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ABSTRACT  

Scanning probe lithography (SPL) offers a variety of physical and chemical techniques for surface modification, enabling 

the fabrication of customized, functional nanoscale features. These methods provide unmatched resolution, repeatability, 

and operational simplicity compared to other lithographic techniques. This paper reviews recent advancements in SPL 

driven by electrical and thermal effects, highlighting how these approaches address the fabrication of functional 

nanostructures. These advancements pave the way for next-generation nanotechnological applications, including single-

dopant atomic devices, memristors, metasurfaces, nanofluidic devices, and more. 
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1. INTRODUCTION  

Nanomanufacturing techniques have enabled the creation of small structures with unique properties arising from quantum, 

electromagnetic, and thermal effects. This has led to the emergence of a wide range of nanotechnological applications, 

including nanoelectronics, nanophotonics, and photovoltaics. In recent years, next-generation nanodevices—such as 

single-electron transistors, quantum bit (qubit) devices, photonic devices, memristors, and neuromorphic computing 

devices—have demonstrated higher performance and enhanced functionality. For example, quantum dots-based single-

electron transistors (SETs) become the promising building blocks for beyond-CMOS devices 1. Their fabrication requires 

sub-10 nm scaling 2, which offers ultra-low-power operation and high sensitivity, making them promising for both 

nanoelectronics and quantum computing 3,4. Beyond extreme size reduction, complex geometrical nanostructures play a 

vital role in advanced device functionality, particularly in photon manipulation, surface plasmon polaritons, and 

nanoparticle manipulation 5. Engineered topographical features enable precise control of photons, or nanoparticles, 

enhancing their functionality in sensing, photodetection, and energy harvesting. In addition, two-dimensional materials 

(e.g., graphene, MoS₂) and transition metal oxides (TMOs, e.g., VO₂, TiO₂) are key materials for next-generation 

nanodevices due to their unique electronic, optical, and physicochemical properties. The atomic-scale thickness, high 

carrier mobility (e.g., graphene), and direct bandgaps (e.g., MoS₂) make them ideal for high-frequency transistors, flexible 

electronics, and optoelectronic devices, while the edge chemistry and interlayer coupling of 2D materials facilitate their 

use in quantum technologies, including quantum dots and single-photon sources. TMOs, such as VO₂, exhibit metal-

insulator phase transitions, enabling ultrafast switches and smart optical components. The tunability of TMOs through 

chemical doping or external fields supports applications in resistive memory (RRAM), neuromorphic computing, and 

catalysis. The precise fabrication of these functional nanostructures, along with the fine-tuning of their chemical and 

physical properties, is essential for their operation 3,6.  

However, as feature sizes continue to shrink, and geometry and material complexity increase, the successful realization of 

these devices imposes increasingly stringent demands on nanomanufacturing techniques. As many of these novel devices 

are still in development, the demand for efficient, cost-effective, and flexible ‘lab-to-fab’ nanofabrication techniques is 

increasing to facilitate the transition from research to large-scale manufacturing. 

Current semiconductor-based nanofabrication approaches, including electron beam lithography (EBL), focused ion-beam 

lithography (FIBL), optical lithography, and nanoimprint lithography, are either expensive, slow or suffer from high defect 

rates due to multi-step processing for complex nanostructures 7. For example, optical lithography and EBL/FIBL often rely 

on capital-intensive equipment with the cost ranging from $1 million for an EBL/FIBL system to $450 million for the 

latest extreme ultraviolet lithography (EUVL) machine 8. EBL, and FIBL are slow, and limited in scalability, and suffers 

from proximity effect, sample damage and contamination due to the use of high-energy beams 7,9. Nanoimprint lithography 

is usually performed based on expensive industrial-scale machines and often suffers from a high defect rate during mold 
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release 10. In addition, nanoimprint lithography, EBL, and optical lithography could be inflexible in generating 

nanostructures with various shapes, as one type of tool (mask/stamp) can only make one type of structure. 

Scanning probe lithography (SPL), developed from scanning probe microscopy (SPM) 11,12, offers high precision and 

flexibility by directly modifying surfaces through a nanometer-size probe, enabling patterning at nanometric and atomic 

scales, but with low instrument cost and environmental requirement (no vacuum) 13–15. SPL can be easily achieved through 

both electrical (bias-induced), and thermal processes. External energy sources as electrical field and thermal provide more 

controllable and versatile patterning capabilities than mechanical SPL approaches. These advanced SPL techniques can 

target different materials and geometries, making them valuable for next-generation device fabrication. While SPL faces 

scalability challenges for industrial mass production, it remains a powerful tool for in-lab prototyping of novel functional 

devices. This paper provides an overview of recent SPL applications, particularly on the widely used electrical and thermal 

SPL processes, emphasizing their role in creating innovative nanodevices 16. 

2. BASICS OF SPL 

 

AFM operates on straightforward principles, utilizing a sharp tip with a nanometer-scale radius, mounted on a microscale 

cantilever, to scan a specimen's surface. When the tip approaches the sample, forces between the tip and the surface induce 

a response in the cantilever, causing deflection in static/contact mode or altering vibrational motion in dynamic/tapping 

(non-contact) mode 11. Depending on the type of interaction between the tip and the surface, AFM is able to image and 

measure diverse physical properties such as topography, friction, charge distribution, work function, local magnetic fields, 

electronic spins, and thermal conductivity.  

Beyond imaging, AFM has advanced into a tool for direct material manipulation at the nanoscale 12. Nanometric sharp tips 

can function as a tool to modify material surfaces through electrical, thermal, mechanical, or chemical interactions, or a 

combination of these 14. The obtained nanostructures can exhibit special nanotechnological functions based on different 

materials and geometries. The dual capabilities in imaging and nanometer-scale fabrication have enabled ultrahigh-

resolution and imaging-integrated lithography, establishing AFM as a potent technique in nanotechnology research and 

applications 17. SPL can be achieved through different ways 14, including the mechanical, bias-induced, oxidation, field 

emission, thermal, and dip-pen 18. Existing research has proven them the potential device fabrication capabilities 19,20. The 

present paper will focus on three types of the existing modalities: field-emission SPL (FE-SPL), oxidation SPL (o-SPL), 

and thermal SPL (t-SPL). 

 

 

3. DEVICE FABRICATION VIA SPL 

 

3.1 FE-SPL 

FE-SPL utilizes Fowler-Nordheim tunneling electrons from an ultra-sharp tip to induce resist exposure on a sample. The 

highly localized field emission current, generated by a strong non-uniform electric field (~10⁹ V/m) within the tip-resist 

gap, enables direct, cost-effective nanolithography with low-energy electrons (<50 eV) 21. FE-SPL supports both positive-

tone and negative-tone modes, allowing patterning on various polymeric resists, including calixarene 22, polystyrene (PS) 
23, H-passivation layers 24, and silk fibroin protein 25. The operation of FE-SPL is illustrated in Figure 1. By optimizing 

parameters such as electron dose, bias voltage, polarity, scanning velocity, and tip shape, FE-SPL achieves sub-5 nm 

resolution. Unlike electron beam lithography (EBL), FE-SPL minimizes the proximity effect and is compatible with post-

patterning processes such as cryogenic or reactive ion etching (RIE), facilitating pattern transfer onto functional materials 

for nanoelectronic devices, dielectric structures, and optical detectors 26. 
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Figure 1. Schematic layout of the lithography system incorporating a current feedback loop for SPL and a force feedback loop for 

AFM imaging and probing27. 

Recent advancements have integrated active cantilevers 28–31, which enhance patterning resolution and allow direct, 

development-free exposure of calixarene using low-energy electrons. These cantilevers also enable high-resolution 

imaging before and after patterning, facilitating real-time inspection of samples. In addition, they allow precise overlay 

alignment and stitching of patterns, improving patterning accuracy. The compact, table-top FE-SPL system also offers 

reproducibility and controllability for beyond-CMOS device fabrication. This technology chain paves the way for routine 

and accessible manufacturing of single-electron devices. The general setup for tip-based nanolithography, incorporating 

two control feedback loops, is schematically illustrated in Figure 1.  

Single-electron transistors (SETs) can operate at room temperature with charging energy 𝐸𝑐 > 𝑘𝐵𝑇 = 25 𝑚𝑒𝑉 at 𝑇 =
290 𝐾𝑇. Achieving this requires quantum dots smaller than 10 nm, which can be fabricated using FE-SPL. Conventional 

EBL-based approaches have demonstrated room-temperature SETs by defining 50 × 50 nm point contacts, followed by 

heavy oxidation to reduce the unoxidized QD core to ~5 nm. FE-SPL offers an alternative to EBL for SET fabrication, 

providing finer feature definition and reducing damage caused by high-energy electron beams 16. Here, the FE-SPL was 

used to ablate a 15 nm thick calixarene layer, working as a positive resist. The low electron energies (<100 eV) requires 

about 10 electrons per single calixarene molecule to induce a crosslinking event and a reaction scheme based on a direct 

ablation of resist material can be employed. The sensitivity was 80-times greater than a classical EBL, achieving line 

widths down to 10 nm for defining SET cores. The resist pattern was further transferred to the silicon layer using cryogenic 

SF₆/O₂ plasma etching at 120°C, followed by thermal oxidation (850°C, 10 min), producing quantum dots (QDs) <5 nm 

in diameter at the point-contact "neck" due to stress-limited oxidation. Ohmic contacts were defined using 

photolithography, Cr/Al evaporation, and lift-off. Electrical characterization confirmed single-electron charging effects, 

with observed Coulomb staircase behavior and a charging energy of 0.17 eV. 

Rangelow et al. 32 further combined FE-SPL with single dopant lithography to fabricate dopant atom quantum dot SETs. 

Following the same procedure to pattern the ~10 nm scale Si/SiO2/Si point-contact tunnel junction using FE-SPL, they 

used a hollow-tip active cantilevers to precisely implant dopants. This approach enabled quantum dot formation with 

atomic precision, ensuring room-temperature transistor operation for quantum and atomic-scale applications 33.  

Despite its advantages, FE-SPL faces challenges in writing speed and large-area scalability. Alternative tip materials such 

as gallium nitride, tungsten, platinum, and gold have been explored to address tip wear and contamination, improving long-

term stability 34–36. Integration with nanoimprint lithography can further enhance scalability for batch production, providing 

high-throughput pattern replication. In addition, mix-and-match lithography combining FE-SPL with optical lithography 

offers a viable strategy for improving throughput while maintaining nanoscale resolution. 

Beyond resist exposure, FE-SPL has been investigated for tip-induced nanoscale 3D printing. Holz et al. 37 demonstrated 

field-emission scanning probe-induced deposition (TEBID), where low-energy electrons (<100 eV) decompose precursor 

molecules, enabling localized 3D carbon nanostructure deposition within an SEM chamber. This approach allows 

fabrication of high-aspect-ratio nanowires and branched structures, showing potential for electrode fabrication, field 

emission devices, and functional nanoscale components. 
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3.2 Oxidation SPL 

o-SPL is a process that occurs within a simple nanoelectrochemical cell, with a schematic illustrated in Figure 2, where 

the AFM tip acts as the cathode, the water bridge between the tip and substrate functions as the electrolyte, and the substrate 

serves as the anode 38–40. Unlike conventional anodic oxidation—which employs roughly Avogadro’s number (∼6 × 1023) 

of electrolyte molecules—tip-induced local anodic oxidation (LAO) relies on approximately 1 × 104 to 1 × 105 water 

molecules to oxidize material surfaces 41. The water bridge forms via mechanical contact or electrical field application, 

particularly in dynamic modes. When a few volts are applied, the resulting electric field (1 × 109 to 1 × 1010 V/m) ionizes 

water molecules, generating oxidative species (such as OH⁻ and O⁻) that locally oxidize the material surfaces. The high 

aspect ratio of the AFM tip further concentrates this field, enhancing oxidation efficiency 41. 

 

Figure 2. General schematic of nanopatterning using o-SPL40. 

Since its introduction 42, o-SPL has been widely applied in etch masks, biomolecule binding sites, and conjugated materials 
43. More recently, it has played a key role in next-generation nanodevices, offering flexible, precise control over nanoscale 

regions and enabling tunable chemical and physical properties of novel materials. 

Similar to FE-SPL, o-SPL, combined with chemical etching, can also create surface localized nanostructures by performing 

LAO on thin-film metals or semiconductors, allowing for the flexible definition of functional device regions or channels. 

Herranz et al. 44 demonstrated the fabrication of InAs quantum dots within nanoholes created by LAO and selective wet 

etching on an epitaxial GaAs(100) substrate. These InAs quantum dot layers served as seed layers for stacking optically 

active, site-controlled InAs QDs. Similarly, using a scanning probe, o-SPL can pattern nanowires and define Coulomb 

blockage on metal or semiconductor surfaces, with smallest feature size approaching sub-10 nm. These structures have 

been utilized in various applications, including field-effect transistors 45, and single molecule detection 46,47.  

Two-dimensional (2D) materials have emerged as a key building blocks for next-generation nanoelectronics, photonics, 

and quantum technologies due to their atomically thin structure and unique electronic properties. However, the 

performance of 2D nanodevices depends strongly on edge quality and chemical composition 48. Conventional high-energy 

beam-based lithography techniques can induce substrate damage, necessitating alternative approaches for precise edge 

control and defect minimization. As a resist-free and direct-write technique, O-SPL enables clean and precise patterning 

of 2D materials, achieving extremely narrow nanoconstrictions on graphene and MoS2 (~20 nm) 49–52. These nanostructures 

exhibit quantum confinement effects, enabling the formation of single quantum dots, Schottky junctions, and in-plane 

transistors 53–56. 

Transition metal oxides (TMO), such as TiOx and VOx, play a crucial role in next-generation nanodevices due to their 

high information density, low energy consumption, and multilevel resistive switching capabilities. These materials enable 

applications in high-density memory, neuromorphic computing, and optoelectronics. O-SPL has been employed to 

fabricate forming-free TMO devices, simplifying the manufacturing process while maintaining excellent electrical stability 

and precise morphological control. Avilov et al. 57 developed and simulated titanium oxide nanostructures through o-SPL 

for artificial synaptic devices, examining the impact of anodization on oxygen vacancy distribution and oxide formation 

(TiO, Ti2O3, and TiO2). Their electrochemical TiO-based prototypes demonstrated resistive switching between high (HRS) 
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and low (LRS) resistance states over 100,000 cycles, with LRS stability for 10,000 seconds. Multilevel switching was 

achieved by varying the set voltage, highlighting TiO nanostructures' potential for neuroelectronics and neural networks. 

Tominov et al. 58 investigated gallium oxide nanostructures fabricated via o-SPL, demonstrating stable, forming-free 

resistive switching with an HRS of 11.7 ± 1.6 GΩ and an LRS of 2.3 ± 0.8 GΩ. The results confirm the feasibility of LAO-

based memristive devices for neuromorphic computing. Tominov et al. 59 explored electrochemical titanium oxide 

structures with thickness-dependent resistive switching. They reported a resistance ratio (RHRS/RLRS) decreasing from 

242.8 to 10.6 as thickness increased, with stable bipolar switching and no electroforming required. XPS analysis confirmed 

the presence of TiO2, Ti2O3, and TiO, demonstrating the suitability of o-SPL for high-performance, forming-free memory 

devices. Zhang et al. 60 developed a VO2-based tunable metasurface using electric-field SPL, achieving sub-100 nm 

precision via negative bias AFM etching and sonication. Their design, incorporating VO2-gold nanoblocks, enabled tunable 

reflectivity in the near- and mid-infrared range, showcasing high-resolution, maskless patterning for advanced 

nanophotonic and optoelectronic applications. 

3.3 Thermal SPL 

t-SPL is a high-resolution, maskless nanolithography technique that enables direct patterning with lateral resolution below 

10 nm 61–63. It primarily works by heating a nanoscale probe tip (Figure 3) to near the sublimation temperature of a polymer 

resist, such as PMMA, polyphthalaldehyde (PPA), causing localized resist removal 64,65. The resulting resist pattern can be 

used as a mask for substrate pattern transfer. Beyond resist sublimation, t-SPL facilitates thermally activated surface 

modifications, including chemical functionalization, magnetic phase transitions, and structural phase transformations 

through localized atomic rearrangements [63–66]. Today, t-SPL achieves sub-20 nm half-pitch patterning with features as 

small as 7 nm. It offers high-speed processing up to 20 mm/s while avoiding electron proximity effects and substrate 

damage. Integrated in situ imaging allows real-time monitoring and corrections, enabling markerless overlay and alignment 

on preexisting structures. In addition, t-SPL supports complex 3D patterning without the need for vacuum or masks, 

making it a highly versatile nanofabrication technique 66–69.  

 

Figure 3. Schematic of t-SPL 63. 

A wide use of t-SPL is through locally modifying a thermally responsive resist layer using a heated probe, enabling the 

creation of nanoscale patterns with high precision and minimal substrate damage. Upon etching, these nanostructures can 

be transferred to the semiconductor surfaces to serve as functional components. Through this method, researchers have 

achieved nanodevices including 2D materials-based field-effect transistors 70,71, nanowire-based quantum devices 72, 

tellurium nanoribbon field-effect transistors 73, high temperature superconducting Josephson junctions 74, and silicon point-

contact quantum-dot transistors 75. 

The ability of t-SPL to precisely control patterning depth has enabled its application in creating potential landscapes and 

complex 3D structures, which are challenging to achieve with conventional lithography techniques 65. Skaug et al. 76 used 

t-SPL to shape the geometry of a nanofluidic slit. Combined with gentle shaking to induce a rocking Brownian motion, 

they were able to guide particles smaller than 100 nm along complicated paths. Lassaline et al. 5 demonstrated the use of 

t-SPL to generate smooth potential landscapes. The process involves using a heated silicon tip to locally sublimate a 

thermally sensitive resist deposited on a substrate. This technique allows for the creation of complex 3D structures and 
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gradient patterns with sub-100 nm feature sizes and nanometer precision. The technique was shown to be effective for 

creating optical Fourier surfaces, plasmonic band structures, and electronic potential landscapes.  

The thermal energy delivered from the tip can also modify the materials, especially thin films, through inducing chemical 

reaction, crystallization, and local atom arrangement. Wei et al. 77 demonstrated a method for tuning the electrical 

properties of graphene oxide (GO) at the nanoscale using thermochemical nanolithography (TCNL) with a heated AFM 

tip. The technique allowed for the local reduction of GO, resulting in a significant increase in conductivity and the creation 

of nanoribbons as narrow as 12 nm. This method was proven to be clean, rapid, and reliable, with no observed tip wear or 

sample tearing, making it suitable for large-scale graphene electronics. Raghuraman et al. 78 introduced a technique to 

measure the kinetics of surface chemical reactions driven by localized heat and stress using an AFM. The study 

demonstrated the reduction of graphene oxide by varying the temperature and force applied by a heated AFM probe. The 

results revealed an activation energy of 0.55 eV and a first-order reaction, indicating an alternative reduction pathway 

compared to bulk processing methods. This technique can be extended to study the surface chemistry of other two-

dimensional materials under various external stimuli. Hamann et al. 79 explored advancements in ultra-high-density phase-

change storage using thermal recording techniques. They demonstrated erasable thermal phase-change recording at a 

storage density of 3.3 Tb inch⁻², achieved by using a heated AFM tip to locally crystallize an amorphous chalcogenide 

film. They also introduced thin-film nanoheaters capable of generating hot spots smaller than 50 nm, showing potential 

for high-density data storage. The study further presented an all-thermal storage/memory concept, where a single heater is 

used for writing, erasing, and reading phase-change materials, highlighting the potential for overcoming the diffraction 

limit of optical recording and advancing non-volatile memory technologies. Albisetti et al. 80 demonstrated a method to 

create reconfigurable magnetic nanostructures using t-SPL. By locally heating a ferromagnetic layer coupled to an 

antiferromagnetic substrate in the presence of a magnetic field, they were able to control the direction and strength of 

magnetic anisotropy without altering the film’s chemistry or topography. This method enables the creation of tunable spin 

wave devices and magnetic crystals, which are promising for future spintronic applications. 

4. CONCLUSIONS 

High resolution lithographic techniques are typically linked with high capital investment in equipment, making them less 

accessible for rapid device development. As a result, alternative fast, direct, and low-cost prototyping techniques become 

essential in scientific research to accelerate innovation and exploration. SPL thus become an effective tool for on-demand 

prototyping next-generation nanodevices, particularly those with miniaturized and complex geometries. It is also well-

suited for fabricating novel nanodevices based on emerging materials, such as 2D materials, oxide semiconductors, and 

phase change materials. With its ability to precisely define various intricate nanostructures, SPL plays a crucial role in 

advancing nanoelectronics and quantum technologies. 

Despite its advantages, the application of SPL in next-generation nanodevice fabrication remains in its early stages. To 

achieve sustainable and scalable nanofabrication, several challenges must be addressed, including precise and reproducible 

pattern generation, high-speed and durable probe tips, and improved throughput. To enhance the practicality of SPL, AI-

based automation 81 and parallelized probe arrays 68 offer promising solutions for improving alignment, scalability, and 

reliability. The combination with nanoimprint lithography 82 enables the high-throughput replication of nanoscale features, 

addressing the limitations of serial processing. In addition, hybrid approaches integrating AFM-based lithography with 

nanoimprint, EBL, and photolithography provide scalable, ambient-compatible nanomanufacturing solutions. With 

continued advancements in speed, reliability, and parallelization, electrical and thermal SPL hold significant potential for 

driving the development of next generation of nanophotonic, quantum communication, and nanoelectronic devices. 
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