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Abstract 

 

Dynamic control of ion transport at the nanoscale is essential for advancing nanofluidic 

systems toward applications in biosensing, energy conversion, and iontronic computing. 

Conventional solid-state nanopores, while mechanically robust and geometrically tunable, 

are fundamentally passive and lack the adaptive functionality of biological ion channels. 

This thesis explores three hybrid strategies that transform passive nanopores into actively 

programmable ionic devices by integrating responsive polymers, two-dimensional 

materials, and chemically reactive electrolytes. 

First, thermoplasmonic gating is realized by functionalizing SiN nanopores with the 

thermoresponsive polymer PNIPAM and a plasmonic bullseye structure. Localized laser 

heating induces reversible polymer collapse, achieving an on/off ratio up to 60 and 

millisecond switching times, with spatial selectivity enabling multi-pore logic operations. 

Second, an electrically gated MoS2/SiN hybrid nanochannel is developed, where gate 

voltage modulates surface charge asymmetry to control ion conductance, rectification. 

The nanochannel also shows potential for scalable osmotic power generation, with a 

power density of up to ~33,700 W/m², as well as prolonged protein translocation enabled 

by interactions between unfolded bovine serum albumin and sulfur vacancies on MoS2. 

Third, a chemically gated mechanism is introduced based on voltage-controlled 

precipitation and dissolution of metal phosphates inside SiN nanopores. This approach 

yields extreme rectification ratios exceeding 40,000, history-dependent conductance, and 

memristive switching with sub-nanowatt power consumption. In-situ surface-enhanced 

Raman spectroscopy provides direct vibrational evidence of reversible precipitate 

formation within the pore. 

Together, these hybrid nanopore systems demonstrate progressively increasing levels 

of transport programmability—from externally triggered gating to continuously tunable 

electrostatic control and finally to a two-terminal memory device. The results establish 

potential routes towards smart nanofluidic devices, iontronic circuits, and neuromorphic 

computing platforms.  



 

 

6 Abstract 

 

 
  



 
 

 

 

Content 

Abstract ............................................................................................................................. 5 

Content ............................................................................................................................. 7 

Chapter 1 Introduction .................................................................................................. 9 

1.1 Nanopores as Confined Ionic Transport Systems................................................... 9 

1.2 From Passive Nanopores to Active Ionic Devices ............................................... 11 

1.3 Hybrid Strategies for Active Ion Modulation ....................................................... 13 

1.3.1 Stimuli-Responsive Soft Interfaces ............................................................... 14 

1.3.2 Electrostatic and Electronic Gating ............................................................... 15 

1.3.3 Chemically Coupled Ion Transport ............................................................... 15 

1.4 Toward Programmable Iontronic Nanopore Systems .......................................... 16 

1.5 Scope and Outline of This Thesis ......................................................................... 18 

Chapter 2 Physical Principles of Dynamic Ion Transport in Nanopores .................... 21 

2.1 Ion Transport under Nanoscale Confinement ....................................................... 21 

2.2 Surface-Charge-Governed Ion Transport ............................................................. 23 

2.3 Ionic Conductance and Transport Asymmetry ..................................................... 24 

2.4 Dynamic and History-Dependent Ion Transport .................................................. 26 

Chapter 3 Light Switchable SiN Nanopore with PNIPAM Modification ................... 29 

3.1 Device Fabrication and Characterization ............................................................. 31 

3.1.1 Membrane fabrication.................................................................................... 31 

3.1.2 PNIPAM modification ................................................................................... 31 

3.1.3 Ion current measurements .............................................................................. 31 

3.2 Results and Discussion ......................................................................................... 32 

3.2.1 Characterization of PNIPAM graft on Au ..................................................... 32 

3.2.2 PNIPAM phase change via plasmonic heating.............................................. 36 

3.3 Conclusion ............................................................................................................ 44 

Chapter 4 Electrically Gated Ion Transportation of MoS2/SiN Nanochannels ........... 47 

4.1 Device Fabrication and Characterization ............................................................. 48 

4.1.1 Nanostructure fabrication .............................................................................. 49 

4.1.2 Two-dimensional material transfer ................................................................ 50 

4.1.3 Gating electrode fabrication .......................................................................... 51 



 

 

8 Content 

 

4.1.4 Electrochemical measurement configuration ................................................ 51 

4.2 Tunable Ion Transportation via External Bias ...................................................... 52 

4.2.1 Estimate the surface charge density............................................................... 53 

4.2.2 Tune the surface charge density via bias voltage .......................................... 55 

4.3 Scalable Osmotic Power ....................................................................................... 57 

4.4 Prolonged Protein Translocation .......................................................................... 60 

4.5 Summary ............................................................................................................... 63 

Chapter 5 Transmembrane Voltage Tunable Precipitation inside SiN Nanopores ..... 65 

5.1 Experimental Strategy for Voltage-Gated Precipitation ....................................... 67 

5.2 Electrical Signatures of In-Pore Precipitation and Dissolution ............................ 68 

5.2.1 Strong ion rectifications under salinity difference ........................................ 68 

5.2.2 Understand the in-pore chemical reactions ................................................... 70 

5.3 Dynamic Behavior: Memory Effects and Nanofluidic Memristors ..................... 73 

5.4 In-Situ Spectroscopic Evidence Using Plasmonic Nanopores ............................. 77 

5.4.1 Bullseye structure for SERS .......................................................................... 77 

5.4.2 Correlation of electrical gating states with raman signatures ........................ 79 

5.5 Summary ............................................................................................................... 81 

Chapter 6 Summary and Conclusions ......................................................................... 83 

References ...................................................................................................................... 85 

List of Publications ......................................................................................................... 95 

 

 

 

  



 

 

 

Chapter 1   Introduction 

 

Ever since the famous speech given by Richard Feynman, nanotechnology has been 

widely explored in different areas with huge progress established. As an effective sensor, 

nanopore help to explore the nanoscale world, has established its importance role in single 

molecule detection especially for DNA sequencing. From bionanopore to solid-state-

nanopore, with the help of advanced modern nanofabrication techniques, the application 

of interest for nanopores are gradually shifting from maturely explored DNA sequencing 

to complicated protein sequencing, as well as other potential applications such as 

nanoscale chemical reaction monitoring, osmotic power generation, fluidic neuromorphic 

computing (e.g. ionic transistor, ionic memristor…) [1–3]. 

1.1 Nanopores as Confined Ionic Transport Systems 

 

Figure 1.1 Evolution of nanopore technologies from biological nanopores toward dynamically regulated 

hybrid iontronic systems. a Early biological nanopores provided highly selective molecular transport. b 

The development of solid-state nanopores enabled mechanically robust and geometrically tunable 

nanofluidic devices. c Subsequent integration of responsive functional interfaces introduced active 

transport modulation capabilities. protein structure obtained from Protein Data Bank (www.rcsb.org) 
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Nanopores are nanometer-scale apertures that confine the transport of ions and molecules 

into dimensions comparable to their characteristic electrostatic and hydrodynamic length 

scales. Under such confinement, ionic transport deviates fundamentally from 

macroscopic electrolyte behavior and becomes increasingly governed by surface 

interactions, electrical double layer overlap, ion selectivity, and nonlinear electrokinetic 

phenomena. Because of this, nanopores are not merely miniature holes in membranes, but 

functional nanofluidic elements capable of actively regulating ionic transport. 

The conceptual origin of nanopore sensing can be traced to the Coulter counter, 

developed in the 1950s, which detected suspended particles through transient changes in 

ionic current as particles passed through a microscale aperture. Scaling this principle 

down to the nanometer regime enabled the detection of single biomolecules. A landmark 

advance was reported by Kasianowicz et al. in 1996, who demonstrated that single-

stranded DNA molecules could translocate through the biological nanopore α-hemolysin 

while generating characteristic ionic current blockades [4]. This experiment established 

nanopores as single-molecule analytical platforms and initiated the field of nanopore-

based biosensing. 

Biological nanopores, typically protein ion channels embedded within lipid bilayers, 

possess atomically defined geometries and highly evolved functionalities such as voltage 

gating, ligand responsiveness, and ion selectivity. These properties enable remarkable 

sensing performance, including single-base discrimination during DNA sequencing. 

However, biological nanopores also suffer from several practical limitations, including 

limited mechanical stability, sensitivity to environmental conditions, restricted pore 

geometries, and difficulties in large-scale integration with conventional microfabrication 

technologies [5]. 

To overcome these limitations, solid-state nanopores emerged as an alternative 

platform. Solid-state nanopores are typically fabricated in silicon nitride, silicon dioxide, 

graphene, MoS2, or polymer membranes using focused ion beam milling, transmission 

electron microscopy drilling, dielectric breakdown, or lithographic methods [6–8]. 

Compared to biological nanopores, solid-state systems offer superior mechanical 

robustness, tunable geometry, chemical stability, and compatibility with semiconductor 

processing techniques. Most importantly, they provide a versatile platform for 

engineering ion transport through independent control of pore size, geometry, surface 

chemistry, and external stimuli [1,5,9,10]. 
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As the characteristic dimensions of nanopores approach the Debye screening length, 

surface charge effects increasingly dominate ionic transport. Counterions accumulate 

near charged pore walls to form electrical double layers (EDLs), while co-ions are 

partially excluded [11,12]. In sufficiently small nanopores, overlapping EDLs can 

produce ion-selective transport, concentration polarization, ionic rectification, and 

nonlinear current-voltage behavior. These phenomena distinguish nanofluidic transport 

from bulk electrolyte conduction and create opportunities for controlling ionic motion 

using external electrical, optical, chemical, or mechanical stimuli [10]. 

Consequently, nanopores have evolved beyond their original role as passive sensing 

elements. Increasingly, they are being explored as dynamically controllable nanofluidic 

systems capable of emulating functionalities traditionally associated with biological ion 

channels and electronic devices. This transition—from passive transport structures 

toward active iontronic elements—forms the conceptual foundation of this thesis (Figure 

1.1). 

1.2 From Passive Nanopores to Active Ionic Devices 

 

Figure 1.2 Evolution of nanopore functionalities. a Nanopore sequencing using a biological nanopore and 

motor protein (top) reads the DNA bases as levels of different heights (bottom) in the current trace. b An 

example of mechano-sensitivity. When pressure is applied, the deformation of a nanopore enlarges its 

cross-section and conductance; d0 is the pore diameter at rest and d(ΔP) is the diameter under applied 

pressure. Another scenario involves a nonlinear coupling resulting in a parabolic G–P curve. c Ionic 

computing with a nanofluidic memristor. The device conductance can be set and reset with high-amplitude 

positive or negative voltage pulses. Right: logic circuit with two nanofluidic memristors; by connecting two 

nanofluidic memristors in this way, Boolean operations can be implemented. dsDNA, double-stranded 

DNA. Reprinted with permission from ref [1]. 

Despite their advantages, conventional solid-state nanopores remain fundamentally 

passive systems. Their transport characteristics are primarily determined by static 

structural parameters such as pore diameter, aspect ratio, and intrinsic surface charge. 
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Once fabricated, these properties are difficult to dynamically modulate. As a result, 

traditional solid-state nanopores exhibit limited adaptability, restricted selectivity, and 

relatively simple transport behavior compared to biological ion channels [5]. 

In biological systems, ion transport is highly dynamic and tightly regulated. Voltage-

gated ion channels open or close in response to membrane potential changes, ligand-gated 

channels respond to chemical binding events, and mechanosensitive channels react to 

external mechanical forces. These gating mechanisms enable complex behaviors such as 

neuronal signaling, adaptive transport regulation, and synaptic plasticity (Figure 1.2). The 

dynamic nature of biological ion channels illustrates that efficient information processing 

and selective transport require active control over ionic conduction rather than static 

structural confinement alone. 

Replicating such adaptive functionality in artificial nanofluidic systems has become a 

major objective in nanopore research. The central challenge is therefore no longer merely 

fabricating smaller nanopores, but engineering nanopores whose transport properties can 

be actively modulated by external stimuli. To better achieve this objective requires 

integrating functional materials, responsive interfaces, or active environments within 

robust solid-state nanopores [13]. 

One important consequence of dynamic transport regulation is the emergence of 

iontronic functionality. Analogous to semiconductor electronics, iontronic systems seek 

to manipulate ionic transport through functionalities such as gating, rectification, 

switching, and memory effects. Various ionic analogs of electronic components, 

including ionic diodes, ionic transistors, and nanofluidic memristors, have been 

demonstrated in recent years. Unlike electronic systems, however, iontronic devices 

involve the coupled transport of charged species, solvent molecules, and chemical 

information, resulting in rich nonequilibrium transport phenomena that are strongly 

influenced by nanoscale interfacial interactions. 

The development of dynamically controllable nanofluidic systems has also expanded 

the functional scope of nanopores beyond molecular sensing. Emerging applications now 

include osmotic energy harvesting, adaptive filtration, ion-based logic operations, 

neuromorphic computing, responsive drug delivery, and bioinspired transport 

regulation [13–17]. Recent studies have further established that nanofluidic memristive 

behavior can be programmed through electrolyte composition, surface interactions, 

channel geometry, and electrical excitation conditions, highlighting the rich coupling 
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between nanoscale confinement and ionic memory effects [18]. These advances suggest 

that the central challenge in modern nanofluidics is no longer merely the fabrication of 

smaller nanopores, but the development of systems in which ionic transport can be 

actively programmed and dynamically controlled. 

This functionality shifting has driven the emergence of hybrid nanofluidic systems. In 

these devices, a mechanically stable solid-state nanopore serves as the structural 

framework, while an integrated functional component introduces responsiveness, 

nonlinearity, selectivity, or memory effects. The interaction between the scaffold and the 

functional element enables forms of ion transport control that cannot be achieved using 

homogeneous materials alone. Hybrid nanopores therefore represent an important 

transition in nanofluidics: from passive ionic conduits toward dynamically programmable 

iontronic devices. 

1.3 Hybrid Strategies for Active Ion Modulation 

 

Figure 1.3 Strategies of hybrid nanopore system. a Stimuli-responsive materials integrated within a 

nanopore with two distinguishable states in the presence or absence of external stimuli. b Electrode 

integrated nanopore system displaying diode-like I-V behavior under varying gating conditions. c 

Controllable nanoscale chemical reaction integrated inside nanopore system showing time dependent-ionic 

current.  

Hybrid nanofluidic systems encompass a broad range of architectures, including 

biohybrid interfaces, stimuli-responsive materials, electrochemical systems, optofluidic 

structures, as well as chemically active components. Because many of these systems 

involve multiple coupled physical effects, a strict material-based classification is often 
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ambiguous. In this thesis, hybrid nanopores are instead organized according to the 

dominant mechanism through which ionic transport is dynamically regulated. Among the 

various approaches reported so far, three representative and conceptually distinct 

strategies are particularly relevant to the systems investigated in this thesis: stimuli-

responsive soft interfaces, electrostatic and electronic gating systems, and chemically 

coupled transport systems (Figure 1.3). 

1.3.1 Stimuli-Responsive Soft Interfaces 

One widely explored strategy for dynamic ion transport regulation involves the 

integration of stimuli-responsive materials into nanopores and nanochannels. In these 

systems, soft or adaptive interfaces reversibly modify the effective pore geometry, surface 

wettability, steric confinement, or local ionic environment in response to external stimuli. 

A variety of responsive materials have been investigated for this purpose, including 

polymer brushes, hydrogels, self-assembled molecular layers, DNA nanostructures, and 

biomolecular assemblies. These systems can respond to temperature, light, pH, ionic 

strength, magnetic fields, or molecular recognition events through reversible 

conformational changes [10]. 

Among these materials, thermoresponsive polymers such as poly(N-

isopropylacrylamide) (PNIPAM) have attracted particular attention because of their 

lower critical solution temperature (LCST) behavior [19–21]. Below the LCST, PNIPAM 

chains adopt a swollen hydrophilic state, while above the LCST they collapse into a 

denser hydrophobic conformation. When confined inside nanopores, this transition can 

dynamically regulate ionic conductance by modifying the accessible transport volume 

and interfacial properties. 

Responsive nanofluidic systems enable several important transport functionalities, 

including reversible ionic gating, dynamic selectivity control, nonlinear conductance 

modulation, and adaptive transport regulation [22]. Coupling responsive interfaces with 

localized actuation methods such as plasmonic heating or optical excitation further 

enables spatiotemporal control of ionic transport with high precision. 

Compared with purely static nanopores, responsive nanofluidic systems more closely 

resemble biological ion channels in their ability to dynamically regulate ionic 

conductance in response to environmental changes. As a result, these systems represent 

an important route toward adaptive nanofluidic devices and biomimetic ionic transport 

architectures. 
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1.3.2 Electrostatic and Electronic Gating 

Another important mechanism for programmable ionic transport relies on electrostatic 

and electronic modulation of nanochannels. At nanometer length scales, ionic transport 

is highly sensitive to surface charge due to the formation of electrical double layers at 

solid-liquid interfaces. Consequently, modulation of surface potential can strongly 

influence ion distribution, ionic conductance, and transport selectivity. 

This principle forms the basis of electrically gated nanofluidic devices, often referred 

to as ionic transistors or nanofluidic field-effect systems. In these architectures, external 

gate voltages are used to dynamically modulate surface charge density or local 

electrostatic potential within the nanochannel, thereby enabling active regulation of ionic 

transport analogous to carrier modulation in semiconductor electronics. 

Various electronically active materials have been explored for electrically gated 

nanofluidics, including conductive polymers, carbon nanotubes, graphene, MXenes, and 

semiconducting two-dimensional materials such as MoS2 [23]. Two-dimensional 

materials are particularly attractive because their atomic-scale thickness enables strong 

electrostatic coupling between electronic and ionic degrees of freedom while 

simultaneously providing nanoscale confinement [24]. 

Electrostatically gated nanofluidic systems have demonstrated a broad range of 

functionalities including ionic rectification, tunable ion selectivity, osmotic energy 

conversion, ionic logic operations, and programmable conductance modulation [13,25–

27]. Compared with geometry-based gating strategies, electrostatic modulation enables 

continuous and reversible control over ionic transport without requiring large structural 

changes in the nanopore itself. 

The coupling between ionic transport and electronically tunable interfacial states 

provides an important foundation for future iontronic devices integrating nanofluidics 

with electronic control architectures. 

1.3.3 Chemically Coupled Ion Transport 

In addition to structural and electrostatic regulation, ionic transport in nanoconfined 

systems can also become strongly coupled to local chemical processes occurring at solid–

liquid interfaces. Under nanoscale confinement, ion transport, interfacial reactions, and 

concentration redistribution may interact dynamically, leading to transport behavior that 

deviates substantially from equilibrium nanofluidic models. 
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Chemically coupled nanofluidic systems arise when ionic motion influences the local 

physicochemical environment, while the evolving chemical state simultaneously feeds 

back on ionic transport. Such coupling may involve ion enrichment or depletion, local pH 

variation, redox reactions, adsorption and desorption processes, concentration 

polarization, or reaction–diffusion dynamics within confined nanochannels. Recent 

studies have emphasized that such chemically and electrostatically coupled processes are 

central to the emergence of history-dependent and memristive ion transport, where 

changes in interfacial chemistry and ion redistribution can serve as internal state 

variables [28]. Because these processes occur on length scales comparable to ionic 

screening and molecular transport distances, relatively small local chemical variations 

can produce significant changes in ionic conductance and selectivity. 

Compared with passive transport systems governed primarily by fixed geometry and 

surface charge, chemically coupled nanofluidic systems often exhibit strongly nonlinear 

and nonequilibrium behavior. In many cases, the transport properties of the nanochannel 

become dynamically dependent on the evolving internal physicochemical state of the 

system. As a result, ionic conductance may display transient switching, hysteresis, 

delayed relaxation, or adaptive responses under external electrical stimulation. 

These nonequilibrium transport phenomena are attracting increasing interest in the 

emerging field of iontronics because they introduce dynamic internal-state regulation into 

ionic transport systems. In contrast to conventional static nanopores, chemically coupled 

nanofluidic systems provide a potential route toward adaptive ionic devices capable of 

information storage, signal processing, and bioinspired transport regulation. 

1.4 Toward Programmable Iontronic Nanopore Systems 

The development of hybrid nanopore systems is ultimately motivated by the broader 

objective of transforming passive nanofluidic channels into programmable ionic devices. 

In conventional solid-state nanopores, ion transport is primarily governed by fixed 

structural parameters such as pore geometry, surface charge, and electrolyte composition. 

In contrast, hybrid nanopores incorporate responsive, electronically active, or chemically 

dynamic components that enable the transport properties of the system to evolve under 

external stimuli. As a result, ionic conductance can become dynamically tunable, 

nonlinear, adaptive, and in some cases history dependent. 
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These capabilities form the physical foundation of emerging iontronic systems, in 

which ionic transport is manipulated analogously to electronic charge transport in 

semiconductor devices. Recent advances in nanofluidics have demonstrated ionic analogs 

of transistors, diodes, memristors, and logic elements, opening new possibilities for ion-

based information processing, neuromorphic architectures, biosensing, and energy 

conversion [18,22,29]. In such systems, ionic transport is no longer determined solely by 

static confinement and equilibrium electrostatics, but also by dynamically evolving 

internal states arising from molecular conformational changes, electrostatic gating, ion 

redistribution, or electrically driven chemical reactions [18]. 

 

Figure 1.4 Concept schematic of ionic transistors. a An electronic transistor with electrons as carriers is 

the core of electronic devices in the information age. b The rapid information transmission in intelligent 

organisms uses ions as carriers, which is both efficient and low energy consumption. Schematic structure, 

carriers and dis-/advantages of c electronic FET; d electrolyte-gated transistor; e ionic FET. Reprinted 

with permission from Ref  [2]. 
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The hybrid nanopore systems investigated in this thesis represent three distinct levels 

of transport programmability. Chapter 3 explores reversible ionic switching through 

thermally responsive PNIPAM-functionalized nanopores activated by localized 

thermoplasmonic heating. Chapter 4 investigates continuously tunable ion transport in 

electrically gated MoS2/SiN nanochannels, where gate-controlled surface charge 

modulation enables programmable ionic conductance and rectification. Chapter 5 further 

extends this concept toward adaptive and history-dependent transport through electrically 

induced precipitation and dissolution reactions, leading to memristive ionic behavior 

governed by internal chemical state evolution. 

Together, these systems illustrate how hybridization strategies enable progressively 

more sophisticated forms of ionic transport control, ranging from externally triggered 

gating to adaptive iontronic functionality with memory effects. The physical concepts and 

device architectures developed throughout this thesis contribute to the broader emergence 

of programmable nanofluidic systems and provide new perspectives for future iontronic 

technologies. 

1.5 Scope and Outline of This Thesis 

This thesis investigates dynamic ion transport control in hybrid solid-state nanopores 

through the integration of responsive polymers, electronically active materials, and 

chemically reactive electrolyte systems. The central objective is to explore how 

hybridization strategies can progressively transform passive nanopores into actively gated 

nanofluidic devices with programmable transport characteristics. 

Chapter 2 introduces the theoretical background of ion transport in nanofluidic systems, 

including electrical double layer formation, surface-charge-governed transport, ionic 

conductance models, ion current rectification, and electrokinetic phenomena relevant to 

nanopore operation. 

Chapter 3 presents thermoplasmonically gated solid-state nanopores functionalized 

with PNIPAM. By integrating plasmonic bullseye structures with thermoresponsive 

polymer coatings, localized optical heating is used to achieve reversible and spatially 

selective ion transport gating. 

Chapter 4 investigates hybrid MoS2/SiN nanofluidic devices in which ionic 

conductance is dynamically modulated through electrostatic gating. The coupling 
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between two-dimensional materials and confined electrolytes enables voltage-controlled 

transport regulation and enhanced iontronic functionality. 

Chapter 5 explores chemically coupled ion transport based on electrically controlled 

precipitation and dissolution reactions within nanopores. These reactive systems exhibit 

strong ionic rectification, dynamic conductance modulation, and memristive behavior 

arising from voltage-dependent nanochemistry. 

Together, these studies demonstrate how hybrid integration enables progressively 

more dynamic, adaptive, and programmable ion transport behaviors in solid-state 

nanopores, providing a foundation for future iontronic and neuromorphic nanofluidic 

systems. 
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Chapter 2   Physical Principles of Dynamic Ion 

Transport in Nanopores 

 

2.1 Ion Transport under Nanoscale Confinement 

Ion transport in bulk electrolyte solutions is generally well described by continuum 

electrostatics and diffusion theory. However, when ionic transport is confined within 

nanoscale geometries whose dimensions approach the characteristic electrostatic 

screening length of the electrolyte, transport behavior deviates significantly from bulk 

behavior. Under such confinement, interfacial interactions increasingly dominate ionic 

motion, leading to nonlinear transport phenomena that are absent in macroscopic 

systems [30]. 

The ionic flux inside nanopores is commonly described by the coupled Poisson–

Nernst–Planck (PNP) formalism, which accounts for diffusion, electromigration, and 

convective transport [31]. The total flux of ionic species 𝑖 can be expressed as: 

𝐽𝑖 = −𝐷𝑖∇𝑐𝑖 − 𝑧𝑖𝜇𝑖𝐹𝑐𝑖∇𝜙 + 𝑐𝑖𝐮 (2.1) 

where 𝐷𝑖 is the diffusion coefficient, 𝑐𝑖 is the ion concentration, 𝑧𝑖 is the ionic valence, 

𝜇𝑖 is the ionic mobility, 𝜙 is the electrostatic potential, and 𝐮 is the fluid velocity field. 

The three terms respectively represent diffusion driven by concentration gradients, 

migration under an electric field, and convective transport induced by fluid flow. 

In nanoscale systems, these transport mechanisms become strongly coupled. Unlike 

macroscopic electrolyte transport, nanopore conduction is no longer governed solely by 

bulk ionic conductivity. Instead, the confined geometry amplifies the influence of 

interfacial electrostatics, resulting in ion-selective transport and nonlinear conductance 

behavior. 

A key parameter governing nanoscale ionic transport is the Debye screening length, 

which characterizes the thickness of the electrical double layer (EDL) adjacent to charged 

solid surfaces [32]. The Debye length is given by: 
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𝜆𝐷 = √
𝜀𝑟𝜀0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
(2.2) 

where 𝜀𝑟 is the dielectric constant of the electrolyte, 𝐼 is the ionic strength, and the 

remaining symbols have their conventional meanings. 

 

Figure 2.1 EDL overlap under nanoscale confinement. a Big size nanopore with negligible EDL overlap, 

the ion current is dominated by bulk ion conductivity. b Small size nanopore with overlapped EDL exclude 

co-ions, the ion current is dominated by anti-ion conductivity near the nanopore interwall surface (as well 

as part of outside wall surface [33]).  

When the nanopore radius becomes comparable to the Debye length, electrical double 

layers originating from opposing pore walls overlap substantially. Under these conditions, 

ionic transport becomes dominated by surface interactions rather than bulk electrolyte 

properties. Counterions accumulate inside the pore while co-ions are partially excluded, 

resulting in selective ion transport and enhanced electrostatic sensitivity. 

Another important characteristic length scale is the Dukhin length, which describes the 

relative contribution of surface conduction to total ionic transport. In sufficiently small 

nanopores or low ionic strength conditions, surface conduction can exceed bulk 
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conduction, leading to transport regimes fundamentally different from classical Ohmic 

behavior. 

As a consequence, nanoscale confinement transforms nanopores into highly sensitive 

electrostatic transport systems in which ionic conduction can be strongly modulated by 

geometry, surface chemistry, external fields, and local ionic environments. These 

confinement-induced transport effects form the physical basis for dynamic ion gating and 

iontronic functionality in hybrid nanopore systems. 

2.2 Surface-Charge-Governed Ion Transport 

Surface charge plays a central role in determining ionic transport through nanopores. In 

contrast to bulk electrolyte systems, where transport is primarily governed by ion 

diffusion and migration in the solution volume, nanoconfined systems are strongly 

influenced by electrostatic interactions at the solid–liquid interface. 

For silicon nitride nanopores, surface charge originates mainly from the ionization of 

hydroxyl and amine groups formed during surface oxidation and hydroxylation. The 

surface charge density depends strongly on pH, electrolyte composition, and surface 

functionalization. At neutral or alkaline pH conditions, silicon nitride surfaces typically 

exhibit negative surface charge due to deprotonation reactions. 

The electrostatic interaction between charged pore walls and mobile ions leads to the 

formation of electrical double layers. The EDL consists of a compact Stern layer near the 

surface and a diffuse layer extending into the electrolyte. Within the diffuse layer, 

counterions accumulate to compensate the surface charge while co-ions are depleted. 

When nanopore dimensions are significantly larger than the Debye length, the 

electrical double layers remain localized near the pore walls and transport in the center of 

the pore resembles bulk electrolyte behavior. However, when the pore diameter 

approaches the Debye length, overlapping EDLs can occupy a substantial fraction of the 

pore volume. Under these conditions, ionic transport becomes surface-charge 

governed [14]. 

Surface-charge-governed transport results in several important nanofluidic phenomena. 

First, the nanopore becomes ion selective because counterions preferentially occupy the 

pore interior. Second, the ionic conductance becomes highly sensitive to changes in 

surface charge density. Third, the transport behavior becomes increasingly nonlinear and 

dependent on electrolyte concentration. 
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The total nanopore conductance can therefore be viewed as the combination of bulk 

ionic conduction and surface-mediated conduction: 

𝐺 = 𝐺𝑏𝑢𝑙𝑘 + 𝐺𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (2.3) 

At high ionic concentrations, bulk conduction dominates and the conductance scales 

approximately linearly with electrolyte concentration. In contrast, under low ionic 

strength conditions or strong confinement, surface conductance becomes increasingly 

important and may even dominate total ionic transport. 

Because surface charge strongly influences local ion distributions, even relatively 

small modifications of the pore surface can produce substantial conductance changes. 

Functional coatings, external gate voltages, adsorbed molecules, or local chemical 

reactions can all modulate the electrostatic environment within the nanopore. 

Consequently, surface-charge-governed transport provides the fundamental mechanism 

underlying many active nanofluidic gating strategies. 

This sensitivity to interfacial electrostatics is particularly important in hybrid nanopore 

systems, where functional materials are integrated specifically to dynamically manipulate 

the local surface environment and thereby regulate ionic transport. 

2.3 Ionic Conductance and Transport Asymmetry 

The ionic conductance of a nanopore depends on both its geometry and its electrostatic 

environment. In its simplest approximation, nanopore conductance is determined by the 

combined contributions of pore resistance and access resistance. For cylindrical 

nanopores, the conductance can be approximated as: 

𝐺 = 𝜅 (
4𝐿
𝜋𝑑2

+
1
𝑑
)
−1

(2.4) 

where 𝜅 is the electrolyte conductivity, 𝐿 is the pore length, and 𝑑 is the pore diameter. 

Although this expression captures the geometric dependence of conductance, it 

neglects important nanoscale effects associated with surface charge and ion selectivity. 

In nanoconfined systems, ionic transport becomes increasingly asymmetric due to 

nonuniform ion distributions inside the pore. 

Ion selectivity arises when charged nanopores preferentially transport ions of one 

polarity. Negatively charged nanopores favor cation transport, whereas positively 

charged nanopores favor anion transport. This selectivity becomes particularly strong 

under overlapping EDL conditions. 
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Transport asymmetry may also arise from structural asymmetry such as conical pore 

geometry, asymmetric surface charge distribution, or spatially varying electrolyte 

concentration. Under applied voltage bias, these asymmetries generate unequal ion 

enrichment and depletion conditions for opposite voltage polarities. As a result, ionic 

current becomes direction dependent, leading to ion current rectification. 

 

Figure 2.2 Scheme of asymmetric surface charge induced unsymmetric ion distribution inside Au/SiN 

nanopore. Red (blue) color in the Au layer indicates induced negative (positive) charge. The 

transmembrane potential causes formation of zones with effective positive and negative charges on Au; a 

bipolar double-layer is formed in the solution. The arrangement of the zones is dependent on the polarity 

of transmembrane potential. Reprinted with permission from Ref  [34]. 

Ion current rectification is analogous to electrical diode behavior in semiconductor 

systems. Under forward bias conditions, ion enrichment inside the nanopore enhances 

conductance, whereas reverse bias conditions produce ion depletion and reduced 

conductance [35]. The rectification ratio is commonly defined as: 

𝑅𝑅𝑒𝑐𝑡 =∣
𝐼(+𝑉)

𝐼(−𝑉)
∣ (2.5) 

Rectification behavior is strongly influenced by surface charge density, electrolyte 

concentration, nanopore geometry, and external gating conditions. Importantly, 

rectification is fundamentally associated with asymmetric ionic concentration profiles 

rather than simply geometric asymmetry alone [36]. 
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Under strong confinement or high applied electric fields, ion enrichment and depletion 

zones may extend beyond the nanopore into the surrounding electrolyte reservoirs. These 

non-equilibrium concentration fields play a crucial role in concentration polarization 

phenomena and dynamic ionic transport modulation. 

Because ion current rectification is highly sensitive to interfacial electrostatics and 

local ionic distributions, it provides an effective probe of dynamic gating processes in 

hybrid nanopores. In particular, strong rectification behavior often emerges in systems 

exhibiting active ion transport modulation, concentration polarization, or chemically 

induced transport asymmetry. 

2.4 Dynamic and History-Dependent Ion Transport 

Unlike electronic conductors, ionic systems often exhibit intrinsically slow dynamical 

responses because ion transport involves mass motion, diffusion, adsorption, hydration 

rearrangement, and chemical reactions [37]. As a result, ionic conductance frequently 

depends not only on the instantaneous applied voltage, but also on the prior evolution of 

the system. 

One important source of dynamic behavior arises from finite ionic relaxation 

times [38,39]. Following changes in applied electric field, ionic concentration 

distributions require finite time to reorganize inside confined nanopores. Similarly, 

adsorption and desorption processes at charged interfaces may evolve slowly relative to 

electrical excitation timescales. In chemically active systems, reaction kinetics and phase 

transformations can introduce even longer characteristic response times. 

These delayed ionic responses often produce hysteretic current-voltage behavior. 

Under time-varying voltage sweeps, the ionic current may follow different trajectories 

depending on the direction and rate of the applied bias. Such hysteresis reflects the 

existence of internal transport states that evolve dynamically during operation. 

Several physical mechanisms can contribute to history-dependent ionic transport, 

including delayed EDL relaxation, concentration polarization dynamics, ion trapping, 

adsorption-desorption processes, conformational transitions in responsive polymers, and 

electrically driven chemical reactions [3]. 

Among these mechanisms, chemically coupled transport is particularly important 

because it introduces internal state evolution directly into the transport pathway. 

Precipitation and dissolution reactions occurring inside nanopores can reversibly alter the 
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effective pore geometry, local ion selectivity, and transport resistance. Since these 

reactions proceed over finite timescales, the resulting conductance depends strongly on 

previous voltage history. 

This behavior is closely related to memristive transport. A memristive system exhibits 

conductance states determined by the past evolution of electrical excitation. In 

nanofluidic systems, memristive behavior may emerge from ion redistribution, dynamic 

surface charge modulation, or voltage-controlled chemical transformations within 

confined electrolyte environments. 

Compared to conventional electronic memristors based on electronic charge transport, 

nanofluidic memristive systems operate through ionic and chemical degrees of freedom. 

These systems often exhibit low operating power, rich nonlinear dynamics, and strong 

coupling between transport and chemistry, making them attractive candidates for 

iontronic and neuromorphic applications. 

The dynamic transport phenomena discussed throughout this chapter provide the 

physical basis for the hybrid nanopore systems investigated in this thesis. In the following 

chapters, these principles are applied to achieve thermally gated transport using 

responsive polymers, electrostatically controlled ionic modulation using two-dimensional 

materials, and chemically induced memristive behavior through electrically controlled 

precipitation reactions. 
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Chapter 3   Light Switchable SiN Nanopore with 

PNIPAM Modification 

 

Solid-state nanopores can work as artificial nanofluidic structures that mimic the gating 

functions of biological ion channels. They are gathering increasing attention because they 

represent a platform for fundamental research and are highly attractive for diverse 

applications [15,26,40–47]. The ability of nanopores to manipulate the movement of 

molecules and ions at the nanoscale is a pivotal factor driving this interest. For example, 

in biosensing applications, controlled gating facilitates the selective detection of 

biomolecules [5,48–50]. Similarly, in drug delivery systems, molecular gating enables 

targeted release of therapeutic agents [17]. Important recent developments in this field 

involved the incorporation of stimuli-responsive molecules and functional chemical 

groups into nanopores [51–53]. This advancement has led to the creation of “smart” 

nanopores and innovative nanodevices, for example by molecular recognition in 

nanoporous membranes and the development of tunable nanofluidic diodes [54–56]. An 

interesting material in this respect is PNIPAM, known for its phase transition at a lower 

critical solution temperature (LCST) of ≈32 °C [52,57,58]. If used as a functional layer 

inside a nanopore, PNIPAM can be used as a gate, i.e., below the LCST, the polymer 

expands to block the nanopore, while above this temperature, the polymer collapses to 

open the pore to ionic flux [19,59–61]. This temperature-dependent behavior enables 

thermal modulation of the nanopore channel, offering a straightforward yet effective 

gating mechanism. However, the gating control reported so far relies on external heaters, 

which limit the system's functionality, in particular, in terms of reaction time in response 

to the temperature change and spatial resolution [19,44,55,61]. An important remaining 

challenge is the selective gating of individual nanopores within an array, which requires 

precise and highly localized temperature control [19,44]. In this context, plasmonic-

driven optical gating represents an innovative solution that optimizes the nanopore gating 

by means of thermo-plasmonic effects. 
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In this work, the challenge of spatially selective gating was addressed by using 

plasmonic nanostructures for targeted heating with µm spatial resolution. We demonstrate 

that plasmonic nanopores as shown in Figure 3.1, functionalized with PNIPAM and 

surrounded by a plasmonic bullseye structure, can effectively achieve thermoplasmonic 

gating. 

The bullseye was illuminated by a HeNe laser (at 633 nm) and focused the 

electromagnetic field intensity on the aperture of the nanopore, which resulted in rapid 

and reproducible temperature changes. The effectiveness of this thermoplasmonic 

modulation is demonstrated through ionic conductivity measurements within single and 

multiple nanopores. We achieve an On/Off ratio of up to 60 of the ionic current and stable 

switching demonstrated in multiple cycles. The precision, efficiency, and practicality of 

the thermoplasmonic nanopore gating mark a significant advancement in nanofluidics. 

This novel approach for selective optical gating of nanopores paves the way to new 

possibilities in the development of smart nanofluidic systems. 

 

 

Figure 3.1 Device architecture of PNIPAM nanopores. a illustration of an array of nanopores on the same 

membrane coated with PNIPAM (bottom side) and bullseye (top side). b illustration of two individual 

nanopores on the same membrane coated with PNIPAM (bottom side) and bullseye (top side) above and 

below the LCST value, respectively. c SEM image of an array of the gold plasmonic bullseye used in this 

work, scale bar “40 µm”. d SEM image of plasmonic bullseye structure, scale bar “5 µm”. 
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3.1 Device Fabrication and Characterization 

3.1.1 Membrane fabrication 

Freestanding Si3N4 membrane chips were prepared following a standard membrane 

fabrication procedure. In particular, an array of square membranes was prepared on a 

commercial double-sided 100 nm LPCVD Si3N4 coated 500 µm Si wafer via UV 

photolithography, following reactive ion etching and subsequent KOH wet etching. 

Subsequently, a 5 nm layer of titanium, followed by a 30 nm layer of gold, was 

evaporated onto both the top and bottom sides of the membranes. This resulted in an 

overall membrane thickness, inclusive of the adhesion layer, measuring 170 nm. Notably, 

each silicon chip has dimensions of 5 × 5 mm2 and a thickness of 500 µm. Afterward, 

nanopores featuring a diameter of 30 ± 10 nm, and bulls-eye milling (on the top side), 

were fabricated using a focused Ga+ ion beam. Precise adjustments to milling times were 

made to achieve the optimized bullseye geometry. 

3.1.2 PNIPAM modification 

PNIPAM chains were grafted into the pores of the flat membrane using a self-assembled 

monolayer. The samples were plasma-treated for 60 s in oxygen. To create reactive sites 

on the gold surface for PNIPAM-amine (molecular weight 25 kD) attachment, 11-

mercaptoundecanoic acid (MUA) was used. A solution of the thiol-based molecule 5 mM 

MUA in ethanol was prepared and the nanopores were immersed overnight then the 

samples were rinsed to remove any unbound molecules and dried under a stream of 

nitrogen. Finally, the samples were immersed in a solution of 400 mM EDC, 100 mM 

NHS, and 10 wt.% PNIPAM-amine in methanol for 3 h and then rinsed and dried under 

nitrogen. 

3.1.3 Ion current measurements 

Electrical measurements were conducted in 10 mM KCl buffer solution using the same 

instrument/reader from Elements srl. The measurements were performed either in the 

dark or under an excitation wavelength of 632.8 nm using a Renishaw InVia Raman 

system with a 50X long distance objective. Prior to the measurement the pores were 

wetted with DI/IPA for 5 min. Electrical readout of DNA and NPs translocations was 

conducted in 10 mM KCl by using the same instrument/reader from Elements srl. During 

the nanopores array measurements, objectives with different magnifications were used to 
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activate different pores. Figure 3.2 shows the horizontal flow cell and the setup used that 

allowed for optical access from the top for activation of the selective optical gating. 

Furthermore, when switching from one magnification to another the laser power was 

adjusted to be 1 mW cm−2. 

 

Figure 3.2 Nanopore ionic current measurement configuration. a top view of the microfluidic chip 

integrated with screen printed electrodes used during the electrical measurements and showing the 

different parts of the microfluidic, b cross-view of the microfluidic showing the different parts ranging from 

the bottom fluidic, nanopore chip, and top fluidic, c top view of the electrical reader from Elements srl with 

the microfluidic chip, d illustration of the measurement set-up. 

3.2 Results and Discussion 

3.2.1 Characterization of PNIPAM graft on Au 

 

Figure 3.3 The chemical modification processes for PNIPAM grafting on gold.  

The thermoplasmonic gating mechanism utilizes a combination of temperature-

responsive polymers and targeted laser activation of a plasmonic bullseye structure to 

control the ion channel conductivity of nanopores (Figure 3.1a). As depicted in 

Figure 3.1b, in the absence of laser activation (at RT), the PNIPAM layer at the back side 
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of the nanopore remains in a swelled state as the ambient temperature is below the LCST. 

This swelled state of PNIPAM blocks the ion passage through the nanopore, leading to 

an inactive or “Off” state. Under laser illumination (T ≥ 33 °C), the increased 

electromagnetic field intensity induced by the bullseye leads to a local increase in 

temperature at the center of the bullseye where the nanopore is located, and by surpassing 

the LCST, causes the PNIPAM brushes to be compacted. This molecular shrinkage opens 

the pore, allowing the ion flow, and switches the nanopore to the “On” state as previously 

shown [53,57,58]. 

 

Figure 3.4 X-ray photoelectron spectra of PNIPAM grafted onto gold. a C 1s peak, b O 1s peak, c N 1s 

peak, d S 2p peak.  

We fabricated the nanopores in a Silicon Nitride membrane with a thickness of 100 nm 

by focused ion beam (FIB) milling. The diameters of these nanopores were determined 

by two complementary methods: imaging with scanning electron microscopy (SEM), and 

conductance measurements in a 1 M KCl solution [62]. The latter is based on pores with 

a conical channel shape and correlated the ionic flux to the effective pore size. We 

obtained a good agreement between the pore diameters derived from the channel 

conductance and those imaged via Scanning Electron Microscope (SEM) thus providing 

reliable values for the nanopore sizes that we fabricated. In the next step, PNIPAM was 

covalently linked to the backside of the pore by self-assembly (as shown in Figure 3.3) to 
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enable the functionalization of the nanopore with PNIPAM. We note that in the 

calculations of the effective pore diameter, we assumed a uniform modification of the 

pore size and membrane surfaces, which takes also the increase in membrane thickness 

caused by the PNIPAM layer into account. 

 

Figure 3.5 Characterization of Au layer surface with PNIPAM. a AFM image and b the profile of elongated 

PNIPAM indicates a layer of 10 nm thick at room temperature. c contact angle measurement showing the 

change in wettability of the PNIPAM film, demonstrating a decrease in hydrophilicity and the state switch 

from hydrophilic to less hydrophilic. d the response of a QCM sensor functionalized with PNIPAM in 10 

mM KCl at different temperatures from 23 to 40 °C, the PNIPAM-modified sensor exposed to a gradual 

increase in the temperature showed a decrease in the thickness of the PNIPAM layer. 

To corroborate the effective immobilization of PNIPAM (blue layer) on the nanopores, 

X-ray photoelectron spectroscopy (XPS) was performed. The XPS spectra displayed in 

Figure 3.4 show a carbon peak at 283.1 electron volts (eV), a nitrogen peak at 397.9 eV, 

and an oxygen peak at 529.8 eV that are characteristic of the elemental composition of 
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PNIPAM [63]. They reveal three types of carbon c species, each corresponding to 

different bonding within the PNIPAM molecule. The peak at 285.0 eV was attributed to 

carbons in C─C and C─H bonds, commonly found in the backbone of the polymer chain. 

The peak at 286.1 eV corresponded to carbon-nitrogen (C─N) bond that is a key 

component of the PNIPAM structure. The peak at 287.8 eV can be associated with C═O 

bonds, which is indicative of the carbonyl groups in the polymer [64–66]. The distinct 

presence of these peaks confirmed the successful immobilization of PNIPAM on the 

nanopores. 

We used atomic force microscopy (AFM) to investigate the PNIPAM film morphology 

on a flat surface (Figure 3.5a) at room temperature. Knowledge of the film thickness and 

roughness is important, because the thickness needs to be tailored to the nanopore size to 

enable switching, and the roughness determines the accuracy of the switching mechanism. 

The height profile in Figure 3.5a exhibits a film with a 10 nm thickness and homogenous 

surface texture with a roughness of ≈1 nm that demonstrates the uniform PNIPAM 

surface coating. 

To confirm the thermo-responsive nature and the hydrophobic/hydrophilic switching 

behavior of the PNIPAM film, we performed contact angle measurements at two distinct 

temperatures above and below LCST: 50 and 20 °C (Figure 3.5b,c). At 50 °C we 

observe a large contact angle (84.34° ) that stems from high hydrophobicity. This 

conformation is attributed to the contraction of polymer chains above the LCST of 

PNIPAM, which is ≈32 °C. At 20 °C (below LCST), the contact angle is much 

smaller (44.03 ° ), implying a more hydrophilic and expanded state of the 

polymer [58,59]. 

The critical role of PNIPAM thickness variation in the gating mechanism of the 

nanopore requires detailed control of this parameter for temperatures below and above 

the LCST at which the switching is operated. We used a quartz crystal microbalance with 

dissipation monitoring (QCM-D) to obtain a qualitative assessment of conformational 

changes of the PNIPAM film with temperature. This technique is particularly effective in 

evaluating the restricted movement of PNIPAM when tethered to surfaces, thereby 

approximating both the dynamics within the nanopore sensors, as well as mimicking 

comparable surface chemistry, as a gold-coated quartz crystal was used for measurements. 

A temperature increases from room temperature to above LCST resulted in a notable 
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increase of frequency of ≈ 60 Hz, as well as an increased dissipation of ≈ 2 × 

10−6 (Figure 3.6). Based on the measured dissipation limit, we concluded that we could 

approximate the polymer height based on the Sauerbrey equation, which models the 

polymer as a rigid film [67]. The Sauerbrey equation relates the change in frequency to 

the change in mass of the film. Our data yields a decrease in polymer layer thickness of 

≈ 10 nm (Figure 3.5d) upon increased temperature exposure. This indicates that 

PNIPAM undergoes a transition to a more compact structure as the temperature surpasses 

the LCST. 

 

Figure 3.6 QCM of PNIPAM/Au/SiN sample. a The frequency change of PNIPAM immobilized on QCM 

balance upon temperature increase. b The dissipation changes of PNIPAM immobilized on QCM balance 

upon temperature increase results in a dissipation increase of ∼ 2.2 parts per million (ppm). 

The integration of SEM, AFM, XPS, and contact angle analysis provided a 

comprehensive characterization of gold surfaces grafted with PNIPAM. This multifaceted 

approach confirmed the successful functionalization of nanopores with PNIPAM. 

Importantly, these analyses confirmed the ability of PNIPAM to modify its physical state 

in response to thermal stimuli, notably transitioning from hydrophilic to hydrophobic 

properties as temperatures exceed its LCST. Additionally, AFM and QCM-D analyses 

elucidated the layer thickness of PNIPAM and the height variation upon heating beyond 

the LCST, leading to insights on the optimal pore diameter for effective pore blockage. 

3.2.2 PNIPAM phase change via plasmonic heating 

After characterizing the PNIPAM layer, the coated nanopores underwent electrical (ionic) 

measurements. The reported gating mechanism in this work relies on plasmonic heating 

to modulate the pore temperature, causing the PNIPAM layer to swell or 

shrink. Figure 3.7a shows that without laser activation, the PNIPAM layer remains 
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swollen at temperatures below the LCST, blocking ion passage and keeping the nanopore 

in an “Off” state. Upon laser illumination, the local temperature exceeds the LCST, 

shrinking the PNIPAM brushes, opening the pore, and allowing ion flow, thus switching 

the nanopore to the “On” state (Figure 3.7b).  

 

Figure 3.7 Optimization of SiN nanopore size for PNIPAM modification. a and b illustration of an 

individual nanopore coated with PNIPAM (bottom side) and bullseye (top side) with laser off and on, 

respectively. a with the laser off the temperature inside the pore was lower than the LCST value, hence, the 

PNIPAM was swelled obstructing the ions flow, b with the laser “on” the temperature inside the pore was 

increased above the LCST, hence, shrinking the PNIPAM and leading to an increase in the current, (green 

and purple balls represent potassium and calcium ions in the electrolyte). c schematic illustrations of 

functionalized nanopores with different diameters. d current On/Off ratio versus different pore diameters 

after gold deposition. 

A further examination of the impact of pore size on the current On/Off ratio is reported 

in Figure 3.7c. Below a 30 nm nanopore diameter, the on/off ratio was notably low, 

attributed to constant pore blockage. This effect was due to the minimal pore size 

alteration resulting from PNIPAM's thickness change, which prevented pore opening 

even above the LCST. We hypothesized that a high PNIPAM density may restrict the 

polymer's conformational flexibility and its ability to shrink. Increasing the pore diameter 
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to 30 nm increased the On/Off ratio, indicating that at this diameter, and at temperatures 

surpassing the LCST, PNIPAM could sufficiently undergo conformational changes. This 

alteration allowed more space for ion passage. Conversely, further enlargement of the 

pore diameter led to a reduction in the On/Off ratio. In this scenario, even the swollen 

state of PNIPAM was insufficient to block the pores effectively due to their larger size 

(as shown in schematic Figure 3.7d). In conclusion, these findings highlight the potential 

of PNIPAM as an effective material for gating nanopores, with an optimal pore diameter 

of 30 nm for achieving a high on/off ratio. 

 

 

Figure 3.8 Laser heating effect on nanopore. a Current-voltage curve of bare nanopore at different laser 

power irradiation 0, 0.5, and 1 mW in 1 M KCl. b COMSOL modeling of the local temperature in the gold 

bullseye plasmonic nanopore. Upon illumination with light at 633 nm at 1 mW cm−2. The heat map displays 

the elevated local temperature at a steady state around the gold pattern. c Temporal response of the 

temperature at the center of the nanopore, plotted together with the laser power. Green and grey dashed 

lines denote the threshold temperatures of 32 and 20 °C for switching between the shrunk and extended 

conformations of the PNIPAM film, respectively. d temperature profile on the z-axis inside the nanopore. 
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To achieve fast and possibly highly localized changes of the PNIPAM conformation 

we harnessed the nanopores with thermoplasmonic structures. In nanophotonics, 

plasmonic heating has been successfully employed through the utilization of the “bullseye” 

structure [68]. Figure 3.1d shows an SEM micrograph of the bullseye structure that we 

fabricated with a nanopore in the center and which we illuminated with a laser at 633 nm 

to induce the localized plasmonic heating. The goal is to increase the local temperature at 

the nanopore above the LCST value of PNIPAM to trigger the morphological and hence 

the opto/thermo gating of the nanopore. 

To investigate the temperature changes that can be achieved with this approach, we 

monitored the conductance change with respect to bullseye illumination, leveraging the 

temperature-dependent conductivity of potassium chloride (1 M KCl) as an electrolyte, 

for which an increase in temperature is directly proportional to an increase in conductance. 

Figure 3.8a reports the current–voltage (I–V) curves obtained from a single plasmonic 

(bullseye) nanopore before the surface functionalization with PNIPAM (bare nanopore). 

As expected, the conductance of the nanopore depends on the illumination intensity (laser 

power). We use these measurements to obtain an estimation of the temperature inside the 

nanopore and apply COMSOL modeling to numerically calculate the expected 

temperature inside the nanopore for the different laser excitation powers. For the purposes 

of these simulations, we assumed that 100% of the incident light power was absorbed by 

the nanopore membrane, specifically the gold components of the bullseye structure. This 

assumption simplified the modeling of time-dependent energy dissipation and local 

temperature evolution around the nanopore. The powers applied (0.5 and 1 mW) are those 

typically used in this configuration and were fully converted into thermal energy for the 

calculations. For the thermal simulations, the gold bullseye was defined as the heat-

generating region, with the absorbed laser power applied as the thermal input. Heat was 

subsequently dissipated from the gold structure through the surrounding SiN membrane 

and aqueous electrolyte, which were treated as thermal conducting domains. The model 

was solved under steady-state conditions, with the system initially referenced to room 

temperature. Without excitation, the system is at room temperature, while for illumination 

intensities of 0.5 and 1 mW cm−2, the simulations show temperatures inside the nanopore 

of 315 and 334.7 K, respectively (see Figure 3.8b,c). The temperature profile inside the 

nanopore on the z-axis is shown in Figure 3.8d. We note that no substantial conductance 

change was observed in a control experiment illuminating a nanopore without a bullseye 
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structure at 1 mW cm−2. This evidences the key role of the thermoplasmonic effect in 

regulating the temperature at the nanopore with illumination intensities that are 

sufficiently low to avoid damage of the pore or the PNIPAM film by the laser. 

 

Figure 3.9 Demonstration of repeatable on-off state switch of single nanopore coated with PNIPAM. a 

illustration of the single nanopore coated with PNIPAM. b Current–voltage characteristics of a nanopore 

decorated with PNIPAM with the laser in the “off state” and “on state” in 10 mM KCl and 1 mW cm−2 laser 

power. c current versus time with cycling where the laser was switched on “red zone” and off “blue zone” 

at 1 V. d different cycles showing the stability of the pore between switching on and off. e,f one cycle 

enlarged showing the respond time of the polymer configuration change. 

Figure 3.9a shows and illustrates the device used in this set of experiments, where a 

single nanopore coated with PNIPAM was employed. Figure 3.9b shows the I–V curves 

in the presence and absence of laser-induced heating at 1 mW cm−2, respectively. With 

the laser off, the internal nanopore temperature was below the LCST, with a swelled 

PNIPAM state that blocks the pore (“Off state”). Under illumination, the nanopore 

temperature is above LCST, and the shrunk PNIPAM conformation results in an opening 

of the nanopore channel, signifying the “On state”.  

Additionally, Figure 3.10a illustrates the current increase in the functionalized 

nanopore compared to the unfunctionalized nanopore (control sample). As shown, the 

current increase in the functionalized nanopore is significantly greater than that in the 

control sample, likely due to the low ionic concentration of the 10 mM electrolyte. To 

minimize the impact of temperature-induced ionic current increase and to enhance the 

gating effect of PNIPAM, we utilized a 10 mM KCl solution instead of a 1 M KCl 
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solution. Key features of the switching performance are the stability over several cycles, 

and the time scales at which the temperature and PNIPAM conformational changes are 

occurring. The nanopore's electrical response and stability over time for several On and 

Off switching events at a fixed bias is reported in Figure 3.9c,d. Each switching-on event 

(laser power on) induces a spike in conductivity that decreases exponentially to around 

2nA (Figure 3.10b, fitting of the decay and evaluation of the decay constants). We 

attribute this behavior to the capacitive discharging of the charges that accumulated at 

both sides of the blocked nanopore, and that equilibrate upon pore opening. When the 

laser is turned off, the current falls to near zero in a few ms, evidencing the blockage of 

the nanopore. To evaluate the response time for the pore opening and closing processes, 

we analyze the rise and fall times of the current with the 10% and 90% threshold criteria 

and obtain 3 and 4 ms, respectively (Figure 3.9e). We note that these values represent 

upper limits to the conformational opening and closing process since they are derived 

from the current change that is also impacted by the properties of the electrolyte. 

Moreover, the fast thermoplasmonic opening/closing behavior of the nanopores was also 

corroborated by our simulations of the temperature within the nanopore, that rises above 

the LCST in less than 0.5 ms upon illumination (Figure 3.8b). With switching times of 

the order of a few ms, the operation of thermoplasmonic nanopore devices with 

frequencies up to almost 1 kHz should be possible. We note that the impact of the 

associated increase and decrease in the local viscosity on the nanopore conductance is 

anticipated as marginal compared with the giant On/Off ratio observed [69]. 

 

Figure 3.10 Time-dependent ion current trajectory. a Current vs. time under laser illumination: laser on 

(red zone) and laser off (blue zone) at 1V in 10 mM KCl solution of functionalized nanopore (red line) and 

unfunctionalized nanopore (black line), b Enlarged current vs time. 
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Figure 3.11 Multi-level ion current based on PNIPAM modified nanopore array. a illustration of nanopore 

array, each nanopore is surrounded by bullseye that will lead to a selective heating of nanopores by 

focusing the laser beam on the desired structure which then leads to a selective opening of nanopores; b 

represent the OR logic and the current level shown in panel d; c current versus time shows an increase in 

the current due to opening different pores one after another which leads to an increase in the current and 

then switching them off one after another which led to a decrease in the current, each roman number 

represents the number of pores opened; d current from the nanopores array and different following logic 

gates “OR gate”, shows that by modulating two pores with a laser leads to closing nanopore, no current 

to represent the “off state” of the logic gate then switching on the laser so opening the pore leading to an 

“on state” logic gate. 

So far, we have discussed the opto/thermal gating of the conductance of a single 

nanopore. However, this gating concept can be extended to nanopore arrays, where 
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individual pores can be switched separately or in combination. The laser spot size 

(diffraction-limited to below 1 µm) and the bullseye pattern (10 µm diameter in 

Figure 3.1b) define the spatial resolution at which individual nanopores can be addressed. 

Thus, nanopores in an array with a 12 µm pitch can be controlled on millisecond 

timescales, opening possibilities for cascaded logic gate ionic computing using our 

thermoplasmonic nanopores. Cascadability, which is critical for complex logic gate 

operations, can be achieved by spatially multiplexing optical control across nanopores, 

where the output of one nanopore system can be fed as input to another in parallel or in 

series. 

Figure 3.11a displays the design of such an array on a chip, where each nanopore is 

surrounded by a gold bullseye pattern that allows for selective and local thermal heating. 

Multiple pores can be actuated simultaneously by adjusting the laser spot size to 

illuminate several adjacent pores as in our proof-of-concept demonstration, or via more 

sophisticated laser beam multiplexing that could allow to address certain sets of 

nanopores at will. Fast optical addressing of the nanopores could be achieved by galvanic 

optical mirrors as in commercial confocal scanning microscopes, for example. In the 

following, we show a proof-of-concept demonstration of the “OR” logic (Figure 3.11b) 

gating based on the optical microscope setup in our lab. Here we adjust the laser spot size 

by focusing and defocusing the microscope optics and address specific chip areas by the 

movable microscope stage. Figure 3.11c captures the resulting electrical response as 

multiple nanopores are opto-thermally modulated. The illumination of a nanopore by the 

laser results in an increase in current. By enlarging the laser spot size, one, then two, three, 

and four pores can be activated simultaneously, which leads to current values of 2, 5, 8, 

and 10 nA, respectively. Here the conductance of the individual nanopores varies between 

2 and 3 nA due to small differences in nanopore diameter. Addressing pairs of adjacent 

nanopores is possible by moving the enlarged laser spot with respect to the pore array. 

With this control on the switching of multiple nanopores, we can achieve optical gating 

in the realm of logic gate ionic computing. Building a logic circuit with multiple 

nanopores on the same chip represents a paradigm shift, as current technology is only 

able to measure single logic gates independently. Figure 3.11b,d represent the operational 

mechanism of the “OR” logic gate using two nanopores (A and B) that can be switched 

on and off separately or together. The conductance of this nanopore system is reported in 

Figure 3.11d. With no laser illumination ([0.0]), both nanopores remain closed, yielding 
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no current flow and representing a binary “0” for both inputs. With the focus of the laser 

on nanopore A ([1.0]), a distinct increase in the current corresponds to a binary ‘1’ for 

input A, while the other nanopore (input b maintains a binary ‘0’. When the laser targets 

the second nanopore ([0.1]), input A reverts to ‘0’ and input B transitions to ‘1’. To obtain 

the state ([1.1]), the laser illuminates both pores, which leads to a larger current for the 

individual pores, reflecting a binary ‘1’ for both inputs A and B. This arrangement 

demonstrates a current-based execution of logical operations, confirming the viability of 

the nanopores array to be orchestrated to perform logical operations. While the current 

setup demonstrates an ‘OR’ logic gate, we are actively exploring methods to achieve more 

universal gate functions, such as NAND and NOR, through ensemble control of 

nanopores. Achieving these universal gates requires implementing a NOT gate for 

negation operations. This could be realized by functionalizing the nanopores with photo-

sensitive materials, such as spiropyran, which can close upon light illumination [47] By 

combining thermo-responsive and photo-responsive materials, we could unlock more 

complex logical operations in ionic computing, paving the way for advanced 

computational architectures. 

3.3 Conclusion 

In conclusion, this study represents a significant step forward in the field of nanofluidics, 

illustrating the successful integration of stimuli-responsive molecules, specifically 

PNIPAM, into solid-state nanopores alongside a plasmonic structure for opto/thermal 

gating. This innovative approach overcomes the limitations of traditional temperature-

dependent gating methods that rely on external heat sources. By employing 

thermoplasmonics, this work enabled a selective activation of individual nanopores. This 

method was validated through ionic conductivity measurements, demonstrating the 

ability to selectively control nanopores with high precision and On/Off efficiency at a 

micrometer scale. The high speed in the thermal response (in the millisecond range) 

enables unprecedented gating efficiency. Furthermore, the introduction of multistage 

current switching capabilities, exhibiting low, medium, and high (i.e., “0,” “1,” “2” and 

“3”) quaternary levels of ion conductance, marks a breakthrough in the field. This stable 

and robust multistage switching could pave the way for multivalued logical gating, 

managed optically, thereby enhancing the versatility and functionality of nanofluidic 

devices. Device reproducibility was limited primarily by the variability of PNIPAM 
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modification and nanopore fabrication. Approximately 20 chips were fabricated, of which 

only a small fraction showed clear and repeatable optical switching. The functional 

devices nevertheless exhibited stable switching over hundreds of cycles (Figure 3.9c–d), 

indicating good short-term operational stability once the polymer gate was properly 

formed. This research significantly contributes to the evolution of smart nanofluidic 

systems, broadening their applicability in areas like biosensing and targeted drug delivery. 

The ability to control nanopores with such enhanced precision and efficiency holds great 

promise for future innovations in various scientific and medical fields. 
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Chapter 4   Electrically Gated Ion 

Transportation of MoS2/SiN Nanochannels 

 

Ion transport through nanochannels plays a crucial role in a wide range of applications, 

including drug delivery, biosensing, desalination, and energy harvesting. Among the 

various systems studied, nanochannels composed of two-dimensional (2D) materials such 

as MoS2 and graphene have recently received significant attention. Their atomic thickness 

allows the creation of sub-nanometer channels, which provide a powerful platform for 

exploring fundamental phenomena such as quantum friction, ion adhesion, orientational 

conduction, and DNA translocation [70–73]. Despite these advantages, the fabrication of 

multi-stacked 2D material structures remains a challenging task, and the development of 

simpler device architectures would greatly facilitate the study of nanofluidic processes in 

this unique family of devices. 

The strong confinement effect characteristic of 2D-material-based nanochannels 

results in distinctive ion transport properties. These properties can be modulated through 

adjustments in interlayer spacing, surface chemistry, or material composition  [9,51]. In 

the context of single-molecule sensing, MoS2 offers particular advantages compared with 

graphene. Its hydrophilic surface reduces unwanted interactions with DNA [73–75], 

while intrinsic sulfur vacancies on the MoS2 surface provide sites that can selectively 

slow down or capture proteins containing free thiol groups. This capability highlights 

MoS2’s potential in advanced protein sensing applications [76,77]. Among emerging 

nanofluidic device concepts, the ionic transistor stands out as a promising building block 

for ion-based logic computing. These devices operate by electrically modulating the 

surface charge of nanopores or nanochannels to control ion transport [2,10,13,25,26,78–

83]. Two-dimensional materials such as MoS2 are especially promising for this purpose, 

as their carrier type can be efficiently tuned through chemical modification or electrostatic 

gating [84–89]. However, most existing designs rely on symmetric, suspended 2D 
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membranes that are mechanically fragile and require complex fabrication procedure, 

limiting reproducibility and scalability. 

To address these limitations, we developed a hybrid nanochannel platform that 

integrates a mechanically robust MoS2 flake with a freestanding silicon nitride (SiN) 

membrane. Unlike conventional 2D material stacks [18,27,30], the device is fabricated 

by transferring a thick MoS2 flake onto a FIB-milled trench in SiN, forming an 

asymmetric channel supported on one side by SiN and electronically active on the other. 

This architecture provides mechanical stability while preserving the tunable electronic 

properties of MoS2 and, crucially, enables selective electrical gating of only the MoS2 

wall. This selective gating produces a programmable charge asymmetry within the 

channel, an effect that is not accessible in symmetric 2D nanopores. As a result, the 

platform allows controlled modulation of ion transport through spatially localized gating 

rather than relying on geometric asymmetry or chemical patterning. 

In this chapter, we present a comprehensive study of ion transport in electrically gated 

MoS2/SiN nanochannels. We systematically examined how gate voltage, ion 

concentration, and pH influence surface charge and ion conductance, and we demonstrate 

the platform’s functionality in two applied contexts: osmotic energy generation and 

single-protein translocation sensing. Our results reveal gate-dependent rectification 

behavior, competitive osmotic power densities, and prolonged protein dwell times, 

highlighting the versatility of this hybrid platform for both energy-harvesting and 

biosensing applications. Through these experiments, we elucidate possible mechanisms 

of ion translocation in MoS2/SiN nanochannels and discuss their implications for the 

design of nanofluidic devices. Overall, the proposed structure design and ion current 

tuning mechanism contribute to the expanding knowledge of nanoscale ion transport and 

highlight the promise of electrically tunable MoS2/SiN nanochannels as a platform for 

future advances in nanotechnology and biomedicine. 

4.1 Device Fabrication and Characterization 

Freestanding Si3N4 membrane chips were fabricated using the same standard MEMS 

procedure as described in last chapter, except the size of the membrane are chosen to be 

~50 μm2 which has better robustness compare with larger size membrane, to avoid 

possible broken with integrated top layer MoS2 flake.  
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Figure 4.1 Device design. a Illustration of nanochannel devices formed by MoS2 flake and SiN membrane 

with a nanopore and nano-slit. The length, width, and height of the nanochannel is around 1m, 100 nm, 

and 10 nm respectively; b SEM image of nanochannel device just after the transfer of MoS2; the inset shows 

the magnification image of white dash line framed region, and the solid white line in the inset image; c 

Optical image of nanochannel device after the Au electrode deposition. 

4.1.1 Nanostructure fabrication 

Here, we propose a novel structure which can be fabricated by a simpler process 

compared with previously reported sandwiched 2D material stacks structures [30]. The 

nanopore and the nano-slit(s) are directly milled by focused ion beam (FIB) on suspended 

SiN membrane with 30 kV acceleration voltage and 18 pA current, after which a thick 

layer of MoS2 is transferred on top of the nano-slit to form a nanochannel comprised by 

SiN and MoS2 surface, as shown in Figure 4.1a. The MoS2 flake is typically made thicker 

than 50 nm to prevent sagging that could obstruct the channel, while still preserving 

surface charge tunability, since electrons primarily accumulate near the surface. The 
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nanochannel depth is primarily determined by the ion-beam dwell time during milling. In 

our case, it typically ranges from 5 to 20 nm, as confirmed by AFM measurements on 

multichannel samples (Figure 4.2).  

 

Figure 4.2 AFM data of MoS2/SiN multichannel devices. a Thick MoS2 layers covered multichannel; b As 

fabricated multichannel by FIB with 200 s dwell time under 18 pA; c Channels fabricated by FIB with 

different dwell time under 18 pA. 

4.1.2 Two-dimensional material transfer 

There are mainly two ways to prepare MoS2 flakes, physically by means of mechanical 

exfoliation (cleave the original crystal) or chemically (controlled chemical reaction on 

substrate by CVD/CVT). These two techniques result in different surface charge 

characteristics [90–92]. On the fresh cleaved MoS2 flakes, the surface is near intrinsic 

because of the smooth surface, and the electrons will gradually accumulate on the surface 

because of the slow desulfurization in the air, which induces a negatively charged MoS2 

surface.  

On the other hand, the CVD/CVT grown MoS2 flakes are always negatively charged 

because of the dangling bonds generated during the chemical reaction process [92]. MoS2 

flakes prepared via chemical processes can be suspended in proper solvents and easily 

deposited on solid-state substrates [93] but they typically present a high level of 

contamination making them not suitable for the scope of this work. Therefore, here, we 

used exfoliated MoS2 flakes as a top layer to form the nanochannels (Figure 4.1b). The 

MoS2 flakes were exfoliated using well established scotch tape methods onto a 300 nm 

SiO2 substrate. By using a standard optical microscope, it is possible to quickly obtain a 

first check on the quality of the transferred flakes.  
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A polycarbonate (PC) thin film on top of PDMS dome supported by a transparent cover 

slide is used to transfer the selected MoS2 flake from SiO2 substrate to SiN membrane 

which has a nanopore connect with a shallow nano-slit (Figure 4.1a) [94,95]. The PC thin 

film was prepared by a dip-coating method. First, a PC solution was prepared by 

dissolving polycarbonate in chloroform (10% weight ratio). The solution was then 

deposited onto a clean glass slide using a drop-casting method. A second glass slide was 

immediately positioned parallel above the coated slide and gently pressed with finger 

pressure to eliminate air bubbles between the two surfaces. Subsequently, the upper slide 

was rapidly removed through a horizontal sliding motion, leaving a thin, uniform layer of 

PC solution on the lower substrate. The chloroform solvent was allowed to evaporate 

under ambient conditions for 1 minute, resulting in the formation of an ultrathin, uniform 

PC film. This free-standing PC film, when combined with perforated double-sided 

adhesive tape mounted on a PDMS stamp, served as an effective transfer medium for 2D 

materials in subsequent processing steps [96].  

4.1.3 Gating electrode fabrication 

The Ti/Au electrode (Figure 4.1c) was fabricated using two photolithography steps. First, 

the Au electrode region pattern was defined using the resists LOR3B/S1805 spin coated 

as a double layer to form undercut feature. A 5 nm Ti adhesion layer followed by a 30 nm 

Au layer was deposited on developed regions by using electron beam evaporation, 

followed by lift-off in PG remover for 5 min. 

A second lithography process using a larger line-width pattern to isolate the Au 

electrode was performed using a similar process (spin coating photoresist, mask-aligner 

exposure, evaporation of isolated material and lift-off). As shown in Figure 4.1c, the tip 

of the Au electrode contacts the MoS2 flake, while the pad is positioned outside the 

membrane for electrical characterization of ionic transistor behavior. 

4.1.4 Electrochemical measurement configuration 

All electrochemical measurements, except for gating, were carried out using a Nanopore 

Reader (100 kHz) and PMMA flow cells from Elements srl. Prior to each measurement, 

the nanochannel device was immersed in an ethanol–water (1:1) solution for 10 minutes 

to ensure proper wetting. Two PDMS blocks with central openings were placed on both 

sides of the device to facilitate mounting in the cell without leakage. After introducing 70 

L of electrolyte into each reservoir, a constant voltage was applied for 10 s in 100 mV 
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(or, when required, 20 mV) increments from V– to V+. For osmotic power measurements, 

triangular voltage sweeps from –500 mV to 500 mV were performed at 10 mV/s to 

determine the intercept value. 

For gating experiments, a Keithley 2612B connected to a probe station was used to 

apply the three-terminal configuration. In this setup, the source–drain potential was swept 

from –500 mV to 500 mV over 100 s (10 mV/s). 

4.2 Tunable Ion Transportation via External Bias 

 

Figure 4.3 Ion transport of nanochannel. a Ion current across nanochannel with different KCl 

concentrations under pH 7.4 before cleaning process and b Ion current of 10 mM KCl across nanochannel 

with different pH after cleaning process. 

The first characterization of the platform was done by measuring the ionic current with 

different concentrations of KCl. As shown in Figure 4.3, The conductance of the 

nanochannel did not increase linearly when the concentration of KCl electrolyte increased 

from 1 mM to 1000 mM. This non-linear behavior could be attributed to mechanisms 

such as ionic coulomb blockade as described for sub-nm monolayer MoS2 nanopore or 

the predominance of counterions transport [97,98]. While the ion current is very small 

due to the limited channel height and because of potential hydrocarbon contamination, 

we observed an ionic rectification with a rectification ratio up to 10 for 1M KCl. In order 

to verify these first results, we repeated the measurements after a cleaning procedure on 

the sample.  The cleaning process was conducted by applying a potential ranging from –

100 mV to 100 mV with an alternating current scan overnight. The alternating electric 

field prompted ions to accumulate at the nanochannel entrance and repeatedly penetrate 

the contaminant barrier. Through multiple cycles, the blockages were gradually removed, 
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thereby restoring the ion transport capacity of the channel (Figure 4.4) [99]. After the 

cleaning procedure, a larger and more linear ion current was detected (Figure 4.5a). It 

indicates more symmetric surface charge distribution after the electrolyte cleaning 

process, as well as the minimal geometric asymmetry. 

 

Figure 4.4 Unclogging of the nanochannel by large number of low voltage cycling scan. a first 10 scan, b 

overnight scan.  

4.2.1 Estimate the surface charge density 

In order to study the change of surface charge density of the nanochannel system towards 

ion current flow, we measured the ion current with a different pH of 10 mM KCl. Figure 
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4.3b shows how the ion current conductance is significantly affected by the pH value of 

the electrolyte after the cleaning process.  

 

Figure 4.5 a Ion current of single MoS2/SiN nanochannel under different KCl concentrations after the 

cleaning process. b The calculated conductance based on a and the calculated charge density based on 

conductance and formula (4.1). 

As the pH increases, the current increases, suggesting that the nanochannel surface 

becomes more negatively charged, attracting the positively charged ions. The minimal 

ion current value occurred at pH 4 attributable to the effective isoelectric point of the 

MoS2/SiN channel, consistent with published isoelectric point data of MoS2 and 

SiN [100,101]. With a pH increased from 10 to 12, the rectification direction changed. 

This phenomenon can be attributed to the distinct deprotonation behaviors of the two 

channel walls. While both MoS2 and SiN remain negatively charged in this alkaline range, 

their surface charge densities evolve differently: SiN, with an isoelectric point near pH 

5–6, is already strongly deprotonated at pH 10, whereas MoS2 continues to gain 

substantial negative charge between pH 10 and pH 12. This shift in the relative surface 

charge asymmetry between the MoS2 and SiN walls alters the spatial distribution of ion 

enrichment and depletion zones under bias, thereby inverting the rectification direction 

without requiring a reversal of absolute charge polarity. The pH-dependent behavior 

highlights the importance of surface charge in controlling ion transport through the 

nanochannel [102]. The surface charge density of the MoS2/SiN nanochannel system can 

be estimated by ionic conductance measurements, as used for hBN nanotube system [14]: 

𝐺 = 2𝑒2𝜇𝐶𝑠
𝐴

𝐿
+ 𝑒𝜇

𝐶

𝐿
|𝜎|(1 + 𝛼) (4.1) 

Where e is the electron charge, Cs is the ion number density of the electrolyte, A and 

C are, respectively, the area and perimeter of the nanochannel cross-section, L is the 
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length of the channel,  is the mean ion mobility of the electrolyte in s/Kg,  is the surface 

charge density, and  which account for the electro-osmotic conductance contribution 

(here this value is around 1).   

As shown in Figure 4.5b, the surface charge density of our MoS2/SiN nanochannel 

system is around 100 mC/m2, much higher than the measured surface charge density of 

SiN nanopore (~15 mC/m2) [101], indicating that the MoS2 surface plays a more 

important role in controlling the ion current of our hybrid nanochannel system. 

4.2.2 Tune the surface charge density via bias voltage 

Given that the ion current rectification (ICR) observed in the MoS2/SiN nanochannel may 

result from an unbalanced surface charge distribution between the two channel walls, we 

probed ion transport as a function of the MoS2 surface charge by applying a gate potential 

through a top electrode. Figure 4.6a shows the electrical measurement setup for the 

transistor-like configuration, where we used two channels from a Keithley 2612B source 

meter. As shown in Figure 4.6b, the channel conductance increases with decreasing gate 

voltage down to -500 mV, which can be attributed to an elevated counter-cation 

concentration driven by the enhanced negative surface charge on the nanochannel walls. 

As mentioned in last section (4.2.1), the surface charge of MoS2 accounts for a larger 

proportion of the hybrid system, and the charge of the MoS2 is mainly constrained on the 

surface [103]. The negative surface charge density enhancement under negative gating 

bias has been shown in many previous KPFM study papers [104–106]. The surface charge 

reversal has also been predicted via Density Functional Theory (DFT) study by Mortier 

et. al [107] which could be the mechanism that lies down under our observation, where 

with applied positive gate voltage we observed a conductance enhancement in the other 

direction. 

These ambipolar characteristics indicate that the nanochannel surface is nearly 

electrically neutral at zero gate voltage, and the application of either positive or negative 

gate voltages increases the accumulation of counter-ions, thereby increasing conductance 

which has also been proved in CNT base ionic transistor system [13,108]. The I–V curves 

further reveal a switch in ICR behavior depending on the direction of the applied bias. At 

zero gate voltage, the current is suppressed under positive transmembrane bias, a trend 

that persists with increasing positive gate voltage. However, when negative gate voltage 
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is applied, the rectification behavior reverses — conductance under negative trans-

membrane bias decreases relative to that under positive bias. 

 

Figure 4.6 Electrically tunable ion transport of MoS2/SiN nanochannel. a Illustration of measurement configuration; 

(b,c) Ion current of nanochannel under different gate bias and transmembrane voltage “mV” in 10 mM KCl. d 

Illustration of ion rectification mechanism for the nanochannel. 
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Considering the indistinctive ion rectification observed in our nanochannel system 

without an applied gate bias (particularly after voltage-scan cleaning process), the channel 

geometry and the surface charge distribution can be considered symmetric. The 

pronounced ion rectification emerges clearly after applying an external gate bias to the 

MoS2 flake, which we attribute to the accumulation of surface charge near the channel 

edge under small gating bias, an effect consistent with prior microwave impedance 

microscopy (MIM) characterization on MoS2 transistor [109].  As illustrated in Figure 

4.6d, under a negative gate bias the surface of the MoS2 becomes more negatively charged, 

facilitating cations transport enter from the MoS2 edge side of the channel while impeding 

anion passage if the transmembrane potential is oriented inversely. The opposite side of 

the channel exhibits lower ion-selectivity due to its weaker surface charge density. With 

positive charge accumulation, the anions are favored from MoS2 edge side while the 

cations are repelled, creating a bias-dependent asymmetry in ionic current. Furthermore, 

the non-zero ion current recorded at Vsd= 0V under gate bias can be explained by a gate 

induced built-in potential across the membrane, arising from modulated surface charge 

asymmetry, which drives ions through the nanochannel in the absence of transmembrane 

voltage. Similar phenomena have been reported in previous study on ZnO/SiN bilayer 

nanopores [110] and CNT ionic transistor [13]. Figure 4.6c displayed the gate-dependent 

ionic current characteristics of our ionic transistor, where an asymmetry can be observed 

between the response under positive and negative transmembrane potential VSD. For 

negative VSD, the ion current quickly saturates at around 300 mV while for positive VSD 

the ISD increases monotonically. This asymmetric behavior could be attributed to the 

asymmetric of the MoS2 surface area on cis or trans reservoir, while the surface charge 

of the smaller area reaches the limited surface charge density faster.  

4.3 Scalable Osmotic Power 

The high surface charge value further shed light on energy harvesting from salinity 

gradients. Several recent studies, in fact, demonstrated how it is possible to generate 

energy from the osmotic process in nanopores / nanochannels using the buffers at the 

cis/trans sides with two significantly different concentrations  [78,110–115]. Here, we 

first measured the response of our single nanochannel platform using 10X PBS buffer 

solution (1.37 M NaCl) in both side reservoirs (Cis/Trans) obtaining almost zero ion 

current without applying any external voltage. On the contrary, replacing the electrolyte 
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in the trans reservoir to 1X PBS (0.137 M NaCl) we immediately got a positive ion current. 

By scanning the external potential, we can get IV curves from different configurations as 

shown in Figure 4.7a. From these data we can calculate the power of our osmotic 

generator to be ~18 pW (calculated as 𝑃 = 𝑉𝑜𝑠𝑚
2𝐺, where 𝑉𝑜𝑠𝑚 = 𝑉𝑖𝑛𝑡𝑒𝑐𝑒𝑝𝑡 − 𝑉𝑟𝑒𝑑𝑜𝑥 is 

the effective osmotic potential and G is the conductance [116]). The redox voltage, 𝑉𝑟𝑒𝑑𝑜𝑥  

is here set to  -61.7 mV, as measured from the open voltage of 1000 nm diameter SiN 

nanopore under the same saline condition (Figure 4.7b) [110].  

 

Figure 4.7  a Osmotic IV curve of devices with different numbers of channels shows reproducible osmotic 

voltage and linear ion current enhancement. b IV curve of 1000 nm SiN pore for the extraction of redox 

potential of our system. 

The power density of our nanochannel can also be derived by considering the power per 

unit channel surface of the cross section 𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑃𝑜𝑠𝑚/𝐴, where the area of the cross-

section A is 1000 nm2 . Using these values the power density of the single nanochannel 

was calculated to be 18 kW/m2, a value higher than that of hBN nanotubes (~3 

kW/m2) [14] and polyimide nanochannel (~3.5 kW/m2) (see Table 4.1 for more 

comparisons).  

To explore a potential scale-up of this system, we have prepared a few more samples 

with 10 or 20 nanochannels distributed around a single MoS2 window as depicted in 

Figure 4.8. The results show sub-linear short-circuit current (Ishort) enhancement while the 

open-circuit voltage (Vopen) remains at a similar level. We can obtain the average osmotic 

power density of 10 channels device and 20 channels device as 14425 W/m2 and 33723 

W/m2, respectively. The power densities reported here for both single and multi-channel 

devices are normalized to the total cross-sectional area of the active nanochannel(s). This 

approach is commonly used in fundamental nanofluidic studies to evaluate the intrinsic 

efficiency of channel material and structure. The consistent power density across devices 
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with different numbers of channels demonstrates the robustness and scalability of our 

platform. All multi-channel devices are fabricated in the same plane, with minimal ion 

concentration polarization (ICP) due to the long channel length and small gradient 

difference.  

 

 

Figure 4.8 a SEM image of 10 nanoslits fabricated by FIB which is covered by thick MoS2 flakes. (b-d) are 

the IV curves of MoS2/SiN nanochannel devices with different number of channels under the same PBS 

gradient. 

The gate-tunable ion transport observed in the MoS2/SiN nanochannel can be 

understood through the interplay of four interconnected physical parameters: channel 

dimensions, Debye screening length, gate-induced surface charge modulation, and ion 

concentration polarization. 

The nanochannel has a depth h ≈ 5–20 nm and width w ≈ 100 nm, defining a slit-like 

geometry with an aspect ratio h/w ≈ 0.05–0.2. At the operating electrolyte concentration 

of 10 mM KCl, the Debye screening length is λD ≈ 3 nm. Since h is only a few times λD, 

the electrical double layers (EDLs) extending from the MoS2 (top) and SiN (bottom) walls 
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partially overlap across the entire channel height. This confinement increases the 

contribution of counterions to the total ionic transport and makes the conductance more 

sensitive to changes in wall surface charge. 

 

Table 4.1 Comparison of osmotic power density in nanofluidic and nanopore-based energy conversion 

systems. 

System 
Geometry / 

Thickness 

Electrolyte 

Gradient 

Power Density 

(W/m²) 
Reference 

This work: 

single channel 

~10 nm depth, 100 

nm width 
1X / 10X PBS ~18,000 This study 

This work: 

10-channels 
Same as above 1X / 10X PBS ~14,425 This study 

This work: 

20-channels 
Same as above 1X / 10X PBS ~33,723 This study 

PET nanochannels 20–40 nm KCl gradient 1,000–5,000 [57] 

hBN nanotube ~3 nm diameter KCl gradient ~3,000 [44] 

MoS2 nanopores ~0.7 nm KCl gradient 10,000–13,000 [54] 

Graphene nanopores 0.34 nm 
NaCl/KCl 

gradients 
1,000–2,000 [59] 

 

Gate efficiency—defined as the change in channel conductance per unit change in gate 

voltage— is governed by the electrostatic coupling between the gate electrode, the MoS2 

layer, and the electrolyte, together with the resulting change in MoS2 surface charge. 

Because the MoS2 flake is thick (>50 nm), the electric field does not penetrate the bulk 

of the semiconductor as in a thin-film transistor. Instead, gating modulates the surface 

charge density  of MoS2 through carrier accumulation or depletion at the MoS2–

electrolyte interface, a mechanism supported by prior KPFM studies [105–107] and DFT 

predictions of surface charge reversal [108]. The asymmetric architecture—where only 

one wall (MoS2) is gated while the other (SiN) remains at a relatively fixed surface 

charge—is the origin of the gate-induced rectification. Under negative gate bias, the 

surface charge of MoS2 becomes more negative, creating a strong charge asymmetry 

between the two walls that manifests as ion current rectification (Figure 4.6d). Under 

positive gate bias, the MoS2 surface becomes less negative (or even positive in the 

ambipolar regime), reversing the direction of rectification. 
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The channel geometry also influences ICP, particularly when the channel becomes 

strongly ion-selective. In the present devices, the channel height is approximately 10 nm 

and the Debye length at 10 mM KCl is approximately 3 nm, placing the system in an 

intermediate confinement regime rather than the strongly permselective limit. The 

measured osmotic power densities of the multi-channel devices do not show a clear 

systematic suppression with increasing channel number, suggesting that severe inter-

channel concentration polarization is not dominant under the present experimental 

conditions. Nevertheless, ICP may become increasingly important for smaller channel 

heights or lower electrolyte concentrations, where stronger ion selectivity and depletion 

zones are expected. 

4.4 Prolonged Protein Translocation 

In a previous study, Dekker’s group showed that the 2D material stacks nano-slit 

(nanochannel) can detect different types of DNA translocation events, thereby 

introducing such nanochannels as a new tool to probe biopolymer properties [73]. Here 

we tested the ability of our nanochannel for protein translocations measuring the 

translocation of BSA. Unlike the evenly distributed negative charge and long strand 

structure of DNA molecules, protein molecules are normally globular which means the 

dwell time is quite small which makes detection challenging. The unevenly charge 

distribution makes it difficult for the electrical force driving the protein molecule 

translocating through the nano-pores/channels [118]. Sodium dodecyl sulfate (SDS) has 

been proved to unfold protein and stabilize this denatured state. The absorbed SDS 

alongside the unfolded protein chain can also introduce uniformed negative charge which 

can facilitate its electrophoretic translocation through 10 nm solid-state 

nanopore [119,120]. 

According to the literature, measuring the magnitude of translocation spikes of BSA 

protein molecules through ~55 nm SiN nanopore with 20 nm thickness, it is possible to 

estimate the size of the BSA between 7 to 9 nm [121]. After unfolding SDS, the 

hydrodynamic radii of BSA-SDS were determined to be around 5.9 nm [122]. Here, we 

used 1 M KCl and 200 M SDS solution buffered with Tris-EDTA at pH 8 as the 

electrolyte to measure the translocation of BSA (~8 mg in 4 mL TE buffer solution, ~30 

M). In our MoS2/SiN nanochannel, a voltage of 200 mV is sufficient to initiate the 

translocation of BSA-SDS chains, which is sufficiently low to prevent damage or 



 

 

62 Electrically Gated Ion Transportation of MoS2/SiN Nanochannels 

 

delamination of the MoS2 layers [30]. An ionic current trace of the MoS2/SiN 

nanochannel at a bias voltage of 200 mV is recorded over 2 min (Figure 4.9) for 

translocation events analysis as shown in Figure 4.10. A representative 3-seconds 

segment highlighting characteristic signal features was selected for detailed analysis and 

presented in Figure 4.10b. Compared to previously published works of BSA translocation 

through single-layer MoS2 nanopore or of BSA-SDS translocation through few 

nanometers size SiN nanopore, we observed a significant enhancement of the 

translocation dwell time, which could stem from the noncovalent interaction between the 

disulfide bonds from BSA chain and the S-vacancies from the MoS2 surface [86]. 

 

Figure 4.9 BSA translocation events of single nanochannel device under 200 mV with 2 min long recording. 

A significant increase in the baseline ionic current was observed in the MoS2/SiN 

nanochannel after the channel was incubated by low concentration SDS/KCl solution and 

the high concentration SDS-modified BSA solution was introduced into the nanochannel 

(Figure 4.10b), reaching values exceeding 50 nA compared to the smaller baseline of 

around 20 nA measured under similar electrolyte conditions (Figure 4.5a). After 

introducing 10 L unfolded SDS-BSA into the cis reservoir, we observed a pronounced 

enhancement in the ion current (Figure 4.10d) accompanied by a clearer rectification 

effect. A non-zero ion current was also recorded in the absence of an applied 

transmembrane voltage, consistent with the observation with the presence of gating-bias-

induced building electrical field across the channel. These collective phenomena suggest 

that the adsorption of excess unfolded SDS molecules onto the hydrophobic MoS2 surface 
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increases its surface charge density and amplifies the proposed mechanism of localized 

surface charge accumulation near the channel edge. Additionally, the SDS solution itself 

introduces high ionic strength (due to its Na+ counter-ions), further elevating the bulk 

conductivity within the nanochannel.  

 

Figure 4.10 Translocation analysis of BSA through the MoS2/SiN nanochannel under an applied voltage of 

+200 mV. a Dwell time distribution; b Section of translocation trace; c Ion current blockade histogram; d 

IV curve of the single channel before and after the injection of SDS linearized BSA solution.  

4.5 Summary 

In this chapter, we experimentally investigated the ion transport through MoS2/SiN 

nanochannels with width ~100 nm and depth ~10 nm, demonstrated its ion current 

tunability through gating electrode and applications on osmotic power generation and 

linearized BSA translocation/detection. The ambipolar nanofluidic ion transistor behavior 

suggests the surface charge tunability of MoS2 flake. Further work can be expected to 

extend the single nanochannel configuration to multi-channel structures with separate 

gate electrodes to achieve multiplex tunability which can be used as an ionic gate. The 
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large dwell time of linearized BSA translocation indicates the potential of utilizing the 

interaction between molecules and MoS2 surface for molecule sensing. While Device 

yield remained a key limitation of the MoS₂/SiN platform. Of approximately 20 single-

channel devices prepared, only three (~15%) showed measurable gate-dependent ion 

transport. The main failure modes were electrical leakage associated with the dielectric 

isolation layer and electrode alignment, together with occasional MoS₂ sagging or 

delamination during wetting and electrolyte exchange. This work may facilitate future 

fluidic studies along with those applications. 

  



 

 

 

Chapter 5   Transmembrane Voltage Tunable 

Precipitation inside SiN Nanopores 

 

The previous chapters have demonstrated that ion transport through solid-state nanopores 

can be modulated by external stimuli that alter the physical or electrostatic state of the 

channel. Both strategies achieve dynamic control of ionic conductance, yet they share two 

fundamental limitations. First, they require continuous external stimulation to maintain 

the gated state: the laser must remain on PNIPAM modified nanopores, and the gate 

voltage must be continuously applied to MoS2 surface. Once the external stimulus is 

removed, the system relaxes back to its equilibrium state very fast—the polymer re-swells, 

or the surface charge equilibrates. Second, the gating mechanism is essentially physical: 

the pore geometry, surface charge distribution, or steric occupancy are altered, but the 

chemical identity of the channel interior remains unchanged. 

This requirement for sustained external input presents a critical obstacle for 

neuromorphic applications. Biological synapses maintain their potentiated or depressed 

states for minutes to hours after the stimulus has passed, a property known as long-term 

plasticity that is widely regarded as the cellular basis of learning and memory. A 

nanofluidic device that relaxes immediately upon stimulus removal cannot emulate this 

behavior; it can only respond transiently. Moreover, the on/off ratios achievable by 

physical gating are ultimately limited: even under strong electrostatic gating, the pore 

cannot be entirely depleted of charge carriers unless the channel dimensions approach the 

Debye length, which requires sub-10 nm confinement that is difficult to fabricate and 

operate reproducibly. Polymer brushes can physically occlude the pore only to the extent 

permitted by their grafting density and swollen volume. In principle, a fundamentally 

different gating mechanism—one that creates a persistent solid physical barrier inside the 

pore, and whose state can be retained without continuous external energy input—could 

circumvent both the retention-time and on/off-ratio limitations simultaneously. 
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Figure 5.1 A Schematic illustration depicting ion transport-triggered precipitation reaction inside a 

nanopore. The transmembrane voltage Vb induces the electromigration of ions. The resulting cation flow 

causes chemical reactions to form or dissolve a metal phosphate compound in a voltage-controllable 

fashion. The associated dynamic change in the effective pore size is measured by the ionic current Iion. 

This chapter introduces a synthetic implementation of this principle: voltage-

controlled in-pore precipitation and dissolution of metal phosphates as a gating 

mechanism. As depicted in Figure 5.1, the core concept is that a transmembrane voltage 

drives the electromigration of reactive cations from one reservoir into the nanopore, 

where they encounter phosphate ions present in the buffer of the opposing reservoir. The 

resulting local supersaturation causes a solid precipitate to form, physically occluding the 
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pore to ionic flow. Reversing the voltage polarity withdraws the cation supply, and the 

precipitate dissolves, reopening the pore. Crucially, the precipitate, once formed, remains 

stable even when the driving voltage is removed—the solid phase does not spontaneously 

dissolve under neutral pH conditions. This means the gating state can be retained without 

continuous power consumption, offering an intrinsic chemical memory that the physically 

gated systems cannot provide. Because the solid phase is impermeable to ions, the current 

blockade can also be nearly complete, yielding rectification ratios far beyond those 

attainable by electrostatic or steric gating alone. 

The electrical signatures of this chemical gating are extreme: a rectification ratio 

exceeding 40,000, which is more than an order of magnitude higher than state-of-the-art 

nanofluidic diodes [123–126]. The time-dependent nature of the precipitation/dissolution 

process also introduces a history-dependent conductance, realizing a nanofluidic 

memristor with sub-nanowatt power consumption [127]. The chapter proceeds in two 

parts. First, the electrical phenomena—strong ionic rectification, memory effects, and 

memristive switching—are established in conventional SiN nanopores. Second, to 

unambiguously prove that these observations originate from a chemical reaction confined 

within the pore, an advanced plasmonic nanopore platform is introduced to perform in 

situ surface-enhanced Raman spectroscopy (SERS) during voltage cycling. This 

integrated electrical–optical approach provides direct vibrational signatures of the 

phosphate precipitates and confirms the chemical nature of the gating mechanism. 

5.1 Experimental Strategy for Voltage-Gated Precipitation 

To realize chemical gating in a nanopore, one must create conditions under which a solid 

phase can be formed and dissolved reversibly within the pore volume, and the entire 

process must be controllable by a single experimental parameter: the transmembrane 

voltage. This section describes the experimental configuration designed to evaluate the 

feasibility of such voltage-controlled precipitation and outlines the working hypothesis 

of the mechanism. 

The key design principle is solution asymmetry, wherein two reservoirs divided by the 

nanopore membrane are filled with different electrolyte solutions.  While these solutions 

are independently stable and homogeneous, their interaction is known to produce an 

insoluble precipitate. Specifically, the trans side always contains phosphate-buffered 

saline (PBS) with 1.37 M NaCl at pH 7.4, providing a reservoir of phosphate ions (HPO4
2- 
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and H2PO4
-) at physiological pH. The cis side is filled with a divalent or trivalent chloride 

salt (CaCl2, MnCl2, MgCl2, or AlCl3, typically at 2 M concentration) dissolved in water 

without phosphate buffer. The nanopore itself is a bare SiN nanopore with diameter dpore, 

typically 300 nm. When these two solutions are mixed in a bulk beaker, a white precipitate 

forms immediately, consistent with the known insolubility of metal phosphates at neutral 

pH [128–130]. 

Under an applied transmembrane voltage (Vb), the resulting electric field drives the 

electromigration of ions through the pore. The central hypothesis is that the polarity 

of Vb dictates the dominant cation species within the pore, thereby determining the local 

chemical environment. At positive Vb, cations from the trans PBS are driven through the 

pore into the cis side, irrespective of the cis salt. The pore interior therefore remains free 

of divalent cations, and no precipitation occurs; the ionic current is determined by the 

bulk conductivity of the solutions. At negative Vb, however, the divalent cations (Ca2+, 

Mn2+, etc.) are electromigrated from the cis reservoir into the pore. Upon encountering 

phosphate ions diffusing or migrating from the trans reservoir, these cations induce local 

supersaturation of metal phosphate. Provided that the kinetics of nucleation and growth 

are sufficiently rapid relative to the ion transit time, a solid precipitate is expected to form, 

occluding the pore and consequently suppressing the ionic current. 

Two extra fabrication process were designed to monitor the local precipitation inside 

the nanopore. For thermal detection, an Au/Pt nanowire thermocouple was embedded in 

proximity to a 60 nm-diameter nanopore, enabling simultaneous recording of ionic 

current and local temperature during voltage cycling [131,132]. For chemical 

identification, a plasmonic nanopore platform was designed in which the SiN membrane 

was coated with a Ti/Au bilayer and a bulls-eye grating was milled around the pore by 

focused ion beam. This grating concentrates the incident laser field into the nanopore, 

providing the electromagnetic enhancement necessary for surface-enhanced Raman 

scattering (SERS) while preserving the electrical gating function [68,133]. The thermal 

and spectroscopic results from these devices will be presented in Sections 5.2 and 5.4, 

respectively. 

5.2 Electrical Signatures of In-Pore Precipitation and Dissolution 

5.2.1 Strong ion rectifications under salinity difference 
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Figure 5.2 Ionic current rectifications in nanopores under salt difference. a Iion versus Vb characteristics 

obtained for a 300 nm pore with the cis side filled with 1.37 M NaCl (black), 2 M KCl (green), 2 M CsCl 

(blue), and 2 M MgCl2 (pink) while the trans side always with 1.37 M NaCl (pH 7.4). Red and dark yellow 

dashed lines are linear fitting to the plots at the negative and positive Vb regimes, respectively, which give 

the slopes α and β. Inset sketch depicts the difference in the electromigration of cations and anions under 

negative (left) and positive Vb (right). The scanning electron micrograph displays a 300 nm nanopore. 

Scale bar denotes 100 nm. b The ion transport properties under no salt difference (NaCl (black), KCl 

(green), CsCl (blue), MgCl2 (pink), MnCl2 (magenta), and CaCl2 (orange)). The salinity was also the same 

at cis and trans (1.37 M for NaCl and 2 M for the rest of the salts). The inset plots α (red) and β (dark 

yellow) in a as a function of the nanopore conductance Gpore with no salt difference. c Ionic current 

rectifications were observed for 2 M CaCl2 (orange) and MnCl2 (red) at the cis with the trans filled with 

1.37 M NaCl (pH 7.4). Inset is a magnified view of the suppressed ionic current at Vb < 0 V. d The 

rectification ratio rrec at Vb = ±1 V obtained from the ionic current characteristics measured in pores of 

three different diameter dpore and various salts at the cis (with the trans filled with 1.37 M NaCl at pH 

7.4). rrec tends to be close to 1 when the Iion–Vb characteristics show ohmic behaviors. On the other 

hand, rrec > 1 denotes Iion suppression at negative transmembrane voltage. The high rrec for the 3 μm 

micropore with CaCl2 is a result obtained at a low Vb scan rate of 6.5 mV s−1 (marked by an asterisk), while 

the other data are of 65 mV s−1. Note that the rectification ratio attains over 40,000 for the case of a 300 nm-

sized nanopore with a MnCl2/NaCl configuration.  
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Ionic current (Iion) was measured under transmembrane voltage (Vb) with a scan rate (rscan) 

of 65 mV/s in phosphate-buffered saline containing 1.37 M NaCl at pH 7.4 (hereafter, 

NaCl solution refers to the phosphate buffer unless otherwise denoted). The observed 

ohmic behavior showed a slope (Gpore = Iion/Vb) of 3.2 μS (Figure 5.2a), consistent with 

Maxwell–Hall’s model [134] for dpore of 300 nm and solution resistivity of 0.08 Ω m (with 

negligible contributions of surface conduction due to the relatively large pore size 

compared to the sub-nanometer scale Dukhin length in the high ionic strength 

saltwater [135]). On the other hand, replacing NaCl at the cis compartment with other 

salts resulted in asymmetry in the Iion–Vb characteristics. In the case of KCl and CsCl (2 

M concentration unless otherwise stated), for instance, Gpore tended to be higher under 

negative voltages. MgCl2 also rendered a similar feature yet with an opposite trend in the 

conductance at Vb < 0. 

Here, the ionic conductivity is affected by the concentrations and mobilities of cations 

and anions. From this viewpoint, it is noticeable that positive transmembrane voltage 

generates electromigration flow of Na+ through the pore no matter the salts in the cis, 

giving rise to a similar conductance at Vb > 0 (Figure 5.2a). Likewise, the conductance at 

negative voltages can be explained by the distinct mobilities of the three cations, as shown 

by the linear relationship with Gpore under homogeneous salt solutions (Figure 5.2b). It, 

thus, demonstrates Vb -controlled selective transport of cations in the nanopore under the 

salt difference across the membrane. 

In stark contrast to the ohmic behaviors, CaCl2 and MnCl2 exhibited strong 

suppression of the ionic current at Vb < 0 (Figure 5.2c). Strikingly, the rectification ratio 

rrec = |I+1/I−1| reached over 40,000,  where I+1 and I−1 are Iion at Vb = 1 V and −1 V, 

respectively (Figure 5.2d). Although still not competitive to solid-state electronic devices, 

this rrec is more than an order of magnitude higher than the state-of-the-art nanofluidic 

diodes [123,124] relying on permselective transport [126] and electroosmotic flow 

mechanisms [125]. 

5.2.2 Understand the in-pore chemical reactions 

The observed strong rectification anticipated formations of a matter via Vb-derived 

reactions that occluded the space for the electromigration of ions through the pores. To 

verify the chemical composition of the matter formed inside the pore, Raman 

spectroscopy analyses and X-ray photoelectron spectroscopy (Figure 5.3 and 5.4) were 

performed with the white substance appeared upon mixing bulk solutions of NaCl and 
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CaCl2 (or MnCl2), which is ascribable to precipitation reactions of divalent and trivalent 

cations with the phosphoric acid included in the electrolyte buffer to form metal 

phosphates. 

 

Figure 5.3 Raman spectrum of the white substance precipitated in the mixture solution of CaCl2 water and 

phosphate buffered saline. Literature values of characteristic Raman peaks for Ca(OH)2 are reported to 

be found at around 260 cm-1, 260 cm-1, 360 cm-1, 700 cm-1, and 1100 cm-1 [136,137] which are not present 

in the spectrum obtained for the white precipitates (red). Instead, the pronounced peaks at around 400 cm-

1 and 1000 cm-1 (green) suggest that the white precipitates are comprised mostly with CaPOx [35,138], in 

addition to a small amount of CaCl2 (purple). 

 

Figure 5.4 X-ray photoelectron spectroscopy (XPS) analysis of precipitate compounds. a-b, XPS spectra of 

white precipitated appeared in mixture solutions of 2 M CaCl2 a and MnCl2 b with phosphate buffered 

saline. The features at around 531 eV indicate that the precipitates are phosphate compounds. 

To further verify the reaction-mediated ionic conductance transition mechanism, we 

performed simultaneous measurements of Iion and the temperature Tpore at a nanopore to 
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detect the local heat dissipation involved in the chemical processes (Figure 5.5a). For this, 

we embedded a nanowire thermocouple [131] at the proximity of a 60nm-sized pore. We 

observed rectifying behavior upon scanning Vb with CaCl2 solution at the cis. At the same 

time, the thermovoltage Vt at the thermocouple was recorded, from which Tpore was 

deduced through the relation Tpore = 5.3×106Vt obtained in the calibration 

measurements [139]. Tpore was found to increase steadily with Vb in the positive voltage 

regime denoting the local Joule heating by ion transport [132,140].  

 

Figure 5.5 Cation flow-mediated precipitation/dissolution reactions of metal phosphates in nanopores. 

a Change in the nanopore temperature Tpore during voltage scans for a 60 nm nanopore with the 

CaCl2/NaCl configuration. Red and blue plots were recorded during negative and positive Vb scans, 

respectively. Inset electron micrograph at the upper left shows the device used for the measurement, where 

the Au/Pt thermocouple was used to probe the temperature at the point of contact in the vicinity of the pore. 

The plots at the lower right are the transmembrane ionic current simultaneously recorded with the 

thermovoltage Vt at the thermocouple representing rectifying behavior. b Tpore–Vb characteristics acquired 

for a MgCl2/NaCl system. Arrows denote the voltage scan directions (positive (blue) and negative (red)). 

No notable change in the nanopore temperature was observed reflecting the small reaction heat generated 

in the precipitation/dissolution of magnesium phosphates. c Simultaneously recorded Iion–

Vb characteristics demonstrating ionic current rectification similar to the case in the MgCl2/NaCl system 

(pink open circles). The result for the CaCl2/NaCl configuration is also shown (orange solid circles). 

Voltage scan rate is 1 mV s−1 in (d–f). 

In contrast, the nanopore temperature showed a temporal increase to above room 

temperature upon decreasing Vb to below 0V (Figure 5.5a), which is not attributable to 
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the ionic heat dissipation since Iion is strongly suppressed under the negative voltage. 

Instead, it suggests the dissipation of heat generated in the precipitation process. 

Analogously, Tpore exhibited a decrease when scanning back Vb toward 0V, indicative of 

local cooling by heat adsorption during the calcium phosphate dissolution. No such trait 

emerged for MgCl2 despite its similar ionic current characteristics to CaCl2 (Fig. 5.5b, c, 

presumably due to the relatively small reaction enthalpy involved in anticipating 

negligible heat dissipation in the precipitation/dissolution stages. Although the synthesis 

of the metal phosphates in non-alkaline media is generally a complicated process for 

predicting whether the reactions inside the nanopore should be endothermic or 

exothermic [141], the overall results consistently suggest the ion transport-mediated in-

pore precipitation/dissolution as a primary factor of the extreme Iion rectifications. 

5.3 Dynamic Behavior: Memory Effects and Nanofluidic Memristors 

The kinetics of precipitation and dissolution introduce a time-dependent, history-

dependent conductance that goes beyond simple rectification. Figure 5.6a–d illustrates 

this in a 3 µm micropore with CaCl2. Initially, at a fast scan rate of 650 mV s⁻¹, the pore 

behaves as an ohmic resistor. When the scan rate is slowed to 6.5 mV s⁻¹, strong 

rectification emerges, indicating that a precipitation layer has formed. If the scan rate is 

subsequently increased to 650 mV s⁻¹ and voltage scans are repeated, the rectification 

gradually vanishes and the pore returns to an ohmic state. Yet the pore is not chemically 

pristine: if the scan rate is again set to 65 mV s⁻¹, the diode-like behavior immediately 

reappears. This history-dependent switching suggests that residual crystal seeds on the 

pore wall survive the dissolution step and facilitate nucleation in subsequent cycles, 

lowering the kinetic barrier for precipitation. The pore thus possesses a memory of its 

voltage history encoded in the surface density of nucleation sites. 

This training effect is also crucial for memristor operation. Before stable 

potentiation/depression cycles can be achieved, a series of voltage scans must be 

performed to form an initial phosphate layer that serves to initialize the memristor state. 

Without this pretreatment, the nanopore memristor is not reliably controllable by voltage 

pulses (Figure 5.8b). The requirement for conditioning is a distinctive feature of this 

chemically based memory: the device must be “taught” to precipitate in a controlled 

manner before it can exhibit predictable synaptic-like plasticity. 
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Figure 5.6 In-pore reaction-mediated memory effect in micropore ionic conductance. a Originally, a 3 μm 

micropore with a CaCl2/NaCl arrangement behaved as an ohmic resistor at a voltage scan rate higher than 

65 mV s−1. However, the lower scan rate of 6.5 mV s−1 led to the emergence of extreme rectification 

suggestive of precipitation/dissolution reactions of calcium phosphates in the pore. b and c Meanwhile, 

repetitively scanning Vb at a faster rate (650 mV s−1), the micropore gradually returned to exhibit a 

resistor-like behavior. d Subsequent scanning at 65 mV s−1 can further make the micropore a diode. The 

image at the center is a scanning electron micrograph of the micropore of 3 μm diameter. e Changes of the 

rectification behaviors upon the repetitive voltage scanning. Dotted line denotes rrec = 1. 
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Figure 5.7 In-pore chemical reaction-driven nanofluidic memristor. a and b Iion–Vb characteristics of a 

300 nm-sized nanopore with an MnCl2/NaCl configuration measured under various ranges of 

transmembrane voltages (±0.1 V (purple), ±0.2 V (pink), ±0.3 V (sky blue), ±0.4 V (dark yellow), ±0.5 V 

(green), ±1.0 V (blue), ±1.5 V (red)). The insets display the solution configuration around the nanopore 

membrane in skyblue, where the cis (pink) and trans (gray) compartments are filled with the MnCl2 and 

NaCl solutions, respectively. Note the Iion remains suppressed when scanning Vb between −0.1 and 0.1 V 

c Scan rate dependence of Iion–Vb displaying pinched hysteresis loops at 6.5 mV s−1 (blue) and 

325 mV s−1 (red). Inset shows a magnified view of the suppressed Iion states. d Memristive characteristics 

under the applications of 50 ms transmembrane voltage pulses of ±0.2 V (red), ±0.4 V (green), ±0.6 V (blue), 

and ±0.8 V (orange) amplitudes. ΔIion is the ionic current recorded at +0.1 V after each voltage pulsing 

(the baseline current was subtracted). The positive and negative pulses drive the potentiation and 

depression processes of the nanopore memristor via the induced in-pore dissolution/precipitation reactions. 

Skyblue and purple dashed lines denote the timing when the sign of the voltage pulses were switched from 

negative to positive and positive to negative, respectively. e The ionic current change Ip (defined as Iion at 

the point when the sign of Vp was inverted) by the positive (red) and negative (blue) voltage pulses of 

amplitudes Vp. Error bars denote the standard deviations within four independent cycles of 

potentiation/depression processes on a nanopore. Source data are provided as a Source Data file. 

f Potentiation/depression of the nanopore memristors under the voltage pulses of Vp = ±0.8 V (orange solid 

circles) and ±0.4 V (green open circles). Read voltage was +0.1 V. 
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The memristive character of the in-pore reaction is most directly demonstrated in the 

pinched hysteresis loops of the Iion–Vb curves (Figure 5.7c). A pinched hysteresis—

current crossing zero near zero voltage but following different paths for the forward and 

reverse sweeps—is the accepted fingerprint of a memristor [127]. By repeatedly 

switching the voltage polarity, one can drive the pore conductance between higher and 

lower states (Figure 5.7d-f). 

Figure 5.7d shows the results of applying trains of 50-ms voltage pulses to a 300 nm 

pore with MnCl2/PBS configuration. Positive pulses (e.g., +0.8 V) dissolve the phosphate, 

incrementally opening the pore and increasing the conductance measured at a small read 

voltage of +0.1 V (potentiation). Negative pulses (–0.8 V) drive precipitation, closing the 

pore and decreasing the conductance (depression). The conductance modulation is 

gradual and approximately symmetric over more than 1000 s of cycling (Figure 5.7e). 

The energy consumption per pulse is in the sub-nanowatt range, several orders of 

magnitude below that of conventional solid-state memristors [15,142,143]. Similar 

behavior was observed in CaCl2 systems, though at a higher baseline conductance 

reflecting the different solubility product of calcium phosphate (Figure 5.8a). 

 

Figure 5.8 Memristive characteristics of a 300 nm pore with CaCl2/phosphate buffered saline. a with 

training and b without training process. 

The physical origin of the memristive behavior is the slow, voltage-controlled 

accumulation or removal of solid phosphate on the pore wall. During a negative voltage 

pulse, Ca²⁺ or Mn²⁺ ions are driven into the pore and precipitate with phosphate, adding 
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mass to an existing layer. During the positive pulse, the cation supply is cut off, and the 

local environment shifts toward the acidic cis solution, causing partial dissolution. 

However, dissolution is not complete on the timescale of a short pulse; a residual 

crystalline layer remains, acting as seed for the next precipitation cycle. The pore 

conductance thus reflects the dynamically evolving thickness of the phosphate layer, 

which integrates the history of applied voltage. 

5.4 In-Situ Spectroscopic Evidence Using Plasmonic Nanopores 

All the evidence presented so far—extreme rectification, thermal signatures, SEM/EDS 

after the fact—supports the precipitation/dissolution hypothesis but is indirect. The 

nanopore is only about 100 nm thick and 200–300 nm wide, containing a reaction volume 

on the order of 10⁻³ fL. Conventional analytical techniques cannot resolve chemical 

species in such a minuscule volume in real time. To definitively identify the precipitate 

and follow its formation optically, one must (i) concentrate the probing electromagnetic 

field into the nanopore and (ii) enhance the Raman scattering cross-section of the 

molecules within it. Surface-enhanced Raman spectroscopy (SERS) in a plasmonic 

nanopore achieves precisely this goal. 

5.4.1 Bullseye structure for SERS 

 

Figure 5.9 SERS measurement of in-pore precipitation. a Schematic illustration of the SERS measurement; 

b top view of a single plasmonic nanopore; c titled view (52°) of plasmonic nanopore array 
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The plasmonic nanopore platform replaces the bare SiN membrane with a SiN membrane 

coated with a 5/25 nm Ti/Au bilayer, into which a bulls-eye grating is milled by focused 

ion beam (Figure 5.9b,c). The grating period matches the surface plasmon polariton 

wavelength for 532 nm excitation, the laser wavelength used in the Raman setup. Under 

illumination, the bulls-eye structure generates a strong near-field enhancement confined 

to the nanopore aperture, effectively squeezing the electromagnetic field into the same 

attoliter volume where the chemical reaction occurs (Figure 5.10). This design enables 

label-free SERS measurements of the chemical species inside a single nanopore. 

 

Figure 5.10 Cross-section electrical field intensity of 250nm Au/SiN plasmonic nanopore. a nanopore 

without bullseye structure; b nanopore with bullseye structure. Simulated by ANSYS Lumerical FDTD 

Solutions.  

 

Figure 5.11 Ion current rectification of plasmonics Au/SiN nanopore. a the ion transport properties under 

no salt difference (NaCl(blue), MnCl2(red), and CaCl2 (black)). The salinity was also the same at cis and 

trans(1.37 M for NaCl and 2 M for the rest of the salts). b ICR values obtained for CaCl2 system at 

different scan rates. 
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Before the optical experiments, the electrical properties of the plasmonic nanopore 

were verified to ensure that the Au layer does not fundamentally alter the precipitation 

chemistry. The plasmonic pore, with a diameter of approximately 250 nm, exhibited 

ohmic conductance of 0.5 µS in symmetric NaCl (Figure 5.11a). Under asymmetric 

conditions with CaCl2 or MnCl2 on the cis side, strong rectification was observed, with 

ICR values comparable to or exceeding those of bare SiN pores (Figure 5.11b). Thus, the 

plasmonic pore preserves the chemical gating function while simultaneously providing 

the optical enhancement required for SERS. 

5.4.2 Correlation of electrical gating states with Raman signatures 

Raman reference spectra were collected from bulk powders of the individual compounds 

(Figure 5.12a). PBS shows characteristic phosphate vibrations at 877 cm⁻¹, 979 cm⁻¹, and 

1077 cm⁻¹, corresponding to HPO4
2⁻ and H2PO4⁻ modes. Dry CaCl2 and MnCl2 exhibit 

only a broad band around 1600 cm⁻¹ from the H–O–H bending of crystalline water [144]. 

Importantly, the precipitated salts Ca3(PO4)2 and Mn3(PO4)2, obtained by mixing the 

reagents in the same stoichiometry and pH as used in the pore experiments, both show a 

prominent peak at ~960 cm⁻¹, the symmetric stretching vibration of the phosphate group, 

as well as a broad water band at ~1600 cm⁻¹ (Figure 5.12b) [145,146]. 

In the in-situ SERS experiment, the Raman laser was focused onto a single plasmonic 

nanopore from the cis side (where only the chloride salt is present, avoiding background 

from the PBS buffer). The voltage was held at +0.6 V to open the pore and at –0.6 V to 

close it, with the ionic current monitored to confirm the gating state. Figure 5.12c shows 

the spectra obtained. In the open-pore configuration, the Raman signal is weak and 

dominated by the background from the gold surface and the water bending mode. In the 

closed-pore configuration, a clear new peak emerges at approximately 970 cm⁻¹, 

matching the phosphate signature of Ca3(PO4)2. The intensity of the 1600 cm⁻¹ band also 

increases, consistent with water molecules trapped or incorporated in the precipitated 

phase. When the voltage is returned to +0.6 V, the 970 cm⁻¹ peak disappears, confirming 

the dissolution of the phosphate and the return to the open-pore state. 

The experiment was repeated with MnCl2 using an array of 16 nanopores to increase 

the total signal (Figure 5.12d). Again, the 970 cm⁻¹ peak appeared only in the blocked, 

negative-bias state and vanished upon switching to the open state. These SERS 

measurements constitute direct, molecular-level proof that the observed electrical gating 
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is caused by the reversible formation and dissolution of metal phosphate precipitates 

within the nanopore. 

 

Figure 5.12 In-situ Raman detection of in-pore precipitation. a Raman spectra of powdered samples 

(PBS(red), MnCl2(blue), and CaCl2(black)). b Raman spectra of the precipitate (Ca3(PO4)2 (red), 

Mn3(PO4)2 (blue)). c Raman spectra of nanopore opening/closing in a Ca based system (closed (blue), 

open (purple)). d Raman spectra of nanopore opening/closing in a Mn-based system (closed (blue), open 

(purple)). 

Although both Ca²⁺ and Mn²⁺ generate a phosphate peak around 960–970 cm⁻¹, subtle 

differences in the exact peak position and the relative intensity of the water band suggest 

that the precipitates have distinct structures and hydration states. Calcium phosphate is 

known to form hydroxyapatite (Ca5(PO4)3OH) or amorphous calcium phosphate 

depending on pH and ion concentrations, while manganese phosphate typically 

crystallizes as Mn3(PO4)2·xH2O [141,147]. The ability to detect these spectral differences 

in real time, even from a single nanopore, demonstrates the chemical specificity of the 

combined electrical–SERS platform. This opens the possibility of using different 

precipitating ions to encode distinct chemical memory states or to create chemically 

selective sensors. 
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5.5 Summary 

This chapter has introduced and rigorously validated a new mechanism for voltage-gated 

ion transport in solid-state nanopores: the electrically controlled precipitation and 

dissolution of metal phosphates within the pore. The approach yields rectification ratios 

exceeding 40,000, stable current blockade, and a chemically encoded memory effect that 

enables sub-nanowatt memristive switching. Three complementary lines of evidence—

electrical transport, local thermometry, and in-situ SERS—converge to prove that the 

gating is caused by a reversible solid-state chemical reaction confined to the attoliter 

volume of the pore. 

The integration of plasmonic SERS provides a general methodology for observing 

chemical reactions in nanopores in operando, a capability that is likely to find applications 

far beyond the model phosphate system studied here. Future work may extend the concept 

to other precipitation reactions, electrodeposited polymers, or even enzyme-catalyzed 

transformations, leveraging the chemical degrees of freedom to create ionic devices with 

tailored memory, sensing, and logic functions. Combined with the optical gating of 

Chapter 3 and the electrostatic control of Chapter 4, the chemically gated nanopore 

completes a versatile platform for ionic computing and smart nanofluidic systems. 
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Chapter 6   Summary and Conclusions 

 

Nanopore technology has attracted considerable attention because of its potential in 

applications such as single-molecule detection and sequencing, nanoscale chemical 

reaction detection, and green energy harvesting. However, the development of tunable 

nanopore devices for active and smart control remains relatively underexplored. This 

thesis has demonstrated three hybrid strategies for dynamic ion transport control in solid-

state nanopores: thermoplasmonic gating with PNIPAM, electrostatic modulation with 

MoS₂/SiN heterostructures, and chemically encoded memristive switching via in-pore 

precipitation. Together, they represent a progression from externally triggered gating to 

continuously tunable transport and finally to history-dependent ionic memory with 

extreme rectification (>40,000) and sub-nanowatt switching. 

Translating these laboratory demonstrations into practical technologies requires 

addressing platform-specific scaling challenges, as well as common issues of 

reproducibility, stability, and integration. 

For the thermoplasmonic gating platform (Chapter 3): The current optical addressing 

scheme relies on a free-space laser and microscope. Moving toward compact, chip-

integrated systems would benefit from on-chip waveguides or plasmonic interconnects to 

deliver light to individual pores without bulky optics. The millisecond switching speed is 

sufficient for many sensory and adaptive control tasks, but further speed improvements 

would require optimizing polymer brush density and grafting chemistry to reduce 

viscoelastic relaxation times. The long-term stability of polymer in the electrolyte also 

needs to be considered.  

For the MoS2/SiN ionic transistor (Chapter 4): A central challenge is the trade-off 

between gate control strength and channel dimensions. In current devices (channel depth 

~10 nm), the Debye length is comparable to the channel height, enabling effective gating. 

Scaling to sub-5 nm or Angstrom-scale channels would enhance ion selectivity and 

rectification but requires solving fabrication challenges: avoiding MoS2 sagging, ensuring 
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precise flake transferring. For osmotic power generation, the key is to move from single-

channel devices to multi-channel arrays (as shown for 10 and 20 channels) while 

maintaining power density. However, as multiple channels share reservoirs, concentration 

polarization might manifest if the gap between channels become too small, while the size 

of the 2D material also restrict the number of channels. For protein sensing, the prolonged 

dwell time due to MoS₂-protein interactions is promising for signal averaging, but device-

to-device variability and pore clogging remain obstacles. A pragmatic solution would be 

to use another EBL process make arrays of identical channels.  

For the chemically gated memristor (Chapter 5): This platform offers the richest 

functionality (non-volatile memory, extreme rectification) but also the most complex 

dynamics. The precipitation-dissolution kinetics depend sensitively on local pH, ion 

concentration, and temperature. For practical use, the system must be encapsulated and 

stabilized. The sub-nanowatt power consumption is exceptional, but switching speeds are 

currently limited by reaction-diffusion times. To accelerate switching, one could reduce 

pore length (shortening ion transit time) or use cations with faster precipitation kinetics. 

The ability to tune the memory state via pulse amplitude and duration suggests that arrays 

of such pores could implement analog synaptic weight matrices for neuromorphic 

computing, provided that each pore can be addressed independently. A crossbar 

architecture with orthogonal fluidic channels—while challenging to fabricate—would be 

the ultimate goal. 

Across the three platforms, reproducibility was strongly dependent on the underlying 

gating mechanism and fabrication complexity. The thermoplasmonic and MoS₂/SiN 

platforms were primarily limited by fabrication-related variability, whereas the 

chemically gated platform showed the most reproducible behavior after an initial 

conditioning process. These results highlight that improving fabrication yield and 

controlling interfacial variability remain important for translating the demonstrated 

nanopore concepts toward practical devices. 

This thesis has established the physical foundations and experimental tools—

plasmonic heating, electrostatic gating, in-pore chemistry, and in-situ SERS—for 

engineering dynamically programmable ion transport. The path from these 

demonstrations to functional ionic processors requires sustained advances in 

nanofabrication, materials chemistry, and circuit architecture.  
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