaturized,

RF-sensitive endoscopic systems motivate the exploration of optical fiber–based approaches as

an alternative. In addition to providing intrinsic immunity to RF interference, optical fibers

offer high data-carrying capacity that is well suited to supporting the increased bandwidth

demands associated with real-time, high-frame-rate imaging at the distal tip optical fibers offer

a lightweight, flexible, and electromagnetically immune medium capable of transmitting high-

bandwidth data and, potentially, optical power. When combined with photonic integration,

such approaches open a pathway toward simplifying system architecture while reducing sus-

ceptibility to electromagnetic interference and improving compatibility with sensitive clinical

environments. Power-over-fiber concepts, in particular, offer the potential to decouple distal

devices from conventional electrical wiring, enabling compact and robust systems capable of

operating deep within the body. Collectively, these developments point toward a transforma-

tive shift in the design of next-generation minimally invasive surgical systems, where photonics

plays a central role not only in sensing and imaging, but also in system-level functionality.

1.2 Power over fiber technology

Power-by-light technology, also known as power-over-fiber (POF), offers a remote powering

through optical fiber by transferring optical power and converting to electrical power using

photovoltaic (PV) cell or photovoltaic power converter at the remote location. Compared to

conventional powering methods, the inherent nature of optical fiber leads to galvanic isolation

and resistance to electromagnetic interference noise. By combining optical powering with well-

established fiber communication systems, such links supports the demands of smart internet of

3
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things [9]. A typical POF system comprises three main components, a high-power laser source,

an optical fiber link, and a photovoltaic power converter.

1.2.1 High power laser source

Laser diodes (LDs) are the dominant choice due to their high optical output, commercial

availability, compact form factor, and direct compatibility with fiber coupling. The selection

of the laser wavelength is guided by the fiber’s three main transmission windows and the

spectral response of the PV converter [10]. For short-reach links < 1.3 km, GaAs/AlGaAs LD

operating near 808 nm are widely used, offering high electrical-to-optical efficiency and excellent

spectral matching to GaAs PV cells, although with higher fiber attenuation. Medium-distance

transmission benefits from InGaAsP/InP LD at 1310 nm, which combine low attenuation with

minimal chromatic dispersion, achieving a favorable balance between transmission performance

and PV conversion efficiency. For long-haul links, 1480 nm LD and InAlGaAs/InP LD at

1550 nm are employed, taking advantage of low fiber attenuation and improved eye safety,

despite reduced PV conversion efficiency. Higher delivered power in SMF can be achieved

through multi-emitter LD arrays, improved coupling optics, and advanced fiber designs such as

double-clad or multi-core configurations, which allow high-power transmission in the cladding

while maintaining low-loss, high-bandwidth data transmission in the core. Fiber lasers have

also been demonstrated to deliver higher continuous optical power in POF applications [11].

For the short-distance transmission of optical power and data considered in this work, with the

optical source located at the proximal end of the endoscopic system, attention is restricted to

laser diode–based sources.

1.2.2 Optical fiber

The choice of optical fiber strongly influences both power delivery and data transmission per-

formance. Recent reviews have analyzed the various fiber types employed in modern POF

applications [11] [12]. Figure 1.1 illustrates the cross-sections of various fibers demonstrating

POF operation along with data transmission capability. Conventional single-mode fiber (SMF),

with core diameters of approximately 9–10 µm, enable long-distance, low-loss transmission but

exhibit limited power tolerance due to their small core size, which can lead to high optical power

densities, nonlinear effects, and fiber fuse damage at elevated feed-light levels [13]. Multimode
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fibers (MMF), with larger cores diameter of 50–62.5 µm, can support higher power transfer but

suffer from modal dispersion, making them more suitable for short-reach applications. Multi-

core fibers (MCFs) allow parallel transmission of power and data in separate cores, though each

core’s small diameter restricts individual power capacity. Double-clad fibers (DCFs) combine

a small single-mode core 9 µm for broadband data with a large inner cladding of 105 µm for

high-power delivery, enabling simultaneous power transmission and communication in a single

fiber link [14]. Step-index plastic optical fibers provide milliwatt-level power delivery alongside

multi-gigabit data rates over short ranges, making them attractive for in-home networks [15].

At high optical powers, connector design becomes a critical factor; expanded beam connectors

with graded-index terminations and fusion splicing are employed to reduce insertion losses and

improve damage thresholds. Fiber selection depends on the required transmission distance,

bandwidth, and power capacity, with SMFs favored for long-reach links and DCFs for high-

power applications. Notably, SMF based POF links have been demonstrated over 14.43 km

with an optical loss of 3.89 dB [16], and later extended to an investigated link length of 25.2 km

with remote power delivery of 26.2 dBm [17].

Figure 1.1: Schematic illustration of cross-section of optical fibers used in POF application.
(a) SMF, (b) MMF, (c) MCF and (d) DCF.

1.2.3 Photovoltaic power converter (PPC)

Efficient PPC are a key requirement for the practical implementation of POF technology. The

most widely used semiconductor materials for PPC design include gallium arsenide (GaAs),

indium gallium arsenide (InGaAs), gallium antimonide (GaSb), and silicon (Si) [18] [19] [12].

In point-to-point energy transfer systems, the PPC is designed to convert monochromatic light

into the required electrical power. Incident photons with energies equal to or greater than

the semiconductor bandgap are absorbed, generating electron–hole pairs that contribute to the

external circuit current when separated before recombination.

5



Introduction Section: 1.2

1.2.3.1 Material characteristics and reported efficiencies

GaAs-based PPCs are widely used due to their large direct bandgap of approximately 1.42

eV, enabling high optical absorption and open-circuit voltages approaching 1 V, with a corre-

sponding spectral cutoff wavelength near 0.87 µm. Silicon, with an indirect bandgap of 1.12 eV,

exhibits a cutoff wavelength of approximately 1.1 µm but typically delivers lower open-circuit

voltages of around 0.7 V. Lattice-matched In0.53Ga0.47As, with a bandgap of approximately

0.74 eV and a cutoff wavelength near 1.68 µm, and GaSb, with a bandgap of approximately

0.72 eV and a cutoff wavelength of about 1.72 µm, extend the PV response toward longer

wavelengths.

Recent work [20] reports that, in 2021, a GaAs-based single-junction PPC achieved an effi-

ciency exceeding 68.9% at 858 nm by employing a backside reflection technique to maximize

photon recycling. A single-junction InGaAs PPC grown on an InP substrate demonstrated

34% efficiency [21] at 1550 nm and 47.5% efficiency at 3.2 W/cm2 under eye-safe operation

[22]. In addition to InGaAs, GaSb has also been explored as a PV material for infrared laser

illumination, and related studies have reported performance under monochromatic excitation

near the material absorption edge. GaSb-based PV cells optimized for 1550–1700 nm operation

achieved up to 49% efficiency at 1680 nm, corresponding to near-band-edge operation, decreas-

ing to 45% at 1550 nm and 39% at 1315 nm due to reduced photoresponse [23]. Diffused GaSb

cells with a 2 mm2 photosensitive area optimized for 1550 nm have reached 28.4% measured

efficiency, with potential efficiencies of 40% estimated for output powers of 20 W/cm2, after

reducing front metal shadowing [24, 25]. Silicon PPC have been experimentally demonstrated

to achieve efficiencies approaching and exceeding 40% under near-infrared monochromatic illu-

mination (λ= 0.9–1.0 µm) [26]. Given their low cost and mature manufacturing infrastructure,

silicon cells are highly attractive for POF system; however, their indirect bandgap and lower

output voltage compared to I–V semiconductors limit their suitability for designs requiring

high voltage density.

1.2.3.2 Series-Connection Strategies for High-Voltage Output

At a remote sensor node the common supply voltage for integrated electronics is the delivery

of 3.3 V or 5 V [27, 28]. In order to provide increased voltage output over the 1 V of a

single-segment GaAs based PPC [28, 29], series-connected PPC subcell are required. Such
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configurations can be implemented using either laterally series-connected multi-segment designs

or vertically stacked multijunction architectures.

• Lateral series-connected multi-segment converters: Multiple segments are fabri-

cated side-by-side on a semi-insulating substrate and connected in series by metal inter-

connects. The laser beam from an optical fiber is spread over the entire segmented active

area, with each segment generating equal current and adding its voltage to the total. This

reduces operating current and increases voltage output; however, insulation trenches be-

tween segments cause optical losses and make the device sensitive to misalignment and

non-uniform illumination [30].

• Vertically stacked multijunction converters: Multiple subcells are grown in a ver-

tical stack within the same semiconductor wafer and connected in series by transparent

tunnel junctions. Monochromatic light passes through the stack, with each subcell thick-

ness optimized for equal photocurrent generation. This design eliminates trench losses

and provides high tolerance to beam misalignment, while achieving higher voltages in

a compact footprint [31, 32]. The practical viability of this approach has been demon-

strated through its commercialization by Azastra Opto was acquired by Broadcom Ltd.,

building on the vertically integrated GaAs PPC concept reported in [29]. However, this

design demands precise current matching, making it more sensitive to laser wavelength

drift, temperature variation, and fabrication tolerances [33].

1.2.3.3 Recent performance of series connected PPC

For remote powering, both designs present trade-offs, lateral designs are more robust to wave-

length drift but suffer from trench losses and alignment sensitivity, while vertical designs achieve

higher voltages in smaller areas but require stricter operating control. Ongoing experimentation

and demonstration of PPC-based systems are expected to drive further design improvements

and enhance conversion efficiency. Vertically stacked multijunction PPC technology has been

successfully commercialized, with Broadcom being a leading supplier.

In [28], a monolithic laterally series-connected four-segment GaAs PPC with chip dimensions of

1.6×1.6 mm2 has been demonstrated, delivering a voltage of 4.14 V and achieving an efficiency

of 50.1% and at an incident power density of 51.6 W/cm2. The same study reported a six-

segment device with active diameter of 2 mm, which achieved a voltage of 6 V and an efficiency
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of 42.7% at 22 W/cm2. An application-specific laterally segmented GaAs PPC was designed for

implantable neural stimulation, employing four series-connected segments for stimulation and

two additional segments for active charge recovery, thereby enabling direct optical powering

without electrical leads or external voltage conversion [34].

Using a vertical epitaxial heterostructure design [35], a record conversion efficiency of 74.7% has

been demonstrated at a cryogenic temperature of 150 K for a five-junction GaAs-based PPC

device with a chip area of 3 mm2, illuminated at 808 nm. A recent study on 1520 nm illumi-

nation of an eight-junction vertically stacked In0.53Ga0.47As cell achieved 36.96% efficiency at

53.9 W/cm2, demonstrating strong potential for free-space and fiber-based long-distance laser

power transmission [36]. InP based PPC operation at 1480 nm has also been demonstrated

for POF transmission over SMF, with 870 mW of optical power delivered after a 10 km link,

corresponding to 226.2 mW of electrical output based on a reported PPC conversion efficiency

of 26% [37]. At the closely related wavelength of 1470 nm, a vertical multijunction PPC was

demonstrated using ten thin InGaAs subcells interconnected by transparent tunnel junctions

was demonstrated under cryogenic operation at 77 K, achieving a maximum conversion effi-

ciency of 67.5% and delivering 1.35 W of electrical output at an average optical input intensity

of approximately 62 W/cm2 [38].

Building on these device-level results, a 1470 nm POF demonstration reported in 2024 [39],

using standard 50 µm step-index and OM2 MMF, achieving delivered electrical powers of up to

179 mW over 300 m and 44.4 mW over 5.855 km with a 2 W input, with scalability projected

to over 9 km for 150 mW delivery using higher-power lasers. This study also showed that

Broadcom’s multijunction PPC outperforms a commercial Kyosemi device, achieving 47.5%

efficiency and handling up to 2 W of optical input.

1.3 Power and data over fiber technology

The use of optical fiber in place of electrical cabling enables power delivery that is immune to

electromagnetic interference, eliminates the risk of electrical sparking, reduces system weight,

and supports long-distance transmission due to the low attenuation of SMF (∼0.2 dB/km). By

combining optical power and data transmission through fiber finds interest in diverse applica-

tions. The concept is explained in schematic diagram in Figure 1.2, where high-power laser and
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a data transmitter send optical power and downstream communication signals. The two differ-

ent wavelengths are combined through wavelength-division multiplexing and transmitted over a

single optical fiber. At the remote end, a PPC performs optical-to-electrical power conversion,

while an optical receiver recovers the transmitted data signal. For upstream communication, a

separate data laser at the remote end transmits information back through the same fiber to a

photodetector at the source side, enabling simultaneous bidirectional data transfer and remote

power delivery through one optical link.

Figure 1.2: Schematic illustration of the POF system.

Here, we highlight the application demonstrated the remote sensor functioning using POF

technology. The first reported demonstration dates back to 1978, when DeLoach et al. [40]

built an optically powered sound alerter driven by a GaAlAs laser through a fiber to a PV

detector, achieving 33%–36% optical-to-acoustic efficiency at 2 mW output power provide the

feasibility of powering telephone ringers over fiber. From there, POF evolved across multiple

applications, an early demonstration showed an optically powered video camera link over 100

m of multimode fiber using a GaAs PPC and DC–DC converter to provide 100 mW to a remote

circuit [41]. POF has since been applied to challenging environments, such as an integrated

system for seafloor observation from shore that used SMF to transmit high-power light at

1480 nm together with bidirectional data over an 8 km link, delivering 190 mW electrical

power from a 31 W input while maintaining a 3.6 Mb/s data rate to operate acoustic and

turbidity sensors [42]. Subsequent work demonstrated that the available delivered power and

data robustness could be further improved by introducing optical isolation at the high-power

laser output, enabling increased pump power while suppressing backscattering-induced spectral

distortion and preserving bidirectional data transmission [43].

High-power implementations using MMF and DCF have achieved electrical outputs in the

multiwatt range while maintaining communication integrity. A system transmitting 14 W of

laser power over MMF to multiple PPCs produced 6 W electrical output with simultaneous
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downlink data transmission [44], while another MMF based POF demonstration using 100 m

of 200 µm core MMF delivered 1.7 W to the load from 5.4 W of launched optical power [45].

DCF-based single-fiber architectures have combined data transfer with delivery of up to 10 W

electrical power over 300 m and 1 km to remote antenna units using multiple PPCs [46, 47].

Advances in MCF have enabled POF links to simultaneously transport analog radio frequency

signals and deliver optical power. A 10 km, 7-core MCF link has been demonstrated to supply

133 mW optical power to a sensor node while maintaining coexistent analog RF transmission

[48]. In another MCF based demonstration, a 1480 nm optical feed was transmitted through

a 200 m, 4-core MCF with 300 mW of optical power launched per core and approximately

100 mW delivered at the remote node. The same study showed that a 2.6 Gbps data signal

could be transmitted either through a separate core or multiplexed with the optical feed in the

same core without measurable signal degradation [49].

Recent work has demonstrated the feasibility of simultaneously delivering optical power and

data using wavelength-division multiplexing over standard SMF. Using this approach, it was

shown that up to approximately 870 mW of optical power can be delivered to a remote site after

10 km, while increasing launched power degrades data transmission due to nonlinear effects,

most notably stimulated Raman scattering [37]. Experimental investigations of wavelength-

division-multiplexed transmission in single-core fibers further demonstrated that, even with

spectral separation between power and data channels, intensity noise from the high-power feed

light can be transferred to the data signal and lead to measurable performance degradation,

as shown using MMF links [50]. Comparative studies across different fiber platforms reported

that this power-induced noise transfer is intrinsic to single-core silica fibers, whereas MCF

mitigate such effects through spatial separation of power and data channels and hollow-core

fibers suppress nonlinear interactions altogether, with achievable power delivery in both cases

primarily limited by fiber attenuation rather than data-quality constraints [51].

In the biomedical domain, POF has been employed to power miniaturized, conductor-free im-

plants using 850 nm lasers, including retinal prostheses for vision restoration [52], nerve stimula-

tors for epilepsy treatment [34], and intravascular minimally invasive surgical instruments such

as catheters [53], where the elimination of conductive leads enhances patient safety and enables

full MRI compatibility. More recently, catheter-based systems have incorporated a compact

ASIC at the distal catheter tip that optically harvests power delivered from a proximal light

source and employs an on-chip LED at the distal end for upstream optical data transmission,

thereby realizing a fully optical, MRI-compatible intravascular interface [54]. Advancements in
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POF device efficiency, system integration, and application-specific engineering are accelerating

the transition of this technology toward broader deployment, supporting its adoption in an

expanding range of remote, safety-critical, and electromagnetically sensitive applications.

1.4 Thesis Objective

The overall goal of this research is to enable optical power delivery and high-speed data trans-

mission over a single optical fiber for minimally invasive endoscopic imaging systems operating

under stringent constraints on device size, available electrical power, and in-body reliability.

The objective of this thesis is to develop and experimentally evaluate the key components re-

quired to support this goal. Specifically, the work focuses on PPC and optical modulators,

assessing their electrical, optical, and dimensional performance. Rather than demonstrating

full system-level integration, the scope of the thesis is limited to establishing the technical fea-

sibility and performance limits of these individual components, with the aim of enabling future

integration within catheter-scale endoscopic imaging systems targeting an overall footprint on

the order of 1 mm × 1 mm.

Conventional endoscopic systems typically rely on two separate long copper wires for power-

ing and real-time imaging, which can limit navigation flexibility, particularly when accessing

millimeter-scale arteries and veins and micrometer-scale microvasculature within the cardiovas-

cular system, and can also restrict their use in other anatomical regions. Recent demonstrations

of optically powered microcameras integrated at the distal end of endoscopes with diameters

as small as 2 mm have shown successful imaging of tissue mimicking phantoms (representative

of biological tissue), establishing the feasibility of fiber-based power delivery for chip-on-tip

endoscopic imaging as shown in Figure 1.3. In these demonstrations, a tissue-like phantom

was imaged using the optically powered endoscope, with Fig. 1.3 (b) and (c) showing a feature

measuring ∼1 mm. These results validate the use of lateral series-connected PV architectures

to support miniature CMOS cameras, such as the 1 mm × 1 mm ams NanEye2D, which op-

erates from 1.6 V to 2.4 V, requires 3 mW to 11 mW of electrical power, and supports data

rates up to 100 Mbps. The PPC provides an output voltage of approximately 4 V, which is

conditioned by on-camera electronics to meet the camera’s operating voltage range, while the

delivered current is adjusted through optical illumination power to satisfy the required power

consumption.
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Figure 1.3: (a) Schematic of an optically powered microcamera system in which a surface-
normal illuminated MMF delivers optical power to four laterally series-connected PV cell that
electrically supply the microcamera. The PPC chip has a 250 µm active diameter within a 1 mm
× 1 mm chip; the inset shows the illumination fiber attached to the PPC device. (b) Picture
of a 2 mm outer-diameter optically powered chip-on-tip positioned over a tissue phantom.(c)
Microcamera image showing a 1 mm-scale feature in the tissue phantom [55].

While fiber-based optical power delivery has been successfully demonstrated for chip-on-tip

endoscopic imaging systems, extending this approach to support simultaneous data and power

transmission under the same stringent power, voltage, and size constraints remains an active

area of investigation. Conventional laser-based transmitters, including vertical-cavity surface-

emitting laser (VCSEL), Fabry–Pérot (FP) lasers, and distributed feedback lasers, are widely

employed in short-reach optical links and are typically operated using direct current modula-

tion. Such devices require continuous electrical bias above the lasing threshold, resulting in

non-negligible static power consumption [56, 57]. In addition, current-driven modulation neces-

sitates dedicated biasing networks and high-speed driver circuitry, along with careful electrical

and thermal design, which increases system complexity and footprint [58]. These requirements

pose significant challenges for optically powered, catheter-scale endoscopic systems, where the

available electrical power and voltage at the distal end are severely limited, motivating the

exploration of alternative optical modulation approaches compatible with low-voltage and low-

power operation.
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In this context, surface-normal electroabsorption modulators (SNEAM) operate without stim-

ulated emission or a lasing threshold and can be driven using low-voltage electrical signals

[59]. This enables significantly reduced electrical power consumption compared to laser-based

transmitters, making SNEAMs well suited for optically powered endoscopic systems in which

the optical carrier is delivered remotely and only minimal local electrical power is available.

SNEAMs also provide a compact device footprint and polarization-insensitive operation under

surface-normal incidence, supporting compact distal-end integration for highly miniaturized,

fiber-powered endoscopic imaging probes.

Building on this foundation, this thesis focuses on the systematic development, experimen-

tal characterization, and integration of PPC and a SNEAM for fiber-based powering and data

transmission in minimally invasive endoscopic applications. The work targets microcamera sys-

tems operating under stringent electrical, optical, and physical constraints imposed by catheter-

scale geometries. Achieving efficient remote powering and high-speed data transmission within

these dimensional limits requires careful consideration of optical wavelength selection, achiev-

able PV output voltage, illumination configuration, fiber architecture, and distal-end integra-

tion.

In this work, PPC device are implemented and experimentally assessed under two optical cou-

pling configurations—edge-coupled and surface-normal illumination to determine their ability

to deliver sufficient voltage and power while remaining compatible with compact distal-end

implementation. The performance of each configuration is characterized in terms of optical

coupling efficiency, illumination uniformity, and electrical output characteristics relevant to

microcamera operation. Guided by the electrical requirements identified from the PV studies

and the spatial and packaging constraints imposed by the ams NanEye2D microcamera and

catheter-scale instrumentation, including the need for electrical and physical integration with

the PPC, a reflective SNEAM is designed, fabricated, and experimentally characterized to

enable high-speed optical data transmission under low-voltage and low-power operating condi-

tions. The SNEAM architecture is selected to ensure compatibility with PV-powered CMOS

imaging systems and surface-normal optical interfaces.

The results from the individual device studies are combined to identify an integrated distal-

end configuration that enables efficient power delivery and high-speed data transmission over a

single optical fiber. This configuration supports compact packaging of the PV converter, mod-

ulator, and optical fiber, providing a practical solution for next-generation optically powered

13



Introduction Section: 1.5

chip-on-tip endoscopic imaging systems.

1.5 Thesis Outline

The thesis includes five chapters. Following the introduction, Chapter 2 introduces and experi-

mentally investigates PPC using an edge-coupled waveguide geometry, beginning with telecom-

wavelength 1550 nm infrared experiments using commercially packaged fiber-coupled lasers to

demonstrate remote power delivery and upstream data transmission. The study is then ex-

tended to shorter near-infrared pumping configurations using unpackaged receiver devices, in-

cluding single-junction and triple-junction receivers, to investigate high-voltage operation under

compact optical coupling arrangements.

Chapter 3 explores remote powering using surface-normal illumination from a DCF onto a

multi-segment GaAs-based PPC. The study compares the performance of a laterally intercon-

nected four-segment PPC under quasi-Gaussian illumination and annular beam shaping, the

latter achieved by angularly tilting the DCF to concentrate light on the edges of the active area

rather than the center, thereby reducing losses in trenches and metal lines. Current–voltage

characteristics are measured at various fiber-to-device spacings to evaluate their impact on cell

parameters. At the nominal optimum spacing, Gaussian illumination achieves peak perfor-

mance at an irradiance of 20.8 W/cm2 but degrades with increasing power, whereas annular

illumination maintains performance and demonstrates superior voltage and fill factor, with

current output improved through enhanced beam confinement.

Chapter 4 presents the design and transfer printing of a reflective SNEAM operating in the

C-band. The device is characterized through photoresponse measurements, reflection spectrum

analysis, capacitance–voltage analysis. High-speed performance testing, including bandwidth

evaluation (S21 parameter) and eye diagram analysis. The chapter also addresses the design

challenges of realizing a compact SNEAM with an air–semiconductor interface as the top re-

flector, without a protective front layer.

Chapter 5 summarizes the key results of the thesis and outlines future work on the hybrid

integration of PPC and the SNEAM device onto a single chip, targeting a compact 1 mm

footprint optimized for distal-end imaging surgical tools.

Note: The laterally interconnected four-segment GaAs PPC was originally designed and fab-

ricated as part of a separate research project and was used by the author for experimental
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characterization in this thesis. Fabrication of the SNEAM devices was performed by James

O’Callaghan at Tyndall National Institute, based on device designs and process flow developed

by the author. High-frequency characterization of the SNEAM devices was performed by Asif

Khan at Tyndall National Institute. Further details of this work will be reported in his PhD

thesis.

AI-based language tools were used for grammar refinement and coding assistance during manuscript

preparation; all scientific content, analysis, interpretation, and conclusions are solely the au-

thor’s own.
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Chapter 2

Experimental study on photovoltaic

power converter in edge coupled

configuration

2.1 Introduction

The conversion efficiency of incident photons to electrical power in a PPC device is determined

not only by the material properties and bandgap alignment with the illumination wavelength,

but also by how the device design facilitates efficient carrier transport and minimizes recombina-

tion losses. In conventional surface-normal photovoltaic configurations, front-side metallization

is required for current collection. Front-side metal fingers are employed to facilitate carrier ex-

traction, with total metal coverage scaling with the number of fingers. Increased metallization

improves lateral carrier collection and reduces series resistance, but also introduces optical

shadowing that limits photon absorption and carrier generation in the active region, leading to

a fundamental trade-off between optical and electrical performance.

To overcome these limitations, and as considered in this work, a lateral or edge-coupled geom-

etry can be employed, where light is guided parallel to the active region, often realized as a

multiple quantum well (MQW) waveguide, allowing photon absorption along the propagation

path. In this design, light travels laterally through the active region while the electrical con-

tacts are positioned on the top and bottom surfaces for current collection. This short spatial

separation between the optical absorption region and the electrical contacts can potentially
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enhance carrier transport efficiency and reduce resistive losses. In addition, the edge-coupled

geometry enables optical coupling using a SMF, supporting efficient power delivery in compact

device structures. An understanding and careful selection of PPC coupling geometries, whether

edge-coupled or surface-normal, are essential for POF systems. In endoscopic tools, the remote

optical link depends on the chosen PPC geometry, which defines the design constraints, as the

limited tool diameter restricts the available space and determines whether single or multiple

fibers can be employed for simultaneous power delivery and data transmission. Therefore, sys-

tem integration and overall performance are strongly influenced by the selected device geometry

and packaging configuration.

This chapter presents an experimental study of an edge-coupled PPC realized using commer-

cially available waveguide laser sources. The work demonstrates optical to electrical power

conversion achieved by optically pumping a receiver laser that acts as an absorber in the edge-

coupled configuration. The experiments were designed to evaluate PPC performance through

current–voltage (I–V) characterization at both telecom and near-infrared wavelengths. At the

telecom wavelength, a pump laser operating at 1427 nm and a receiver laser at 1540 nm were

used to achieve a conversion efficiency of 33%, delivering a maximum voltage of 0.6 V and an

open-circuit voltage Voc of 0.83 V. The same configuration also enabled upstream data trans-

mission up to 500 Mbps, demonstrating the feasibility of simultaneous optical power and data

transfer over fiber.

To extend this demonstration into the near-infrared regime, two additional pump–receiver laser

pairs were studied. In the first case, a 980 nm pump laser was coupled to a 1064 nm single-

junction receiver laser, achieving a conversion efficiency of 23.8% with a Voc of 1 V. In the final

case, an 850 nm pump laser was coupled to a 905 nm triple-junction receiver laser, achieving a

higher conversion efficiency of 32.7% and a Voc of 3.5 V. The I–V characterization performed

in these experiments is used to extract key PPC parameters, including open-circuit voltage,

short-circuit current, fill factor, maximum power point, and overall power conversion efficiency,

which are discussed in the following sections.

2.2 Edge coupling configuration

The approach of employing a waveguide laser as a PPC follows from the principle of ther-

modynamic reciprocity, originally derived from Kirchhoff’s law of thermal radiation, which

states that an efficient emitter is also an efficient absorber. Consequently, a PPC optimized
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for maximum radiative efficiency would, in principle, also be capable of lasing under popula-

tion inversion, reflecting the intrinsic symmetry between light emission and absorption in such

structures. This work utilizes a waveguided MQW laser structure as both the absorber and

converter in an edge-coupled configuration as illustrated in Figure 2.1. The incident illumi-

nation Pillum is laterally coupled into the active region, where photon absorption generates

electron–hole pairs. Under illumination, electrons drift and diffuse from the p-type toward the

n-type region, while holes move in the opposite direction. These photo-generated carriers are

separated by the built-in electric field and collected at the contacts, giving rise to the photo-

generated current Iph. The absorption behavior of a semiconductor material is fundamentally

Figure 2.1: Schematic of the waveguide receiver laser operating as a photovoltaic (PV)
converter, where incident optical power Pillum is absorbed in the MQW region generates carriers
that produce a photocurrent Iph driving an external load.

governed by its bandgap energy Eg, which defines the minimum photon energy required to gen-

erate electron–hole pairs. Photons with energies below Eg pass through the material without

contributing to carrier generation, while those with energies significantly above Eg lose their ex-

cess energy through carrier thermalization. Thus, the optimum conversion efficiency is achieved

when the incident photon energy closely matches the bandgap of the absorber. Furthermore,

the absorption coefficient α, which quantifies the ability of a material to absorb light per unit

length, determines how efficiently photons of a given wavelength are absorbed within the active

region. Materials with higher absorption coefficients enable thinner devices to achieve strong

absorption, whereas materials with lower absorption coefficients require longer effective optical

paths or enhanced confinement to ensure sufficient photon absorption and carrier generation.

Hence, the choice of absorber material and its corresponding absorption strength is critical

to achieving effective light–matter interaction within the active region, thereby enhancing the

overall efficiency and performance of the PPC.

In waveguide-based PPC structures, the effective absorption of the guided optical mode de-

pends on both the intrinsic material absorption coefficient and the fraction of the optical field
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confined within the absorbing MQW. In the absence of detailed device design parameters of

commercially available waveguide lasers, these quantities can be approximated using represen-

tative material data and typical confinement factors reported in the literature. The effective

absorption coefficient and the corresponding absorption length can be expressed as

αeff = Γαmat, Labs =
1

αeff
(2.1)

where αmat is the intrinsic material absorption coefficient and Γ is the optical mode-overlap

factor representing the fraction of the optical field confined within the MQW region. Both αmat

and Γ are functions of the optical wavelength and polarization, and consequently the effective

absorption coefficient depends on the wavelength and polarization of the guided mode.

The transmitted optical power along the propagation path, x, follows Beer–Lambert’s law,

Ptrans(x) = Pillume−αeffx (2.2)

where Pillum is the optical power coupled into the waveguide at x = 0. The absorption length

Labs corresponds to the propagation distance at which Ptrans decreases to 1/e (approximately

37%) of its initial value. This relation describes the decay of optical power along the propagation

direction and provides an estimate of the absorption and carrier generation profiles would be

used in design optimization across different device configurations.

2.2.1 PPC parameter

The performance of an illuminated PV device is commonly evaluated through I–V characteri-

zation, as illustrated in Figure 2.2. Key parameters extracted from the I–V curve such as the

short-circuit current (Isc), open-circuit voltage (Voc), fill factor (FF), and conversion

efficiency (η) are used to describe and compare the electrical performance of PV devices.

These parameters are derived from the illuminated diode equation, which expresses the net

current under illumination as

I = I0

[
exp

(
qV

nkT

)
− 1

]
− Iph (2.3)
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Figure 2.2: Schematic I–V characteristic of a PV device under illumination, shown by the
red curve. The maximum power point, indicated by Pmax, is used to calculate η and FF.

where Iph is the photogenerated current, I0 is the diode dark saturation current, q is the

elementary charge of an electron, n is the ideality factor, k is the Boltzmann constant, and T

is the absolute temperature in Kelvin.

Short-Circuit Current Isc: Under short-circuit conditions (V = 0), the collected photocur-

rent is measured as the short-circuit current. For the ideal illuminated diode described by

Equation 2.3, the short-circuit current corresponds to the magnitude of the photogenerated

current (Isc = Iph) and represents the maximum current generated by the PV device under

illumination. In this condition, the entire photogenerated current flows through the external

circuit since there is no voltage to drive a significant dark current in the opposite direction. The

short-circuit current is governed by the rate of carrier generation due to incident photons and

the efficiency of carrier collection at the junction before recombination occurs. Consequently,

Isc depends on the incident light intensity, the spectral response of the semiconductor material,

and carrier transport properties such as carrier lifetime and diffusion length. It is also directly

proportional to the illuminated active area of the device, as a larger area allows absorption of

more photons and generation of more carriers. Therefore, Isc is a fundamental parameter for

assessing the photocurrent generation capability of a PV cell.

Open-Circuit Voltage Voc: The open-circuit voltage represents the voltage at which no

current flows through the external circuit, corresponding to the maximum potential that a

PPC can deliver under illumination. Physically, Voc corresponds to the forward-bias condition

where the diode (dark) current exactly compensates the photogenerated current, resulting in

zero net current. Under this condition, it can be expressed from the illuminated diode equation

as
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Voc =
nkT

q
ln

(
Iph
I0

+ 1

)
(2.4)

According to this relation, Voc increases logarithmically with the photogenerated current and

decreases with increasing saturation current. The magnitude of I0 is determined by carrier

recombination processes within the device and is influenced by factors such as defect density,

carrier lifetime, and temperature. Thus, Voc reflects the recombination behavior of the PV

device and indicates how efficiently photogenerated carriers are separated and collected within

the absorber and junction regions.

Fill Factor FF: When the PPC operates under either short-circuit (V = 0) or open-circuit

(I = 0) conditions, no electrical power is delivered to the external circuit. Therefore, the op-

erating point must be chosen such that the output power (P = IV ) is maximized. The point

on the I–V characteristic where this condition occurs is known as the maximum power point

(MPP), defined by dP
dV = 0, as shown in the I–V curve. The fill factor is a dimensionless param-

eter that describes the squareness of the I–V curve, indicating how closely the characteristic

approaches the ideal rectangular shape of an ideal diode. It is defined as

FF =
ImaxVmax

IscVoc
(2.5)

where the subscript “max” denotes the values of current and voltage at the maximum power

point. The fill factor is strongly influenced by resistive losses within the device. The series

resistance and shunt resistance are the two main parasitic resistances that affect the curvature

of the I–V characteristic. A high series resistance causes voltage drops at higher current levels,

reducing the slope of the I–V curve near the open-circuit region. In contrast, a low shunt

resistance introduces leakage paths that reduce the current under short-circuit conditions (V ≈

0), decreasing the slope of the I–V curve around Isc. Both effects reduce the sharpness of

the I–V knee, lower the fill factor, and decrease the maximum power output of the device.

In practical PV systems, operation near the MPP is maintained using maximum power point

tracking algorithms, which adjust the operating voltage and current dynamically under varying

illumination and temperature conditions.

Conversion Efficiency η: The conversion efficiency is a key parameter that quantifies how

effectively a photovoltaic device converts incident optical power into electrical power. It is

defined as the ratio between the maximum electrical power output Pmax and the total incident
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optical power Pillum received by the active area of the device,

η =
Pmax

Pillum
(2.6)

The efficiency provides a direct measure of device performance, enabling comparison of photo-

voltaic materials, device architectures, and fabrication processes.

2.3 Single junction edge coupled PPC

Following the discussion of photovoltaic parameters, this section presents the experimental

realization of a single-junction edge-coupled PPC operating at telecom wavelengths and near

infrared wavelength. The study is based on an edge-coupled laser-to-laser power conversion con-

figuration, where one laser functions as the optical transmitter and the second as the optically

pumped receiver. This arrangement enables compact optical power delivery while simultane-

ously allowing remote optical data transmission, thereby demonstrating the dual functionality

of power conversion and communication within a single photonic device.

2.3.1 Edge coupling between 1480 nm to 1540 nm receiver laser

The laser-to-laser power conversion experiment was carried out using two commercially avail-

able QW waveguide lasers coupled through single-mode optical fibers, as illustrated in Figure

2.3 (a). The transmitting laser operated at a wavelength of 1427 nm and served as the opti-

cal pump, while the receiving laser, emitting at 1540 nm, functioned as the PPC. The pump

wavelength was chosen so that the photon energy exceeds the bandgap of the receiving pho-

tovoltaic converter by a slight offset, limiting thermalisation losses and improving conversion

efficiency. Both devices were butterfly-packaged and directly connected without an optical iso-

lator, forming a compact edge-coupled configuration. The optical coupling efficiency between

the transmitter and receiver waveguides was measured to be 65± 1%, determined by operating

the receiver laser as a photodetector. The loss is due to the fiber connection, the lens coupling

within the package, and the coating on the front facet of the receiving laser. The PPC measure-

ment on the receiver laser was performed using mini hook test leads with BNC cable connected

to anode and cathode pins on the receiver laser as shown in Figure 2.3 (b). All measurements

were performed with the receiver laser temperature stabilized at 20 ◦C.
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Figure 2.3: (a) Schematic of laser-to-laser power conversion through edge coupling using a
SMF. (b) Experimental setup showing both lasers in packaged form, where the pump laser
optically pumps the receiver laser and the resulting electrical current is measured using mini
hook test leads connected to the receiver laser anode and cathode.

2.3.2 Results and discussion

2.3.2.1 PV characteristics

The I–V characteristics shown in Fig. 2.4 (a) were measured for the receiver laser operating

as a photovoltaic converter under various absorbed optical powers. The incident optical power

launched from the pump laser was varied from 10 mW to 110 mW in steps of 10 mW. The op-

tical coupling efficiency from the transmitting laser into the receiver waveguide was calibrated

to be 64% by operating the receiver laser as a photodetector. This coupling efficiency accounts

for losses due to the fiber connection, lens coupling, and the front-facet coating of the receiver

laser. Accordingly, the absorbed optical power within the MQW waveguide ranged from ap-

proximately 6.4 mW to 70 mW. The effect of optical illumination on the PPC is evident in the

I–V curve, where a photocurrent is generated in the reverse direction relative to the diode dark

response (black line) recorded with under no light condition. The voltage across the diode was

swept using a source meter (Keithley 2602A), while the corresponding current was measured

over a bias range from –0.5 V to 1 V to capture the complete photovoltaic response.

The key PPC parameters were extracted from the measured current–voltage characteristics.

Figure 2.4 (b) shows a linear increase in Isc and a logarithmic increase in Voc with absorbed op-

tical power. In this waveguide based PPC, the Isc reaches nearly 80 mA at an absorbed power

of 70 mW, indicating efficient carrier generation and collection within the active region, where

the photogenerated carrier density scales directly with the absorbed photon flux. This behavior
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is achieved even though the effective absorption length in the MQW region is relatively short,

approximately 25 µm for 63% absorption. The absorption length is estimated by assuming

an optical mode overlap of about 5% with the MQW region for a waveguide geometry of ap-

proximately 1 µm × 3 µm and an absorption coefficient near wavelength of 1.5 µm of about

8000 cm−1, which are typical parameters for commercially available MQW waveguide lasers.

The limited absorption length does not restrict carrier collection in the edge-coupled geometry,

as the generated carriers are redistributed along the device through the low-resistance metal

contacts. This mechanism enables uniform carrier extraction across the entire active region,

minimizing spatial non uniformities associated with localized absorption near the input facet.

Figure 2.4: (a) I–V characterization of edge coupled waveguide PPC under no optical incident
illumination (black curve-top) and with variation of absorbed optical power from 6.4 mW (red-
top second curve ) to 70 mW (bright-green-bottom). (b) Variation of Voc and Isc as a function
of absorbed optical power, showing the logarithmic increase of Voc and the linear dependence
of Isc with optical power.

The Voc increases rapidly at low absorbed power due to the rise in carrier concentration and

gradually saturates near 0.83 V for absorbed powers above 45 mW. This saturation occurs as

carrier screening within the MQW limits further voltage buildup. This value significantly ex-

ceeds the open-circuit voltages typically reported for single-junction 1550 nm PPC (0.4–0.5 V)

[60] [24]. The achieved voltage of 0.83 V exceeds the photon energy of the waveguide receiver

laser emission (0.8 eV), which indicates that strong optical pumping generates carrier den-

sities high enough to approach population inversion. Under these conditions, the separation

between electron and hole populations corresponds to an electrical potential greater than the

photon energy associated with the bandgap transition. As a result, the observed Voc reflects a

non-equilibrium carrier distribution established under intense optical injection rather than an

equilibrium bandgap limited behavior. Beyond this point, additional optical power primarily
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enhances the stimulated emission instead of further increasing Voc, leading to the observed volt-

age clamping. The PPC is capable of delivering voltage at maximum power point was 0.6 V,

representing the highest reported value for single-junction converters operating at 1540 nm.

Figure 2.5 (a) shows the electrical output power from the photovoltaic converter as a function

of voltage for various absorbed optical powers. The electrical power increases with voltage

up to a maximum point and then decreases toward the open-circuit condition, forming a dis-

tinct peak that defines the maximum power point for each illumination level from 6.4 mW to

70 mW. As the absorbed optical power increases, both the maximum electrical output and the

corresponding operating voltage rise, indicating enhanced carrier generation and a higher Voc.

The curvature of the plot becomes steeper at higher power levels, reflecting stronger current

generation, while increased carrier screening limits further increases in the operating voltage.

A maximum electrical output of 35 mW is achieved at an absorbed optical power of 70 mW.

These characteristics are used to extract the power conversion efficiency η and fill factor FF

Figure 2.5: (a) Output P-V characteristics of the receiver laser PPC under different absorbed
optical powers from 6.4 mW (red-top) to 70 mW (bright-green-bottom). (b) Variation of η
and FF as a function of absorbed optical power, showing a gradual decrease at higher optical
injection due to carrier density dependent effects.

presented in Figure 2.5 (b). The efficiency of the waveguide PPC, (η), calculated as the internal

power transfer efficiency, is defined as the ratio of the measured electrical output power to the

absorbed optical power in the waveguide. A maximum η of 55.3% is achieved at an absorbed

power of 19 mW and decreases to 49.6% at 70 mW, primarily due to carrier screening at higher

excitation levels. The overall fiber to device conversion efficiency is 35%, calculated as the

ratio of the measured electrical power to the optical power delivered through the fiber before

coupling into the receiver waveguide PPC.
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FF decreased from 63% at 6.4 mW of absorbed optical power to 52% at 70 mW of absorbed op-

tical power. At high optical injection from the pump laser, the waveguide PPC generates very

high carrier densities in the MQW region, which strongly affect carrier transport and extraction.

The accumulated charge partially screens the internal electric field, thereby reducing the effi-

ciency of field-assisted carrier collection. As the carrier density increases further, non-radiative

Auger recombination becomes the dominant loss mechanism due to its strong dependence on

carrier concentration compared with radiative or defect-related processes. The combined effects

of field screening and enhanced Auger recombination shorten the carrier lifetime and limit the

extractable current near the maximum power point, resulting in a reduced squareness of the

I–V curve and a corresponding decrease in FF with increasing absorbed optical power.

2.3.3 Receiver PPC lasing under optical pumping

The emission spectra of the receiver laser under reverse-bias conditions and optical pumping

were characterized using the experimental setup illustrated in Figure 2.6. The pump and

receiver lasers were interconnected via an optical circulator, and the emission from the receiver

laser was routed to port 3 for spectral analysis using an optical spectrum analyzer (OSA).

Figure 2.6: Schematic of the receiver laser PPC setup used to characterize lasing behavior
under optical pumping through an optical circulator. Black lines indicate electrical connections,
and yellow lines represent SM optical fibers.

Under open-circuit conditions, the receiver laser transitioned from the absorption regime to

the emission regime when the absorbed optical power exceeded 45 mW, as indicated by the

clamping of Voc at 0.83 V. This voltage saturation reflects the onset of population inversion

and the establishment of optical gain within the receiver cavity.

The emission spectra of the receiver laser were measured at a constant absorbed optical power

of 70 mW under varying reverse-bias conditions, as shown in Figure 2.7. Under zero-bias

conditions, optical pumping alone was sufficient to achieve lasing, confirming that the injected

photon flux exceeded the threshold for stimulated emission shown in Figure 2.7 (a). A residual
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Figure 2.7: Emission spectrum of receiver laser near 1540 nm under zero bias and reverse
bias condition with optically pumped by 1427 nm (a) 0 mA (b) -10 mA (c) -20 mA and (d)
-30 mA.

peak corresponding to the 1427 nm pump laser was also detected at OSA through the circulator

due to back reflection from the receiver facet. When a reverse bias of 10 mA was applied, the

receiver continued to exhibit lasing along with photocurrent extraction, as shown in Figure

2.7 (b). This demonstrates that carrier extraction and photon generation coexist in the lasing

regime of the optically pumped waveguide PPC. As the reverse bias increased further, carrier

extraction began to dominate over radiative recombination, leading to a gradual suppression

of the lasing peak in Figure 2.7 (c). At sufficiently high reverse bias, stimulated emission was

fully quenched and only background noise remained near 1540 nm, indicating the complete

depletion of the optical gain region as seen in Figure 2.7 (d).

The variation of the threshold current of the receiver laser with optical pumping was analyzed

using the reciprocal differential current extracted from the measured I–V characteristics under

different absorbed optical powers, as shown in Fig. 2.8 (a). Since the I–V data were acquired

with a constant voltage step between successive bias points, the incremental current change,

dI, was calculated as the difference in measured current between adjacent voltage points. The

reciprocal, ( 1
dI ), was then plotted as a function of the measured current. The resulting curve

exhibits a distinct kink that marks the lasing threshold, corresponding to the transition from
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Figure 2.8: (a) Plot of the inverse differential current 1
dI versus current for absorbed optical

powers ranging from 0 mW (no pumping) to 70 mW The curves are colour-coded from black
(right) to light green (left), indicating increasing absorbed optical power. (b) Threshold current
(Ith) as a function of absorbed optical power.

spontaneous to stimulated emission. As the absorbed optical power increases, this kink system-

atically shifts toward lower electrical current, indicating a reduction in the threshold current

Ith. This shift occurs because optical pumping contributes to the carrier population in the

active region, thereby reducing the electrical injection needed to reach the lasing condition. At

higher pump levels, lasing is predominantly sustained by optically generated carriers, leading

to a further decrease in Ith. The extracted variation of Ith with absorbed optical power is

summarized in Figure 2.8 (b), where Ith becomes negative for absorbed powers exceeding 45

mW and decreases linearly with optical pump power at a rate of approximately 0.7 mA/mW,

demonstrating efficient optical carrier injection and stimulated emission in the receiver laser.

2.3.3.1 Remote Data Transmission

To demonstrate the dual functionality of the receiver laser as both a PPC and a data trans-

mitter, optical data transmission experiments were carried out using the same device under

optical pumping. The experimental setup, illustrated in Figure 2.9, consists of a pump laser

providing optical excitation to the receiver laser through an optical circulator. The receiver

laser was connected to a pulse pattern generator (PPG) through a 10 dB electrical attenuator

and a DC blocking capacitor to prevent DC shunting through the PPC caused by the 50 Ω out-

put impedance of the PPG. A 29 -1 pseudo-random bit sequence (PRBS9) signal was applied

from the PPG to the receiver laser, providing a small AC modulation (measured as 22 mVpp

delivered to the laser) at bit rates ranging from 100 Mbps to 500 Mbps. The modulated optical

output from the receiver laser was routed back through the circulator (port 3) and detected
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by a photoreceiver, while the waveform and corresponding eye diagrams were recorded using a

1 GHz and an 8 GHz bandwidth oscilloscope. During operation, the receiver laser was biased

near the Voc and modulated around zero net current, enabling efficient optical data transmission

under optical pumping.

Figure 2.9: Schematic of the experimental setup for optical pumping and data modulation of
the receiver laser using a pulse pattern generator through an optical circulator, demonstrating
upstream data transmission operation. Black lines indicate electrical connections, and yellow
lines represent SM optical fibers.

Figure 2.10 (a) shows the effect of absorbed optical pump power on the received data trans-

mission signal recorded from the receiver laser. It is clearly observed that when the absorbed

optical power exceeds 40 mW, a distinct modulated signal appears, confirming that under

sufficient optical pumping, the receiver laser can operate as a self-powered optical modulator

without any external electrical bias at the receiver end. The amplitude of the detected wave-

form increases with pump power, indicating enhanced optical injection and stronger modulation

depth. To further assess the data transmission performance of the receiver laser, eye diagram

measurements were performed for observing signal quality and modulation bandwidth of the

receiver laser operating under optical pumping.

Eye diagrams were recorded between 100 Mbps and 500 Mbps for an absorbed optical power

of 60 mW. A clear eye opening is well seen under 100 Mbps data transmission in Figure 2.10

(b) and under 500 Mbps data transmission the eye diagram exhibits a narrower and partially

closed eye, with a visibly reduced vertical opening and increased noise in both logical levels as

shown in Figure 2.10 (c). The bit error rate (BER) was estimated from the quality (Q) factor

derived from the eye diagram, serving as a key indicator of data transmission performance. As

shown in Figure 2.10 (d), stable data transmission was achieved at low bit rates (200–300 Mbps)

with a BER of –14.3 on the logarithmic scale (5.4 × 10−15), indicating error-free operation.

With increasing data rate, the BER gradually increased and reached –4.3 on the logarithmic

scale (4.79 × 10−5) at 500 Mbps, which remains within the forward error correction limit for
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Figure 2.10: Data transmission from the receiver laser. (a) Detected 100 Mbps modulated
signals from the receiver laser under varying absorbed optical powers, showing modulation
onset above 40 mW. Eye diagrams of the received signal at varying data rates, illustrating
the transition from a wide-open eye at lower bit rates (b) 100 Mbps and partially closed eye
at higher bit rates (c) 500 Mbps. (d) Bit error rate (BER) plotted as a function of data rate,
showing stable data transmission 200 Mbps to 300 Mbps.

reliable communication. Consistent with this trend, the BER was calculated to be 10−11 at

100 Mbps and 10−4 at 500 Mbps, confirming the receiver laser capability for upstream optical

data transmission under optical pumping.

2.3.4 Edge coupling between 980 nm to 1064 nm device

Following the demonstration of the PV response of the edge-coupled receiver laser at 1550 nm

under 1427 nm optical pumping, the further experiment was aimed to enhance the overall power

conversion efficiency. The PPC at shorter wavelength offers stronger absorption compared to

the 1427–1550 nm system, owing to the intrinsic material properties of the semiconductor

structure. In the previous setup, both the pump and receiver lasers were butterfly-packaged

devices, which limited optical coupling efficiency from the pump fiber to the receiver waveguide.

To overcome this constraint, subsequent experiments were performed using an unpackaged bare

chip receiver laser in an edge-coupled configuration. For this study, a single-junction laser

operating at 1060 nm with a wide waveguide was employed as the receiver, and a 980 nm

Fabry–Perot (FP) fiber-coupled laser was used as the optical pump.
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Figure 2.11: Experimental setup for optical power transfer using an edge-coupled waveguide
laser receiver. A SMF–coupled pump laser is focused onto the receiver facet through a tapered
lensed fiber mounted on an XYZ stage. The absorbed optical power generates photocurrent
across the device terminals. Insets show the bare chip (top right) and needle probe placed on
the chip indicating polarity (bottom right).

Figure 2.11 shows the schematic of the experimental setup used for optical power transfer

measurement. A SM fiber (SMF-780 HP) fiber coupled 980 nm pump laser (1.26 eV) serves as

the optical source, and its output is connected to a tapered lens end fiber through an optical

connector. The tapered lens fiber has a standard spot size ranging from 2 µm to 6 µm. The

lensed fiber is mounted on a piezoelectrically controlled stage, enabling fine adjustment and

accurate focusing of the beam onto the facet of the 1060 nm (1.16 eV) receiver laser chip.

The receiver device, provided by the Ferdinand-Braun-Institut (FBH), is a single quantum

well (SQW) 1064 nm ridge waveguide laser featuring a 90 µm stripe width and a 4 mm

resonator length, configured in a p-side-down mounting. The device exhibits a vertical far-

field divergence of approximately 50° at 95% power content. The laser chip is mounted on an

XYZ translation stage to enable precise fiber-to-waveguide alignment and maximize coupling

efficiency. Electrical needle probes contacts the positive and negative terminals of the receiver,

and I–V characterization performed.

2.3.5 Result and discussion

2.3.5.1 I–V characterization of on chip LPC

The incident optical power on the 1060 nm waveguide PPC is defined as the launched pump

laser power. The optical pump power at 980 nm was varied from 0 to 80 mW in steps of 10 mW.

Due to the photon energy difference between the pump wavelength (980 nm, 1.26 eV) and the
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receiver wavelength (1060 nm, 1.16 eV), a down-conversion loss of 7.9% is introduced. This loss

is incorporated through normalization of the incident optical power to the receiver wavelength,

such that all reported incident optical powers correspond to corrected values ranging from 0 to

74 mW for the data presented.

Figure 2.12: (a) I–V and (b) P-V characteristics of the 1060 nm waveguide laser operating
as a PPC under different levels of incident optical power. The curves show the transition
from dark to illuminated conditions, with photocurrent and output electrical power increasing
proportionally with optical intensity. The curves are colour-coded from black (top) to olive-
green (bottom), corresponding to incident optical powers ranging from 0 to 74 mW, obtained
from pump power steps of 10 mW after normalization.

Figure 2.12 (a) shows the I–V characteristics of the 1060 nm waveguide laser operating as a

PPC, illustrating the variation from the dark response to illuminated conditions with incident

optical power ranging from 10 mW to 74 mW. The photocurrent increases with incident optical

power, confirming carrier generation within the thin SQW active region. Beyond 40 mW of

incident optical powers, the I–V curves exhibit slight fluctuations near the short-circuit region

and clearly visible at 74 mW of incident optical power, which would be attributed from coupling

instability and reflection-induced interference in the optical setup, as well as pump-laser power

variations. The I–V curves exhibit a reduced incremental change in current near the open-

circuit region at higher optical injection levels, suggesting high-injection effects that limit the

voltage build-up. This behavior is consistent with carrier screening and increased recombination

in the MQW region, which can modify the junction field and reduce the FF. The corresponding

P–V characteristics in Fig. 2.12 (b) show that the maximum electrical output power increases

with absorbed optical power. For an absorbed optical power of 74 mW, the device delivers

13 mW of electrical power to the external circuit.

Under open-circuit conditions for the single-junction PPC, as shown in Figure 2.13 (a), the Voc

shows a steady increase with incident optical power, consistent with the characteristic diode
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Figure 2.13: (a) Variation of of the 1060 nm single-junction PPC with incident optical power.
(a) Voc and Isc showing a steady increase with illumination. (b) η and FF, with peak values of
23% and 70% at 10 mW, respectively. FF error bars denote the propagated I–V uncertainty
used in the FF extraction, assuming 1.5% current and 0.5% voltage uncertainty, corresponding
to a relative FF uncertainty of 2.24%. The slight FF increase near 40 mW lies within this
uncertainty and is attributed to coupling fluctuations.

behavior of a photovoltaic device. A Voc of 1.01 V is measured at 10 mW of incident optical

power, which rises to 1.07 V at 74 mW. The Isc increases from 3.3 mA at 10 mW to 19.1 mA

at 74 mW, indicating carrier generation with increasing illumination. The maximum voltage

at the operating point is observed to be 0.86 V at 18.6 mW of incident power. Figure 2.13 (b)

shows that the maximum power conversion efficiency reaches 23% at 10 mW and decreases to

17.3% at 74 mW. The FF follows a similar trend, decreasing from 70% to 63% with increasing

optical power. A slight increase in FF from 66.8% to 68.1% is observed near 40 mW. This local

increase is not considered a systematic improvement in device performance, but is attributed

to minor fluctuations in the measured photocurrent caused by variations in optical coupling

as the incident optical power is increased. To indicate the significance of this variation, error

bars were added to the FF values. The FF uncertainty was estimated from the measurement

uncertainties in Imax, Vmax, Isc, Voc, which are the parameters used to extract FF from the

I–V curve. Voltage and current uncertainties of 0.5% and 1.5%, respectively, were used for this

estimate, giving an overall propagated FF uncertainty of approximately 2.24%. The small FF

rise near 40 mW lies within this uncertainty range, supporting the interpretation that it arises

from measurement and coupling fluctuations rather than from a physical increase in FF. Overall,

these results indicate that, while strong carrier accumulation supports high voltage generation,

carrier extraction becomes increasingly limited at higher optical injection levels and is highly

sensitive to the beam coupling geometry between the lensed fiber and the waveguide facet.

Small variations in the optical injection profile or coupling efficiency can therefore significantly

influence carrier generation and extraction across the device aperture
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2.4 Edge coupling between 850 nm to 905 nm device triple

junction PPC

In PPCs, the output voltage can be increased either by lateral series connection of multiple

PV segments, as in surface-normal configurations, or by vertically stacking multiple p–n junc-

tions within a single device structure. In the waveguide-based PPC, stacking p–n junctions in

series provides an effective approach to boost the overall open-circuit voltage. To demonstrate

this concept and achieve output voltages approaching 3 V typically required for low power

electronic applications, a 905 nm Osram Nanostack laser diode with three epitaxially stacked

p–n junctions, commonly used as a pulsed emitter in LiDAR (Light Detection and Ranging)

systems, was employed in this experiment as the PPC. The device was optically pumped using

an 850 nm fiber-coupled laser diode, as illustrated in Figure 2.15. The 852 nm pump laser

Figure 2.14: (a) Experimental setup for optical power transfer using an 850 nm pump laser
and a 905 nm triple-junction waveguide receiver. The fiber-coupled pump laser is collimated
(focal length f = 8.1 mm; spot size = 1.74 mm) and focused onto the receiver facet through a
lens (f = 3.1 mm; spot size = 5 µm) in an edge-coupled configuration. The inset shows the
packaged 905 nm triple-junction receiver diode.

output is coupled into the waveguide of the receiver laser, which consists of three epitaxially

stacked p–n junctions designed for lasing at 905 nm. Since the pump laser is fiber-coupled while

the receiver operates in free-space, a collimator and focusing lens was implemented to form an

edge-coupling configuration between the two devices. The 4.4 µm spot size from the pump

laser is expanded and collimated using a collimator and an aspheric lens, producing a focused

beam with a 5 µm spot size. The beam is then coupled into the receiver laser waveguide with

dimensions of 200 µm × 10 µm (W × H) housed inside plastic package. The optical path

consists of a fiber collimator (850 nm, f = 8.1 mm) and an aspheric lens (Thorlabs C330TMD-

B, f = 3.1 mm at 830 nm) to ensure efficient coupling into the receiver facet. The incident

optical power from the pump laser was measured at the position of the aspheric lens using

a photodetector prior to illuminating the receiver laser. The edge-coupling setup was placed

inside a laser safety enclosure, as the operating wavelength is not eye-safe. The photon energy
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mismatch between the 905 nm pump laser (1.37 eV) and the 850 nm receiver laser (1.46 eV)

introduces a down-conversion loss of approximately 6%. The launched pump power was varied

from 10 mW to 70 mW in steps of 10 mW, and the reported incident optical power corresponds

to the effective power at the receiver facet after applying this down-conversion correction. As

a result, the effective incident optical powers used in the characterization plots range from

9.4 mW to 65.8 mW.

2.4.1 Result and discussion

2.4.1.1 I–V characterization of the triple junction LPC

Optical coupling from the lens system to the receiver waveguide was optimized by setting the

receiver under short-circuit conditions and adjusting the XYZ translation stage of the waveguide

mount while monitoring the increase in short-circuit current Isc. Once the maximum Isc was

obtained, the alignment was fixed, and the laser safety enclosure was closed.

Figure 2.15: (a) I–V characteristics of the 905 nm triple-junction waveguide PPC under
varying incident optical power from 9.4 mW (top curve) to 65.8 mW (bottom curve), showing
increased photocurrent with illumination. Variations in the curves arise from optical coupling
instability during measurement. (b) Variation of Voc Vmpp with incident optical power, demon-
strating voltage multiplication from the three series-connected p–n junctions and a maximum
output of 3.1 V at 9.4 mW.

Figure 2.15 (a) shows the I–V characteristics of the 905 nm triple-junction waveguide PPC

under different levels of incident optical power. The photocurrent increases with illumination,

rising from 9.4 mW (red curve) to 28.2 mW (green curve) and higher power levels, indicat-

ing enhanced carrier generation across the stacked junctions. However, during the course of

data acquisition, slight coupling instability to the receiver lasers was observed. The receiver
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alignment gradually shifted over time, leading to major variations in the measured I–V charac-

teristics between successive measurements from 9.4 mW to 65.8 mW of incident optical power.

In a triple-junction configuration, equal optical illumination and current generation across all

three p–n junctions are essential, as the total current is limited by the junction generating

the lowest photocurrent. Any misalignment or nonuniform optical coupling therefore results in

unequal excitation of the stacked junctions, reducing the measured photocurrent and overall

device performance. The Voc at 9.4 mW and 28.2 mW of incident optical power, observed to

be 3.52 V and 3.6 V demonstrating the expected voltage multiplication from the three series

connected p–n junctions. The variation of Vmpp with incident optical power, shown in Figure

2.15 (b), follows a near-logarithmic trend with increasing illumination Voc. The receiver waveg-

uide is capable of delivering 3.1 V at 9.4 mW of incident optical power.

The efficiency of the receiver waveguide was determined as the ratio of the electrical output

power from the receiver laser to the incident optical power. Figure 2.16 shows that the triple-

junction PV receiver exhibits a maximum efficiency of 35% at an incident optical power of

10 mW, which decreases to 24.6% at 28.2 mW. Under 9.4 mW illumination, the FF is observed

to be 82%. As the illumination power increases, both the Isc and the current at the maximum

power point Vmpp and Impp are influenced by gradual misalignment of the optical coupling over

time. Consequently, the FF calculation is also affected at higher incident optical powers due

to coupling instability.

Figure 2.16: Efficiency of the triple-junction waveguide receiver plotted as a function of
incident optical power.

The impact of non-uniform optical illumination on the performance of a triple p–n junction

stack integrated within a 10 µm-high waveguide was analysed using a Python-based numerical

model A.1, as shown in Fig. 2.17. The model evaluates the overlap between a Gaussian optical
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field and the segmented waveguide aperture comprising the top cladding, active region, and

bottom cladding. The active region contains three stacked p–n junctions, represented as Seg

1, Seg 2, and Seg 3. This analysis captures the trade-off between underfilling and overfilling

of the active region. Figures 2.17 (a)–(d) show the calculated spatial intensity distributions at

the receiver facet for increasing Gaussian beam waist values, together with the corresponding

fraction of the total incident optical power distributed across the waveguide layers and the three

p–n junction segments. For small beam waists, the optical field underfills the aperture, leading

to a highly nonuniform power distribution in which the central junction receives a dominant

fraction of the optical power, while the remaining junctions are weakly illuminated. As the

beam waist increases, the optical power is redistributed more evenly across the three junctions,

with each junction receiving a comparable fraction of the total incident power which is 25%

in Figure 2.17 (b)). For larger beam waists, the optical field overfills the waveguide aperture,

and an increasing fraction of the incident power is lost to the top and bottom cladding regions,

reducing the power available to the active junctions.

Figure 2.17: Numerical analysis of Gaussian beam coupling to a triple p–n junction waveguide
receiver. (a–d) Simulated spatial intensity distributions at the receiver facet for increasing
Gaussian beam waist values (w = 4, 6, 8, and 10 µm), together with the corresponding
fraction of optical power incident on each segment of the p–n junction stack within the 10
µm-high waveguide.

In a series-connected junction stack, current continuity requires the same current magnitude

to flow through all junctions, such that the extractable electrical current is limited by the

junction generating the lowest photocurrent, while the output voltage scales with the number

of junctions through voltage addition. Accordingly, the effective power transfer efficiency η

is determined by the minimum optical power fraction delivered to any of the three junctions
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multiplied by the number of stacked junctions. As the beam waist increases and the power

distribution across Seg 1–Seg 3 becomes more uniform, the minimum power fraction rises,

resulting in an increase in η. This response leads to a maximum efficiency of approximately

72% at a beam waist of about 6 µm, where the three junctions receive nearly equal optical

power. For smaller beam waists, strong non uniformity limits the output to lower values, while

for larger beam waists, optical spillover into the cladding regions reduces the power available

to the junctions and causes η to decrease again to 69% and 62%. These results show that

the efficiency trend is governed by the balance between junction current matching and optical

spillover losses inherent to Gaussian beam coupling.

Figure 2.18 summarizes the dependence of the calculated η on the Gaussian beam waist inci-

dent on the receiver facet. The efficiency exhibits a clear maximum at a beam waist of 6 µm,

where η reaches about 72%, corresponding to near equal power distribution across the three

junction segments. For smaller beam waists, underfilling of the waveguide aperture leads to

strong nonuniformity in the power distribution and a reduced efficiency, while for larger beam

waists, overfilling of the aperture results in increasing optical spillover into the cladding re-

gions and a corresponding decline in η. Validating SPICE-based circuit analysis, presented in

Figure 2.18: Calculated power transfer efficiency as a function of Gaussian beam waist,
showing an optimum efficiency of approximately 72% at w ≈ 6 µm due to the balance between
junction current matching and optical spillover losses.

Appendix A.2.1, confirms that the external current in series-connected p–n junction circuits is

limited by the junction associated with the minimum absorbed optical power. The numerical

results are in good agreement with the experimentally observed maximum conversion efficiency

of 35% obtained through optimization of beam focus and alignment. The numerical model

indicates that Gaussian coupling limits the fraction of incident optical power that can be ef-

fectively converted to electrical power to 72%. When this limitation is taken into account, the
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corresponding intrinsic photovoltaic efficiency of the triple-junction device under uniform opti-

cal excitation is estimated to be approximately 48%. This indicates that further improvements

in power transfer efficiency could be achieved by tailoring the optical field distribution at the

receiver facet. Although beam-shaping techniques capable of transforming Gaussian beams

into flat-top profiles are available, their stringent alignment requirements and sensitivity to

source–target geometry limit their applicability in endoscopic power transfer systems, while

remaining potentially suitable for other remote optical power delivery applications.

Table 2.1 consolidates the results of this section along with those from the other sections of the

chapter, highlighting the key observations.
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Table 2.1: Summary of edge-coupled laser power conversion configurations investigated in this chapter.

Pump Receiver Receiver Junction Optical η Voc Vmax Key observations

(nm) (nm) formate type coupling (%) (V) (V)

1427 1540 Commercial
butterfly
packaged

Single
junction

Fiber
edge-coupled

33 0.83 0.6 High V oc; strong optical
pumping enables simultane-
ous power and data transmis-
sion

980 1064 bare die Single
junction

Fiber
edge-coupled

23.8 1 0.86 η limited by light–device cou-
pling

850 905 Nanostack
laser

Triple
junction

Free space
edge coupled

35 3.5 3.1 Voltage scaling; η limited by
Gaussian illumination

- - - Triple
junction

Gaussian
model

(numerical)

48 (est.) – – Numerical model estimate
higher internal η under uni-
form optical incident
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2.5 Conclusion and Discussion

This chapter demonstrated the experimental realization of single and triple junction edge-

coupled PPCs operating from telecom to near-infrared wavelengths. The results confirm ef-

ficient laser-to-laser optical power transfer, high open-circuit voltages, and the feasibility of

combining optical power conversion and data transmission within a single photonic platform.

The 1427–1540 nm configuration, the single-junction receiver laser achieved a record open-

circuit voltage of 0.83 V and a voltage at the maximum power point of 0.6 V, corresponding to

an internal conversion efficiency of 55.3% and an overall fiber-to-device efficiency of 35%. The

same device simultaneously operated as a self-powered optical modulator, enabling upstream

data transmission up to 500 Mbps without external electrical bias. The fill factor decreased

from 63% to 52% with increasing optical injection due to field screening and Auger recombina-

tion within the quantum wells, which limited carrier extraction and reduced current near the

maximum power point.

At shorter wavelengths (980–1060 nm), the unpackaged bare-chip receiver achieved stronger

absorption and improved coupling, delivering a Voc of 1.07 V, efficiency of 23%, and a fill

factor of 70% at 10 mW of incident power. Slight fluctuations in photocurrent and FF at

higher optical power were caused by coupling instability and optical feedback between the

lensed fiber and the receiver facet, emphasizing the sensitivity of coupling alignment in the

edge-coupled geometry. The 905 nm triple-junction converter under 850 nm pumping achieved

voltage multiplication across the stacked p–n junctions, delivering Voc = 3.6 V, FF = 82%,

and peak efficiency of 35% at 10 mW input. However, uniform illumination across the three

junctions could not be achieved using Gaussian beam coupling, leading to nonuniform carrier

generation and variations in the I–V response.

Overall, the single and triple junction converters delivered approximately 1 V and 3 V at 10 mW

of optical input, with efficiencies of 21% and 36%, respectively. Numerical analysis indicates

that optimized Gaussian coupling would permit conversion efficiencies of up to approximately

48%, whereas the experimentally measured efficiency of 36% reflects additional losses associated

with practical coupling and alignment.

Performance can be improved by reducing the front mirror reflectivity to near zero at the pump

wavelength to enhance coupling efficiency. Carrier extraction can be further enhanced through

optimization of the extraction-layer doping and through band-structure engineering approaches,

such as the incorporation of multiple stepped quantum wells to reduce effective barrier heights
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and facilitate carrier escape. The implementation of high-stability mounting fixtures with

sub-micron alignment control would further improve coupling robustness. Addressing these

limitations will enable higher conversion efficiency, improved operational stability, and reliable

performance of edge-coupled PPC.

For triple-junction converters, performance critically depends on achieving a uniform optical

intensity distribution across the stacked junctions. Numerical results indicate that transforming

the Gaussian pump beam into a flat-top intensity profile would significantly reduce junction-to-

junction current imbalance and enable efficiencies beyond the Gaussian-limited value. However,

the sub-10 µm receiver aperture is incompatible with commercially available beam-shaping

optics, necessitating customized micro-optical or on-chip mode-shaping approaches. Integrated

solutions such as tapered or mode-expanding waveguide sections positioned before the absorber

offer a practical pathway to achieving uniform illumination at the micrometer scale.

42



Chapter 3

Surface normal photovoltaic power

converter under annular and

quasi-Gaussian illumination

3.1 Introduction

In POF applications, the most commonly employed configuration uses surface-normal illumi-

nation, in which optical power is directed perpendicular to the top surface of the photovoltaic

device to uniformly illuminate its active area. In contrast, the previous chapter demonstrated

remote optical powering using an edge-coupled configuration between two waveguide laser. The

surface-normal configuration offers practical advantages for compact integration, as light can

be directly aligned to the device surface and easily coupled using optical fibers or lenses. By

comparison, the edge-coupled approach, despite its efficient optical confinement, presents chal-

lenges related to precise facet alignment and achieving uniform illumination across stacked p–n

junctions.

For remotely powered microsystems that require operating voltages above 1 V, the literature

on high-voltage photovoltaic power converters has been addressed through vertically stacked

multijunction and laterally interconnected multi-segment architectures, as outlined in Chapter

1. In this work, the focus is on the laterally segmented design due to its ease of epitaxial

growth, as it avoids the need for tunnel junctions and the precise sub-cell thickness control

required to achieve current matching in vertically stacked multijunction devices [33]. The PPC
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investigated here is intended for integration within a medical catheter, incorporates four lat-

erally series connected segments within a maximum active device diameter of 350 µm on a

1 mm × 1 mm chip. The performance of laterally interconnected PPCs is closely governed by

the spatial uniformity of illumination and the geometric configuration of the device segments,

which together determine the distribution of photocurrent and the extent of optical loss across

the cell.

Optical power is typically delivered through a MMF, where a centered, symmetric illumination

such as a Gaussian beam is used to satisfy the requirement of equal current generation in

each segment. However, power losses occur due to non-absorption of light incident on isolation

trenches and metal interconnects [30, 61]. Additional losses can arise from current mismatch

when the light spot is misaligned with respect to the segmented junctions [62, 63]. Because

a Gaussian beam exhibits higher intensity at the center of the cell, additional metal fingers

are required to reduce the series resistance associated with lateral current spreading. This

introduces a trade-off, as the increased metal coverage also limits photon absorption and charge

collection within the active area. Although a flat-top rectangular illumination could provide

uniform intensity across the segments, its optical losses remain proportional to the total area of

isolation trenches and metal lines. These effects become increasingly significant as the number

of segments increases or as the active area decreases [10, 63].

To address these limitations, this chapter investigates a beam-shaping approach that redis-

tributes optical power toward the edges of the PPC active area rather than the center. Com-

pared with Gaussian illumination, this approach can reduce current mismatch between laterally

interconnected segments and optical loss in trenches and metal lines. The extent of this reduc-

tion, however, is strongly dependent on accurate fiber to device alignment, which is therefore

treated as a key variable and systematically examined in this chapter. The optical power is

delivered to the device through a DCF under two distinct illumination profiles: (i) a quasi-

Gaussian beam obtained under normal fiber alignment, and (ii) an annular beam was generated

by angularly tilting the input (launch) end of the DCF, thereby concentrating optical inten-

sity toward the periphery of the active area at the fiber output. The DCF was chosen for its

potential application in guiding power and data simultaneously [64]. We use the term quasi-

Gaussian beam, as the multimode illumination for DCF is not the ideal Gaussian profile. Under

non-ideal optical field distributions on the device, the annular illumination configuration is ex-

pected to offer advantages by preferentially generating carriers closer to the segment periphery,

thereby reducing the lateral transport distance required for photogenerated holes to reach the
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collection contacts. As demonstrated by the experimental results presented in this chapter,

annular illumination provides superior voltage and fill factor characteristics compared with the

quasi-Gaussian case. An open-circuit voltage of 4.77 V was measured at 60 mW under annular

illumination, representing a 1.7% increase relative to Gaussian illumination. A slightly lower

short-circuit current observed at the nominal fiber to device spacing is attributed to beam

spillage, which was mitigated by reducing the fiber to device separation, resulting in power

conversion efficiencies of 48.6% at 20.8 W/cm2 ( 20 mW) and 47.5% at 62.4 W/cm2 (60 mW).

The chapter also discusses challenges in achieving robust annular beam formation, highlighting

the sensitivity of confinement and alignment precision based on the same set of measurements

performed on a different PPC chip with identical design and experimental setup.

In parallel with the segmented PPC investigations presented in this chapter, preliminary studies

were conducted on a single-junction GaAs PPC with a micro-scale active diameter of 26 µm,

coupled under surface-normal illumination using a SMF, as detailed in Appendix A.5.1. This

study was undertaken to assess alignment sensitivity, optical confinement, and efficiency trade-

offs at extreme device miniaturization, motivated by emerging MCF platforms for simultaneous

optical power and data delivery in highly constrained medical catheter environments. While

the micro-PPC demonstrated successful optical power conversion, the measured efficiency was

limited to approximately 24%, primarily due to enhanced surface recombination and reduced

carrier collection efficiency associated with the high perimeter-to-area ratio of the device. These

results highlight the fundamental trade-off between footprint reduction and extraction efficiency

in micro-scale PPCs, indicating that further optimization of surface passivation, contact design,

and optical coupling will be required before such architectures can be effectively deployed in

practical remotely powered microsystems.

3.2 Surface normal configuration on PPC

Figure 3.1 (a) illustrates the schematic of light illumination on a multi-segment PPC. The an-

tireflection coating (ARC) on the top surface minimizes optical reflection due to refractive index

mismatch and enhances the transmission of incident light into the underlying semiconductor

layers. The transmitted light passes through the cap layer, which forms a low-resistance ohmic

contact to the emitter. Beneath the cap layer, a heavily doped front surface field (FSF) with

a wider bandgap generates a built-in electric field that suppresses minority-carrier (electron)

transport toward the top contact, thereby reducing surface and contact related recombination
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losses. Below the FSF lie the emitter and base layers, which together form the p–n junction

responsible for photocurrent generation.

Figure 3.1: (a) Cross-sectional schematic of a laterally segmented, surface-normal GaAs
PPC, showing the vertical layer structure, isolation trench with SiN for encapsulation, series
interconnection metal, and anode and cathode contacts under surface-normal laser illumination.
(b) Front view of the circular four-segment laterally connected PPC showing the device layout
with isolation trenches (black cross lines) and metal connections; the red arrow indicates the
device active diameter.

The thicknesses of the emitter and base layers are selected primarily based on the minority

carrier diffusion lengths in each region. In the p-on-n structure employed here, the relatively

thin p-type emitter reduces front-surface recombination and allows minority electrons generated

near the illuminated surface to reach the depletion region, while the thicker n-type base serves

as the primary photon-absorption region and enables minority holes generated within their dif-

fusion length to reach the junction. In the literature, n-on-p configurations are also commonly

reported, as the longer diffusion length of minority electrons allows carrier collection over a

thicker base region. The vertical layer configuration, with the p-type emitter positioned above

the n-type base, enhances carrier collection under surface-normal illumination by generating

photocarriers close to the depletion region, where the built-in electric field promotes carrier

separation and reduces surface recombination losses. An n-type back surface field (BSF) layer

located below the base suppresses minority-carrier recombination at the rear interface by intro-

ducing a bandgap induced energy barrier for minority holes. The structure is supported by an

n-type lateral conduction layer (LCL) grown on a semi-insulating substrate, which enables lat-

eral current transport between adjacent photoactive segments and allows series interconnection

through metallic contacts. The total output voltage in this configuration is equal to the sum

of the voltages from the individual segments, while all segments share a common optical path

under normal incidence. This is achieved through a laterally segmented device architecture, in

which multiple p–n junction segments are defined side by side within the same epitaxial stack

and electrically interconnected in series via surface metallization. The active region is divided

into four laterally interconnected segments arranged in a pie-shaped geometry to ensure uniform
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optical coupling and consistent power distribution across the device, as shown in Figure 3.1 (b).

Each segment operates as an independent photovoltaic subcell that is uniformly illuminated,

generating a comparable photocurrent, while the series interconnection enables their individual

open-circuit voltages to add. As a result, the laterally segmented configuration provides an

effective means of voltage scaling that meets system-level power delivery requirements without

increasing device thickness or modifying the vertical epitaxial structure.

3.2.1 Device Description

The performance of the PPC under Gaussian and annular illumination was evaluated using a

GaAs-based PPC with an active diameter of 350 µm, consisting of four laterally interconnected

segments. The epitaxial structure of the device is detailed in Appendix A.3.1, and the device

were fabricated at the Tyndall National Institute [34]. The device features a circular active

area designed to match the circularly symmetric light spot emitted from the optical fiber under

surface-normal illumination.

Figure 3.2: (a) Picture of 1 mm × 1 mm chip with four segments laterally interconnected
PPC with active diameter of 350 µm.

Electrical isolation between the four segments is achieved through isolation trenches etched

into the substrate, while interconnection metals bridge these isolated regions, forming a unified

circuit configuration that enables efficient current flow and voltage addition across the entire

device. The presence of isolation trenches and metal lines introduces optical losses by partially

covering the illuminated active area. The areas occupied by the 3 µm wide isolation trenches

and metal lines correspond to 2.2% and 1.4% of the total active area, respectively, as calculated

from Equations 3.1 and 3.2. These values represent the portions of the active region covered by

non absorbing structure reducing the effective area available for optical absorption. Figure 3.2

shows Chip 1, a diced device with lateral dimensions of 1 mm × 1 mm and an overall thickness

as 0.37 mm.
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3.2.2 Optical losses in segmented PPC

Optical losses in laterally segmented PPC designs arise primarily from isolation trenches and

front metal interconnects. Under surface-normal illumination, these non-active regions intro-

duce shadowing, reflection, and scattering losses. The magnitude of such losses is governed by

the ratio of non-photoactive area to the total illuminated surface, which increases with both the

number of series-connected segments and the width of the isolation and interconnect features.

The isolation trenches, which provide electrical separation between adjacent sub-cells, form

optical discontinuities that scatter or absorb a portion of the incident light. In this work, the

trench width is constrained to a minimum value determined by the fabrication process which

is 3 µm, and the cumulative optical loss associated with these regions therefore increases with

the degree of lateral segmentation. Similarly, surface metal interconnects are required to enable

series current transport but partially obstruct the optical beam and reflect photons away from

the photoactive regions.

Although thicker metallization typically several micrometers is commonly used in conventional

photovoltaic designs to reduce series resistance, such an approach is not adopted here due

to geometric and optical constraints. Instead, relatively thin metal lines are employed to

balance current transport requirements against optical shading losses, a trade-off that becomes

increasingly significant as the segment count increases. Collectively, these effects reduce the

optical power available for carrier generation within the junction and constitute a key limitation

in highly segmented devices.

The magnitude of these losses can be expressed analytically through the fractional area occupied

by isolation trenches and metal interconnects. The isolation loss (Lisolation) is determined by

the fraction of surface area removed for electrical isolation, where Atrench denotes the total area

of the isolation trenches on the illuminated device surface, and is defined as 3.1.

Lisolation =
Atrench

Adevice
× 100% (3.1)

The shading loss (Lshading) represents the reduction in effective illumination caused by metal

coverage and is given by 3.2,

Lshading =
Agrid metal

Adevice
× 100% (3.2)
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where Agrid metal is the total area covered by the front metal grid and Adevice is the total il-

luminated device active area. Increasing the density of metal lines reduces the lateral series

resistance but increases optical shadowing, representing a trade-off between electrical perfor-

mance and optical transparency. As the physical dimensions of the device decrease, the relative

contributions of Atrench and Agrid metal become more significant, leading to higher fractional op-

tical loss in small area PPC. The total optical loss is therefore determined jointly by the device

geometry and illumination parameters, which together define the irradiance uniformity, beam

confinement, and optical coupling efficiency under surface-normal operation.

3.2.3 Fiber to device distance determination

The optimum fiber-to-device distance (G) was estimated geometrically from the divergence of

light emerging from the fiber core, as illustrated in Figure 3.3. When light exits the fiber into

air, it expands conically with an emission half-angle (θ) determined by the numerical aperture

(NA) of the fiber, expressed in 3.3,

Figure 3.3: Schematic of the surface-normal illumination geometry showing the fiber-to-
device distance (G). The emitted beam diverges from the fiber core at an angle θ, expanding
to a diameter Dsample that defines the illuminated area on the PPC surface.

θ = sin−1

(
NA

nair

)
(3.3)

where nair is the refractive index of air. The NA defines the maximum acceptance angle of

guided modes in the fiber and depends on the refractive index contrast between the core (ncore)

and cladding (nclad) according to 3.4
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NA =
√
n2
core − n2

clad (3.4)

When the fiber is positioned at a distanceG above the PPC surface, the divergent beam expands

from the fiber core diameter (Dcore) to an effective illumination active diameter of sample

(Dsample). Assuming simple geometric expansion with negligible diffraction, the relationship

between these parameters can be written as

rsample = rcore + (G) tan(θ), (3.5)

or equivalently,

G =
rsample − rcore

tan(θ)
, (3.6)

where rcore = Dcore/2 and rsample = Dsample/2.

Physically, this relation illustrates how the divergence of the optical cone emerging from the

fiber determines the illuminated spot size on the photovoltaic power converter (PPC). In this

configuration, direct fiber-to-device illumination is employed, and the illumination footprint is

controlled by adjusting the fiber-to-device separation. The beam divergence defined by the fiber

numerical aperture, together with the short working distance, allows the expanded beam to be

matched to the device aperture without the use of additional focusing optics. By appropriately

positioning the fiber at a distance from the device surface, effective beam coverage of the

designed active area is achieved under surface-normal incidence.

3.3 Experimental design on quasi-Gaussian and annular illumi-

nation on four segment PPC

Here, we present a comparative and parametric experimental investigation of two GaAs-based

four-segment GaAs PPC devices with identical design layouts and epitaxial structures, eval-

uated under quasi-Gaussian and annular illumination in a surface-normal configuration. The

first device (Chip 1) was employed to compare the two illumination profiles at fiber to device

distances up to 600 µm, which corresponds to the theoretically estimated optimal coupling

distance to match active diameter (discussed in section 3.3.2). The second device (Chip 2),

fabricated from a different wafer but following the same design, was characterized over an
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extended distance range (0.4–1 mm) to further examine the effect of beam expansion and to

validate the reproducibility of the observed performance trends.

3.3.1 Generation of Annular Illumination

The use of annular illumination in this work is motivated by an initial design concept in which

an optical modulator is integrated at the center of the PPC, making an annular (ring-shaped)

spatial intensity distribution desirable. In practice, an annular beam can be generated by

coupling a laser beam into a multimode optical fiber at a nonzero incidence angle relative to

the fiber axis [65–68]. When the input beam enters the fiber off-axis, the guided rays propagate

along helical trajectories near the periphery of the multimode region rather than through its

center. The interference among these higher-order modes redistributes the optical intensity,

producing a dark central region surrounded by a bright annular ring at the fiber output. These

higher-order modes exhibit increased field intensity near the core–cladding interface, resulting

in a higher modal density toward the fiber periphery and reinforcing the annular intensity

distribution. By carefully adjusting the incidence angle, the spatial energy distribution can be

optimized to obtain a well-defined annular beam with a smooth intensity profile. This approach

provides a practical method for generating ring-shaped beams because the annular profile is

produced by controlled mode excitation in the multimode fiber, rather than by using additional

beam-shaping optics, such as axicons [69] or phase-modifying elements [68], to redistribute the

incident optical field into an annular intensity profile.

Figure 3.4 illustrates the experimental setup for generating and projecting an annular beam

onto the PPC under surface-normal illumination. The configuration employs angular launching

of an 851 nm laser beam into the input end of the DCF, resulting in an annular intensity profile

at the fiber output. A fiber coupled diode laser emitting at a wavelength of 851 nm serves as the

optical source. The laser output is delivered through a SMF with a core diameter of 4.4 µm.

The output from the SMF is collimated using a plano-convex lens (L1) with a focal length of

18.4 mm, producing a collimated beam of uniform divergence. The collimated beam is then

focused into the input facet of the DCF using a biconvex lens (L2) with a focal length of

25 mm. The DCF consists of a 9 µm diameter single mode central core with a NA of 0.12,

surrounded by a 105 µm multimode inner cladding with an NA of 0.2. As the central core

supports single mode guidance only at 1550 nm, the 851 nm beam propagates in the multimode

inner cladding, which effectively acts as the guiding region for this wavelength. Annular beam
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Figure 3.4: Experimental setup for annular beam illumination on the PPC. SMF; Single
mode fiber coupled laser, L1 collimator focal length= 18.4 mm, L2 Biconvex lens focal length=
25 mm, DCF; double clad fiber (DCF-13 Thorlabs).The inserted picture shows diced chip under
annular illumination at a fiber to device distance of 600 µm, recorded using a Dino-Eye Edge
digital microscope (AM4025X model).

formation was achieved by introducing an angular launch into the DCF. The input end of the

DCF was mounted on a precision XYZ translation and rotation stage, allowing fine angular

and positional alignment relative to the optical axis of the focusing lens (L2). The coupling

efficiency was maximized by carefully adjusting the DCF position while gradually increasing the

launch angle. As the tilt angle increased, the excitation within the multimode inner cladding

transitioned from centrally guided modes to higher-order ring modes. At an incidence angle of

18 degrees, an annular intensity distribution was observed at the DCF output, confirming the

excitation of the desired annular-mode pattern. At this off-axis launch condition, the coupling

efficiency was reduced to approximately 33%, reflecting the known trade-off between optical

coupling efficiency and spatial beam shaping. This reduction arises from the increased angular

mismatch and partial rejection of rays approaching the acceptance limit of the multimode inner

cladding, rather than from misalignment or coupling instability.

Beam characterization and calibration were performed prior to device illumination. The fiber-

to-device distance was set to approximately 600 µm, as determined from Equation 3.6 using the

DCF parameters of NA = 0.2 and an inner cladding diameter of 105 µm. This configuration

ensured that the annular beam illuminates the near the edge of the 350 µm active area of the

PPC. The output from the DCF was projected onto a diffuse paper screen, and the resulting

pattern was captured using a Dino-Eye Edge A.4 camera positioned at a 45 degrees angle
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relative to the surface-normal direction. An absorptive filter is placed before the biconvex lens

to reduce the laser power and avoid saturation of the image.

3.3.2 Beam Characterization and Calibration

The USAF 1951 resolution target was used to establish the pixel-to-length calibration of the

imaging system by providing a known spatial reference. This calibration enabled conversion

of the measured beam dimensions from pixels to micrometers during ImageJ analysis. The

image captured by the camera appeared slightly elliptical because the 45 degrees observation

angle introduced projection distortion along the viewing axis. To ensure accurate dimensional

analysis during calibration, the 1D beam profile was evaluated along the plane unaffected by

projection, corresponding to the non-distorted axis that represents the true beam diameter in

the PPC plane.

Manual adjustments of the DCF position at the input (launch) end of the fiber, where the laser

beam is coupled into the DCF through the launch optics, were performed using an XYZ trans-

lation stage to refine the annular beam diameter while continuously monitoring the coupling

efficiency. Through this iterative alignment process, the annular beam diameter was adjusted to

350 µm at a fiber to device distance of 600 µm without degrading the optimized coupling con-

dition. The final beam diameter was confirmed through ImageJ profile analysis, which showed

consistent fitting results before and after alignment, verifying that the optimized configuration

maintained both beam uniformity and maximum coupling efficiency. Under these calibrated

conditions, a coupling efficiency of approximately 33% was achieved, defined as the ratio of

optical power measured at the DCF output facet prior to device illumination to the optical

power delivered by the laser before entering the lens-based launch system. For comparison,

previous literature has shown coupling efficiencies greater than 60% using MMF with higher

NA (e.g., NA = 0.37) and larger core diameters (up to 800 µm) [70]. Similarly, in a Thorlabs

study [71], a 200 µm core multimode fiber with an NA of 0.39 produced an annular beam

of approximately 1 mm diameter. In this work, the experimental focus was on generating an

annular beam matched to the 350 µm active diameter of the PPC using the DCF configuration

described above. Consequently, optimization of coupling efficiency through the selection of a

higher-NA fiber was not pursued, as the primary objective was to evaluate the performance of

the PPC under controlled annular beam illumination at this beam diameter. Following beam
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verification and optimization, the annular beam was directed onto the PPC under surface-

normal incidence. This ensured uniform illumination of the device’s active region and optical

coupling for subsequent evaluation of PPC performance under annular beam illumination.

3.3.3 Quasi-Gaussian and annular beam analysis

A quasi-Gaussian beam was generated using the same optical setup by launching the laser beam

on-axis into the DCF at the laser–to–fiber input interface, resulting in a coupling efficiency of

approximately 96%. In this configuration, the beam profile emerging from the DCF corresponds

to the native multimode output under on-axis excitation, and no additional beam shaping was

required prior to device illumination. The launch optics were adjusted solely to maximize the

optical power delivered from the DCF onto the PPC at a fixed fiber-to-device separation. As

optimization of the Gaussian beam shape was not part of the calibration procedure. In contrast,

annular beam formation required off-axis launching of the laser beam into the DCF to excite

higher-order modes and redistribute optical power toward the fiber periphery. In this case, the

annular beam diameter needed to be matched to the PPC active aperture, and therefore beam

calibration and characterization were performed prior to device illumination.

The image was captured for fiber to device distance of 400 µm and 500 µm and the theoretically

calculated distance of 600 µm. To estimate beam coverage within the device active region, the

quasi-Gaussian beam image was fitted with a two-dimensional Gaussian function to determine

the beam center and full width at half maximum. The fitted profile was then overlaid with a

350 µm-diameter circular mask representing the PPC active area, and the integrated optical

intensity within this region was calculated. The Python scripts used for beam processing,

fitting, and intensity integration are provided in Appendix A.6.

To establish the nature of the beam profile under on-axis excitation, one-dimensional (1D)

intensity profiles were extracted along the x and y axis through the beam center at a fiber-to-

device distance of 600 µm. As shown in Figure 3.5, the 1D line scans along both directions

exhibit a single dominant central maximum with intensity decreasing toward the edges, in-

dicating a centrally weighted intensity distribution in both axes. However, unlike an ideal

single-mode Gaussian beam, the measured profiles display pronounced local intensity fluctua-

tions superimposed on the overall intensity distribution. These oscillations arise from speckle

generated by multimode interference within the DCF and are clearly visible in both the two-

dimensional (2D) intensity map and the corresponding 1D profiles. Despite the presence of
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speckle, the overall intensity distribution remains bell-shaped and centrally peaked along both

axes when averaged over local fluctuations, indicating that the majority of the optical power

is concentrated near the beam center. For the purposes of this work, the beam is therefore

described as quasi-Gaussian, reflecting a Gaussian-like spatial energy distribution modified by

multimode speckle rather than an ideal Gaussian profile.

Figure 3.5: One-dimensional line scans along the x and y direction through the center of
the quasi-Gaussian beam recorded on a diffusive imaging surface at a fiber to imaging plane
distance of 600 µm. The profiles show a centrally peaked, Gaussian-like intensity distribution
with superimposed fluctuations arising from multimode speckle.

Figure 3.6 (a) presents the corresponding two-dimensional (2D) normalized intensity distribu-

tions of the quasi-Gaussian beam at fiber-to-device distances of 400 µm, 500 µm, and the

theoretically calculated distance of 600 µm, with a 350 µm circular disk overlaid to represent

the PPC active area. The 2D images reveal spatially random speckle patterns with localized

high-intensity regions, which arise from multimode propagation within the DCF. As indicated

by the 1D line scans in Fig. 3.6, these speckle-induced variations are superimposed on an

overall centrally weighted intensity distribution.

At a fiber-to-device distance of 400 µm, the optical intensity is strongly concentrated near

the center of the active region, resulting in high beam coverage within the device aperture.

As the distance increases to 600 µm, the beam expands laterally and the intensity becomes

more broadly distributed across the active area. This redistribution improves the illumination

uniformity across the four laterally interconnected segments, but it also causes an increasing

fraction of the optical power to extend beyond the active region, resulting in spillage losses.

The estimated beam coverage within the 350 µm active diameter decreases from approximately

91% at 400 µm to 86% and 80% at 500 µm and 600 µm, respectively.
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Figure 3.6: Normalized two-dimensional intensity distributions of the beams recorded at
fiber-to-device distances of 400 µm, 500 µm, and 600 µm (left to right), with a 350 µm circular
disk overlaid to represent the PPC active area. Each panel corresponds to an independently
acquired beam image at the indicated fiber-to-device distance. (a) Quasi-Gaussian beam. (b)
Annular beam.

For annular beam image analysis, the captured images were geometrically corrected through

rotation and homographic (projective) transformation, which maps the tilted image plane to

an equivalent on-axis view, prior to overlap with the 350 µm circular disk and subsequent

intensity integration. Figure 3.6 (b) presents the normalized two-dimensional intensity distri-

butions of the annular beam at fiber-to-device distances of 400 µm, 500 µm, and 600 µm.

In contrast to the quasi-Gaussian illumination shown in Fig. 3.6 (a), the annular beam redis-

tributes optical power away from the center of the active area and concentrates intensity along

a ring positioned near the periphery of the 350 µm disk, thereby reducing central spillage and

improving confinement within the active region.

As the fiber-to-device separation increases from 400 µm to 600 µm, the annular beam expands

radially, causing the high-intensity ring to broaden and shift toward the edge of the active

area, with a corresponding increase in optical power spillage. At an intermediate separation of

500 µm, the annular ring remains relatively compact and continuous, whereas at 600 µm it

becomes less confined and partially extends beyond the active region. Conversely, at smaller

separations, the annular ring is narrower and more uniformly confined within the active area,

exhibiting a more continuous red–yellow intensity distribution around the circumference.
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Quantitatively, the estimated beam coverage within the active region is 97%, 90%, and 85%

for fiber-to-device distances of 400 µm, 500 µm, and 600 µm, respectively. In addition to

the increased confinement at smaller separations, the annular intensity distribution becomes

more radially compact and circumferentially continuous. Since each of the four PPC segments

occupies an angular sector of the circular active area, this increased circumferential continuity

implies a more uniform average optical power intercepted by each segment. This evolution

of the annular beam profile is therefore expected to mitigate photocurrent mismatch in the

series-connected PPC, with the corresponding electrical behavior discussed in the following

section.

3.3.4 Distance-Dependent Illumination Performance on Chip 1

3.3.4.1 I–V characteristics

Accurate alignment of the DCF output end with the PPC was performed as a calibration

step to ensure maximum optical coupling, achieved by monitoring the Isc under illumination.

This alignment was carried out using an XYZ motorized stage attached to the DCF fiber end,

allowing precise adjustment to match the illuminated profile across all four segments of the

device. Any misalignment leads to non-uniform illumination, causing the segment with the

lowest current to limit the overall current in the series-connected PPC. The photovoltaic I–V

characteristics of the 350 µm diameter four-segment PPC under quasi-Gaussian and annular

beam illumination are presented in Figure 3.7. For comparison purposes, the I–V curves are

plotted using an inverted current convention so that the operating region is displayed in the

first quadrant. The measurements were performed by varying the optical power at the output

of the DCF from 0 to 60 mW, which corresponds to the incident optical power (Pillum) delivered

to the device surface. The same power range was maintained for both illumination profiles to

enable a direct comparison of their performance, the upper limit of Pillum is limited by the

coupling loss associated with generating the annular beam.

An increase in illumination power Pillum increases, the I–V characteristics under quasi-Gaussian

illumination exhibit a progressive reduction in the slope of the curve in the high-voltage re-

gion approaching open-circuit conditions. This behavior is indicative of an increase in the

effective series resistance. In the laterally segmented PPC architecture, higher optical power

leads to increased photocurrent density concentrated near the center of the device, which in
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Figure 3.7: Comparison of the I–V characteristics of the 350 µm diameter four-segment PPC
under Gaussian and annular illumination at 851 nm, measured for varying DCF output power
levels (Pillum) from 0 mW to 60 mW at a fiber-to-device separation of 600 µm.

turn enhances lateral current spreading toward the interconnection regions. The resulting in-

crease in lateral spreading resistance, together with temperature-dependent resistivity of the

semiconductor layers and metal contacts under elevated current densities, contributes to a rise

in effective series resistance. This manifests as a reduction in FF and a decrease in the Voc

at higher illumination powers. In contrast, annular illumination generates a lower total pho-

tocurrent but distributes the optical intensity toward the periphery of the four-segment PPC,

closer to the current-collection paths. This spatial redistribution reduces lateral current trans-

port distances and mitigates increases in spreading resistance, resulting in a more stable series

resistance with increasing Pillum. Although a portion of the annular beam overlaps with the

interconnection metal and isolation regions—reducing the effective photoactive area and hence

the generated current—the reduced resistive losses enable the annularly illuminated device to

maintain a higher Voc at Pillum 60 mW compared with the quasi-Gaussian case. Conversely,

quasi-Gaussian illumination produces a higher photocurrent due to broader coverage of the

active segments, but this comes at the expense of increased series resistance, leading to lower

Voc and fill factor at high illumination powers.

3.3.4.2 Analysis of open-circuit voltage and short circuit current

Figure 3.8 (a) presents the variation of Voc as a function of incident optical power for both

quasi-Gaussian and annular illumination profiles at different fiber to device separations. The

measured Voc representing the combined output of the four-segment PPC and exhibits a log-

arithmic increase with rising illumination power, consistent with the expected diode behavior
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of PV devices described by Equation 2.4. The Voc values obtained in this work are notably

higher than those reported for four-junction vertically stacked converters in [72]. Under annular

illumination at fiber to device distance of 600 µm, Voc reaches a maximum value of 4.77 V at

an incident optical power of 60 mW, corresponding to an average per-cell open-circuit voltage

of approximately 1.19 V. This represents an improvement of approximately 1.7% compared

to the quasi-Gaussian illumination case at the same optical power. As the fiber-to-device dis-

tance increases, variations in Voc remain relatively small due to its logarithmic dependence on

the effective illumination level, particularly when compared with the corresponding changes

observed in the Isc.

Figure 3.8: Comparison of quasi-Gaussian and annular beam illumination on the four segment
PPC at fiber to device separations of 400 µm, 500 µm, and 600 µm for varying incident optical
powers: (a) Voc and (b) Isc.

The circular PPC segment has a diameter of 350 µm and is illuminated with up to 60 mW,

corresponding to an optical power density of approximately 62 W/cm2. A slight reduction

in Voc is observed when the fiber-to-device separation is decreased, with the value dropping

to 4.74 V at 60 mW. This behavior can be attributed to the annular beam becoming more

confined within the active area at smaller separations, resulting in reduced light spillage but

increased localized optical intensity and enhanced recombination losses near the illuminated

region. Overall, annular illumination exhibits higher and more gradually saturating Voc values

with increasing optical power compared to the quasi-Gaussian beam, indicating a more stable

voltage response under annular illumination conditions.
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The Isc of the four-segment PPC directly reflects how effectively the quasi-Gaussian and annular

beams illuminate the device. Any non-uniform illumination across the segments leads to a

reduction in total current. The influence of beam confinement and illumination profile on Isc is

shown in Figure 3.8 (b). At a fiber-to-device separation of 600 µm, annular illumination has a

slightly lower Isc (1 mA) than the quasi-Gaussian beam (1.24 mW) at 10 mW of illumination.

This difference more pronounced at higher illumination power at 50 mW of illumination where

annular beam illumination results in an Isc of 5.26 mA, compared to quasi-Gaussian beam of

6 mA. This behavior occurs despite the higher optical confinement achieved by the annular

beam within the 350 µm active area and is consistent with the beam analysis in Figure 3.6,

which shows that at this separation the annular intensity distribution is confined but not yet

evenly distributed around the ring. The resulting segment-to-segment illumination imbalance

limits the collected current in the series-connected PPC.

As the fiber-to-device separation is reduced, the annular beam becomes more compact and

its intensity distribution more evenly distributed around the active area, as discussed in the

beam analysis. At a separation of 500 µm, the improved circumferential distribution of optical

power leads to comparable Isc values for annular and quasi-Gaussian illumination. With a

further reduction to 400 µm, the annular beam provides a more uniform overlap with all four

segments, resulting in a higher measured Isc with increasing Pillum. This trend confirms that,

in addition to optical confinement, uniform intensity distribution across the segments is a key

factor in maximizing current in the four-segment PPC.

3.3.4.3 Voltage at maximum power point Vmax

The maximum voltage delivered, extracted from the maximum operating point of the I–V curve,

is presented in Figure 3.9, showing the variation of Vmax as a function of incident optical power

under quasi-Gaussian and annular beam illumination for different fiber-to-device separations.

Under quasi-Gaussian illumination at the 600 µm fiber-to-device distance, Vmax decreases

monotonically from 4.07 V to 3.74 V as the incident optical power increases from 10 mW to

60 mW. This decline is attributed to increased series resistance at higher illumination levels,

which introduces resistive voltage losses under high-current operation and limits the effective

extraction of charge at the operating point. In contrast, annular illumination exhibits an

opposite trend, with Vmax increasing from 4.07 V to 4.18 V which is 2.7% improvement over

the same power range. At 60 mW, Vmax under annular illumination is approximately 11.7%
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higher than that obtained with the quasi-Gaussian beam, indicating superior voltage retention.

When the fiber-to-device separation is reduced to 400 µm, under annular illumination Vmax

remains relatively high 4.09 V at 60 mW, compared with 3.72 V for quasi-Gaussian illumination.

Figure 3.9: Voltage at the maximum power point Vmax of the four-segment PPC under
quasi-Gaussian and annular beam illumination at an incident power of 60 mW. Measurements
were performed for fiber to device separations of 600 µm, 500 µm, and 400 µm. The annular
illumination exhibits a higher Vmax 4.18 V at 60 mW of incident power.

3.3.4.4 Efficiency and fill factor

Figure 3.10 presents the η and FF of the four-segment PPC, which were extracted for fiber-

to-device separations of 400 µm, 500 µm and 600 µm. At lower fiber to device distance

400 µm, annular beam illumination on PPC exbihits higher η of 48.6% and a FF of 84.4% at

20 mW incident power, as shown in Figure 3.10 (a). The relatively high performance at this

distance results from the annular beam illuminating uniformly across all four segments, with

improved confinement within the active area. In contrast, the quasi-Gaussian beam offers a

smaller effective illumination area due to its reduced spot size, even though the beam remains

well confined within the active region. As the illumination power increases to 60 mW, η

and FF decrease slightly to 47.5% and 81.8%, respectively, indicating minimal performance

degradation.

At a separation of 500 µm, the annular beam remains well aligned with the active region,

resulting in an η of 47.6% and an FF of 82.6% at 60 mW, as shown in Figure 3.10 (b). In

comparison, under quasi-Gaussian illumination at both 400 µm and 500 µm separations,

η and FF exhibit a more gradual reduction with increasing optical power, indicating greater

sensitivity to power-dependent losses. Across all fiber-to-device distances, the quasi-Gaussian

illumination exhibits a more pronounced reduction in fill factor with increasing incident power,
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Figure 3.10: Variation of power conversion efficiency η and FF with incident optical power
for the four segment PPC under annular and quasi-Gaussian illumination at fiber to device
separations of (a) 400 µm, (b) 500 µm and (c) 600 µm.

which contributes to the corresponding decrease in power conversion efficiency at higher illumi-

nation levels. At the geometrically estimated optimal fiber-to-device distance of 600 µm, the

device achieves a maximum η of 48% under quasi-Gaussian illumination and 40% under annu-

lar illumination at 20 mW, as shown in Figure 3.10 (c). The lower η observed under annular

illumination at this spacing arises from reduced beam confinement within the active area, as a

portion of the ring-shaped beam extends beyond the device boundary, thereby decreasing the

effective light absorption region and limiting generated electric power.

3.4 Validation and extended-distance analysis using chip 2

Following the characterization of Chip 1, a second device fabricated with the same four-segment

GaAs PPC structure was investigated using an identical surface-normal illumination configura-

tion to assess the reproducibility of the observed distance-dependent trends and to explore the

effects of increased fiber-to-device separation. For quasi-Gaussian illumination, the separation

distance was extended beyond 0.6 mm to examine how beam divergence and speckle evolution

from the multimode DCF influence the illumination profile, optical coverage, and resulting

photovoltaic response. Although a separation of approximately 0.6 mm corresponds to the

theoretically estimated distance that best matches the 350 µm device diameter, extending this

range provides insight into the onset of beam overspill and reduced coupling efficiency at larger

distances.
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In contrast, annular illumination measurements were intentionally limited to fiber-to-device

distances of 0.6 mm and below, where effective overlap with the active region is maintained, in

order to validate the reproducibility of annular beam confinement and coupling behavior across

devices. The setup was calibrated under annular illumination, yielding a coupling efficiency

of approximately 35%, closely matching that obtained for Chip 1 under equivalent conditions.

Together, these measurements enable a systematic evaluation of beam confinement, active-area

coverage, and PV performance on a second device, allowing direct comparison with the trends

established using Chip 1.

3.4.1 Beam characterization and illumination analysis on chip 2

The method used for analyzing the images of annular and quasi-Gaussian illumination for Chip

1 was also applied to Chip 2, with the main difference being that both illumination types were

captured at a 45◦ viewing angle to enable a systematic comparison under identical conditions.

Figure 3.11 presents the quasi-Gaussian beam intensity distribution for Chip 2 at various fiber-

to-device distances ranging from 0.4 mm to 2 mm. The captured images were geometrically

corrected through rotation and homographic transformation to represent the intensity profiles

in an equivalent on-axis view, as described previously, for consistent analysis. The background

in the corrected profiles appears slightly scattered due to diffuse reflections and noise introduced

by the diffuse paper used during imaging, and this background noise was accounted for in the

beam spillage estimation.

The quasi-Gaussian intensity distributions exhibit characteristic speckled patterns associated

with multimode propagation within the DCF, which persist across all distances and become

more apparent as the beam expands. As the fiber-to-device separation increases from 0.4 mm

to 1 mm, the beam envelope broadens progressively, with localized high-intensity regions dis-

tributed across the active area. At shorter distances between 0.4 mm and 0.6 mm, the illumina-

tion remains centrally confined within the 350 µm active diameter, indicating effective optical

confinement. When the separation is increased to 0.7 mm, the intensity distribution occupies

most of the circular disk while remaining largely confined within the 350 µm active diameter,

corresponding to approximately 95% active area coverage. This observation suggests that the

full NA of the fiber is not sampled, with optical power predominantly carried by near-axis

modes. Further increases in separation lead to overspill beyond the device boundary and a

corresponding reduction in central intensity.
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Figure 3.11: Quasi-Gaussian beam intensity distributions overlapped with a 350 µm circular
disk representing the PPC active region, plotted for fiber-to-device distances ranging from
0.4 mm to 2 mm.

This monotonic increase in beam diameter with propagation distance, as observed in Figure

3.11, is indicative of geometric divergence governed by the numerical aperture of the multimode

of DCF. Because the fiber NA fixes the angular distribution of light existing the DCF output

end, increasing the fiber-to-device distance converts this angular spread into a larger transverse

beam footprint without introducing abrupt changes in beam shape. The presence of speckle

at all distances indicates that the DCF output remains multimode, and that the reduced

confinement observed at larger separations is mainly caused by geometric beam spreading

rather than by changes in the modal distribution.

Figure 3.12: Annular beam intensity distributions overlapped with a 350 µm circular disk
representing the PPC active region, plotted for fiber-to-device distances ranging from 0.4 mm,
0.5 mm and 0.6 mm.

Figure 3.12 shows the annular beam intensity profiles at fiber to device distances of 0.4 mm,

0.5 mm, and 0.6 mm. With increasing fiber to device distance, the annular intensity distribution
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becomes more clearly defined, with a high-intensity ring surrounding a lower-intensity central

region. At 0.4 mm, the beam provides about 97% coverage of the active area with a strong

central confinement. Increasing the spacing to 0.5 mm causes the ring to expand outward,

with the high-intensity region approaching the disk edge and the outer intensity beginning to

spill beyond it. At 0.6 mm, the annular diameter nearly coincides with the boundary, show-

ing greater overspill compared to smaller spacings. This progression illustrates how adjusting

the fiber-to-device distance influences the annular beam diameter and spatial confinement. It

should be noted, however, that the coverage estimates are approximate, as the beam images

were captured under 45◦ conditions. Subsequent on-axis correction through homographic trans-

formation may lead to a marginal reduction in apparent beam size due to the soft beam edges

and projection effects.

3.4.2 Distance-dependence on-chip beam confinement

Figure 3.13 shows the illumination distribution on the four segment GaAs PPC captured by a

camera positioned at a 45 degrees angle with respect to the device surface. The output end of

the DCF was positioned at different fiber-to-device distances ranging from 0.4 mm to 2 mm to

observe the evolution of the quasi-Gaussian beam on the device surface. At larger separations

of 2 mm, the optical beam clearly overspills the 350 µm active area, and strong reflections

from the interconnection metals and the central trench-intersection region, are visible. At a

distance of 1 mm, the beam remains distributed across the four segments but partial overspill

onto the metallic interconnections can still be observed. When the spacing is reduced to

0.7 mm, the beam becomes more confined within the device boundary, and reflections from the

interconnection metals are no longer visible.

Further decreasing the distance from 0.6 mm to 0.4 mm results in the illumination shifting

toward the device center, producing a more concentrated and uniform intensity profile across

the active region. These observations indicate that, under quasi-Gaussian illumination, optimal

beam coverage on the PPC surface occurs at a fiber-to-device spacing of approximately 0.7 mm,

which closely corresponds to the theoretical value of 0.6 mm estimated for multimode DCF

illumination.

The captured image of the annular beam projected onto the device is shown in 3.14. At a fiber-

to-device distance of 0.4 mm, the annular beam effectively illuminates the active area, although

slight spillage onto the interconnection metal design is observed. As the distance increases to
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Figure 3.13: Illumination on the four segment GaAs PPC captured at a 45 degrees angle
under quasi-Gaussian illumination for varying fiber-to-device distances.

0.5 mm, the beam expands further, and reflections begin to appear near the inner radii of the

interconnect metal traces. At 0.6 mm, these reflections become evident, and illumination over

the metallic regions becomes dominant. These observations provide insight into the variation

of the Isc with increasing fiber-to-device distance, as the changing beam distribution and metal

reflections influence the optical coupling and photocurrent generation.

Figure 3.14: Annular beam illumination on the four segment GaAs PPC device captured at
a 45 degrees angle for fiber to device distances of 0.4 mm, 0.5 mm, and 0.6 mm (images shown
from left to right).

3.5 PV response of chip 2 under quasi-Gaussian and annular

illumination

3.5.1 Isc Dependence on Fiber-to-Device Distance

The I–V characteristics of Chip 2 were measured under quasi-Gaussian and annular illumination

as a function of fiber-to-device distance. Figure 3.14 presents the extracted short-circuit current
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Isc for both illumination profiles at incident powers ranging from 10 mW to 60 mW.

Figure 3.15: Variation of Isc of Chip 2 as a function of fiber-to-device distance for incident
optical powers ranging from 10 mW to 60 mW. The Isc values under annular beam illumination
are shown in black (dashed trace), while those under quasi-Gaussian illumination are shown in
red (solid trace).

Under quasi-Gaussian illumination, Isc remains relatively stable as the fiber-to-device distance

increases from 0.4 mm to 0.8 mm, indicating robust optical coupling over this range. At an

incident power of 10 mW, Isc increases from 1.18 mA at 0.4 mm to 1.36 mA at 0.8 mm,

corresponding to an enhancement of approximately 15%. This increase is consistent with

improved spatial overlap between the expanding beam and the 350 µm active area. Beyond

0.8 mm, Isc decreases by approximately 6% at 1.0 mm, coinciding with beam overspill beyond

the device boundary and reduced active-area coverage observed in the beam images.

In contrast, annular illumination exhibits a stronger dependence on fiber-to-device distance.

At 0.4 mm, the annular beam produces higher Isc than the quasi-Gaussian case, with an

enhancement of 2–12% across the investigated power range, consistent with the well-confined

annular intensity ring observed in the corresponding beam profiles. As the distance increases

to 0.5 mm, quasi-Gaussian illumination begins to yield 2–9% higher Isc, marking the onset of

radial expansion of the annular beam. At 0.6 mm, this expansion leads to pronounced overspill

and reduced overlap with the active area, resulting in Isc values that are 50–60% lower than

those obtained under quasi-Gaussian illumination.

A direct comparison between annular illumination at 0.4 mm and quasi-Gaussian illumina-

tion at 0.8 mm shows comparable photocurrent levels at moderate incident power, with the

quasi-Gaussian configuration exhibiting approximately 9% higher Isc at 20 mW. This compar-

ison highlights that while annular illumination can achieve efficient optical coupling at short
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distances, quasi-Gaussian illumination provides more stable current collection as the fiber-to-

device distance increases due to its broader and more tolerant beam coverage of the active

area.

3.5.2 Open circuit and maximum operating condition of Chip 2

Figure 3.16 (a) shows the variation of Voc with incident optical power for quasi-Gaussian

and annular illumination at different fiber-to-device distances. For both illumination profiles,

Voc increases logarithmically with input optical power, consistent with standard photovoltaic

behavior. At an incident power of 60 mW, annular illumination yields a maximum Voc of

4.81 V at a fiber-to-device distance of 0.6 mm, which is approximately 1.7% higher than the

value obtained under quasi-Gaussian illumination at a distance of 1 mm, the trends observed

for Chip 2 closely follow those established using Chip 1.

Figure 3.16: (a) Voc and (b) Vmax as functions of incident optical power for different fiber-
to-device distances under quasi-Gaussian and annular illumination.

The device delivers a maximum voltage Vmax of 4.13 V and 4.20 V at incident powers of 10 mW

and 60 mW, respectively, under annular beam illumination with a fiber to device distance of

0.4 mm as shown in Figure 3.16 (b), whereas under quasi-Gaussian illumination at a 1 mm

spacing, Vmax decreases to 4.02 V at 10 mW and 3.78 V at 60 mW. The stronger reduction

of Vmax at higher optical power under quasi-Gaussian illumination reflects increased resistive

voltage losses during current flow through the device, consistent with the series-resistance effects

identified for Chip 1. A fluctuation in the data observed near 40 mW under annular illumination

data arises from variations in the source laser output and is excluded from comparative analysis.
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In addition to the voltage characteristics, the maximum output power pmax delivered by the

four-segment PPC under quasi-Gaussian and annular illumination was evaluated using the

power–voltage characteristics shown in Fig. 3.16. At low incident optical power (10 mW), the

extracted pmax values are comparable for both illumination profiles, yielding approximately

5.20 mW under quasi-Gaussian illumination (1 mm spacing) and 4.69 mW under annular

illumination (0.4 mm spacing), indicating similar power delivery in the low-current regime. As

the incident optical power increases, a clear divergence in performance is observed. At 60 mW

input power, the device delivers a pmax of 27.02 mW under quasi-Gaussian illumination, while

annular illumination yields a comparable value of 26.97 mW, demonstrating that the four-

segment, 350 µm diameter PPC is capable of delivering nearly 27 mW of electrical power

under surface-normal excitation.

Figure 3.17: PV characteristics of the four-segment, 350 µm active diameter PPC, mea-
sured at the fiber-to-device separations corresponding to maximum power extraction for each
illumination profile. Solid lines correspond to annular illumination at a distance of 0.4 mm,
while dashed lines represent quasi-Gaussian illumination at a distance of 1 mm. Curve colour
denotes the incident optical power, varied from 10 to 60 mW (bottom to top curve).

3.5.3 Distance and illumination dependent η and FF performance of Chip 2

Figure 3.18 compares η and FF of Chip 2 under quasi-Gaussian and annular illumination at the

fiber-to-device distances corresponding to the highest performance for each illumination mode,

specifically 1 mm for quasi-Gaussian illumination and 0.4 mm for annular illumination. Under

quasi-Gaussian illumination, the device achieves an η of 50.5% at an incident optical power

of 10 mW with a corresponding FF of 84.8%. As the incident power increases to 60 mW,

η decreases to 45%, accompanied by a reduction in FF to 76.4%. These measurements are
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obtained at a larger fiber-to-device separation than those explored for Chip 1 and therefore

reflect the extended-distance study enabled by Chip 2 rather than an intrinsic improvement in

device performance.

Under annular illumination, Chip 2 exhibits reproducible behavior, with η increasing gradually

with incident power and reaching a maximum value of 47.4% with an FF of 81% at 50 mW.

This trend closely follows that observed for Chip 1, confirming consistent power-conversion

behavior under annular illumination across devices.

Figure 3.18: η and FF of chip 2 as a function of incident optical power under quasi-Gaussian
and annular illumination for fiber to device distances of 1 mm and 0.4 mm, respectively.
The results highlight that the device exhibits peak performance at these distances for each
illumination condition.

Figure 3.19 illustrates the dependence of the η of Chip 2 on fiber-to-device distance under

quasi-Gaussian illumination over the range 0.6–1.2 mm. While 0.6 mm corresponds to the the-

oretically estimated beam-matching condition, the experimental results show that the highest

efficiencies are achieved at slightly larger separations. Increasing the distance from 0.6 mm

to 0.8–1.0 mm leads to an improvement in η, whereas a further increase to 1.2 mm results in

reduced performance. The maximum η of 50.6% is obtained at a fiber-to-device distance of

0.8 mm for an incident optical power of 10 mW, decreasing to 43.8% at 60 mW. The reduction

in η at higher illumination levels is primarily associated with a decrease in the FF extracted

from the measured I–V characteristics, which limits the achievable power output.

In comparison with Chip 1, where the maximum efficiency occurred at 20 mW for a fiber-to-

device distance of 0.6 mm, Chip 2 exhibits optimal performance at lower incident power and

at distances exceeding the nominal beam-matching condition. This shift reflects the evolution
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Figure 3.19: η plotted as a function of incident optical power for fiber to device distance of
0.6 mm to 1.2 mm under quasi-Gaussian illumination on Chip 2.

Table 3.1: Performance comparison of the four-segment, 350 µm active diameter PPC under
quasi-Gaussian and annular illumination at their respective optimal fiber-device spacings.

Parameter Quasi-Gaussian (1 mm) Annular (0.4 mm)

Illumination profile Center-peaked intensity dis-
tribution

Peripheral ring-shaped distri-
bution

Fiber-device spacing 1.0 mm 0.4 mm

pmax = 10 mW 5.20 mW 4.69 mW

Vmax = 10 mW 4.02 V 4.13 V

pmax = 60 mW 27.02 mW 26.97 mW

Vmax = 60 mW 3.78 V 4.20 V

High-power voltage be-
havior

Response to rapid voltage re-
duction

Response to gradual voltage
reduction

Illumination uniformity Limited by intrinsic Gaussian
beam profile

Improved by annular redistri-
bution of optical power

of the multimode intensity distribution with propagation, leading to improved optical overlap

at slightly larger fiber-to-device separations under quasi-Gaussian illumination.

3.6 Conclusion and Discussion

This chapter presented an experimental investigation of optical beam shaping for enhanced

PV performance in laterally interconnected segmented PPC using a DCF illumination scheme.

Through a comparative and parametric study involving two PPC chips, the influence of illu-

mination profile, beam confinement within active region, and fiber to device distance on η and

device reproducibility was systematically examined.
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For Chip 1, annular illumination generated via angular coupling into the DCF improved voltage-

related performance relative to quasi-Gaussian illumination. At an irradiance of 62.4 W/cm2,

annular excitation yielded an open-circuit voltage of approximately 4.74 V and an operating

voltage exceeding 4 V, corresponding to improvements of about 1% and 9.6%, respectively.

A peak η of 48% for chip 1 was achieved under annular illumination at 20.4 W/cm2 for a

fiber-to-device spacing of 0.4 mm, indicating effective redistribution of optical power across the

segmented active area. At larger spacings, however, partial optical spillage reduced the collected

photocurrent, highlighting the sensitivity of annular illumination to beam confinement within

the PPC aperture.

Measurements on Chip 2 confirmed the robustness and reproducibility of these trends. Under

quasi-Gaussian illumination, maximum η was observed at a fiber-to-device spacing of 1 mm,

reaching about 50.4% at an irradiance 10.4 W/cm2 and decreasing to 45% at 62.4 W/cm2. In

contrast, annular illumination achieved comparable power delivery while maintaining higher

operating voltage at a reduced spacing of around 0.4 mm. These results demonstrate that

beam shaping enables equivalent electrical performance at substantially reduced fiber-to-device

separation, provided that optical confinement is carefully controlled. The key comparative

results obtained at these optimized spacings are summarized in Table 3.1.

Annular illumination enables higher operating voltage in laterally segmented surface-normal

PPCs. As the segment count is increased to support voltage scaling for delivery to remote cir-

cuits the associated growth in metal interconnects and isolation trenches enlarges the fraction

of non-active regions within the device aperture. Under these conditions, Gaussian illumination

experiences increased optical loss due to overlap with non-active regions, while annular illumi-

nation reduces this overlap and maintains effective power delivery. This behavior is relevant for

segmented PPCs employed in power-over-fiber architectures requiring compact integration and

elevated voltage operation, such as endoscopic microsystems. At higher incident powers, an-

nular illumination exhibited a gradual reduction in conversion efficiency and delivered voltage,

which can be attributed to non-uniform intensity distribution across the segmented PPC aper-

ture. Achieving improved segment-to-segment illumination uniformity therefore remains an

important design consideration. Future work will focus on optimizing annular beam generation

through controlled excitation of higher-order modes in high-NA double-clad fibers, including

refinement of launch conditions and tilt angles. Such improvements are expected to enhance

optical confinement, improve illumination uniformity, and increase overall system efficiency,
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further strengthening the viability of annular illumination as a scalable and robust approach

for compact, high-performance surface-normal power delivery systems.
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Chapter 4

Remote signalling using transfer

printed electroabsorption modulator

on a reflector

4.1 Introduction

In a power-over-fiber system for minimally invasive surgical endoscopes with outer diameters

ranging from 1 mm to 3 mm, the ability to remotely deliver sufficient optical power while

simultaneously supporting high-speed data transmission depends on both the efficiency of the

photovoltaic power converter and the performance of the optical modulator responsible for

encoding the return data signal. The previous chapter demonstrated that surface-normal illu-

mination onto a multi-segment PV converter provides an effective and compact approach for

harvesting optical power at the distal end of the endoscope. With the power-delivery method

established and its electrical output characteristics defined, the next requirement is the selec-

tion of a modulator that can operate within the constrained voltage and power levels available

from the photovoltaic device.

Short-reach optical links are commonly implemented using directly modulated semiconductor

lasers, including edge-emitting lasers and VCSELs. This chapter focuses on SNEAMs based on

the quantum-confined Stark effect (QCSE), which provide a compact device geometry together

with high extinction-ratio amplitude modulation, low drive-voltage operation, and polarization-

independent behavior [73]. These characteristics align directly with the spatial and electrical
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specifications of the targeted power-over-fiber endoscopic platform, where all components must

be accommodated within an outer diameter below 3 mm. In addition, the surface-normal

active aperture of SNEAMs is compatible with fiber delivered optical carriers from SMF and

DCF, enabling low-loss fiber–device coupling. Experimental demonstrations in the literature

[74] show that SNEAM arrays comprising devices with approximately 20 µm apertures have

been packaged and passively aligned within optical systems. The SNEAM device design and

footprint evaluated in this chapter are used to determine the achievable device performance for

subsequent co-integration with a surface-normal photovoltaic converter, providing the basis for

its integration within a minimally invasive power-over-fiber imaging tool.

This chapter details the design of SNEAM device and the transfer printing technique for as-

sembling the prefabricated SNEAM on a pattern target substrate. This assembly enables the

device to function as a reflective SNEAM. The fabricated SNEAM features an active aperture

of 30 µm and a coupon footprint of 68 µm × 77 µm with integrated electrical contacts

on an indium phosphide (InP) platform. An asymmetric Fabry–Pérot cavity is implemented

using the air–semiconductor interface as the top reflector and a bottom reflector composed of a

silicon nitride (SiN) layer and a high-reflectivity metallization stack on a silicon substrate. The

operating principle, governed by the QCSE, is examined through photoresponse measurements.

The cavity is designed to exhibit resonance at 1560 nm detuned from the intrinsic PIN exciton

absorption by depositing a 390 nm SiN layer above the bottom reflector.

The transfer printed SNEAM exhibits a DC extinction ratio of 6 dB between bias voltages of

-1V and -7 V. We measure the bandwidth of the device to be 9 GHz at 1560 nm for bias

voltage of -5 V. A eye diagram measurement were shown for a data modualtion of 1 Gbps on

the device using Non-Return-to-Zero On-Off Keying (NRZ-OOK) with driving voltage of 6 V.

4.2 Principles of SNEAM Operation and State of the Art

The shift in the absorption spectrum under an applied electric field in a quantum well (QW)

structure arises from the quantum-confined exciton, a bound electron hole pair confined within

the low-bandgap well and restricted by the surrounding higher bandgap barriers [75]. Figure 4.1

(a) illustrates this QCSE using a single well example, whereas the actual device employs mul-

tiple wells and barrier. With no applied field, the electron and hole wavefunctions are centered

within the well, defining the excitonic transition energy E1. When a reverse bias is applied,

the electric field tilts the potential and displaces the carrier wavefunctions toward opposite
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sides of the well, lowering the excitonic transition energy to E2 which appears as a redshift

in the absorption spectrum. At sufficiently high fields, the field-induced separation becomes

large enough that the exciton can no longer remain bound, leading to the disappearance of the

excitonic. The corresponding change in the absorption spectrum is illustrated schematically

in Figure 4.1 (b). In the unbiased case, a distinct excitonic peak appears near the band edge,

characteristic of a well confined electron–hole pair. Increasing the reverse bias shifts this peak

to longer wavelength and reduces its amplitude due to field-induced wavefunction displace-

ment. For electro-absorption modulation, an operating wavelength λop is selected at the point

where the absorption difference between spectra obtained under different reverse-bias condi-

tions reaches its maximum, providing the highest extinction ratio. This bias-dependent change

in absorption amplitude enables modulation of the transmitted optical signal by switching the

applied voltage between its on and off states.

Figure 4.1: (a) Band diagrams illustrating the electron and hole wavefunction in a single
QW, under no bias and reverse condition. (b) Schematic absorption spectra showing the QCSE-
induced redshift and reduction of the excitonic peak under reverse bias, with λop indicating the
wavelength of maximum modulation. (c) Schematic of surface normal EAM under transmission
design.

Figure 4.1 (c) illustrates the early implementation of a SNEAM [76] [77], in which light prop-

agates perpendicular to the MQW layers. In this transmission-based configuration, incident

light enters through the top surface, passes through the SiN anti-reflection coating and the

p-doped semiconductor layer, and then reaches the intrinsic region containing the MQWs that
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govern the modulation process. As the incident light passes through the MQW region, the

absorption changes with the applied reverse bias, and the transmitted light exits through the

n-doped semiconductor and the backside-etched substrate for collection. This surface normal

transmission design enabled the first direct measurements of QCSE by monitoring the trans-

mitted intensity through the device. However, the geometry inherently limits the interaction

length between the incident light and the MQW region, which in turn restricts the achievable

extinction ratio.

Addressing this limitation required increasing the interaction length within the MQW region,

and early devices therefore employed MQW sections nearly one 1 µm thick to produce a mea-

surable change in excitonic absorption at a fixed wavelength. This increased thickness, however,

distributed the applied voltage over a larger distance, reducing the electric field for a given bias

and therefore requiring higher reverse-bias operation while also introducing additional insertion

loss. Later studies demonstrated that a more effective way to enhance the interaction between

the incident light and the MQW region is to form a Fabry–Pérot (FP) cavity by placing mirrors

above and below the PIN stack that includes MQWs [78] [79]. A reflective interface beneath the

MQW region increases the effective optical path without modifying the physical thickness of

the intrinsic layer, allowing the optical field to traverse the wells multiple times. This resonance

based configuration strengthens the influence of QCSE induced absorption changes, enabling

higher extinction ratios at reduced drive voltage.

4.2.1 Asymmetric FP Reflection operation in SNEAM

In the SNEAM, the asymmetric FP design is realized by using a lower reflectivity top mirror

relative to the bottom mirror, which enhances the resonant response and enables a high extinc-

tion ratio. [79] [80]. Figure 4.2 illustrates this asymmetric configuration. In the reflection-mode

operation of SNEAM, the incident light encounters the top-interface reflection and also prop-

agates through the MQW region to the bottom mirror, where it is reflected and passes back

through the MQW with a phase opposite to that of the top reflection. The absorption change in

the MQW region induced by the QCSE adjusts the attenuation of this round-trip light, thereby

modifying the effective bottom reflection response so that the interfering reflected amplitudes

can be brought to the condition required for cancellation.
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Figure 4.2: Schematic illustration of light reflection in the asymmetric Fabry–Perot operation
of SNEAM. The top reflection Rt exhibits a 180-degree phase shift, and the bottom reflection
Rb, after passing through the cavity, ideally returns with an opposite phase and an amplitude
comparable to Rb, enabling destructive interference in the reflected signal.

At resonance, the total reflected amplitude at the top surface is expressed as in [79]

rtot = − rt + rbe
−αL, (4.1)

where rt and rb are the amplitude reflection coefficients of the top and bottom reflector, re-

spectively, and α and L are the absorption coefficient and cavity length of the MQW region.

The QCSE increases α under reverse bias such that the attenuated bottom-mirror reflection

satisfies the balance condition in Equation 4.2, where its amplitude and phase match those of

the top reflection; under this condition, the total reflected amplitude reduces to zero, as shown

in Equation 4.3.

rbe
−αL = rt, (4.2)

rtot = − rt + rt = 0, (4.3)

In terms of power reflectivities Rt = |rt|2 and Rb = |rb|2 this cancellation condition becomes

Rbe
−2αL = Rt, (4.4)

which can only be satisfied when Rb > Rt so that the bottom reflection can be reduced to the

required level by absorption in the cavity. This unique ability of the asymmetric FP configu-

ration to reach the zero–reflectivity condition with modest absorption change allows SNEAM

devices to achieve very high extinction ratios with short cavity lengths and low operating volt-

ages, in contrast to symmetric FP structures, which cannot realize this cancellation at low

bias.
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The top reflectivity was optimized through epitaxial growth of distributed Bragg reflection

layers [81] [82], deposition of dielectric layers [73] and using the air semiconductor interface

[79] [83]. In order to achieve a SNEAM device with high performance, an optimization of the

PIN structure and top reflectivity are crucial for positioning the FP resonance at a wavelength

encountering high change in absorption for an applied reverse bias. Recent work used an

asymmetric design approach as an effective way to reduce the drive voltage from 4 V to 1.5 V

by reducing the MQW number and by further optimization of the top reflector which in resulted

in an extinction of 10 dB [59]. In the literature, integration of asymmetric SNEAMs from source

to any target wafer were demonstrated using either flip-chip bonding or wafer bonding. A 1-D

array of C-band SNEAM devices was demonstrated using flip-chip bonding of an active region

containing InAlGaAs QWs followed by substrate removal [73], [84]. In [85] a Ge-Si-based

asymmetric FP EAM, grown on a silicon substrate and integrated onto a handling wafer, was

realized via anodic bonding and selective silicon etching. While these approaches enable device

integration, they involve complex substrate release and intricate fabrication steps to incorporate

both top and bottom reflectors in the SNEAM structure. As a more flexible and scalable

alternative, we employ microtransfer printing to assemble the SNEAM device with InAlGaAs

QWs. This approach enables heterogeneous integration with remote powering device, allowing

efficient pick-and-place transfer of disparate photonic components onto target wafers [86], [87].

4.3 Reflective SNEAM device design

The formation of the reflective electro-absorption modulator device involves two separate design

and process steps. The first step is the design and fabrication of the SNEAM, and the second

involves designing the cavity on the target wafer and transfer-printing the released SNEAM

device onto the reflector target, enabling it to function as a reflective EAM device. On the source

wafer, the PIN structure with MQW layers is grown epitaxially, followed by the fabrication of

the SNEAM device structure using a specifically designed mask. The SNEAM device is designed

to operate based on an asymmetric FP cavity resonance. The prefabricated SNEAM device is

transfer-printed onto a dielectric layer positioned above the reflector on the target wafer. These

steps are discussed in detail in the following sections.
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4.3.1 SNEAM device design

A surface normal configuration of the EAM is realized using a circular mesa design with active

diameters of 10 µm, 20 µm, and 30 µm. These diameters were chosen to enable light coupling

through a single-mode fiber. On the source wafer, the EAM with a PIN structure consists

of a 2 µm, thick p-layer, 10 AlInGaAs-based quantum wells, an intrinsic region with a total

thickness of 395 nm, and a 200 nm thin n-layer. An InGaAs and InAlAs dual sacrificial layer

with thicknesses of 100 nm and 400 nm, respectively, is incorporated to enable undercutting

of the coupons for transfer printing. The thickness of the intrinsic layer and the number of

quantum wells are critical parameters that determine the bias voltage required to observe

a strong QCSE. The MQWs in the PIN structure were designed for achieving an exciton

peak near 1500 nm. When the SNEAM is placed on a reflective substrate, the FP resonance

enhances the interaction between the incident light and the MQW absorbing layer, enabling

a larger QCSE-induced redshift at reduced operating voltage. Based on the intrinsic-region

thickness used in this device, applied reverse-bias voltages of 5 V and 7 V correspond to

electric fields of 127 kV/cm and 177 kV/cm, respectively. The MQW epitaxial structure used

in this work is identical to that reported in [88], where a QCSE-induced excitonic redshift of

several nanometers was demonstrated under surface-normal incidence for reverse-bias voltages

up to 8 V. In that work, absorption modulation of the same MQW structure was characterized

in an edge-coupled configuration, confirming that electric-field magnitudes in this range are

sufficient to induce significant electroabsorption in InAlGaAs/InP MQWs.

The EAM device was grown on an InP substrate, incorporating a release layer composed of

InGaAs and AlInGaAs beneath the PIN layers. Further details of the epitaxial stack are

provided in [88]. The overall coupon dimension of the PIN circular mesa structure with active

diameters of 10 µm, 20 µm and 30 µm are 63 µm × 77 µm, 68 µm × 77 µm and 80 µm

× 87 µm designed in considering the fabrication tolerance associated with each process step.

The device dimension should also be compatible with the polydimethylsiloxane (PDMS) stamp

used for transfer-printing the coupon from the source wafer to the target wafer.

4.3.2 Asymmetric FP Cavity Design

The asymmetric FP cavity is formed within the PIN structure, comprising two reflectors sepa-

rated by a MQW active region illustrated in Figure 4.3 (a). The cavity includes a front partial

reflector Rt and a back-end high reflector. The incident light Pin first interfaces with the air
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and the p-InP layer at the front of the device, where partial reflection occurs. The remaining

light propagates through the MQW active region and is reflected by the Au back reflector,

forming an optical resonance within the cavity. The resonant wavelength of the FP cavity is

designed to coincide with the wavelength of maximum absorption difference in the MQW under

applied reverse bias.

Figure 4.3: (a) Schematic of asymmetric FP resonance in the SNEAM device, (b) The
simulated cavity response plotted for comparing reflection intensity with increase in reverse
bias.

This design choice follows from the QCSE behaviour discussed in Section 4.2. Under reverse

bias, the field-dependent absorption modifies the effective bottom-mirror reflection Rb, enabling

the device to switch between high and low reflectivity states. To optimize the operating resonant

wavelength, a dielectric SiN layer is deposited before the back-end reflector to adjust the cavity

length. The thickness of the SiN layer (refractive index n = 1.99 [89]) is designed to be a

half-wavelength thickness, supporting a resonant wavelength of 1560 nm, which corresponds

to the maximum extinction ratio of the signal. A thin benzocyclobutene (BCB) layer is used

primarily as an adhesive to bond the PIN structure to the SiN–Au reflector; however, because

BCB also forms part of the optical cavity, its presence influences the effective cavity length and

therefore affects the FP resonance. Thin-film simulations are used to evaluate how the SiN and

BCB layer thicknesses affect the resonance behaviour of the cavity.

Figure 4.3 (b) shows the thin-film simulation implemented using Essential Macleod, and the

intrinsic-layer parameters employed are listed in Appendix Table A.7.1 and A.7.2. The sim-

ulation results in Figure 4.4 are plotted for wavelengths below 1560 nm to reveal the FP

cavity modes beyond the excitonic absorption region, allowing direct comparison with DC-

characterization measurements. The resonant mode near 1560 nm is achieved by optimizing

the SiN and BCB layer thicknesses to 390 nm and 90 nm, respectively. The effect of varying

these thicknesses in the multilayer PIN–BCB–SiN–Au structure is illustrated in Fig. 4.4. The

simulations are primarily used to identify and compare the depth of the reflectance minimum
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near 1560 nm, which corresponds to the strength of the FP cavity resonance controlled through

the SiN and BCB layer thicknesses.

Figure 4.4: Thin-film simulation results of the multilayer PIN–BCB–SiN–Au structure ob-
tained using Essential Macleod. (a) Reflectance spectra showing the variation in reflectance
minimum for quarter-wavelength (195 nm) and half-wavelength (390 nm) SiN thicknesses at
a fixed BCB thickness of 90 nm, highlighting the resonance near 1560 nm. (b) Spectral re-
flectance as a function of wavelength for different BCB thicknesses with the SiN thickness fixed
at 390 nm.

To support resonance at the target wavelength, the SiN thickness was considered for quarter-

wavelength (195 nm) and half-wavelength (390 nm) conditions while keeping the BCB thickness

fixed at 90 nm. As shown in Figure 4.4 (a), a SiN thickness of 390 nm produces a deeper

reflectance minimum than 195 nm, indicating stronger destructive interference between the

reflected waves and more effective phase matching at 1560 nm. This comparison demonstrates

that the resonance is more weakly supported for the quarter-wavelength SiN configuration.

The influence of the BCB layer thickness was examined by fixing the SiN thickness at 390 nm,

with the results shown in Figure 4.4 (b). Introducing a 90 nm BCB layer reduces the re-

flectance at resonance from 69.4% to 27.2%, corresponding to an absolute reflectance reduction

of approximately 42.2 percentage points compared to the case without a BCB layer between

the PIN stack and the SiN–Au reflector. This reduction confirms the role of the BCB layer in

strengthening the cavity resonance by modifying the effective optical path length.

In this design, both the SiN and BCB layers form part of the optical cavity and therefore

contribute to the effective refractive index experienced by the optical mode. Because SiN has a

higher refractive index than BCB and can be deposited without a hard-curing process, it is used

as the underlying layer beneath the PIN structure to provide finer control over the resonance

condition. The abrupt spectral features observed in the simulated reflectance curves arise from

the limited wavelength resolution of the intrinsic material optical data used in the Macleod
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simulations. Increasing the density of wavelength-dependent material data points would result

in smoother spectral transitions while preserving the observed reflectance minima and their

dependence on SiN and BCB thickness.

4.4 Fabrication of Asymmetric FP SNEAM Devices

The fabrication of the SNEAM is based on a process flow and corresponding mask that was

designed in this work, involving a source wafer and a target wafer. Details of the epitaxial PIN

material stack are provided in Appendix A.8.1. On the source wafer, PIN structures with device

contacts are fabricated and finished with tether and releasing coupon steps. On the target

wafer, the reflective mirror stack is patterned and prepared to receive the transferred devices.

Following transfer printing, the fabrication process is completed with bond-pad metallization

for electrical characterization. The corresponding mask layouts used for the source and target

wafer fabrication are provided in Appendix Figure B.3.1 and B.4.1.

4.4.1 Source fabrication

The EAM devices with active diameters of 10 µm, 20 µm and 30 µm, were fabricated on the

source wafer using a 7-layer mask process. The fabrication steps includes P-metal lithography

and metallization, mesa formation and mesa encapsulation, N-metal lithography and metal-

lization, coupon definition and coupon encapsulation, contact opening, and photoresist tether

definition. The layout design of the coupon with tethers is presented in Appendix Figure B.1.1,

and B.2.1. Following these steps, the undercut process is performed by selectively removing

the release layer using a FeCl3 solution, allowing the coupons to be released and prepared

for pick-and-place integration. A schematic representation of the source wafer process flow is

illustrated in Figure 4.5.

4.4.2 Target fabrication

The silicon target wafer fabrication begins with the design of a photolithography mask that

incorporates the bottom reflector geometry, alignment marks required for the transfer-printing

process, and bond-pad layouts. Using this mask, lithographic patterning is carried out to define
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Figure 4.5: Overview of the fabrication process flow for the source wafer.

the Au bottom reflector and bond pads on the silicon substrate. These patterned features estab-

lish both the optical cavity foundation and the electrical access required for subsequent device

integration. The bottom reflector geometry is defined on the silicon wafer using lithography,

followed by the deposition and lift-off of a 200 nm thick Au layer, resulting in Au being present

only in the designed reflector regions. Following the formation of the Au bottom reflector, a

390 nm thick SiN layer, corresponding to a λ/2 optical thickness, is deposited uniformly across

the entire wafer using plasma-enhanced chemical vapor deposition. The SiN layer uniformly

covers the patterned Au reflector and remains present beneath the bond-pad regions, with its

thickness optimized to achieve a resonant cavity wavelength of 1561 nm. Prior to BCB depo-

sition, the target wafer undergoes O2 plasma treatment at 66% power (200 W) for 10 minutes

to enhance adhesion. Subsequently, a 90 nm thin BCB layer is spin-coated onto the SiN layer

of the target wafer and cured at 90°C for 3 minutes.

4.4.3 Micro transfer printing

The prepared target wafer and released SNEAM coupon on the source wafer are positioned

in the transfer print instrument. The PDMS stamp with dimension of 80 µm × 80 µm

used to pick the released coupon with encapsulation of 63 µm × 77 µm, 68 µm × 77

µm and 80 µm × 87 µm. The picked coupons were positioned at the target locations and

printed after fine alignment using L-shaped alignment markers defined on both the coupons

and the target wafer. After successful coupon transfer with misalignment of <1 µm, the

target wafer is placed on a hot plate at 120°C for 3 minutes to enhance adhesion between the

printed coupon and the BCB-coated target before removing the tether. The tether resist is

then removed using a surface patterning tool, where O2 cleaning is performed for 6 minutes.
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Figure 4.6: (a) Microscope image of the transferred coupon on the target wafer prior to GSG
pad metallization, showing the alignment accuracy. (b) Schematic illustration of the printed
device on the target wafer following completion of the GSG pad metallization.

To further improve the adhesion between coupon and the spin-coated BCB reflector target,

the transfer-printed targets were placed in silylation oven. Figure 4.6 shows a schematic of

the final post-processing step, in which ground-signal-ground (GSG) bond pads are defined for

testing by lithography and angled metal evaporation using a Ti/Pt/Ag/Au metal stack with

thicknesses of 60 nm/40 nm/800 nm/200 nm, respectively.

Figure 4.7: EAM device with an active diameter of 30 µm printed onto the target wafer: (a)
Scanning electron microscope (SEM) image of the device following bondpad metallization on
the transferred coupon. (b) Microscope image of the completed device showing the GSG pad
configuration.

The SEM image in Figure 4.7 (a) was captured to demonstrate the successful transfer printing

of the device onto a back reflector, positioned beneath the SiN and BCB layers. The GSG

track is defined on the P and N metal contacts on the device, which has an active diameter of

30 µm. Figure 4.7 (b) presents a microscope image of the completed device, highlighting the

GSG pad structure. Each pad has dimensions of 100 µm × 100 µm on the target wafer, with
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pad pitch of 125 µm designed to match the GSG probe used for device testing. The pads were

positioned 150 µm from the center of the mesa to prevent the 125 µm diameter fiber cladding

from interfering with device probing. The layout of the device on the target wafer is shown in

Appendix Figure B.5.1.

4.5 Result and discussion

4.5.1 Photoabsorption response

The photoresponse of the 30 µm active diameter device was characterized by illuminating it

with a broadband wavelength source. Figure 4.8 (a) demonstrates the QCSE effect, illustrating

the voltage-induced wavelength shift. The exciton peak is prominently observed near 1500 nm

under a low bias at 0 V. As the reverse bias increases, the exciton peak exhibits a slight

reduction in absorption amplitude. However, near 1560 nm, the absorption peak increases at

-7 V and -8 V, which results from the cavity design. At this wavelength, a significant difference

in absorption amplitude is observed between voltage levels of -8 V and -1 V, indicating high

extinction ratio amplitude modulation. Further increasing the bias beyond -8 V depletes the

exciton, leading to a decrease in amplitude. Figure 4.8 (b) presents the exciton wavelength

shift as a function of reverse bias voltage, demonstrating a clear redshift with increasing bias.

The magnitude of the shift reflects the nonlinear field dependence characteristic of the QCSE,

where the applied electric field tilts the potential profile and spatially separates the electron

and hole wavefunctions, thereby reducing the transition energy.

The cavity resonant wavelength is aligned with a spectral region in which MQW absorption

exhibits strong dependence on the applied reverse bias due to the QCSE. As light undergoes

multiple round trips within the cavity, the effective interaction length within the MQWs is

increased, thereby amplifying the bias-induced change in absorption at the resonant wavelength.

This behavior is absent in the QCSE effect observed in the same EAM structure without the

cavity design [88]. The results demonstrate that this long-cavity device supports operation at

multiple resonant wavelengths, including 1316 nm, where photoabsorption is high, making it

suitable for receiver applications. The free spectral range was determined from the peak-to-

peak separation of adjacent cavity resonances and evaluated in the frequency domain, resulting

an approximately constant mode spacing of 18 THz. The dual operational capability under

optimal biasing conditions allows the device to function as both a receiver channel and a signal
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modulator for remote applications. However, this work focuses on testing signal modulation

due to time constraints.

Figure 4.8: (a) The QCSE effect of SNEAM with presence of asymmetric FP condition.
Voltage induced exciton shift tested for 30 µm diameter device and (b) Exciton wavelength
shift versus reverse bias applied to the device.

4.5.2 Reflection spectrum

The reflected light from the device was measured using a flat-cleaved SM fiber with core diam-

eter of 9 µm, positioned perpendicular to the device surface. The fiber was carefully aligned

to avoid cavity formation between the fiber tip and the device surface, ensuring that the re-

flected signal corresponded only to the FP cavity of the device. All the measurements were

performed on the device with 30 µm active diameter. The experimental setup consists of a

broadband amplified spontaneous emission (ASE) output from an Erbium-Doped Fiber Am-

plifier (EDFA), which is incident on the SNEAM device through an optical circulator. The

reflected light from the device was analyzed using an optical spectrum analyzer (OSA) via the

circulator, as illustrated in Figure 4.9 (a). The corresponding bench-top arrangement used for

these measurements is shown in Figure 4.9 (b). In this setup, the chip containing the device
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Figure 4.9: (a) Schematic of reflection experimental setup for the SNEAM device. The inset
shows the fibre aligned device during testing. (b) Experimental setup showing a single-mode
fiber aligned surface normal to the top surface of the device under test (DUT), which is probed
using a GSG probe.

under test (DUT) and microscope is placed at 45 degrees to enable precise visual alignment.

The optical fiber, used both to deliver light to the device and to collect the reflected signal, is

secured in a fiber holder and positioned perpendicular to the device surface using a precision

XYZ translation stage. The GSG electrical probe is mounted on a separate XYZ stage to

establish stable electrical contact with the chip.

Figure 4.10 highlights the circular mesa structure surrounded by the P-metal contact, with

a 30 µm, providing a detailed view of the top surface of the device. The reflected light

measurement is highly sensitive to the fiber angle and position because the non-planarized top

surface of the device makes the optical response strongly dependent on the fiber to top surface

spacing and alignment. Despite the use of a lens-ended fiber, variations in the spacing between

the fiber tip and the device surface can introduce unintended cavity effects that perturb the

measured response. A consistent cavity response is obtained only when the fibre is positioned

in contact with the device surface and precisely aligned using a precision XYZ translation stage.

Under these conditions, the 10 µm and 20 µm aperture devices exhibit greater sensitivity to

coupling variations than the 30 µm device, as the alignment of fiber core to smaller apertures

results a low tolerance. As a result, even minor deviations in alignment produce noticeable

changes in the coupled optical power and the observed cavity response.
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Figure 4.10: SEM image of the 30 µm SNEAM device. The active area is surrounded by
a circular P-metal ring, which defines the optical access aperture relevant to fibre alignment
during measurement.

The reflection spectra were obtained by normalizing the measured reflected optical power to

the EDFA output spectrum, as shown in Figure 4.11 (a). By comparing the voltage switching

between a reverse bias of -1 V to -7 V, the reflection at 1561 nm decreases, achieving an

extinction ratio of 8 dB for an input power of 0 dBm launched through the single-mode fiber.

The reduction in FP resonance for biases beyond -7 V is attributed to the response of the MQW

structure, where increased electric field induced absorption modifies the cavity response.

Figure 4.11: ((a) Normalized reflection spectra of the 30 µm active diameter device SNEAM
device measured at reverse biases of -1 V, -5 V and -7 V, (b) Transfer characteristic showing
the normalized reflected power as a function of applied reverse bias for the same device.

The transfer characteristics of the SNEAM were measured by analyzing the reflected optical

power as a function of applied reverse bias. The measurement was performed by coupling

incident light from a tunable laser source into the device at 1561.75 nm (0 dBm), near the FP

resonance, and sweeping the bias voltage from -1 V to -7 V, while monitoring the reflected

optical power using a power meter. The resulting transfer curve, shown in Figure 4.11 (b), was
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normalized to its maximum reflected value and illustrates the voltage-dependent absorption

behavior due to the QCSE. The device exhibits a 6 dB DC extinction ratio when switching

between -2 V and -7 V. The transfer curve shows asymmetry beyond -6 V, which is consistent

with bias-induced changes in the optical response, including modifications to both absorption

and refractive index that alter the cavity coupling conditions. In particular, QCSE-induced

refractive index changes shift the FP resonance relative to the fixed probe wavelength, causing

the device to move off resonance at higher reverse bias and resulting in an increase in the

measured reflected power. The insertion loss, which includes bidirectional coupling losses from

the SNEAM and material absorption, was extracted from the higher-reflection state at -1 V,

and was 19 dB near the FP resonance.

4.5.3 Capacitance-voltage measurements

Figure 4.12 (a) presents capacitance–voltage (C-V) measurements for SNEAM devices with

active diameters of 10 µm, 20 µm, and 30 µm. The capacitance measurements were performed

on the fully fabricated devices with GSG pads. To eliminate the influence of external probes

and cables, short-open calibration was conducted prior to measurements. The measurements

were performed by applying a small-signal AC voltage at 0.1 MHz to the PIN device while

sweeping the DC bias. The smallest capacitance, measured for the 10 µm active diameter

device, is 240 fF beyond -1 V, increasing to 580 fF for the 30 µm active diameter device.

This relates to the relation of capacitance C = kϵ0A
d , where k is the relative permittivity of the

semiconductor material, ϵ0 is the permittivity of free space, A is the intrinsic area, and d is

intrinsic thickness. For reverse biases more negative than –3 V, the capacitance becomes nearly

constant, indicating that the depletion width has expanded to the full intrinsic thickness and

additional bias no longer significantly modifies the space-charge distribution. The 30 µm device

exhibits more than twice the capacitance of the 10 µm device, demonstrating the dependence of

capacitance on the active area. The measured capacitance contains both the intrinsic depletion

capacitance of the PIN junction and several parasitic contributions that arise from the device

structure. These parasitic components originate from the P and N metal routing, the GSG pads,

fringing electric fields at the mesa perimeter where lateral field spreading increases the effective

junction area, and capacitive coupling to the underlying stack consisting of SiN/BCB/Au.

When considered collectively, these parasitic contributions increases the total capacitance and

partly suppress the ideal depletion behaviour expected from the junction. The use of a low

permittivity planarization layer would reduce the strength of these parasitic capacitance by
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limiting field penetration into surrounding metal and dielectric layers, thereby lowering the

overall device capacitance [90].

Figure 4.12: (a) C-V measurement for a variation of active diameter and (b) Effect of mesa-
to-n-contact spacing on the capacitance of a 30 µm active diameter device, comparing spacings
of 2 µm and 3 µm.

The effect of n-contact spacing was investigated using 30 µm active diameter devices in which

the n-metal contact was positioned at distances of 2 µm and 3 µm from the intrinsic region.

These separations were defined by the coupon dimensions established during the source wafer

fabrication process. As shown in Figure 4.12 (b) shows the capacitance measured at -6 V

decreases from 586 fF for the 2 µm spacing to 566 fF for the 3 µm spacing. This reduction

of 4% is attributed to weaker fringing fields and reduced metal semiconductor coupling when

the N contact is located farther from the junction. All subsequent electrical and optical char-

acterization employed devices with a 3 µm N contact spacing, as this design was found to

be optimal for performance. In efforts to miniaturize the SNEAM device for integration with

a chip-on-tip medical diagnostic tool, the trade-offs in chip dimension reduction are mainly

constrained by fabrication tolerances and the overall space limitations within the 1 mm outer

diameter of diagnostic tool. Capacitance reduction can still be optimized by modifying the

intrinsic region properties, such as adjusting the thickness and doping concentration. However,

the intrinsic region thickness cannot be arbitrarily increased, as it directly impacts the required

reverse bias voltage, which must remain within practical operating limits.

4.5.4 SNEAM electro-optic response

In the previous sections, the results from DC characterizations, including the measurement of

FP response and the determination of the optimal bias point from the transfer curve, were dis-

cussed. In this section, the bandwidth performance and signal modulation characteristics of the
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SNEAM device are analyzed. The electro-optic and data transmission characterization setup

used in this work, as well as the associated measurements, were implemented and performed

by Asif Khan from the system lab at the Tyndall National Institute. My contribution involved

analyzing the resulting measurement data to evaluate the high-frequency performance of the

SNEAM device. The experimental setup for electro-optic measurement is illustrated in Figure

4.14 (a), A tunable laser source at 1561.75 nm is used to couple incident light into the SNEAM

device through an optical circulator. A bias tee, connected to the SNEAM through a GSG

probe, supplies both the high-frequency RF signal and the DC reverse bias simultaneously.

Figure 4.13: Schematic of experimental setup for electro-optic measurement.

A vector network analyzer (VNA) is used to generate and analyze the RF signal and is connected

to the SNEAM device through the GSG probe. The modulated optical signal is reflected from

the device and separated using a circulator, directing it toward a high-speed photodetector for

detection. The detected RF signal is fed into the VNA, which measures the amplitude and

phase of the reflected signal, producing the S21 response over a range of frequencies. To ensure

that the measured data accurately represents the device modulation characteristics, the S21

response was normalized to the system response. Additionally, the data were processed by

applying smoothing and averaging to minimize noise fluctuations.

Figure 4.14 (a) shows the electro-optic bandwidth S21 response of SNEAM devices with active

diameters of 20 µm and 30 µm both biased at -5 V. The 3 dB roll-off point in the bandwidth

curve defines the modulation bandwidth, beyond which the device response begins to decline.

The 20 µm device exhibits a 3 dB bandwidth of 16 GHz, whereas the 30 µm device shows

a lower bandwidth of 9.4 GHz. This reduction in bandwidth with increasing active diameter

is attributed to the higher capacitance associated with the larger device area. These results

demonstrate that the SNEAM architecture provides sufficient modulation bandwidth for remote
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Figure 4.14: Normalized electro-optic bandwidth S21 of SNEAM devices measured for (a)
20 µm and 30 µm active diameters at -5 V bias, and (b) a 30 µm active diameter at -3 V and
-5 V bias.

signalling over distances from 100 m to several kilometers in standard single-mode fiber at

1550 nm, where fiber dispersion and attenuation are low.

C =
kϵoA

d
(4.5)

The capacitance contribution to this active-area-dependent bandwidth reduction was evaluated

using the geometrical capacitance relation given in Equation 4.5. In this relation, k is the

dielectric constant (approximately ∼ 12.9 for AlInGaAs), ϵo is the vacuum permittivity and A

is the active area of SNEAM and d is the depletion width, defined by the 395 nm intrinsic-

region thickness. The calculated geometrical capacitance values are approximately 91 fF and

204 fF for the 20 µm and 30 µm active diameter devices, respectively. This calculated increase

with active diameter is consistent with the C-V measurements presented in Subsection 4.5.3,

where the fully fabricated devices exhibited the same capacitance trend. The absolute measured

capacitance values are higher than the geometrical estimates because the C-V measurement

includes parasitic contributions from the metal routing, GSG pads, fringing fields, and coupling

to the SiN/BCB/Au stack. This agreement in trend supports the interpretation that the lower

measured bandwidth of the 30 µm device is associated with its larger capacitance.

The effect of reverse bias variation on the electro-optic characteristics of the 30 µm device is

shown in Figure 4.14 (b). At optimum bias of -5 V, the device exhibit a 3 dB bandwidth of

9.4 GHz. In comparison, operation at -3 V results in a weaker electric field across the MQW

region, reducing the strength of QCSE-induced absorption modulation within the FP cavity and

causing a more rapid roll-off of the S21 response. Consequently, the 3 dB bandwidth decreases
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to 2.6 GHz. For remote applications, such as signal modulation from a camera operating at

100 frames per second in a diagnostic tool, low-speed modulation may be sufficient. Operating

the device at -3 V would reduce power consumption at the remote end, making it suitable for

energy-efficient applications. However, biasing the device at -5 V ensures optimal operation,

as it falls within the linear region of the transfer curve.

fRC =
1

2πRC
(4.6)

f = (
1

f2
RC

+
1

f2
tr

)−
1
2 (4.7)

In analyzing the bandwidth limitations of the SNEAM devices, both the carrier transit time

and the RC time constant must be considered. For the 30 µm device, the previously estimated

geometrical capacitance was used together with the 40 Ω series resistance extracted from the

I–V curve to determine the theoretical RC-limited bandwidth from Equation 4.5. This gives an

RC-limited bandwidth of approximately 19 GHz. The carrier transit-time limit was estimated

using an electron saturation velocity in AlInGaAs of about ∼ 1 × 10 7 cm/s and a depletion

width of 395 nm. This gives a carrier transit time of 3.95 ps, corresponding to a transit-time-

limited bandwidth of 126 GHz using ftr ≈ 1/(2ttr). The overall theoretical bandwidth obtained

from Equation 4.7 is therefore about 19 GHz, indicating that the RC response dominates and

that the modulation bandwidth is primarily constrained by the device capacitance. Reducing

the active area would decrease the capacitance and increase the RC-limited bandwidth, while

optimization of the top-side optical coupling could enable the use of smaller active-area devices

while maintaining coupling efficiency.

4.5.5 Eye diagram analysis of the modulated signal

Figure 4.15 (a) illustrates the data-transmission experiment conducted using the 30 µm

SNEAM device within a bench-top characterization setup. The eye diagram measurement

provides a direct assessment of the modulated optical signal from the device with pattern con-

sisting of high and low states and a wide-open eye indicates low noise and high signal quality. A

continuous-wave (CW) laser at 1561 nm is fiber-coupled into the SNEAM, while a high-speed

RF signal from a bit error rate tester (BERT) is applied through a GSG probe connected to

a bias tee. The modulated optical signal is reflected from the SNEAM, then separated using
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a circulator, and detected by a high-speed photodetector. The recovered electrical signal is

amplified using an RF amplifier and passed through a filter to reduce high-frequency noise,

after which the electrical signal is fed into the BERT, for eye diagram analysis and evaluation

of signal integrity.

Figure 4.15: (a) Schematic of Eye diagram measurement and (b) The SNEAM device mod-
ulated with NRZ-OOK signal at 1 Gbps.

A representative eye diagram corresponding to the SNEAM driven at a data rate of 1 Gbps

using a non return to zero (NRZ-OOK) ON-OFF signal is presented in Figure 4.15 (b). The eye

diagram exhibits a clearly defined eye opening, indicating that the device is able to modulate the

incident optical carrier with sufficient amplitude and that the signal settles reliably within each

bit period. The vertical eye opening reflects a strong optical extinction ratio, demonstrating

effective differentiation between the logical ON and OFF states. The limited spreading of traces

between consecutive bits indicates that the influence of one bit on the next is small, showing

that the device does not distort the waveform as it switches between states. The steepness

of the rising and falling edges demonstrates that the device can change its optical output

quickly enough to follow a 1 Gbps. The horizontal eye opening signifies low timing jitter

in the recovered signal, which is essential for maintaining deterministic sampling windows

in high speed communication systems. These characteristics demonstrate that the SNEAM

achieves stable, low noise, and high quality modulation at one gigabit per second, confirming

its suitability for gigabit class optical data transmission.

4.6 Conclusion and discussion

We have demonstrated the design, fabrication, and characterization of a SNEAM III–V struc-

ture transfer-printed onto a patterned silicon substrate to realize an asymmetric Fabry–Perot re-

sponse. A SM fiber positioned on the device enables the cavity, defined by the air–semiconductor
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interface, the MQW region, the underlying SiN layer used to position the resonant wavelength

relative to the QCSE response, and the Au bottom mirror, to exhibit a Fabry–Perot resonance

centered at 1560 nm. The DC and high frequency characterization was performed using a

30 µm active device diameter, as it provided more stable fiber alignment and more reliable

measurement conditions compared with the 20 µm and 10 µm devices. A static extinction

ratio of 6 dB was achieved for reverse-bias voltages ranging from -1 V to -7 V at 1560 nm.

Data transmission performance was evaluated using an eye diagram at 1 Gbps, with the device

biased at -5 V.

As this transfer-printed, SNEAM configuration has not previously been demonstrated, the

work highlights specific challenges associated with the top reflector. In particular, as the

SNEAM aperture becomes smaller, even minor variations in the air gap between the fiber

end face and the non-planarized top surface can modify the path length and impact the FP

response wavelength. Although the 10 µm aperture device exhibits the lowest capacitance and

is therefore attractive for high-speed operation, precise optical coupling becomes increasingly

challenging under these conditions, contributing to higher insertion loss.

The results establish a clear proof-of-concept for an asymmetric FP cavity implemented through

transfer printing using an air–semiconductor interface as the top reflector. Further improve-

ment in system performance can be achieved through simultaneous optimization of the cavity

and active region design to address both insertion loss and operating voltage. Increasing the

effective top reflectivity by incorporating low-index dielectric layers, such as SiO2 or SiN, on the

top surface would reduce bidirectional fiber–device coupling losses, improve tolerance to fiber

positioning, and enable operation closer to the critical-coupling condition, thereby lowering

insertion loss and enhancing extinction ratio. This improvement in top reflector design would

also reduce packaging related alignment sensitivity, because a more controlled cavity response

would decrease the dependence of the reflected signal on small variations in the fiber or lens

position during SMF or gradient-index lens based coupling. In parallel, reducing the intrinsic

region and MQW thickness increases the electric field across the MQWs for a given applied

bias, leading to a stronger QCSE and enabling effective modulation at reduced operating volt-

ages (<5 V), as demonstrated in previous studies [59]. Since modifications to the intrinsic

thickness also alters the optical cavity length, the FP resonance, spacer layer thickness, and

top reflectivity must be co-optimized to position the resonance at a wavelength that maximizes

the voltage induced reflectivity change while limiting residual absorption. The compact foot-

print and surface-normal configuration of the SNEAM device (80 µm × 87 µm) make it well
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suited for co-integration with a photovoltaic cell on the same platform, enabling a self-powered

microsystem architecture for chip-on-tip medical diagnostic tools.

97



Chapter 5

Conclusions and future work

The work presented in this thesis investigated the PPC and the SNEAM as two key com-

ponents required for power and data over fiber implementation in endoscopic systems. This

thesis addressed the development and experimental evaluation of an optical powering and sig-

nalling approach capable of supporting remote optical power delivery and data transmission

within the stringent electrical, optical, and dimensional constraints of minimally invasive en-

doscopic systems, targeting an overall device footprint of approximately 1 mm × 1 mm while

ensuring extreme miniaturization, reliable in-body operation, and immunity to electromagnetic

interference.

The optical power conversion was demonstrated using PPCs investigated under both edge-

coupled and surface-normal illumination configurations. Edge-coupled PPCs achieved a Voc of

0.83 V in single-junction devices with an overall fiber-to-device efficiency of 34%, and optical

power delivery and upstream data transmission at rates up to 500 Mb/s confirmed combined

power and signalling operation within a single optical link. Voltage scaling was demonstrated

through stacked junctions, achieving an Voc of 3.6 V at an optical input power of 10 mW

with η of 36%. Gaussian beam coupling produced non-uniform optical intensity across the

stacked junctions, resulting in photocurrent mismatch that constrained carrier extraction and

η. Surface-normal PPC operation using four laterally segmented GaAs-based devices illumi-

nated via a double-clad fiber achieved peak efficiencies approaching 50%, with quasi-Gaussian

illumination achieving a Vmax of 4.02 V at 10.4 W/cm2 using a fiber-to-device spacing of

1 mm, and annular illumination achieving efficiencies of 48.6% at 20.8 W/cm2 and 47.5% at

62.4 W/cm2 at a reduced spacing of 0.4 mm, while sustaining a Voc of 4.77 V and a Vmax of

4 V at the highest irradiance. Optimization of fiber-to-device spacing and illumination profile
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was shown to be critical for uniform segment-to-segment power delivery, with annular beam

delivery providing improved optical confinement along the device perimeter.

A SNEAM suitable for remote optical signalling in power-over-fiber systems was demonstrated

using a transfer-printed III–V device integrated with an asymmetric FP cavity. The device

exhibited a static extinction ratio of 8 dB under reverse bias between -1 V and -7 V at 1560 nm

and supported data transmission at 1 Gb/s using single-mode fiber coupling. The compact

footprint and surface-normal geometry of the realized design support compatibility with co-

integration alongside PPC within a shared optical interface. Within the scope of this thesis,

the PPC and SNEAM were developed and experimentally validated as individual components;

however, a fully integrated PPC–SNEAM system enabling simultaneous optical power delivery

and data transmission was not demonstrated. Key challenges identified include illumination

configuration and uniformity in stacked and segmented PPCs, optical coupling sensitivity,

cavity-length control in surface-normal modulators, and reduction of operating voltage for

active components. The results establish a validated set of functional building blocks and

define practical design constraints to guide future integration efforts. The following section

summarizes the main results from Chapters 2, 3, and 4 and outlines directions for future work

in Section 5.2 aimed at addressing these challenges and suggestions toward fully integrated

optically powered endoscopic systems.

5.1 Overview of the results

Chapter 2 focused on demonstrating laser-to-laser photonic power conversion using an edge-

coupled configuration. A packaged 1470 nm pump laser coupled to a 1550 nm single junction

receiver achieved an internal conversion efficiency of 55% and an overall fiber to device efficiency

of 34%, delivering an open circuit voltage Voc of 0.83 V. The same configuration supported

upstream data transmission at 500 Mb/s without external electrical biasing, while the single

junction PPC delivered a vmax of approximately 0.6 V. Measurements using a 1060 nm re-

ceiver pumped at 980 nm achieved a Voc of 1.07 V with a fiber to device efficiency of 23%.

Voltage scaling was demonstrated using a triple stacked p–n junction receiver operating at

905 nm and pumped at 850 nm, achieving a Voc of 3.6 V with a fiber to device efficiency of

35%. Performance limitations observed across the 1060 nm and 905 nm receiver configurations

included sensitivity to fiber to chip alignment, residual facet reflectivity, and non uniform il-

lumination, each of which contributed to reduced carrier extraction and conversion efficiency.
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Additional uncertainty arose from limited knowledge of the receiver epitaxial design, which

constrained detailed analysis of carrier collection dynamics. The results indicate that improved

mode matching between SMF and the waveguide facet, the use of dedicated tapered coupling

structures, enhanced illumination uniformity through beam shaping, and band structure engi-

neering to facilitate carrier escape would significantly enhance performance. When considered

collectively, these findings demonstrate that edge-coupled PPC retain strong potential for op-

timized on-chip photonic power conversion and co-integration with additional electronic and

photonic components, supporting broader application in highly miniaturized systems, including

optical powering of endoscopic micro-camera platforms.

Chapter 3 investigated surface-normal PPC using laterally interconnected GaAs-based PPC

illuminated via a DCF to generate quasi-Gaussian and annular beam profiles. The results es-

tablished the critical role of fiber-to-device spacing and illumination geometry in determining

power delivery uniformity and electrical performance in segmented PPCs. For devices with an

active diameter of 350 µm, quasi-Gaussian illumination achieved a peak efficiency of 50% at an

irradiance of 10.4 W/cm2 with a fiber-to-device spacing of approximately 1 mm. Annular illu-

mination, generated and validated using identical devices, achieved a peak efficiency of 48.6% at

an irradiance of 20.8 W/cm2 at a reduced spacing of 0.4 mm, while sustaining higher operating

voltages at increased optical power. At an irradiance of 62.4 W/cm2, annular illumination deliv-

ered an open-circuit voltage Voc of 4.78 V, a maximum operating voltage Vmax of 4.3 V, and an

electrical output power of approximately 27 mW The annular illumination profile concentrated

optical power near the perimeter of the segmented PPC, improving segment-to-segment irradi-

ance uniformity and reducing series resistance effects relative to central illumination, which is

beneficial for laterally connected architectures as the number of segments increases to achieve

higher output voltage. Measurements performed on both Chip 1 and Chip 2 identical devices

exhibited consistent spacing-dependent trends under both illumination schemes, demonstrat-

ing repeatability. Increasing the effective NA of the delivery fiber improved tolerance to fiber

positioning and spacing variations while maintaining well-defined annular illumination. Fur-

thermore, the fiber-based nature of the DCF illumination scheme provides opportunities for

integration with optical modulation or multiplexing techniques, enabling simultaneous power

and signal delivery in future POF architectures.

Chapter 4 presented the SNEAM developed for remote optical signalling. The SNEAM on InP

platform transfer-printed onto a patterned reflector, was designed to operate in an asymmetric

FP configuration with a resonance centred near 1560 nm. Its design in the asymmetric cavity
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arrangement, together with the fabrication steps required for assembling the device on the

target substrate, was described in detail. Measured performance included a static extinction

ratio of 8 dB for reverse biases between –1 V and –7 V, a 3 dB bandwidth of 9 GHz at

1560 nm for a –5 V bias, and data transmission demonstrated at 1 Gbps using a 6 V drive

voltage. Device-scale constraints were also reported, including sensitivity of the FP path length

to variations in the air gap between the fiber end-face and the non-planarized surface, as well as

coupling limitations observed when the modulator aperture was reduced to 10 µm. The chapter

concluded by outlining strategies for enhancing device performance, including increasing the

top-reflector strength through additional dielectric layers and reducing the intrinsic region

thickness to achieve lower operating voltage.

5.2 Future Work

The work presented here considers the integrated design of the PPC–SNEAM system using

both single-fiber solution. Co-integrating these two components on a common platform is a

key requirement for achieving simultaneous optical power delivery and signal transmission in

minimally invasive surgical tools. Future work will therefore focus on design refinement and

packaging strategies that enable compact co-integration within the spatial constraints of a 1 mm

endoscopic form factor.

The suggested integration concept and single-fiber implementation using a DCF are illustrated

in Figure 5.1. This layout integrates a 30 µm active diameter SNEAM at the center of a 350 µm

active diameter segmented PPC, with transfer printing identified as a suitable technique for

central placement without degrading device performance. Results from Chapter 3 demonstrated

that annular illumination concentrated near the PPC edges provides performance comparable

to Gaussian illumination while offering improved uniform coverage across the four segmented

regions, particularly at small fiber-to-device separations.

The wavelength-allocation and illumination strategies summarized in Table 5.2 are directly

referenced to the integrated PPC–SNEAM layout shown in Fig. 5.1 and describe viable op-

erating choices for the proposed DCF-based single-fiber implementation. These configurations

highlight the trade-offs between PPC efficiency, SNEAM performance, and illumination geom-

etry within the central-SNEAM and annular-PPC architecture. One configuration employs a
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Figure 5.1: Layout showing the centrally positioned SNEAM with 30 µm on four segmented
PPC with 350 µm.

shorter-wavelength PPC combined with a longer-wavelength SNEAM, enabling annular illu-

mination of the PPC and central illumination of the SNEAM to mitigate SNEAM saturation.

However, operation of the PPC at longer wavelengths requires increased junction segmentation

to achieve the required electrical output voltage, while the higher electroabsorption at shorter

wavelengths benefits SNEAM modulation efficiency. In this configuration, both annular and

Gaussian illumination profiles are feasible, although Gaussian illumination introduces optical

loss due to the limited SNEAM aperture. For short-reach, low-voltage, and low-power oper-

ation, this trade-off may be acceptable. An alternative configuration, where both PPC and

SNEAM operate at shorter wavelengths, is advantageous for both devices in terms of absorp-

tion efficiency and aligns well with the suggested central-SNEAM and annular illumination

on PPC as in the layout, allowing either annular or Gaussian illumination without inducing

SNEAM saturation.

In contrast, MCF support longer-wavelength PPC and SNEAM combinations but require care-

ful matching of the PPC active diameter to the adjacent core-to-core spacing in the MCF

geometer. Customizing the MCF geometry, including tailored core-to-multimode transitions,

offers a pathway to relax this constraint and avoid unnecessary expansion of the device perime-

ter. As commonly reported in the literature, reducing the photovoltaic device area increases

the perimeter-to-area ratio, leading to enhanced sidewall surface recombination losses, which

must be mitigated through device and surface-passivation optimization.
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Table 5.1: Comparison of wavelength and illumination configurations for integrated PPC–SNEAM POF link.

SNEAM wave-
length (nm)

PPC wave-
length (nm)

Illumination
scheme

Fiber Advantage Disadvantage

1300 / 1500 850 Annular (PPC),
Gaussian (SNEAM)

DCF (Inner
cladding-PPC,
Core-SNEAM)

High PPC efficiency at 850 nm using
GaAs material system

Additional SNEAM design required
to mitigate saturation at optical pow-
ers ≳1 mW [91–94]

850 1300 Gaussian- PPC,
SNEAM

DCF / MMF High extinction ratio (∼50 dB) with
reflective EAM based on GaAs–
Al0.2Ga0.8As [79]

Increased series interconnect com-
plexity to achieve∼4 V; penalty asso-
ciated with multimode operation on
SNEAM

780 850 Gaussian or Annu-
lar (PPC)

DCF / MMF Approximately 4 V delivered from
multi-junction GaAs PPC and ex-
tinction ratio exceeding 10 dB using
Al0.3Ga0.7As–GaAs [95]

Non-telecom wavelength with
limited availability of compact, fiber-
integrated components compared
with C-band systems

1300 1550 Gaussian (PPC,
SNEAM)

DCF Compatibility with standard tele-
com communication bands (1260–
1650 nm)

Low PPC junction voltage (0.4–
0.5 V) requiring approximately eight
series-connected junctions to achieve
4 V

Performance values are indicative and depend on device design and illumination conditions.
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Building on these findings, future integrated designs will employ 850 nm annular illumination

delivered through the multimode inner cladding of the DCF to power the PPC, while the single-

mode core enables bidirectional signal transmission at 1550 nm for reflective SNEAM operation.

The choice of 850 nm is motivated by the need for efficient remote powering of endoscopic

microsystems, where the PPC and associated electronic interface circuitry are co-designed to

meet the power and voltage requirements of the micro-camera, which defines the primary

load specification. At this wavelength, the PPC can provide sufficient electrical output to

support both modulation functions and auxiliary electronic subsystems. The electrical output

of the PPC is interfaced with a power management circuit that conditions and distributes the

harvested energy to multiple local power delivery points within the endoscopic platform.

Figure 5.2: Schematic of single fiber solution using a DCF and a DC1300LQ2FA 2 × 1 DCF
coupler to simultaneously launch 850 nm annular illumination into the inner cladding and
support bidirectional 1550 nm signal transmission through the single mode core of DCF-13.

Electrical access to the centrally integrated SNEAM is achieved by routing metal interconnects

through the trenches separating the PPC segments and insulating them with SiN, ensuring that

the PPC active area remains undisturbed. The annular illumination approach is particularly

attractive because, under ideal conditions, the central region where the SNEAM is located ex-

periences minimal optical intensity. However, future work must focus on optimizing the annular

beam diameter to achieve speckle-less and more uniform illumination across all PPC segments

using a higher-NA core, with the annular ring width constrained to within 100 µm from the

PPC edge. This is required to ensure that illumination remains confined to the PPC active

regions and does not extend into the central area. This consideration is especially important

because the SNEAM material exhibits absorption at the PPC power-delivery wavelength, and

the thin MQW absorber can be sensitive to residual optical exposure. The spatial distribu-

tion of the annular illumination and the resulting central-region intensity are experimentally

evaluated in Figure 5.3.
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Figure 5.3: Power ratios calculated from raw annular beam images using background cor-
rected integrated intensities extracted in ImageJ for a 350 µm diameter annular beam on a
diffuse target. The highlighted rectangle indicates (a) the annular beam and background re-
gion and (b) 30 µm wide region used to estimate the fraction of optical power present at the
beam center.

Experimental measurements of the annular beam profile show that a small fraction of the total

optical power can be present at the beam center. Image analysis revealed that approximately

0.35% of the annular beam power overlaps with a 30 µm-wide central region, as shown in

Figure 5.3. For an annular illumination power of 100 mW, this corresponds to approximately

0.35 mW incident at the center. These results highlight the importance of continued beam-

shaping and illumination-profile optimization to ensure robust operation of the integrated PPC

SNEAM on same platform.

The wavelength choices explored in this thesis were guided by both device-level performance

and system-level considerations. The 850 nm wavelength was selected to maximize PPC con-

version efficiency, while telecom wavelengths (1550 nm) were chosen for the SNEAM to enable

compatibility with established short- and long-haul optical communication infrastructure. As

an alternative direction, future work will also consider 780 nm operation for the EAM, en-

abled through appropriate MQW and material design. This approach would allow greater

functional separation between optical power transfer and modulation while preserving efficient

PPC operation and flexible signal transmission.

A further extension of the proposed integration strategy involves aligning the PPC and SNEAM

on the same platform with the electrical requirements of a customized image sensor currently

under development by the Microelectronics Circuits Centre Ireland (MCCI) group at Tyndall

for distal-end operation. This requires establishing key interface parameters such as supply

voltage levels, current consumption, and overall power budget for the sensor. With these
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requirements defined, the PPC design can be adapted to provide the necessary electrical out-

put, while the SNEAM geometry and placement can be refined to ensure dimensional and

functional compatibility within a shared integration platform. This progression enables the

integrated PPC and SNEAM concept to move beyond commercially available image sensors

toward application specific imaging systems.

Figure 5.4: Block diagram illustrating the voltage distribution through the power manage-
ment integrated circuit (PMIC) to the various system components, highlighting the supply
requirements of the customized CMOS image sensor.

In considering the customized image sensor specification, in addition to the DCF-based single-

fiber solution, further opportunities arise when considering reduced image-sensor voltage re-

quirements and tighter footprint constraints. While reducing the annular beam diameter sup-

ports smaller PPC designs, it also increases the challenge of maintaining spatial separation

between annular and central illumination. This motivates exploration of MCF as a comple-

mentary single-fiber solution. By enabling spatial separation of power and signal channels at

the fiber level, MCF provides additional degrees of freedom for illumination control and reduces

reliance on precise annular beam shaping at the device interface, with the potential to further

reduce integrated chip footprint.

A second proposed chip layout adapted to the selected MCF core geometry (SM-4C1500)

positions three PPC elements and one SNEAM to match the MCF core configuration, as

shown in Figure 5.5 (a). An overview of the complete chip layout is shown in Figure 5.5 (b),

where packaging considerations, including the incorporation of a 0.25 mm-diameter fiber ferrule,

are taken into account. While the initial layout envelope corresponds to a chip dimension of

1.65 mm × 1.8 mm, further layout optimization allows the active integration region to be

reduced to approximately 650 µm × 750 µm, while remaining compatible with fiber alignment

and packaging constraints. To investigate the feasibility of this MCF based layout, the PV

design was modified from a four-segment PPC architecture to a single-junction GaAs PPC
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Figure 5.5: Suggested integrated layout of three single-junction PPCs (26 µm active diameter)
connected in series and a central EAM (20 µm active area). (a) Detailed device-level layout
adapted for MCF illumination. (b) Chip-level overview showing the overall chip dimensions
1.65 mm × 1.8 mm, including fiber ferrule and wire bonding for packaging.

with an active diameter of 26 µm, while a 20 µm-diameter SNEAM was positioned at a 50 µm

separation from the PPC center to match the MCF core-to-core spacing.

A MCF based optical link is proposed in the Figure 5.6, to enable simultaneous optical power

delivery and signal transmission within a four-core. In this scheme, three MCF cores will

function on optical power delivery at 850 nm, while the remaining core supports bidirectional

SNEAM signalling in the O-band and C-band, utilizing the transceiver capability of the SNEAM

[96]. This approach allows independent optimization of the power and data channels while

maintaining a compact single-fiber design.

Figure 5.6: Schematic of experimental design on MCF as single fiber solution on illumination
of PPC and bidirectional single transmission.

Overall, this chapter presents future design directions motivated by the demanding require-

ments of device miniaturization, power delivery, and integration in minimally invasive surgical

tools. Within this context, power-over-fiber is an emerging approach for enabling remote pow-

ering and optical signalling at the distal end, and the continued development of the PPC and

SNEAM will focus on improving device-level performance and integration to support such im-

plementations. In this way, the results presented in this thesis contribute to the advancement of
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POF-enabled photonic devices and provide a basis for further exploration of compact, optically

powered solutions for biomedical applications.
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Appendix

A.1 Python Code for Gaussian Power Distribution Analysis

1 import numpy as np

2 import matplotlib.pyplot as plt

3 from math import erf , sqrt , pi

4

5 # ============================================================

6 # Absolute geometry (micrometers)

7 # Segments have relative heights: [2,1,1,1,2] * (L/7)

8 # Middle three (segments 2,3,4) total height = 3*(L/7) = 10 m

9 # => L = 10 * 7/3 m

10 # ============================================================

11 MIDDLE3_HEIGHT_UM = 10.0

12 L_UM = MIDDLE3_HEIGHT_UM * 7.0 / 3.0 # 23.333... m

13

14 # Pick spot sizes in absolute units ( m )

15 spot_sizes_um = [4.0, 6.0, 8.0, 10.0]

16

17 # Beam center ( m )

18 x0_um , y0_um = 0.0, 0.0

19

20

21 # ----------------------------

22 # Math helpers

23 # ----------------------------
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24 def int_gauss_1d(a, b, u0 , w):

25 """ _a ^b exp(-2 (u-u0)^2 / w^2) du"""

26 return (w/2) * sqrt(pi/2) * (

27 erf(sqrt (2)*(b-u0)/w) - erf(sqrt (2)*(a-u0)/w)

28 )

29

30 def y_edges_2_1_1_1_2(L):

31 """

32 5 horizontal segments spanning y [-L/2, +L/2]

33 with relative heights [2,1,1,1,2].

34 """

35 h = L / 7.0

36 heights = np.array([2, 1, 1, 1, 2], dtype=float) * h

37 edges = [-L/2]

38 for dh in heights:

39 edges.append(edges [-1] + dh)

40 return np.array(edges)

41

42 def segment_powers_fraction_of_total_beam(L, w, x0=0.0, y0 =0.0):

43 """

44 Returns power in each segment as a fraction of TOTAL beam power.

45 Gaussian normalized so total power = 1.

46 """

47 y_edges = y_edges_2_1_1_1_2(L)

48 I0 = 2.0 / (pi * w * w)

49

50 Fx = int_gauss_1d(-L/2, L/2, x0 , w)

51 Fy = np.array ([

52 int_gauss_1d(y_edges[i], y_edges[i+1], y0 , w)

53 for i in range (5)

54 ])

55

56 return I0 * Fx * Fy , y_edges

57

58 def power_transfer_efficiency_percent(L, w, x0=0.0, y0 =0.0):

59 """

60 Middle three segments are series -connected.

61 (%) = 100 3 min(P2 , P3 , P4)
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62 """

63 P, _ = segment_powers_fraction_of_total_beam(L, w, x0 , y0)

64 usable = 3.0 * np.min(P[1:4])

65 return 100.0 * usable

66

67

68 # ============================================================

69 # Figure 1: Gaussian profiles and segment power histograms

70 # ============================================================

71 def plot_gaussians_and_histograms(L, spot_sizes , x0=0.0, y0=0.0, n=450)

:

72 seg_labels = ["Seg 1", "Seg 2", "Seg 3", "Seg 4", "Seg 5"]

73 y_edges = y_edges_2_1_1_1_2(L)

74

75 fig = plt.figure(figsize =(4.0* len(spot_sizes), 7.2))

76 gs = fig.add_gridspec (2, len(spot_sizes), height_ratios =[1.2, 1.0])

77

78 x = np.arange (5)

79 last_im = None

80

81 for j, w in enumerate(spot_sizes):

82 ax_img = fig.add_subplot(gs[0, j])

83 xs = np.linspace(-L/2, L/2, n)

84 ys = np.linspace(-L/2, L/2, n)

85 X, Y = np.meshgrid(xs , ys)

86

87 I = np.exp( -2*((X-x0)**2 + (Y-y0)**2)/w**2)

88 last_im = ax_img.imshow(

89 I, extent=[-L/2, L/2, -L/2, L/2], origin="lower"

90 )

91

92 for y in y_edges [1: -1]:

93 ax_img.plot([-L/2, L/2], [y, y], "k", lw =1.2)

94

95 eta = power_transfer_efficiency_percent(L, w, x0 , y0)

96 ax_img.set_title(f"w = {w:.2f} m \ n = {eta :.1f}%")

97 ax_img.axis("off")

98
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99 ax_bar = fig.add_subplot(gs[1, j])

100 P, _ = segment_powers_fraction_of_total_beam(L, w, x0 , y0)

101 ax_bar.bar(x, 100*P)

102 ax_bar.set_xticks(x)

103 ax_bar.set_xticklabels(seg_labels)

104 ax_bar.set_ylim(0, 100)

105 ax_bar.grid(alpha =0.3)

106

107 cax = fig.add_axes ([0.92 , 0.57, 0.015 , 0.28])

108 fig.colorbar(last_im , cax=cax , label="Relative intensity")

109 plt.show()

110

111

112 # ============================================================

113 # Figure 2: Efficiency vs spot size

114 # ============================================================

115 def plot_efficiency_curve(L, w_min =0.5, w_max =15.0 , N=400):

116 ws = np.linspace(w_min , w_max , N)

117 eta = [power_transfer_efficiency_percent(L, w) for w in ws]

118

119 plt.figure(figsize =(7.2 , 4.4))

120 plt.plot(ws , eta)

121 plt.xlabel("Spot size w ( m )")

122 plt.ylabel("Power transfer efficiency (%)")

123 plt.grid(alpha =0.3)

124 plt.show()

125

126

127 # ============================================================

128 # Run

129 # ============================================================

130 plot_gaussians_and_histograms(L_UM , spot_sizes_um , x0_um , y0_um)

131 plot_efficiency_curve(L_UM , 1.5, 20.0)

Listing A.1: Gaussian beam power distribution and transfer efficiency calculation
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A.2 SPICE analysis of series junction current limitation

Figure A.2.1 presents SPICE-based simulations used to analyse current limitation in series-

connected photovoltaic junctions using equivalent circuit models. Each junction is represented

by a silicon diode connected in parallel with an ideal current source, which sets the current

supplied to the junction. In the single-junction configuration Figure A.2.1 (a), a current source

of 100 mA drives the diode, resulting in an external current Iext of 100 mA and an output

power of approximately 60 mW. When three identical junction models are connected in series

and driven by equal current sources Figure A.2.1 (b), the terminal voltage increases due to

voltage addition across the junctions, while the external current is reduced to 33.3 mA and the

delivered power remains unchanged. In contrast, when unequal current sources are applied to

the series-connected junctions Figure A.2.1 (c), the external current is limited by the lowest

current source, resulting in a reduced output power of approximately 40 mW. These simula-

tions demonstrate that in series-connected junction circuits, current mismatch constrains the

extractable electrical power despite increased terminal voltage.

Figure A.2.1: SPICE-based circuit models and simulated I-V and P-V characteristics illus-
trating current limitation in series connected diode circuits. (a) single junction circuit driven
by a current source with Iext=100 mA, delivering of 60 mW; (b) three series connected diode
circuits driven by equal current sources, resulting in voltage addition with Iext=33.3 mA and
unchanged output power of 60 mW; (c) three series connected diode circuits driven by unequal
current sources, where Iext=20 mA, leading to reduced output power of 40 mW.
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A.3 Epitaxial details and layout of the four-segment PPC

The epitaxial layers used in the fabrication of the four-segment PPC are listed in Table A.3.1.

The four laterally segmented PPCs, connected in series, were fabricated using the layout shown

in Figure A.3.1. The process involved multiple lithography levels, deposition, and etching steps

to define the device features, including p metal contacts, anti-reflection coating openings, mesa

structures, n-contacts, interconnection metal lines, and isolation trenches.

Figure A.3.1: Layout design of 350 µm active diameter PPC in 1 mm × 1 mm chip.

Table A.3.1: Epitaxial layer stack for the four-segment GaAs PPC.

Layer # Layer name / material Thickness Doping

1 p++ GaAs cap 200 nm ∼ 1× 1019 cm−3

2 p+ Al0.8Ga0.2As FSF 40 nm ∼ 1× 1018 cm−3

3 p+ GaAs emitter 400 nm 2× 1018 cm−3

4 n- GaAs base 3 µm 3× 1017 cm−3

5 n+ Al0.3Ga0.7As BSF 40 nm ∼ 1× 1018 cm−3

6 n+ GaAs LCL 1 µm 1× 1018 cm−3

7 s.i. GaAs substrate 350 µm semi-insulating

A.4 Camera specification

https://www.dino-lite.com/productsdetail.php?indexm1id = 3indexm2id = 5indexid = 149
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A.5 Single junction micro PPC in surface normal illumination

Preliminary experiments were conducted using single-junction GaAs PPC illuminated under

surface-normal incidence through standard single-mode fibers (SMF) to establish the achiev-

able current, voltage, and power levels of an individual micro-scale photovoltaic device. This

approach was adopted because the available MCF did not include a fan-out, and the short

illumination link length allows SMF-based testing to provide a reliable baseline for optical cou-

pling efficiency and alignment sensitivity. The fabricated micro-PPCs, with an active diameter

of 26 µm, were characterized without an ARC, resulting in additional optical reflection losses.

The measured power conversion efficiency of approximately 24% is consistent with reported

trends in GaAs-based micro-PPC, where efficiency improves with increasing active aperture

size due to a reduced perimeter-to-area ratio, while scaling to very small lateral dimensions

causes recombination and leakage at etched mesa sidewalls to dominate, leading to enhanced

non-radiative losses and degraded carrier extraction in small aperture devices [97].

Figure A.5.1: Single junction GaAs PPC performance with a 26 µm active diameter and
different mesa sizes. (a) Conversion efficiency and (b) maximum output current as functions
of incident optical power, measured with a fiber to device separation of 40 µm during probing.
(c) Picture of SMF aligned surface normal to device with 365 µm Mesa diameter.

A GaAs based single junction device was fabricated using a two step process. The first step

involved defining and depositing the p-type metal, while the second step consisted of mesa

definition and etching. Since the material was grown on a semi-insulating substrate, depositing

the n-type metal on the backside of the substrate was not feasible within a two level process.
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To enable initial testing on the micro PPC, a shadow mask, such as a Si piece, was placed on

selected device regions to protect them, while the remaining areas were exposed for subsequent

n-metal deposition. The fabricated device demonstrated an open-circuit voltage of 0.9 V and

a maximum output current of 7.6 mA, as shown in Figure A.5.1. These results provide a

quantitative baseline for estimating the electrical output of a multi-junction PPC architecture

in which individual junctions are illuminated through separate cores of an MCF and electrically

connected in series to achieve higher output voltages. For micro-scale devices, the experimental

results further indicate that increasing the mesa diameter from 165 µm to 365 µm resulted in

an approximately 10% increase in maximum output current at an incident optical power of

30 mW. This improvement is attributed to the reduced perimeter-to-area ratio associated

with larger mesas, which lowers the relative impact of recombination and leakage at etched

mesa sidewalls that otherwise dominate carrier losses in small-aperture devices. These findings

highlight the fundamental trade-off between footprint reduction and extraction efficiency in

micro-scale PPCs and motivate further optimization of mesa geometry, sidewall passivation,

optical confinement, and ARC integration.

A.6 Image Analysis and Intensity Quantification Algorithms

This appendix summarizes the numerical routines used to extract beam centers and to quantify

optical intensity outside a fixed physical radius. The implementations are provided to ensure

transparency and reproducibility. An initial version of the numerical model was developed by

Brendan Roycroft in MATLAB. The model was subsequently reimplemented and modified in

Python by the author for use in this work.

A.6.1 Two-Dimensional Gaussian Beam Fits

For approximately Gaussian beam profiles, the beam center is obtained by fitting a two-

dimensional Gaussian intensity distribution to the measured image data.

The model function is defined as

I(x, y) = A exp

[
−(x− x0)

2

2σ2
x

− (y − y0)
2

2σ2
y

]
+ I0, (A.1)
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where (x0, y0) denote the beam center, σx and σy are the spatial widths, and I0 is a constant

offset.

The corresponding numerical implementation is given below.

def twoD_gaussian(coords, A, x0, y0, sx, sy, offset):

x, y = coords

return (

A * np.exp(

-((x - x0)**2 / (2*sx**2)

+ (y - y0)**2 / (2*sy**2))

) + offset

).ravel()

The Gaussian parameters are obtained by nonlinear least-squares minimization. Only the fitted

center coordinates are used for subsequent analysis.

def fit_gaussian_2d(img):

h, w = img.shape

x = np.arange(w)

y = np.arange(h)

X, Y = np.meshgrid(x, y)

A0 = np.max(img) - np.min(img)

x0_0, y0_0 = np.unravel_index(np.argmax(img), img.shape)[::-1]

sx0, sy0 = w / 5, h / 5

offset0 = np.median(img)

p0 = (A0, x0_0, y0_0, sx0, sy0, offset0)

try:

popt, _ = curve_fit(

twoD_gaussian,

(X, Y),

img.ravel(),
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p0=p0,

maxfev=3000

)

_, x0, y0, sx, sy, _ = popt

return x0, y0, sx, sy

except Exception:

return x0_0, y0_0, sx0, sy0

—

A.6.2 Radial Ridge Extraction and Circle Fitting

For annular beam profiles, the center is determined by extracting ridge points from radial

intensity profiles and fitting them to a circle.

def find_ring_points(img, cx, cy, n_angles=360, smooth_sigma=2.0):

h, w = img.shape

r_max = int(0.5 * min(h, w)) - 2

r_min = int(0.05 * min(h, w))

k = gaussian_kernel_1d(smooth_sigma)

pts = []

for ktheta in range(n_angles):

theta = 2 * np.pi * ktheta / n_angles

rs = np.arange(r_min, r_max + 1, dtype=np.float32)

xs = (cx + rs * np.cos(theta)).astype(np.float32)

ys = (cy + rs * np.sin(theta)).astype(np.float32)

prof = cv2.remap(

img.astype(np.float32),

xs.reshape(1, -1),

ys.reshape(1, -1),

interpolation=cv2.INTER_LINEAR,
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borderMode=cv2.BORDER_CONSTANT,

borderValue=0

).ravel()

if len(k) > 1:

prof = np.convolve(prof, k, mode="same")

r_peak = rs[np.argmax(prof)]

x = cx + r_peak * np.cos(theta)

y = cy + r_peak * np.sin(theta)

if 1 <= x < w - 1 and 1 <= y < h - 1:

pts.append([x, y])

return np.array(pts)

The extracted ridge points are fit to a circle using an algebraic least-squares method with

iterative trimming to suppress outliers.

def robust_circle_fit(points, trims=2, trim_frac=0.15):

P = points.copy()

for _ in range(trims):

x, y = P[:, 0], P[:, 1]

D = np.column_stack([x, y, np.ones_like(x)])

z = x**2 + y**2

A, B, C = np.linalg.lstsq(D, -z, rcond=None)[0]

cx, cy = -A / 2, -B / 2

R = np.sqrt((A*A + B*B)/4 - C)

r = np.sqrt((x - cx)**2 + (y - cy)**2)

resid = np.abs(r - R)

keep = resid <= np.quantile(resid, 1 - trim_frac)
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if np.count_nonzero(keep) < 10:

break

P = P[keep]

return cx, cy, R

—

A.6.3 Intensity Outside a Fixed Physical Radius

The fraction of optical intensity lying outside a physical diameter of 350 µm is computed after

background subtraction using pixels beyond a larger radius.

def intensity_fraction_outside(

img, center, diam_um, scale_um_per_px,

bg_radius_um=400.0

):

h, w = img.shape

x0, y0 = center

radius_px = (diam_um / 2) / scale_um_per_px

bg_radius_px = bg_radius_um / scale_um_per_px

Y, X = np.ogrid[:h, :w]

r = np.sqrt((X - x0)**2 + (Y - y0)**2)

bg_mask = r >= bg_radius_px

if np.any(bg_mask):

bg_val = np.median(img[bg_mask])

else:

bg_val = np.median(img)

img_corr = np.clip(img - bg_val, 0, None)
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inside = r <= radius_px

inside_sum = np.sum(img_corr[inside])

total_sum = np.sum(img_corr)

frac_outside = 1 - inside_sum / total_sum if total_sum > 0 else np.nan

return 100 * frac_outside

—

A.6.4 Bootstrap Estimation of Uncertainty

Uncertainties are estimated using a bootstrap procedure that accounts for uncertainty in the

fitted center position, background estimation, and image noise.

def outside_intensity_with_uncertainty(

img, center, diam_um, scale_um_per_px,

bg_radius_um=400.0,

n_bootstrap=200,

center_jitter_px=2.0

):

h, w = img.shape

x0, y0 = center

radius_px = (diam_um / 2) / scale_um_per_px

bg_radius_px = bg_radius_um / scale_um_per_px

Y, X = np.ogrid[:h, :w]

r0 = np.sqrt((X - x0)**2 + (Y - y0)**2)

outer_mask = r0 >= bg_radius_px

if not np.any(outer_mask):

outer_mask = r0 >= np.max(r0) - 1
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outer_vals = img[outer_mask]

bg_sigma = 1.4826 * np.median(

np.abs(outer_vals - np.median(outer_vals))

)

rng = np.random.default_rng()

frac_samples = []

for _ in range(n_bootstrap):

dx, dy = rng.normal(0, center_jitter_px, 2)

cx, cy = x0 + dx, y0 + dy

bg = np.median(

rng.choice(

outer_vals,

size=min(3000, outer_vals.size),

replace=True

)

)

noisy = img + rng.normal(0, bg_sigma, size=img.shape)

img_corr = np.clip(noisy - bg, 0, None)

r = np.sqrt((X - cx)**2 + (Y - cy)**2)

inside = r <= radius_px

inside_sum = np.sum(img_corr[inside])

total_sum = np.sum(img_corr)

frac_samples.append(100 * (1 - inside_sum / total_sum))

frac_samples = np.array(frac_samples)

return np.median(frac_samples), np.std(frac_samples, ddof=1)
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—

Remarks

All physical length scales are converted to pixel units using independently calibrated pixel-to-

micrometer conversion factors. The algorithms are designed to remain robust against finite

image size, residual distortions from image rectification, and spatially varying background

levels.

A.7 Cavity simulation parameter

The EAM epitaxial intrinsic layer was designed by Owen Moynihan from the III–V Device

Group using Harold software. The resulting intrinsic layer parameters were used in this work

and imported into the Essential Macleod thin-film material database to simulate the cavity

response under zero-bias conditions and reverse bias of 4 V. In these simulations, the optical

properties of the MQW layer are described using the complex refractive index ñ = n + ik,

where both the refractive index n and the extinction coefficient k are dimensionless quantities.

For reference, the corresponding absorption coefficient α, expressed in units of cm−1, is related

to k by α = 4πk/λ.

Table A.7.1: Intrinsic layer parameters used for the EAM epitaxial layer design and cavity
simulation under zero bias.

Wavelength (nm) Refractive index extinction coefficient

1510 3.6260 0.0960

1520 3.6450 0.0530

1530 3.6270 0.0270

1540 3.6130 0.0180

1550 3.5930 0.0130

1560 3.5900 0.0100

1570 3.5800 0.0080

1580 3.5750 0.0070

1590 3.5690 0.0060

1600 3.5600 0.0050
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Table A.7.2: Intrinsic layer parameters used for the EAM epitaxial layer design and cavity
simulation under reverse bias of 4 V.

Wavelength (nm) Refractive index extinction coefficient

1510 3.55 0.024

1520 3.543 0.0159

1530 3.535 0.0118

1540 3.529 0.0099

1550 3.524 0.0087

1560 3.518 0.077

1570 3.513 0.07

1580 3.503 0.0072

1590 3.5 0.008

1600 3.504 0.01
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A.8 Epitaxial layer details of EAM

Table A.8.1: Epitaxial EAM stack designed for µTP [88].

Layer Material Thickness (nm) Doping (cm−3)

P-contact InGaAs 50 1× 1019

P-cladding InP 1600 1× 1018

Confinement Al0.4In0.07Ga0.53As 10 n.i.d
Confinement Al0.36In0.11Ga0.53As 10 n.i.d
Barrier Al0.27In0.23Ga0.50As 10 n.i.d
Well (×10) Al0.085In0.305Ga0.61As 9.5 n.i.d
Barrier (×10) Al0.27In0.23Ga0.50As 10 n.i.d
Confinement Al0.36In0.11Ga0.53As 170 n.i.d
N-cladding InP 200 1× 1018

Release InGaAs 100 5× 1017

Release AlInAs 400 5× 1017

Substrate InP — 1× 1018
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Appendix

B.1 Per-layer mask design of source

The source wafer fabrication is defined using a seven-layer mask layout, as shown in Figure

B.1.1, with each panel corresponding to a lithography mask designed in graphic design system

(GDS) format using KLayout softwer to define a specific device layer or process step. In the

layout, the coloured regions indicate areas exposed during ultraviolet lithography and subse-

quently processed by material deposition or etching. Features defined in earlier lithography

steps are retained in each layout view to indicate the relative positioning of previously pat-

terned structures with respect to the current mask layer and to identify regions that remain

protected by photoresist during the present processing step. Black arrow markers denote the

lateral dimensions of the mesa and coupon features defined by the corresponding mask layers.

The layout shown corresponds to a device aperture with a active diameter of 30 µm, and similar

layer structures were also designed for active diameters of 20 µm and 10 µm. The individual

mask layers define the p-contact and alignment marks, circular mesa, n-contact metallization,

coupon outline, encapsulation opening, SiN etch window, and tether geometry required for

device release and transfer printing. In the first mask layer, a p-metal alignment mark is

defined adjacent to the p-contact region. As shown in Fig. B.1.1 (a), this alignment mark has

dimensions of 10 µm × 10 µm and is positioned near the coupon edge with a spacing of 11 µm.

This alignment mark serves as a reference feature exclusively for accurate alignment during the

transfer-printing process.
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Figure B.1.1: Seven-layer lithography mask layout used for source wafer fabrication of the
SNEAM device, with panels (a)–(g) showing the sequential mask layers. Coloured regions
indicate areas exposed during the corresponding lithography step, while features from previous
steps are retained for reference to illustrate layer alignment. Black arrow markers denote
the lateral dimensions of the mesa and coupon features. The layouts correspond to a device
aperture of 30 µm.

B.2 SNEAM source with tether design

Three tether configurations were incorporated into the coupon layout, as shown in the GDS

format in Fig. B.2.1. Coupon designs with two, four, and eight tethers were implemented. In

these layouts, regions protected by photoresist during the lithography step are shown as white,

while the shaded regions correspond to areas exposed to ultraviolet light and subsequently

developed and etched. The indicated dimensions define the tether width and length.

Each tether includes a narrow neck region with a width of 2.5 µm, which defines the intended

breaking point during coupon pickup. The wider foot of the tether, as shown in Figure B.2.1,

supports the coupon prior to release and prevents collapse following detachment. Among

the configurations included in the design, the eight-tether configuration exhibited the most

consistent release and pickup performance compared to the four and two tether designs.
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Figure B.2.1: GDS mask layouts showing coupon designs with different tether configurations
used for source wafer fabrication. From (a)–(c) illustrate coupons incorporating two, four, and
eight tethers, respectively. Shaded regions indicate areas exposed during lithography, while
unshaded regions represent protected regions.

B.3 Complete source GDS mask overview

The full GDS mask layout shown in Figure B.4.1 incorporates multiple device geometries with

active diameters of 10 µm, 20 µm, and 30 µm, combined with n-metal–to–mesa gaps of 2 µm,

3 µm, and 5 µm.

Figure B.3.1: Complete GDS mask layout for the SNEAM source wafer, showing the ar-
rangement of multiple device geometry. The layout incorporates devices with different active
diameters, n-metal–to–mesa gaps, and tether configurations. The designed mask occupies one
quarter of the source wafer.
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B.4 GDS mask of target fabrication

The pick and place transfer of coupons from the source wafer to the target wafer is carried out

using predefined combinations established in the source mask design and correspondingly incor-

porated into the target mask layout. This coordinated design approach ensures that coupons

with active diameters of 10 µm, 20 µm, and 30 µm are accurately placed at their designated

target locations, enabling precise alignment with the corresponding bondpad structures.

Figure B.4.1: Overview of the GDS mask layout for target-wafer fabrication. The mask
includes definitions for the bottom reflector as well as GSG and GS bond pads to support
multiple device testing and characterization. The designed mask occupies one quarter of the
target wafer.
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B.5 Source mask design aligned to target pattern

Figure B.5.1 illustrates the alignment of a coupon with an active diameter of 30 µm to the

patterned target location using alignment markers defined on both the target wafer and the

coupon. During the transfer-printing process, the coupon is first picked up from the source

wafer and then translated to the target wafer, where it is positioned relative to the target

alignment marker. A designed offset of 3 µm between the bottom reflector pattern on the

target and the encapsulation boundary of the coupon is incorporated to facilitate alignment

and to enable quantitative assessment of placement accuracy and misalignment during transfer

printing.

Figure B.5.1: Alignment of a source coupon, including the PIN device layout extracted from
the GDS mask, with the patterned target location, as targeted during the transfer-printing
process and observed after transfer printing.
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[43] R. Hamié, L. Ghisa, A. Pérennou, V. Quintard, M. Guegan, M. Fadlallah, and A. Hamié,
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[49] C. Vázquez, J. D. López-Cardona, P. C. Lallana, D. S. Montero, F. M. A. Al-Zubaidi,
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