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ABSTRACT

Quantum Dot-based Tandem Photodiodes for High-Efficiency

Photo-Stimulation in Biomedical Applications

Parsa Kaviani

Master of Science in Electrical and Electronics Engineering

December 26, 2025

Photovoltaic retinal prostheses offer a promising solution for restoring vision in indi-

viduals with degenerative retinal diseases through light-mediated neural stimulation.

Colloidal quantum dots (QDs), particularly silver bismuth sulfide (AgBiS2), provide

advantages for bioelectronic interfaces due to their high NIR absorption, chemical

stability, and non-toxicity. Tandem photovoltaic structures are known to enhance

performance by increasing the open-circuit voltage (Voc). We introduce a novel

QD-based tandem photodiode, featuring ultra-thin AgBiS2 layers in both subcells.

The device generates capacitive photocurrent, and due to the higher Voc, it in-

jects higher ionic charge compared to non-tandem counterparts. The biointerfaces

demonstrate low in vitro toxicity and stable photoelectrical performance under vari-

ous tests. These results highlight the potential of this QD-based tandem photodiode

as a high-resolution, efficient, and safe platform for retinal stimulation, offering a

flexible, scalable solution for bioelectronic interfaces.
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ÖZETÇE

Biyomedikal Uygulamalarda Yüksek Verimli Foto-Uyarım için Kuantum

Nokta Tabanlı Tandem Fotodiyotlar

Parsa Kaviani

Elektrik ve Elektronik Mühendisliği, Yüksek Lisans

26 Aralik 2025

Fotovoltaik retinal protezler, ışık aracılı sinirsel uyarı yoluyla dejeneratif retina

hastalıklarına sahip bireylerde görmeyi yeniden kazandırmak için umut vadeden bir

çözüm sunmaktadır. Kolloidal kuantum noktaları (QDs), özellikle gümüş bizmut

sülfür (AgBiS2), yüksek NIR soğurumu, kimyasal kararlılığı ve toksik olmaması ne-

deniyle bioelektronik ara yüzler için önemli avantajlar sağlamaktadır.

Tandem fotovoltaik yapılar, açık devre gerilimini (VOC) artırarak performansı

geliştirmeleriyle bilinmektedir. Bu çalışmada, her iki alt hücrede ultra ince AgBiS2

katmanları içeren yenilikçi bir kuantum nokta tabanlı tandem fotodiyot sunulmak-

tadır. Cihaz kapasitif fotokurulum üretmekte ve daha yüksek VOC sayesinde tandem

olmayan yapılarına kıyasla daha yüksek iyonik yük enjekte etmektedir.

Geliştirilen biyolojik ara yüzler, çeşitli test koşullarında düşük in vitro toksisite

ve kararlı fotoelektrik performans göstermektedir. Bu sonuçlar, söz konusu kuantum

nokta tabanlı tandem fotodiyotun, retinal uyarım için yüksek çözünürlüklü, verimli

ve güvenli bir platform olarak potansiyelini ortaya koymakta; aynı zamanda esnek

ve ölçeklenebilir bioelektronik ara yüz çözümleri sunmaktadır.
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Chapter 1

INTRODUCTION

Neurostimulation systems are critical therapeutic tools used globally to manage

a variety of neurological and physiological disorders, including Parkinson’s disease

[3], epilepsy [4], heart failure [5], and hearing loss [6]. While traditional wired

systems offer proven efficacy, they necessitate invasive surgical procedures, leading

to long-term maintenance challenges and mechanical mismatch with soft tissue [7].

Consequently, wireless, minimally invasive optoelectronic interfaces have emerged

as a highly promising alternative [8–10]. Light-based neurostimulation offers precise

spatial and temporal control, with the utilization of Near-Infrared (NIR) light being

particularly advantageous for deep-tissue implantation as it minimizes scattering

and penetration depth, thereby eliminating the need for rigid optical fibers [11].

The realization of flexible, high-performance optoelectronic biointerfaces is crit-

ically constrained by material limitations. Traditional rigid silicon-based devices

demonstrated early success [12], but silicon’s low NIR absorption demands thick,

inflexible layers. This necessitates the use of thin, solution-processable photoab-

sorber materials with high NIR absorption coefficients, such as colloidal quantum

dots (QDs). While QDs offer desirable optical stability, the most efficient NIR-

absorbing candidates (e.g., PbS [1] and HgTe [13]) suffer from severe biocompatibil-

ity and toxicity concerns due to the potential for unwanted pH change of the cellular

environment [14] or release of heavy metal ions [15]. Safer alternatives typically lack

sufficient NIR absorption[16–18]. To overcome this, we select AgBiS2 nanocrystals

(NCs) [2] as the foundational photoabsorber due to their heavy-metal-free compo-

sition, robust NIR absorption (approaching 105 cm−1), and solution processability.

Despite resolving the material toxicity and flexibility challenges with AgBiS2, a
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key architectural problem persists. To achieve high spatial resolution in devices,

Photovoltaic (PV) pixels must be miniaturized, which drastically lowers the total

charge injection capacity. Single-junction PV devices with small pixels cannot reli-

ably provide the open-circuit voltage (VOC) necessary for safe and effective neural

stimulation under low, safe illumination levels[19].

The core innovation of this thesis is the strategic translation of the tandem

device architecture from high-efficiency solar cells to solve this bioelectronic chal-

lenge of insufficient charge injection. By designing the first reported homo-tandem

photovoltaic biointerface based entirely on AgBiS2 NCs, we are able to significantly

increase the output voltage (VOC) compared to a single-junction device. This voltage

increase is critical because it enhances the total charge injection capacity, thereby

enabling improved stimulation performance.

The primary objectives of this research are threefold: (1) to design, fabricate,

and characterize AgBiS2 homo-tandem photodiode; (2) to determine the enhanced

voltage output and charge injection capability of the homo-tandem device using

photo-electrochemical tests; and (3) to validate the effectiveness of the AgBiS2 homo-

tandem device for neurostimulation using electrophysiology tests. The successful

demonstration of this architecture provides a robust, non-toxic, and high-efficiency

platform, accelerating the development of next-generation, fully wireless neurostim-

ulation technologies.

The remainder of this thesis is organized as follows. Chapter 2 provides the

background and literature review, introducing wireless neurostimulation, optoelec-

tronic biointerfaces, and the fundamental principles of tandem device engineering.

Chapter 3 describes the device architecture and material properties, including the

role of charge transport layers and characterization of AgBiS2 nanocrystals. Chap-

ter 4 discusses the key design challenges encountered in developing the tandem

photodiode, with a focus on interconnecting layer selection, current matching, and

low-temperature processing strategies. Chapter 5 presents the optoelectronic and

biointerface evaluation of the fabricated devices, comparing the single-junction and

tandem configurations through photovoltaic, photoelectrochemical, and patch-clamp

measurements, as well as biocompatibility assays. The experimental procedures and
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fabrication steps are summarized in Chapter 6. Finally, Chapter 7 concludes the

thesis with a summary of the main findings and highlights future directions for

advancing flexible tandem photodiodes in neural stimulation applications.
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Chapter 2

BACKGROUND

The beginnings of bioelectricity date back as far as Egypt, Greece, and Rome,

where electric discharges from eels, catfish, and torpedo rays were employed ther-

apeutically for the relief of pain and for promoting blood circulation. In Egyptian

medicine, electric catfish were said to be applied to patients who suffered from arthri-

tis or headaches, while the Roman physician Scribonius Largus described treatment

of gout and neuralgia using the torpedo ray. Scientific appreciation for the phe-

nomena of bioelectricity, however, would not occur until the late 18th century with

the discovery of ’animal electricity’ by Luigi Galvani, who demonstrated that elec-

trical discharges applied to frog legs could generate muscle contractions. Advances

in theoretical science evolved during the 19th century, starting with the discovery

of the action potential and seminal electrophysiological research by Hermann von

Helmholtz and Emil du Bois-Reymond. Another major step was taken in 1952 with

the Hodgkin–Huxley model, when it was quantitatively explained how nerve im-

pulses propagate, based on ion mechanisms. The development of the patch-clamp

technique by Erwin Neher and Bert Sakmann in the 1970s further revolutionized

electrophysiology, providing the capability for directly measuring single-ion channel

activity and establishing a methodology that has yet to become obsolete.

Building on these foundations, electrical neurostimulation has emerged as an

essential tool in neuroscience research and for medical therapy. Neurostimula-

tion through controlled electrical pulses can either excite or inhibit neural activ-

ity by the modulation of neuronal membrane potentials, thereby offering a non-

pharmacological method for the restoration or regulation of physiological function.

Modern bioelectronic devices, such as cardiac pacemakers, cochlear implants, deep

brain stimulators, and vagus nerve stimulators, have already shown clinical effica-

cies in heart failure, hearing loss, epilepsy, diabetes, and even Parkinson’s disease.
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The continuous incorporation of knowledge in bioelectricity into material science,

microelectronics, and computational modeling transformed neurostimulation from a

physiological curiosity into the mainstay of modern biomedical engineering, bridg-

ing centuries of discovery from ancient electrotherapy up to state-of-the-art neural

interfaces.

2.1 Wireless Neurostimulation and Optoelectronic Interfaces

Neural stimulation plays a crucial role in understanding complex neural circuitry

and its correlation with specific behaviors, as well as in therapeutic interventions for

neurological disorders [20, 21]. Its underlying mechanism involves the application of

controlled electrical currents that modulate ion fluxes, primarily sodium (Na+) and

potassium (K+), across neuronal membranes due to potential differences between

active and return electrode[22]. Whereas direct electrical stimulation through im-

planted leads remains the most established and effective means, it entails a number

of challenges, not least the invasiveness associated with surgical implantation and

the very limited selectivity in neural circuit targeting or modulation. Such limi-

tations have encouraged wireless and less invasive stimulation strategies to achieve

finer neural control while reducing clinical burden.[23]

In recent years optoelectronics neural interfaces have emerged as a promis-

ing alternative, leveraging light to modulate neuronal activity with enhanced spa-

tiotemporal precision and reduced invasiveness compared to traditional electrical

methods[24, 25]. This approach uses photodiode-based systems, where incoming

photons generate electron-hole pairs in semiconductor materials. These charges are

then separated by internal electric fields, producing a localized electrical potential

that can interact with nearby nerve cell membranes[26, 27]. Unlike conventional

electrical devices, these systems leverage the precision and adaptability of light to

selectively activate or inhibit specific neurons. By using different wavelengths, they

enable complex stimulation patterns and the targeting of distinct neurons. This

process allows for highly targeted neural activation, which is particularly useful in

medical treatments requiring precise control of specific groups of neurons[28–30].
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These platforms provide a less invasive way to access deep brain regions, potentially

replacing or enhancing current deep brain stimulation (DBS) methods[31–33]. An-

other example of this approach is the use of silicon-based photovoltaic arrays to help

restore vision in people with macular degeneration[34–38]. These stiff devices can

stimulate the remaining retinal neurons, leading to partial vision recovery. However,

their rigidity poses challenges for long-term integration with soft tissue and may

cause compatibility issues over time. To overcome this, researchers are now focusing

on developing flexible optoelectronic devices that better match the structure of neu-

ral tissue, reducing mechanical stress and minimizing long-term inflammation[39].

The inherent flexibility of these next-generation interfaces allows for improved

conformability with biological tissues, thereby enhancing the stability and efficacy

of chronic neural stimulation[40–43]. However, designing and building these systems

comes with significant challenges. Key among them is selecting photoactive mate-

rials with the right energy band structure to efficiently generate and move charge

carriers[44–47]. It’s also crucial to maximize light absorption in ultra-thin devices,

often just a few micrometers thick, so they remain flexible while still being sensitive

to light[1].

To effectively stimulate neurons, these materials must also deliver enough charge.

Traditional methods that rely on capacitive charge delivery can fall short, as they

often only provide brief bursts of stimulation[48]. As a result, scientists are exploring

materials like PEDOT:PSS, titanium nitride (TiN), and ruthenium oxide (RuO2),

which have better charge storage capabilities and can support stronger stimulation[1,

49, 50]. Even so, these materials might not fully meet the demands of consistent,

reliable neural activation, underscoring the need for continued innovation in both

materials and device design.

A promising approach to enhance charge injection is to use tandem structures.

These structures offer increased generated voltage and charge injection levels[19].
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2.2 Tandem Architectures for Enhanced Photovoltage and Charge In-

jection

The efficiency of a single-junction photovoltaic device is limited by the necessity

to compromise between absorbing high-energy photons, minimizing thermalization

losses, and collecting lower-energy photons. This compromise leads to the well-

known Shockley–Queisser (SQ) limit of approximately 33% under AM1.5G illumination[51].

Tandem photovoltaic devices seek to overcome this ceiling by stacking multiple pho-

toactive layers with distinct or, in some cases, identical bandgaps[52]. In hetero-

tandem designs, the subcells have different bandgaps and are spectrally complementary[53–

56]. However, an important class of devices, homo-tandems, uses the same bandgap

in both subcells yet still achieves substantially higher efficiency than the correspond-

ing single-junction cell [57–59]. his improvement arises not from spectral splitting

but from electrical advantages and improved recombination management. Quantum

dots offer additional design freedom across both hetero- and homo-tandem configu-

rations. Their bandgap tunability through size and composition, strong absorption

coefficients, and ability to passivate interfaces make them attractive for designing

either top or bottom subcells.

A key benefit of tandem photovoltaics lies in the boosted VOC , which roughly

equals the sum of the voltages from individual subcells in a series-connected setup.

Consequently, even homo-tandems, where both subcells have identical bandgaps,

can deliver a total VOC that surpasses a single-junction device by hundreds of milli-

volts. This gain arises as each subcell generates its own quasi-Fermi level splitting

independently; substituting a thick absorber with two thinner, well-passivated lay-

ers enhances radiative efficiency and curtails recombination losses in each, yielding

greater overall photovoltage[60]. This elevated voltage holds significant promise for

bio-optoelectronic and biointerface systems, especially those employing photovoltaic

charge injection to activate biological tissues[19]. For instance, neural or cardiac pho-

tostimulation devices typically demand capacitive or faradaic charge production at

electrode-electrolyte interfaces, where the maximum safe and effective charge deliv-

ery hinges on the photovoltaic source’s available driving voltage.
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High-performance tandem photovoltaic cells require three key design principles:

well-aligned band offsets, highly efficient interlayers, and current matching between

adjacent subcells[61, 62]

In heterojunction tandem solar cells, subcells with complementary bandgaps

are selected to enable efficient spectral partitioning[53–56]. Optimal two-junction

tandems generally combine a top cell with a bandgap of ∼1.7–1.8 eV and a bot-

tom cell of ∼1.0–1.1 eV[52]. Perovskite/silicon tandems feature a fixed bottom-cell

bandgap of ∼1.1 eV (silicon)[56], whereas all-perovskite tandems require tuning of

both bandgaps via halide composition or Pb–Sn alloying[55]. Quantum dots en-

hance design flexibility by enabling bottom cells with tunable bandgaps extending

into the deep infrared[54], as well as hybrid perovskite–quantum dot absorbers that

exhibit greater stability and lower defect densities.

In homo-tandem configurations, identical bandgaps are employed in both sub-

cells; however, splitting photogeneration across two thinner layers mitigates bulk

and Shockley–Read–Hall recombination, thereby increasing the quasi-Fermi level

splitting in each subcell[57–59]. The cumulative result is elevated VOC (e.g., > 1.8 V

in polymer homo-tandems[59]) and, frequently, superior fill factors. Quantum dots

amplify these benefits via targeted passivation and interface optimization, which sup-

press non-radiative losses relative to single-junction cells of equivalent thickness[57].

The interconnection layer constitutes a critical element in monolithic tandem

solar cells, as it must enable efficient charge recombination, ensure optical trans-

parency, suppress parasitic absorption, and endure subsequent fabrication processes.

An optimal ICL establishes an ohmic recombination junction free from voltage losses,

optical attenuation, or chemical incompatibilities with adjacent subcells[63, 64].

Conventional III–V tandems have employed epitaxial tunnel junctions[65]; however,

solution-processed tandems demand more adaptable materials, including transpar-

ent conductive oxides, metal oxides, organic charge-transport layers, and hybrid

multilayers[63, 66, 67]. Recent developments have emphasized the advantages of in-

corporating ultrathin metallic films , such as sub-10 nm layers of Au, Ag, or Cu,war

within the ICL stack. When appropriately engineered, these films deliver high lateral

conductivity and uniform morphology while maintaining semitransparency. They
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further promote effective carrier recombination via intermediate energy states or

enhanced tunneling across neighboring transport layers. In addition, such thin met-

als function as protective barriers, safeguarding sensitive perovskite or quantum dot

layers from plasma damage during transparent conductive oxide sputtering[66].

The last essential principle and a primary challenge in realizing high-performance

two-terminal monolithic tandem solar cells is current matching between the subcells[61].

In this series-connected architecture, the overall photocurrent is constrained by the

subcell generating the lowest current, which in turn limits the device’s efficiency. A

standard approach to resolve this is to adjust absorber layer thicknesses such that

both subcells yield equivalent currents. Optical modeling is particularly effective

for this purpose, as it predicts subcell photocurrents across various thicknesses to

inform tandem structural optimization[68]. Complementary techniques, including

modified detailed-balance analyses[69]and semi-empirical models[70], have similarly

guided thickness optimization to attain balanced currents.

2.3 Motivation and Objectives of the Study

The motivation behind this research project arises from the need to advance the

performance of flexible optoelectronic neural interfaces by overcoming the inherent

limitations in charge injection efficiency found in current photostimulation plat-

forms. While optoelectronic neural interfaces offer exciting prospects for minimally

invasive, wireless stimulation, their effectiveness is fundamentally constrained by the

modest photovoltage and charge density generated by conventional single-junction

photodiodes. These limitations restrict both stimulation strength and long-term

biocompatibility. Therefore, this project aims to address these challenges by in-

troducing a tandem photodiode architecture that enhances photovoltage, improves

charge injection levels, and maintains compatibility with neural tissue.

The main focus is to explore the potential of integrating a tandem photodiode

structure into a flexible optoelectronic biointerface to achieve high-efficiency pho-

tostimulation under low-intensity illumination. Several objectives guide this study.

First, the goal is to fabricate a flexible tandem photodiode using a straightforward,



Chapter 2: Background 10

reproducible manufacturing route compatible with biointerface requirements. Next,

the photovoltage, photocurrent, and photogenerated charge density of the tandem

architecture will be characterized in biological media. Special emphasis will be

placed on evaluating how the increased open-circuit voltage (VOC), a core advan-

tage of tandem structures, translates into improved capacitive charge injection. The

biocompatibility of the full device stack will be assessed, followed by patch-clamp

electrophysiology on hippocampal neurons to examine their response to photostim-

ulation driven by the tandem photodiode. Finally, the overall performance of the

interface will be evaluated to determine its ability to elicit stable and repetitive

neuronal firing.

This study contributes to the field by demonstrating, for the first time, the use of

a flexible tandem photodiode specifically engineered for neural photostimulation. By

leveraging the increased photovoltage and reduced recombination losses inherent to

tandem architectures, this work aims to significantly elevate charge injection levels

beyond what is achievable with single-junction devices. The study’s novelty lies in

applying tandem optoelectronic structures, traditionally used for photovoltaics, to

biointerfaces, thus bridging two fields to unlock higher stimulation efficiency without

compromising biocompatibility.

The findings from this research will provide new insights into the role of multi-

layer photodiodes in bioelectronic systems, highlight the potential of tandem device

engineering for neural stimulation applications, and expand the design space for

next-generation optoelectronic neural interfaces. Ultimately, this project aims to

contribute to the advancement of bioelectronic medicine by enabling safer, stronger,

and more energy-efficient neural stimulation modalities for future therapeutic appli-

cations.
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Chapter 3

DEVICE ARCHITECTURE AND MATERIAL

PROPERTIES

3.1 Fundamentals of Quantum Dot Photovoltaics

Quantum dots are semiconductor nanocrystals whose optoelectronic properties are

governed by quantum mechanical effects, enabling tunable bandgaps based on size

and composition[71]. This quantum confinement effect allows for precise engineering

of light absorption and emission characteristics, making them highly suitable for

various photovoltaic applications[1]. Moreover, the ability to control the bandgap

via material size enables the modification of the absorption spectrum and extinction

coefficient[72].

Despite these advantageous properties, the efficiency of quantum dot solar cells

remains suboptimal due to challenges such as lower charge carrier concentrations

and mobility[73]. To enhance performance, various strategies are being explored,

including the optimization of quantum dot materials, interface engineering, and

novel device architectures, often focusing on non-toxic alternatives to traditional

lead, cadmium, and mercury-containing QDs[44]. The integration of AgBiS2 quan-

tum dots within a photostructure typically involves an electron transport layer

like ZnO, which is inherently n-type, and a hole transport layer such as poly(3-

hexylthiophene)(P3HT), to facilitate efficient charge separation and transport[1, 26].

This tripartite structure optimizes carrier extraction, where the electron trans-

port layer and hole transport layer collectively contribute to the internal electric

field, thereby improving current generation and overall device efficiency[74]. A well-

designed heterostructure involving these layers can suppress electron-hole recombi-

nation and improve charge mobility, further boosting the efficiency of the quantum

dot solar cells[75]. The judicious selection and engineering of the electron transport
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layer and hole transport layer are critical for maximizing power conversion efficiency

and long-term device stability[76, 77]. This includes optimizing the band alignment

between layers and ensuring efficient charge transfer at the interfaces.

Figure 3.1: a) Schematic of the biointerface (not to scale). b) Energy band

diagram of the photodiode. c) Photograph of the flexible biointerface on PET/ITO

substrate.[1]

3.2 Role of Charge Transport Layers

The electron transport layer typically comprises a material with high electron mo-

bility and appropriate energy alignment to accept electrons from the quantum dots

while blocking holes, a function often fulfilled by zinc oxide due to its high electron

mobility and suitable band alignment[47]. Conversely, the hole transport layer, such

as P3HT, is engineered to selectively extract holes from the quantum dot active

layer and transfer them to the anode, simultaneously preventing electron recombi-

nation at the interface and enhancing carrier selectivity[78]. This intricate interplay

of materials and their energetic landscape dictates the overall efficiency and stabil-

ity of the quantum dot solar cell[79]. The interface between these layers also plays

a critical role, as surface states can mediate charge exchange, potentially leading

to photoelectrochemical processes and reduced performance[47]. Therefore, careful

engineering of these interfaces is essential to mitigate surface recombination and

optimize charge transfer kinetics, directly impacting the device’s power conversion

efficiency[26].
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Figure 3.2: Photocurrent measurements for different a) ZnO and b) P3HT layer

thickness under NIR light illumination (mean ± SEM, n=5).[2]

3.2.1 Impact of ZnO ETL on Device Performance

The electron extraction properties of the zinc oxide ETL are paramount for maxi-

mizing the performance of quantum dot photodiode, primarily by facilitating rapid

electron transport while simultaneously blocking hole migration towards the anode.

This function is critically dependent on the ZnO’s band alignment with the quantum

dot layer, ensuring a favorable energy cascade for electrons (Figure 3.1b).

The morphology and conductivity of the ZnO layer significantly influence charge

extraction efficiency, with denser, more uniform films typically leading to improved

performance[40]. The deposition conditions of ZnO, such as annealing temperature,

and oxygen pressure, significantly influence its optical and electrical properties, di-

rectly impacting its effectiveness as an ETL[80]. Optimizing these parameters can

lead to a reduction in defects and an improvement in the crystallinity of the ZnO

layer, which, in turn, enhances electron mobility and eliminates potential recombi-

nation pathways[40].

The thickness of the ZnO thin film is a critical parameter influencing the perfor-

mance of quantum dot solar cells, as it directly impacts charge transport kinetics,

optical transparency, and the overall resistance of the device. Optimal thickness en-

sures efficient electron extraction while minimizing series resistance and maximizing
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light transmission to the active layer. An excessively thick ZnO layer can impede

charge collection due to increased resistance and light absorption, while an overly

thin layer may lead to incomplete coverage and inefficient electron extraction, thus

highlighting the need for precise thickness optimization. Accordingly, as shown in

Figure 3.1a, the ZnO ETL thickness was systematically optimized to achieve a bal-

ance between efficient electron extraction, low series resistance, and high optical

transparency, leading to improved overall device performance.

3.2.2 Impact of P3HT HTL on Device Performance

The integration of AgBiS2 QDs with P3HT within a bulk heterojunction structure

also leverages the advantages of organic semiconductors, such as flexibility and low-

cost processing, while simultaneously improving charge separation and transport[35].

The P3HT hole transport layer plays a crucial role in preventing charge recombina-

tion at the AgBiS2/electrode interface and facilitating efficient hole extraction due

to its favorable energy levels and high hole mobility, significantly enhancing over-

all device performance. Moreover, the judicious selection of P3HT, or similar hole

transport materials, is essential for optimizing the interface energetics and minimiz-

ing energetic barriers for hole transfer from the AgBiS2 quantum dots. The specific

band alignment of P3HT with AgBiS2 is crucial for ensuring efficient charge separa-

tion and preventing recombination losses, thereby maximizing the power conversion

efficiency of the photovoltaic device[46].

The excellent film-forming properties and solution processability of P3HT also

contribute to its utility in scalable fabrication methods for high-performance devices[1].

Furthermore, P3HT’s established biocompatibility and biodegradability make it par-

ticularly well-suited for implantable bioelectronic devices, including retinal prosthe-

ses, where long-term stability and minimal tissue response are critical considerations[35].

The high biocompatibility of P3HT also contributes to the reliable bionanojunctions

in biointerfaces, potentially reducing the need for additional interfacial layers to en-

hance cell adhesion[44].

As with the ZnO electron transport layer, the thickness of the P3HT hole trans-
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port layer is a crucial factor for quantum dot solar cells because it affects charge

transport kinetics, optical losses, and, hence, the total series resistance of the de-

vice. Optimal P3HT thickness allows efficient hole extraction at minimal resistive

losses and parasitic absorption. Indeed, too thick a layer of P3HT would impede

the charge transport due to increased series resistance, while a too thin layer would

result in poor coverage and inefficient hole extraction. For these reasons, the P3HT

thickness was systematically optimized following the same considerations and opti-

mization strategy applied to the ZnO layer. As a result, Figure 3.1b shows that such

an optimization allowed balancing efficient hole extraction, low series resistance, and

less optical losses toward an improved general device performance.

Figure 3.3: Absorbance spectra of a) ITO/ZnO/P3HT and b)

ITO/ZnO/AgBiS2/P3HT, showing that the absorbance in the NIR range

originates from the AgBiS2 nanocrystal layer.[2]

3.3 Role of Photoabsorber Layer

The AgBiS2 quantum dot layer serves as the primary light-absorbing component,

converting incident photons into electron-hole pairs, which is a critical determinant

of the solar cell’s efficiency and spectral response. The exceptional tunability of its

bandgap, through precise control over quantum dot size and composition, allows for
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optimized light harvesting across a broad spectrum, particularly in the near-infrared

region[81].

These optical properties make the material particularly suitable for biointer-

face applications aimed at neural stimulation using near-infrared (NIR) light. As

shown in the absorbance spectrum in Figure 3.3a, the device exhibits pronounced

absorption in the NIR region, which is essential for efficient light harvesting at

wavelengths that offer deeper tissue penetration and reduced phototoxicity. This

NIR responsiveness enables effective photogeneration of charge under biologically

relevant illumination conditions, thereby supporting its applicability as an opto-

electronic biointerface for neurostimulation. The absorbance spectrum of ZnO and

P3HT indicates negligible absorption in the near-infrared (NIR) region, confirm-

ing that the device operation under NIR illumination arises exclusively from the

contribution of the AgBiS2 nanocrystal layer (Figure 3.2).

Moreover, the ability of quantum dots to be processed from solution offers a cost-

effective and scalable manufacturing route for various optoelectronic devices[82].

Figure 3.4: a) Absorbance of AgBiS2 NCs.[2] b) The X-Ray diffraction (XRD)

spectrum of AgBiS2 NCs. c) Transmission electron microscopy (TEM) image of

AgBiS2 NCs.

3.4 Characterization of AgBiS2 Layers

Given the critical role of AgBiS2 as the light-absorbing quantum dot layer, com-

prehensive characterization of its structural, optical, and electrical properties is
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indispensable for understanding device performance. This characterization often

involves techniques like transmission electron microscopy to visualize the quantum

dot morphology and confirm successful integration into the device architecture (Fig-

ure 3.3c). Additionally, X-ray diffraction can confirm the crystalline structure and

phase purity of the AgBiS2 quantum dots, which directly impacts their electronic

band structure and charge transport capabilities (Figure 3.3b). Optical character-

ization, including UV-Vis absorption and photoluminescence spectroscopy, further

elucidate the electronic transitions and emission properties of AgBiS2, providing in-

sights into their light-harvesting efficiency and potential for radiative recombination

(Figure 3.3a). Such detailed analyses are crucial for correlating material proper-

ties with device performance, guiding further optimization towards higher power

conversion efficiency.
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Chapter 4

DESIGN CHALLENGES IN TANDEM PHOTODIODE

DEVICES

4.1 Low-Temperature Electron Transport Layer

One of the primary design challenges in monolithic tandem photodiode devices arises

from the use of sol–gel–processed ZnO as the electron transport layer (ETL). While

sol–gel ZnO provides excellent electron extraction and optical transparency; it typ-

ically requires high annealing temperatures to achieve sufficient crystallinity and

conductivity. Such high-temperature processing is incompatible with tandem archi-

tectures, as it can degrade the quantum dot (QD) active layer and organic polymer

layers of the second subcell.

To address this limitation, two low-temperature alternatives to sol–gel ZnO were

investigated: ZnO nanoparticles (ZnO NPs)[83] and polyethyleneimine-modified

ZnO (PEI–Zn)[84]. These materials can be processed at significantly lower temper-

atures, making them more suitable for tandem integration without compromising

the underlying layers.

The photocurrent and photovoltage generated by devices incorporating these

alternative ETLs were systematically compared to those obtained using sol–gel ZnO

in the first cell. For ZnO NPs, different doping strategies, including sol–gel ZnO and

MgCl2 doping, were explored to improve charge extraction and device performance.

The data indicate that ZnO NP-based ETLs exhibit reduced photocurrent and

photovoltage, regardless of the doping approach employed. In contrast, the PEI–Zn

ETL demonstrates performance comparable to that of the sol–gel ZnO reference,

suggesting effective electron extraction and minimal interfacial losses. These re-

sults identify PEI–Zn as a promising low-temperature ETL candidate for tandem

photodiode architectures, offering compatibility with temperature-sensitive QD and
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organic layers while maintaining device performance.

4.2 Interconnecting Layer Selection and Evaluation

The ICL stands at a critical position in the monolithic tandem photodiode de-

vice for providing an effective charge recombination path between the two subcells

with high optical transparency. Among them, two material classes are considered

widely for the implementation of the ICL: conductive polymers and ultrathin metal-

lic films. Three promising ICL configurations were investigated here: PEDOT:PSS,

Ag NW/PEDOT:PSS composites, and an ultrathin gold (Au) layer with a nominal

thickness of 3 nm.

For each ICL candidate, two important performance parameters were measured:

optical transparency and electrical conductivity. Optical characteristics were de-

termined by absorbance and transmittance spectra, which are presented in Figure

4.1. PEDOT:PSS and Ag NW/PEDOT:PSS displayed a little higher optical trans-

mittance within the relevant spectral range compared to the ultrathin Au layer,

indicating a marginal optical advantage for polymer-based interlayers.

Figure 4.1: Transmittance spectrum of a) PEDOT:PSS. b) Ag

nanowire/PEDOT:PSS composite. c) Transmittance of thin Au film.

Electrical performance was characterized by current–voltage (J–V) measure-

ments on test structures with the HTL of the first subcell and the ETL of the

second subcell, so that the electrical behavior of the interlayer was isolated[85].

The obtained J–V characteristics are shown in Figure 4.2 and demonstrate a much
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lower series resistance for the Au-based ICL compared to the polymer-based ICLs,

demonstrating more efficient charge recombination and transport.

Figure 4.2: Current density–voltage (J–V) characteristics of the candidate

interconnection layers.

As such, the ultrathin Au interlayer is selected for subsequent tandem device inte-

gration considering both combined optical and electrical results and practical aspects

of the fabrication simplicity and process reproducibility. While polymer-based ICLs

give a slightly higher optical transmittance, the superior electrical conductivity and

ease of fabrication of the Au interlayer will make it more suitable for the tandem

photodiode architecture investigated in this study.

Table 4.1: Extracted resistance values for different ICL configurations.

ICL RA (Ω·cm2) Transmittance (T%) at 780 nm

PEDOT:PSS 2.86 99.8%

Ag NW PEDOT:PSS 2.00 93.2%

Au 1.54 79.3%
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4.3 Current Matching in Tandem Photodiode Devices

Current matching among subcells is a stringent requisite in the case of a monolithic

tandem photodiode architecture, where the overall device performance is limited by

the subcell producing the lower photocurrent. Traditional current-matching tech-

niques usually involve careful optimization of the thickness of each photoactive layer

through multiple deposition cycles. This approach raises some fabrication complex-

ity and decreases the process reproducibility.

To simplify the process without losing efficient current matching, a different

strategy was adopted by tuning the concentration of the AgBiS2 quantum dot ink.

Instead of changing the number of deposition cycles, single-cycle depositions were

applied for each subcell with AgBiS2 concentrations at 40, 60, 80, and 100 mg

mL−1. This allows the systematic modulation of absorber thickness via solution

concentration to be achieved with a comparable processing sequence.

In a tandem configuration, the rear subcell suffers from a reduced photon flux due

to absorption in the front subcell and therefore usually needs a thicker photoabsorb-

ing layer to compensate for the lower incident light intensity. Devices in a tandem

configuration were prepared based on this principle with different combinations of

AgBiS2 concentrations in the front and the rear subcells.

The photogenerated voltage and current of these tandem devices were measured

by a patch-clamp measurement setup, the results of which are summarized in Figure

4.3. The 60/60 and 60/80 mg mL−1 front/rear concentration combinations showed

the highest photogenerated current and voltage in the tested configurations, which

indicates the effective current matching between the two subcells.

This behavior can be ascribed to a relatively moderate absorption of the front

AgBiS2 layer and the correspondingly limited attenuation of incident light reaching

the rear subcell. A large disparity in absorber thickness between the front and rear

cells is thus not required, and equal concentrations or slightly higher concentration

in the rear subcell are sufficient to accomplish current matching by balanced pho-

tocurrent generation between the two cells. These results prove that the approach

of thickness control based on concentrations provides a practical and scalable route
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for current matching in tandem photodiode devices.

Figure 4.3: Heatmaps showing the dependence of a) photovoltage and b)

photocurrent on first and second layer QD concentrations.
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Chapter 5

OPTOELECTRONIC PERFORMANCE AND

BIOINTERFACE EVALUATION

This chapter describes the optoelectronic characterization and biointerface per-

formance of the fabricated photodiode devices. First, electrical characteristics are

measured by standard current–voltage (J–V) and EQE measurements. Then, the

photoelectrochemical behavior relevant for biointerface operation is evaluated with

standard three-electrode and patch-clamp measurement configurations at biologi-

cally relevant light illumination conditions. After that, the performance of tandem

devices is compared to single-junction devices in terms of photogenerated current

and charge injection.

5.1 Current–Voltage and External Quantum Efficiency Characteristics

The first optoelectronic characterization of the fabricated devices was performed

using current–voltage (J–V) and EQE measurements. The J–V characteristics were

measured under illumination using a standard solar simulator, thus providing uni-

form and consistent conditions for reference, when comparing device performance.

Resulting J–V curves, along with the corresponding EQE spectra, are presented in

Figure 5.1.

Indeed, the tandem configuration presents a substantial increase in photovoltage,

which is roughly 60% higher than that in the single-junction device. The voltage

improvement points to the successful series connection of the two subcells within

the tandem structure. The nonzero voltage gain due to the series connection shows

a nonideal 100% voltage increase. These minor losses are related to the voltage

drop due to the finite resistivity of the ICL and the current mismatch between

the subcells. Obtained key photovoltaic parameters, such as short-circuit current
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density and open-circuit voltage from the J–V characteristics are listed in Table5.1.

The EQE spectra further confirm efficient photocarrier generation across the

absorption of the active layers and are in good agreement with the trends obtained

by the J–V measurements, supporting the observed voltage enhancement in the

tandem device.

Figure 5.1: Comparison of single-junction and tandem quantum dot photodiodes.

a) J–V characteristics under illumination. b) External quantum efficiency (EQE)

spectra.

Table 5.1: Photovoltaic performance parameters of the single-junction and tandem

devices

Type of Device Voc (mV) Jsc (mA cm−2) JEQE (mA cm−2)

Single 384 7.13 6.76

Tandem 609 3.26 5.13
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Figure 5.2: Time-resolved a) photovoltage and b) photocurrent density responses

of the tandem photodiode. Time-resolved a) photovoltage and b) photocurrent

density responses of the single-junction photodiode.

5.2 Photoelectrochemical Characterization

Photoelectrochemical performances of the devices were investigated in a three-

electrode configuration setup under near-infrared illumination. A 780 nm light-

emitting diode (LED) is used with an intensity of 5 mW cm−2 as the excitation

source. Illumination was performed in a pulsed mode, with pulse duration of 200 ms

and on time of 20 ms to allow for controlled measurement of transient photocurrent

and photovoltage response under biologically relevant stimulation conditions.

For both single-junction and tandem photodiode devices, photocurrent and pho-

tovoltage responses were recorded. It can be clearly seen from Figure 5.2 that in

the case of a tandem device, both PC and PV are enhanced when compared to the

single device. The quantitative values obtained from the above measurements are
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listed in Table5.2.

Therefore, the enhanced PC and PV of the tandem devices should be attributed

to the combined contribution from the two subcells and the effective photovoltage

increase, further confirming the advantage of the tandem architecture in applications

of optoelectronic biointerfaces in low-intensity and pulsed near-infrared illumination.

Table 5.2: Photovoltaic performance parameters of the single-junction and tandem

devices

Type of Device Photovoltage (mV) Photocurrent Density (mA cm−2)

Single 363 2.45

Tandem 648 3.33

5.3 Patch-Clamp Evaluation

Charge injection capability was directly assessed for the photodiode devices using

patch-clamp measurements under conditions relevant to biology. For excitation, an

880 nm laser was applied with varying illumination intensity of 0.5, 1, 2.5, and

5 mW mm−2 in a pulsed mode with a pulse duration of 200 ms and an off time of

20 ms. Light was delivered this way to ensure stimulation parameters are precisely

controlled and can be compared to the three-electrode measurements.

A variety of light intensities were used to measure photogenerated current and

injected charge for both single-junction and tandem photodiode configurations. Fig-

ure 5.3 reveals that, for all tested illumination conditions, the tandem devices display

superior photocurrent and charge injection compared to the single-junction devices.

This improved performance of the tandem architecture is due to the increased

effective photovoltage and more efficient charge separation provided by the series-

connected subcells. These results further indicate the advantages of tandem pho-

todiode devices for optoelectronic biointerface applications, especially in cases that

require higher charge injection at low-intensity near-infrared illuminations.
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Figure 5.3: a) Photocurrent and b) injected charge as a function of light intensity

for single-junction and tandem photodiode architectures.

5.4 Biocompatibility

The neuron characteristics and structural examination of the cytoskeleton in cells

cultured on ITO control and tandem devices were performed using double staining

of NeuN and f-Actin proteins. In the NeuN staining shown in Figure 5.5a, no

difference was observed in the density of NeuN-positive cells, which is the neuron-

specific nuclear protein expressed by primary hippocampal cells, between the control

ITO and our devices. We have demonstrated the status of cell-to-cell connections

by performing actin protein staining. No similar structure was observed in the cell

morphology and characteristic features of the primary neurons on the control and

our device.

The neuron characteristics and cytoskeleton structure in cells cultured on ITO

control and tandem devices were examined using double staining of NeuN and f-

Actin proteins. In the NeuN staining shown in Figure 5.5a, no difference was ob-

served in the density of NeuN-positive cells—the neuron-specific nuclear protein of

primary hippocampal cells—between the control ITO and our devices. Cell-to-cell

connections were evaluated using actin staining. No differences were observed in cell

morphology and characteristic features of the primary neurons on the control and

our device.
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Figure 5.4: a) CTG Biocompatibility of Bio-interfaces. The ITO sample, known to

be biocompatible, was used as a control. Significance level was calculated using a

two-tailed unpaired t-test; p < 0.05 was considered statistically significant. b)

Light microscope images of primary hippocampal neurons on Day 0, 14, 21 and 35

following the neuron isolation protocol. The scale bar represents 100 µm.

The cellular death status due to DNA fragmentation in neurons and the ex-

amination of the neuron-specific cytoskeleton in cells cultured on ITO control and

Tandem devices were performed using TUNEL and beta-III-tubulin double staining.

In Figure 5.4b, TUNEL positivity in primary hippocampal cells was detected in a

small number of cells on both the control ITO and our Tandem device, and the

neuron-specific cytoskeletal protein, beta-III-tubulin, was observed to be similar on

both the control ITO and Tandem bio-interfaces.
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Figure 5.5: Primary hippocampal neurons on ITO control and tandem

bio-interfaces stained with TUNEL (red), DAPI (blue), beta-III-tubulin (green),

and merged channel images at a) Day 0 and b) Day 14. The scale bar represents

50 µm.
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Chapter 6

METHODS

6.1 Biointerface Fabrication

Devices were fabricated on glass/ITO substrates (Ossila, S111). The substrates un-

derwent multiple cleaning steps, starting with sonication in a surfactant solution

(HELLMAX II, 3%) mixed with deionized water. This was followed by two rins-

ing steps: first with pure deionized water and then with a 1:1 (v/v) mixture of

ethanol and isopropanol. All steps were carried out for 15 minutes at 50 ◦C. Finally,

to remove any remaining residues, the substrates were treated with UV–ozone for

20 minutes. The ZnO layer was spin-coated on the glass/ITO substrates using a

sol–gel method. A precursor solution was prepared by dissolving 220 mg of zinc

acetate dihydrate(Zn(CH3CO2)2.2H2O, Sigma-Aldrich) and 80 mg ethanolamine

(HOCH2CH2NH2, Sigma-Aldrich) in 2 mL of 2-methoxyethanol (CH3OCH2CH2OH,

igma-Aldrich). The solution was sonicated for 30 minutes at 50 ◦C to obtain a clear

and homogeneous mixture. The resulting sol was then spin-coated onto the sub-

strates at 1000 rpm for 60 seconds, followed by annealing at 150 ◦C for 30 minutes.

Next, 50 µL of AgBiS2 solution (60 mg mL−1 in toluene) was spin-coated onto the

ZnO layer at 1500 rpm for 30 seconds. Subsequently, the film was treated for 60 sec-

onds with a 1% (v/v) solution of tetramethylammonium iodide (TMAI, (CH3)4NI,

Sigma-Aldrich) in methanol, followed by two rinsing cycles using absolute methanol.

The film was then annealed at 100 ◦C for 10 minutes. The P3HT layer was deposited

by spin-coating 50 µL of a solution prepared by dissolving 20 mg of P3HT (95.7%

regioregular, 99% purity, Ossila) in 1 mL of 1,2-dichlorobenzene. The solution was

stirred overnight at 70 ◦C, and the resulting film was annealed at 150 ◦C for 15 min-

utes. An interconnection layer (ICL) made of a 3 nm Au film was then applied by

thermal evaporation In a Kurt J. Lesker Nano36 system for tandem devices. The
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preparation method for PEI–Znwas adapted from relevant previous work in the lit-

erature [84]. To prepare the PEI–Zn precursor solutions, either 0.1 wt.% PEI or

0.5 wt.% PEIE was first dissolved in methoxyethanol, with a small volume of water

added to assist solubility. Subsequently, varying amounts of zinc acetate dihydrate

or zinc acetylacetonate hydrate was introduced into the PEI or PEIE solution. The

mixtures were then stirred continuously for approximately 3 hours prior to the coat-

ing step. For the optimized formulation, which corresponds to a Zn-to-N molar ratio

of 15:1, 0.075 g of zinc acetate dihydrate was added to 1 mL of the PEI or PEIE so-

lution (including the added water). The solution was stirred until fully transparent,

indicating complete dissolution. Notably, the addition of a small amount of water

(around 10 µL) played a critical role in promoting the dissolution of the zinc salts in

the polymer matrix. The same deposition techniques used for the first cell were then

used to fabricate the second cell on top of the PEI–Zn. For flexible biointerfaces,

identical fabrication procedures were carried out on PET/ITO substrates.

6.2 Synthesis and Characterization of AgBiS2 QDs

6.2.1 Synthesis of AgBiS2 QDs

Colloidal AgBiS2 quantum dots (QDs) were synthesized using conventional Schlenk-

line techniques via a low-temperature hot-injection method[86]. For AgBiS2 QD

synthesis, 3.2 mmol of silver(I) acetate (Ag(OAc)), 4 mmol of bismuth(III) acetate

(Bi(OAc)3), 15 mL of 1-octadecene (ODE), and 24 mL of oleic acid (OA) were stirred

under vacuum at 100 ◦C for 2 h to form Ag and Bi oleates. The reaction atmosphere

was then switched to argon, and a solution of 4 mmol hexamethyldisilathiane (HMS)

in 5 mL ODE was rapidly injected into the flask. The solution quickly turned dark

brown, indicating the formation of AgBiS2 QDs. The heating mantle was removed,

and the reaction mixture was rapidly cooled using a cold-water bath. The crude

solution was subsequently stirred at room temperature for 1 h. The QDs were

isolated by ethanol addition followed by centrifugation[2].
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6.2.2 Characterization of AgBiS2 QDs

TEM characterizations were performed by dropping 10 µL of a 1 mM QD solution

in toluene onto a copper support grid. TEM imaging was conducted using a HI-

TACHI HF5000 200 kV (S)TEM. The UV–vis absorption spectra of QDs in solution

were measured using a Shimadzu UV-3600 UV–vis–NIR spectrophotometer. XRD

analysis of AgBiS2 QDs was carried out using a Rigaku Miniflex 600 diffractometer

with Cu Kα radiation (λ = 1.54 Å) at a scan rate of 5° per minute. QDs dispersed

in toluene were deposited on 1 cm × 1 cm silicon wafers for XRD measurements;

the samples were then heated at 70 °C for 30 min to evaporate the solvent.[87]

6.3 Chronoamperometry and Chronopotentiometry Measurements

Photoelectrochemical measurements were performed using an Autolab Potentio-

stat/Galvanostat PGSTAT (Metrohm, The Netherlands). The experiments were

conducted under pulsed illumination provided by a red light-emitting diode (LED)

source (Thorlabs, M780LP1). The optical power of the illumination was precisely

monitored and adjusted using a calibrated optical power meter (Newport 843-R).

All data acquisition and analysis were carried out using the NOVA software package.

Figure 6.1: a) Photoelectrochemistry setup used for photovoltage and

photocurrent characterization of the biointerface. b) Photocurrent measurement

via patch-pipette tip positioned close to the surface of the biointerface.
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6.4 Photocurrent Measurement

The measurements were performed using an Olympus T2 upright microscope in

combination with EPC 800 extracellular patch clamp amplifiers (HEKA Elektronik

GmbH, Pfalz, Germany). The modified artificial cerebrospinal fluid (aCSF) aqueous

medium was prepared by dissolving 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid (HEPES), 10 mM glucose, 2 mM CaCl2, 140 mM NaCl, 1 mM MgCl2, and 3

mM KCl in distilled water. The pH of the solution was adjusted to 7.4 using 1 M

NaOH. Illumination was provided by a Thorlabs blue LED (M450LP1), which was

operated using a DC2200 high-power single-channel LED driver with pulse modu-

lation (Thorlabs Inc., NJ, USA). Photocurrent measurements were conducted with

the ITO layer left electrically ungrounded, while the ground electrode was connected

to the electrolyte solution to emulate biological conditions.

6.5 Primary Neuron Isolation and Culture

Primary hippocampal neuron isolation and culture protocols were performed ac-

cording to our previous study[2].

6.5.1 Preparation of Substrates for Primary Neuron Culture

Each control ITO substrate and biointerface sample was rinsed with 70% ethanol

and allowed to dry completely. The dried substrates were then placed in 6-well

plates, followed by UV sterilization for 30 min under a cell culture hood. After

sterilization, the substrates were coated with poly-L-lysine (PLL, Sigma-Aldrich,

MO, USA) and incubated for 24 h at 37 ◦C in a humidified atmosphere containing

5% CO2 to enhance cell adhesion. Upon completion of the incubation, the substrates

were rinsed with Nanopure water and allowed to dry under the culture hood prior

to seeding the primary neurons.
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6.5.2 Primary Neuron Isolation

All experimental procedures were approved by the Institutional Animal Care and

Use Committees of Koç University (Approval No: 2021.HADYEK.029) and con-

ducted in accordance with Directive 2010/63/EU of the European Parliament and

of the Council on the Protection of Animals Used for Scientific Purposes. For pri-

mary neuron isolation, hippocampal tissue was dissected from the brains of Wistar

Albino rat embryos at embryonic days E16–E18. Immediately after dissection, the

tissues were transferred into a Falcon tube containing ice-cold Hank’s Balanced Salt

Solution (HBSS). Following rinsing with ice-cold HBSS, the tissues were incubated

in a 0.25% trypsin–EDTA solution supplemented with 2% DNase I in a Falcon tube

for 20 min at 37 ◦C to initiate enzymatic digestion. During incubation, the tube

was gently rotated up and down 2–3 times to improve digestion efficiency.

To stop the enzymatic reaction, Dulbecco’s Modified Eagle Medium/Nutrient

Mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS) and

1% penicillin/streptomycin was added. The tissue suspension was then centrifuged

at 300 g for 3 min. The supernatant containing DMEM/F12 was carefully removed

and replaced with Neurobasal Plus medium (NBM) supplemented with B27, L-

glutamine, β-mercaptoethanol, glutamate, and 1% penicillin/streptomycin. The

cell pellet resuspended in NBM was continuously triturated using a plastic Pasteur

pipette until no large tissue fragments were visible. The resulting homogeneous cell

suspension was passed through a 70 µm cell strainer into a new Falcon tube.

Cells collected in the Falcon tube were seeded onto each poly-L-lysine-coated

control ITO and biointerface substrate and maintained in a cell culture incubator

at 37 ◦C with 5% CO2 for 3 days. On the third day, half of the culture medium

was replaced with NBM supplemented with cytosine arabinoside to inhibit glial cell

overgrowth. After an additional 24 h of incubation, all culture medium was replaced

with complete Neurobasal Medium supplemented with B27, L-glutamine, and 1%

penicillin/streptomycin to prepare the substrates for subsequent experiments. For

extended culture periods, half of the medium was refreshed every 3–4 days.
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6.6 Biocompatibility Assays

Biocompatibility tests were performed according to our previous study[1, 2].

6.6.1 Cell-Titer Glo Toxicity Assay

Cell viability on ITO and AgBiS2 biointerfaces was evaluated using the CellTiter-

Glo Luminescent Cell Viability Assay (CTG, Promega, Mannheim, Germany), which

quantifies adenosine triphosphate (ATP) as an indicator of metabolically active cells.

Primary neurons (500,000 cells/well) were cultured on the substrates for three days.

On day in vitro 3 (DIV3), half of the medium was replaced with neurobasal medium

(NBM) supplemented with cytosine arabinoside to suppress glial proliferation, as

previously described. After 24 h, the medium was exchanged with complete NBM,

and viability testing was performed on DIV5.

Before the assay, the substrates were equilibrated at room temperature for 30 min,

after which CellTiter-Glo reagent was applied. Samples were placed on an orbital

shaker for 5 min and incubated for 10 min at room temperature. The resulting

lysates were transferred to a 96-well opaque plate, and luminescence signals were

recorded using a Synergy H1 Microplate Reader (Bio-Tek Instruments). Relative

viability on the AgBiS2 biointerface was quantified by comparison with the ITO

control.

6.6.2 Immunofluorescence Staining and Imaging

Primary hippocampal neurons were cultured on ITO controls and AgBiS2 biointer-

face substrates at a density of 500,000 cells/well, as previously described. On day 0,

cells were fixed with ice-cold 4% paraformaldehyde in PBS for 20 min and rinsed

three times with PBS-T (PBS containing 0.1% Tween-20). Permeabilization was

performed by incubating with 0.1% Triton X-100 in PBS for 8 min, followed by

blocking with Superblock (Thermo Fisher Scientific, MA, USA) for 10 min at room

temperature.

To evaluate neuronal morphology and expression of neuronal markers, samples

were incubated overnight with anti-NeuN antibody (ab177487, Abcam, Cambridge,
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UK) and anti-beta-III tubulin antibody (ab18207, Abcam, Cambridge, UK) diluted

in blocking solution. After washing with PBS-T, the cells were incubated with goat

anti-rabbit IgG H&L Alexa Fluor 488 secondary antibody (Cell Signaling Technol-

ogy, MA, USA) for 90 min at 37 ◦C. Samples were then washed, mounted using

DAPI-containing mounting medium (50001, Ibidi GmbH, Germany), and imaged

using an inverted fluorescence microscope (Axio Observer Z1, ZEISS, Oberkochen,

Germany). The same procedure was repeated for samples at day 14.

6.6.3 TUNEL Toxicity Test

Apoptotic cell death was assessed using the TUNEL assay (Abcam, ab66110), which

enables the evaluation of cell viability at the cellular and tissue levels through im-

munofluorescent labeling. Primary neurons were seeded on tandem biointerface

substrates and ITO control substrates at a density of 500,000 cells per sample and

incubated for 48 h. Cells were then fixed with 4% paraformaldehyde and washed

three times with PBS-T (PBS containing 0.1% Triton X-100).

For combined TUNEL and beta-III tubulin staining, samples were first processed

for beta-III tubulin labeling as described in the Immunofluorescence section. After

three 5-minute PBS washes, the cells were treated with the wash solution provided

in the TUNEL kit for 10 min at room temperature. DNA labeling solution was then

applied for 1 h at 37 ◦C, followed by a 10-minute PBS wash and incubation with

the antibody solution for 30 min at room temperature. The samples were rinsed

with distilled water for 5 min, mounted with DAPI-containing medium, and imaged.

Negative controls were processed in parallel. Imaging was performed using an in-

verted fluorescence microscope compatible with immunofluorescence (Axio Observer

Z1, ZEISS, Oberkochen, Germany).
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Chapter 7

CONCLUSION

This thesis presents the design, fabrication, and evaluation of a flexible homo-

tandem photodiode based on AgBiS2, aimed at serving as a high-efficiency optoelec-

tronic biointerface for neural photostimulation. The core idea explored here is the

adaptation of a tandem device architecture—commonly utilized in photovoltaic sys-

tems—for application in biomedical devices, where it addresses key challenges such

as limited voltage output and suboptimal charge injection typically encountered in

single-junction photodiodes.

By connecting two AgBiS2 subcells in series and introducing a thin gold inter-

layer for electrical interconnection, the tandem configuration achieved a substantial

boost in photovoltage—approximately 60% higher than that of its single-junction

counterpart. These improvements are consistent with both photoelectrochemical

characterizations and J–V curve analyses discussed earlier in the thesis.

The increase in photovoltage had a direct impact on device performance under

near-infrared (NIR) light conditions relevant to biological systems. Patch-clamp

electrophysiology experiments showed that the tandem devices were capable of de-

livering higher charge densities even at relatively low light intensities, indicating

enhanced capacitive stimulation efficiency. These results validate the effectiveness

of tandem architectures in enabling reliable neural activation while operating within

safe optical limits.

In vitro evaluations—including cell viability (CTG), immunostaining, and TUNEL

assays—further confirmed that the device did not induce cytotoxic effects or mor-

phological alterations in neurons, either in short- or long-term exposure scenarios.

These findings collectively reinforce the biocompatibility of the full device stack.

Taken together, the research illustrates the strong potential of AgBiS2 homo-

tandem photodiodes as safe, efficient, and mechanically flexible interfaces for neural
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stimulation. The improvements in both photovoltage and charge injection capac-

ity suggest a promising direction for developing high-resolution, photovoltaic-based

prosthetic systems and other implantable bioelectronic devices capable of operating

under minimal illumination intensities.

Beyond demonstrating device functionality, the thesis contributes several prac-

tical advances: a scalable approach to device fabrication, optimization of the inter-

layer composition and absorber layer thickness, and a method for achieving current

matching by adjusting solution concentrations during synthesis. These insights are

not only relevant for neural interfaces but could also inform future work in the

broader field of tandem photovoltaic device engineering.

Looking ahead, further research might target pixel array miniaturization, long-

term biocompatibility in in vivo environments, and enhanced interfacial charge

transfer efficiency. Integration with microelectrode arrays could help improve spatial

precision in neural targeting. Additionally, tuning the photodiode’s spectral sensitiv-

ity toward longer NIR wavelengths may offer benefits in terms of tissue penetration

and safety, particularly for deeper or more sensitive implantable applications.

In summary, the outcomes of this work lay a strong foundation for the develop-

ment of next-generation wireless neurostimulation systems. By leveraging tandem

quantum-dot photodiode architectures, it is possible to significantly enhance de-

vice performance without compromising flexibility or biological safety—marking a

significant step forward in the field of implantable bioelectronics, including retinal

prostheses and peripheral nerve modulation technologies.
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Li, Yinhua Zhou, Larry Lüer, and Christoph J. Brabec. Overcoming optical



Bibliography 48

losses in thin metal-based recombination layers for efficient n-i-p perovskite-

organic tandem solar cells. Nature Communications, 16(1):154, 2025.

[68] Jianghui Zheng, Cho Fai Jonathan Lau, Hamid Mehrvarz, Fa-Jun Ma, Yajie

Jiang, Xiaofan Deng, Anastasia Soeriyadi, Jincheol Kim, Meng Zhang, Long

Hu, Xin Cui, Da Seul Lee, Jueming Bing, Yongyoon Cho, Chao Chen, Mar-

tin A. Green, Shujuan Huang, and Anita W. Y. Ho-Baillie. Large area efficient

interface layer free monolithic perovskite/homo-junction-silicon tandem solar

cell with over 20% efficiency. Energy & Environmental Science, 11(9):2432–

2443, 2018.
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