npj Spintronics Perspectives Article

Next-Generation Electronics by Co-Design with Chalcogenide Materials

Debarghya Mallick', Sujoy Ghosh?, An-Hsi Chen’, Jian Liao?®, Jinkyoung Yoo*, Qiangsheng Lu’, Steven
J. Randolph?, Scott T. Retterer?, Gyula Eres’, Yong P. Chen®?, Leonid P. Rokhinson®?®, Matthew
Brahlek’, Robert G. Moore"

"Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
37831, USA

2Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
37831, USA

SDepartment of Physics and Astronomy, Purdue University, West Lafayette, Indiana 47907, USA
4Center for Integrated Technologies, Los Alamos National Laboratory, Los Alamos, New Mexico
87545, USA

SElmore Family School of Electrical and Computer Engineering, Purdue University, West Lafayette,
Indianna 47907, USA

"Correspondence and requests for materials should be addressed to R. G. Moore:
moorerg@ornl.gov

Notice: This manuscript has been authored by UT-Battelle, LLC, under Contract No. DE-
ACO05000R22725 with the U.S. Department of Energy. The United States Government retains and the
publisher, by accepting the article for publication, acknowledges that the United States Government
retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the
published form of this manuscript, or allow others to do so, for the United States Government
purposes. The Department of Energy will provide public access to these results of federally
sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).



mailto:moorerg@ornl.gov
http://energy.gov/downloads/doe-public-access-plan

npj Spintronics Perspectives Article

Abstract

As Moore’s law approaches its limits, chalcogenides offer a promising route to next-generation
computing and sensing, thanks to their topological, magnetoelectric, excitonic, and spintronic
properties. Yet the very traits that make them appealing, e.g., exotic properties at monolayer
thickness, clean van der Waals interfaces, and strong many-body effects, also heighten sensitivity
to fabrication processes, causing issues that prevent the translation of novel material property into
device functionality. This article examines key obstacles in controlling chalcogenide
heterostructures and stresses the need for an integrated co-design strategy, spanning materials
synthesis, processing, and device architecture, to unlock their potential. Successful solutions will
enable transformative advances in spintronics, photonics, and quantum information systems.

Main Text

Moore’s law’, the semiconductor industry’s guiding principle for over half a century, is ending.
Similar statements have been made by researchers for many years, however, improvements in
material quality and innovative fabrication techniques have repeatedly delayed the law’s
anticipated demise?®. Nonetheless, physical limitations associated with shrinking device
dimensions are now becoming unavoidable. Fundamentally, conventional electronics relies on
shuttling charge through ever-smaller transistors, and beyond a certain scale, electrons cannot be
reliably controlled without incurring unacceptable power losses and heat generation®°. If
computing technologies are to continue advancing, we must look beyond classical charge-based
logic toward new paradigms that leverage other fundamental physical resources, such as spin or
light, and reimagine how information is processed, stored, and transmitted. Quantum computing
and neuromorphic architectures are prime examples of potential successors, but their realization
hinges on harnessing quantum materials whose exotic quasiparticles can truly move us beyond the
charge-manipulation framework. Due to the entangled nature of quantum resources and their
sensitivity to local surroundings, we must also reimagine the co-design workflows to realize
quantum technologies. Traditional Technology Readiness Levels (TRLs), even when applied to
quantum technologies, still reflect linear trajectories from fundamental principles to practical
applications' "2, However, to fully harness new quantum resources, we must recognize the
intrinsic link between quantum material property and quantum device functionality and adapt a
more end-to-end cyclic co-design process as shown in Fig. 1.

Over the past decades, there has been a surge of “use-inspired” research into novel quantum
materials that promise remarkable properties for next-generation technologies. These materials,
exemplified by chalcogenides and other two-dimensional (2D) systems, exhibit quantum
phenomena such as excitonic and many-body interactions'®'¢, topological order'22
magnetoelectric and multiferroic effects?*2¢, and tunable bandgaps?-*°. The foundational
breakthroughs in isolating single-atom-thick layers of graphene spawned an avalanche of discovery
across a broad family of 2D compounds®'. Today, chalcogenides stand out in particular for
demonstrating exotic phenomena, including superconductivity®*?¢, ferromagnetism®-%, and
ferroelectricity*®“®, in atomically thin layers. These properties and phenomena are not simply
academic curiosities: they open the door to entirely new device concepts, including field effect and
spin-based transistors**-%® and memories®*¢, spintronics*>%¢778 valleytronics’*7%79% high-
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performance optoelectronics and photonics?*¢281"" ‘neuromorphic®''?'?" and quantum
computing platforms®®'?*'33 and many others as outlined in Fig. 2. The central question becomes
how to make the use-inspired useful.

Despite these impressive demonstrations of novel physics, efforts to integrate 2D chalcogenide
materials into large-scale, commercial-ready devices have remained largely proof-of-concept. The
crux of the challenge lies in translating exotic quantum properties into robust, manufacturable, and
scalable platforms without quenching the very effects that make these materials so compelling.
Traditional semiconductor processing techniques, developed and refined over decades for silicon
and CMOS based technologies, often fail when applied to chalcogenides, either due to chemical
incompatibilities, interface damage, or the introduction of parasitic defects''®'34'%, Because 2D
materials often rely on van der Waals bonding to maintain ideal, dangling-bond-free interfaces,
conventional chemical etching, lithography, and thermal treatments can introduce
inhomogeneities, impurities, and cracks that degrade device performance'®'%45_ Furthermore, the
inability to effectively dope 2D semiconductors in three-dimensional ways complicates forming
reliable, ohmic contacts, which remain a critical bottleneck in making operational 2D
CirCUitS136’144’145.

Yet itis precisely these ultra-clean, atomically sharp interfaces that make chalcogenide materials
so promising. With no dangling bonds at the surface, 2D chalcogenides can be stacked in arbitrary
heterostructures with relaxed constraints of lattice matching, resulting in tunable

interfaces® 94141146152 Thejr extended possibilities for phase and defect engineering allow for
substantial control over physical properties, ranging from band alignments and carrier densities to
magnetism and excitonic interactions, by adjusting the atomic and electronic structures on
demand®>113.147.153180 Thg potential for low-leakage, high-mobility devices at sub-nanometer gate
lengths has generated enormous excitement®5499.101.106.160168 “Aqdjtionally, the dramatic range of
bandgaps exhibited by these materials, encompassing metallic to semiconducting regimes, offers
versatility in designing both logic elements and photonic devices for applications in data
communications, sensing, and quantum information?’-29:58.92.168-176_

An equally important aspect is the potential energy efficiency gained by moving to 2D
chalcogenides. The atomically thin nature and absence of dangling bonds reduces charge traps
and short-channel effects, which together help curb power dissipation3%°86492.177180_|n emergent
computing paradigms, such as neuromorphic and quantum computing, device density and low-
latency operation are paramount and 2D chalcogenide materials are well-positioned to meet these
requirements’’®, For instance, transistor and optoelectronic elements with large on/off ratios and
floating-gate nonvolatile memory with extraordinary retention times have been demonstrated using
ultrathin layers®101:160.166.181183 _Gimj|grly, functionalities based on ferroelectric and exciton-driven
photodetection point to applications in integrated compute-sensor-memory systems capable of
performing many co-located tasks in parallel'®'®*'% These developments highlight how
chalcogenide materials could allow complex information processing to occur directly where data is
collected, fundamentally improving bandwidth, latency, and energy consumption.
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Still, significant obstacles remain. The surface sensitivity of 2D materials necessitates advanced
interface engineering so that gate dielectrics, metal contacts, and protective encapsulation layers
do not introduce extrinsic defects or compromise their crystalline integrity. Equally pressing is the
need for consistent, wafer-scale growth of chalcogenides with precisely controlled layer numbers.
Although chemical vapor deposition (CVD) techniques have produced impressive monolayer
crystals, controlling layer thickness across large areas remains challenging. Alternatives such as
molecular beam epitaxy (MBE) and atomic layer deposition (ALD) combined with atomic layer
etching (ALE) offer promising paths for achieving layer-by-layer control in a manner that integrates
smoothly with existing CMOS infrastructure''®'88'92_ Recent review articles offer comprehensive
assessments of chalcogenide synthesis methods, which fall outside the scope of this
article'%9:191:165.186,192197 ' Bayond wafer-scale synthesis, doping and defect engineering require a
more systematic approach that correlates processing conditions with the resulting fundamental
device characteristics, especially for quantum and neuromorphic applications, where localized
defects can be both detrimental and potentially beneficial depending on their role in electron or
spin transport.

Here our aim is to draw attention to the critical challenges, and research opportunities, in bridging
fundamental chalcogenide quantum material research and practical device technologies. We first
examine the central hurdles in interfacial materials physics, including the formation of clean,
reliable interfaces, contacts and the management of defects. We then discuss current emerging
nanofabrication strategies and the opportunities they present for scalable manufacturing,
highlighting both successes and open questions in harnessing chalcogenides for spintronics,
optoelectronics, and quantum information science. Our goal is not to provide an exhaustive survey,
but to illustrate the breadth and novel behaviors of chalcogenide materials as they are transformed
into functional devices. By illuminating these interconnected challenges, we aim to reveal research
opportunities needed to accelerate the realization chalcogenide-based technologies. Ultimately, a
concerted effort to refine growth processes, improve device architectures, and develop robust
transfer and integration methods is necessary to realize the potential of these unique quantum
materials. By systematically tackling these issues, we may unlock entirely new frontiers in
computing and sensing, transcending the charge-based paradigm that has underpinned Moore’s
law, and ushering in an era where spin, light, and topology become essential resources for
technological advancement.

Materials Interfaces — Challenges and Opportunities:

In his 2000 Nobel lecture, Herbert Kroemer famously stated that “the interface is the device,”
highlighting that the performance of semiconductor heterojunctions is often determined more by
the properties of the interface than by the bulk '8, This concept, dating back to the 1950s,
revolutionized electronics and optoelectronics by enabling band-gap engineering in heterojunction
transistors, semiconductor lasers, and advanced integrated circuits. This perspective remains
highly relevant, particularly as we explore novel chalcogenide quantum materials. These materials
can host a variety of exotic electronic and magnetic states, yet they present a new set of material
science challenges for device fabrication. Among these challenges are understanding and
controlling the interfacial structure, cross-interface coupling, and material diffusion. Below, we
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discuss each of these aspects, highlighting recent insights and open questions in chalcogenide-
based heterostructures.

Interfacial Structure

Chalcogenides such as the transition-metal dichalcogenides (e.g., NbSe,, TiSe,) and tetradymite
topological insulators (e.g., Bi;Tes, Bi.Ses) can form a variety of interface structures when layered
together or when integrated with other materials. In traditional semiconductors, small lattice
mismatches or differences in atomic arrangements at interfaces can cause defects,
reconstructions, or strain that modifies electronic transport'2°2, With chalcogenides, these
effects can be even more pronounced. In many cases, the interlayer van der Waals forces relax
lattice matching conditions which suggests promising routes towards tailored device
structures®'4%'%° However, interfaces between atomically similar chalcogenide materials may
undergo reconstructions or form interfacial defect layers, whereas interfaces that bridge different
symmetries can, at times, be strikingly abrupt. For instance, as shown in Fig. 3 the interface of
tetragonal superconducting Fe(Te,Se) grown on hexagonal Bi;Te; or MnTe can be atomically sharp
203205 "while the NbSe./Bi,Se; interface can exhibit a misfit layer with a distinct structure 2°. Such
subtle differences have profound implications for functionality: the former may preserve high
mobility or coupling between quantum states more readily, whereas the latter can create dead
layers that may hinder desired proximity effects.

These contrasting outcomes reveal a zoology of interface and defect structures, from interfacial
phases, to reconstructions, to well-ordered junctions, and each variant can dramatically alter
properties relevant to functional devices. Deeper investigations are required to unravel the
mechanisms and energetics governing interfacial structures and to establish clear causal links
between interfacial properties and device performance. For example, defects, interfaces and grain
boundaries can be problematic for carrier mobility, magnetic ordering, and excitonic lifetimes
critical for neuromorphic applications'®, while, atomically sharp interfaces between functional
layers facilitate long-term data retention in non-volatile floating gate memory devices®®. Controlling
magnetic dead layers is critical for spin-orbit torque based magnetic switching in memory devices,
however, control over interfacial symmetries can also dramatically improve performance of
magnetism-based applications®2°72%¢ Hence, a key research avenue is understanding how to
systematically tune these interface structures in scalable platforms and architectures to
functionalize the desired exotic states. The ultimate goal is to trace the causal chain from
interfacial structure to materials properties and, ultimately, device performance. However, more
systematic studies are needed to discern whether these relationships follow universal rules or are
system-specific.

Cross-Interface Coupling

Once an interface is formed, a second challenge lies in the electronic, magnetic, excitonic, and
phononic couplings across the boundary. Charge transfer, band alignment, and the emergence of
collective modes are all affected by the local environment at the interface. For example, charge
transfer across a MoS, and WSe; heterojunction leads to a photoelectric effect with excited
excitons controllable by interface engineering®2%, while band alignments can be controlled by
chalcogenide stacking configuration and twist angles®*'*?"", In addition, work function differences
between materials are vital for forming ohmic contacts in device structures™®.
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For chalcogenides, these interfacial couplings can shape excitonic properties. With strong
Coulomb interactions and reduced dielectric screening leading to large exciton binding energies,
chalcogenide heterostructures enable room-temperature excitonic devices and high absorption for
photodetection and optical devices over a wide range of band gaps'®?'>2'S, When the work
functions of adjacent layers differ or the dielectric screening at the interface changes significantly,
excitons may localize in specific layers or form strongly bound interlayer complexes?'”-?2%, Tuning
these interfacial properties thus provides an additional degree of freedom for quantum sensing and
optoelectronic devices.

The cross-interface coupling of different degrees of freedom can lead to exotic states and dramatic
enhancement of exotic quantum properties of technological interest. The interface of a topological
insulator and even parity superconductor can yield Majorana bound states, whose non-Abelian
statistics and degenerate states topologically protected from local perturbations could be utilized
for fault tolerant quantum computations'®133224 Another striking example is monolayer FeSe grown
on SrTiO; where charge transfer combined with the interaction between FeSe’s 2D electronic
structure and SrTiO3’s high-energy optical phonons enhances the superconducting transition
temperature far above its bulk value3*%2?°, Similarly, in magnetic topological insulators like
MnBi,Te,, the interplay between bulk antiferromagnetic layers, surface topological bands, and
termination-dependent magnetization yields unusual hysteresis loops and even-odd layer-
dependent axion and Chern insulator phases as well as exchange bias effects in device
structures®?®2%, |t has also been shown that the effective thickness in this even-odd dichotomy
depends on fabrication processes for device structures®'.

The preceding example underscores the remarkable diversity of phenomena that emerge from
cross-interface coupling, yet a unified framework for predicting and controlling these effects is still
lacking. Advancing the field will require systematic efforts to clarify how cross-interface
interactions are governed, and how they evolve under different nanofabrication processes.

Diffusion

Afinal, but equally critical, challenge in building chalcogenide-based heterojunctions is controlling
diffusion across interfaces as outlined in Fig. 4. During material synthesis and device fabrication,
cross-interface diffusion can degrade or, counterintuitively, enhance properties. Many traditional
metals used for contacts in semiconductor device fabrication have been observed to chemically
react and diffuse into chalcogenide materials®*2. Such diffusion can also be used to influence spin-
orbit torques for manipulation of magnetic layers®®. The van der Waals nature of this class of
materials yields highly anisotropic diffusion pathways that can affect the material phases and
resulting contact resistance4?®, Taking advantage of these anisotropic pathways may open an
avenue for creating phase engineered interfaces with tailored contact resistances®®.

However, the cross-interface diffusion of materials can also generate new materials, properties or
alter functionality of devices. For example, as shown in Fig. 4d, diffusion of Pd into (Bi,Sb).Te; may
induce a topological superconducting phase potentially relevant for the creation of Majorana zero
modes and quantum computing applications®7%, Similarly, the diffusion of Te across the
Fe(Te,Se)/Bi,Tes boundary can enhance superconductivity of the heterostructure, potentially
making Majorana zero modes more accessible for device applications?®®. On the other hand,
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unintentional diffusion may introduce impurities or adatom defects that trap charge and act as
scattering centers known to degrade carrier mobility'34142167.177.239-242

An extreme illustration of the impact of diffusion is the growth of TiSe, by simply evaporating Se
onto a heated TiO, substrate as shown in Fig. 4e,f. The Ti effectively migrates out of the oxide layer,
forming a chalcogenide film with the same atomic and electronic structure as bulk TiSe,?*®. These
examples underscore the double-edged nature of diffusion: it can be harnessed for device
engineering but must be precisely understood and regulated. Going forward, systematic studies of
diffusion pathways, barrier materials, and controlled doping profiles are crucial for reproducible
high-performance and scalable device platforms based on chalcogenide heterojunctions.

Herbert Kroemer’s message continues to hold as we look beyond traditional semiconductor
technologies. For chalcogenide quantum materials, the interface remains the core platform where
exotic electronic, magnetic, and topological states can emerge, or be quenched. Although our
focus centers on interfaces within the active chalcogenide layers, the same issues extend to
encapsulation and passivation layers. Researchers commonly use materials as Se, Te, FeTe, AlOy,
h-BN, Al,Os, etc., as provisional capping layers for materials characterization and device
structures®*424’, However, systematic efforts to engineer passivation layers that both safeguard key
properties and remain compatible with device fabrication are underdeveloped.

To harness the diverse properties of chalcogenides the interfacial structure, cross-interface
coupling, and diffusion, must be mastered to develop next-generation devices. With continued
effort, these avenues will pave the way to breakthroughs in novel topological electronics,
spintronic, and optoelectronic architectures that extends beyond the boundaries of Moore’s law for
next generation quantum technologies.

Device Fabrication — Challenges and Opportunities:

As discussed, chalcogenide materials exhibit exotic quantum properties with tremendous potential
for use-inspired applications. Beyond understanding and controlling material interfaces, itis
crucial to address the practical realities of integrating these sensitive quantum systems into
scalable device architectures. While device fabrication is commonly viewed as an engineering task,
many of the fundamental scientific principles underlying fabrication approaches for novel quantum
materials remain unknown and underexplored. Significant questions regarding behavior of sensitive
materials to energetic physical and chemical processing during nanofabrication and integration are
of growing concern. Here, and highlighted in Fig. 5, we examine common pitfalls arising when
traditional fabrication techniques are applied to low-dimensional chalcogenides, alongside
mitigation strategies and novel approaches for translating the promise of exotic quantum states
into scalable quantum technologies. For quick reference, a practical guide to common issues and
possible solutions for each nanofabrication technique discussed below is presented in the
Supplemental Information?*,

Lithography

In today’s device fabrication, e-beam and optical lithography are crucial for defining device features
as outlined in Fig. 5a. Polymer resists (e.g., PMMA, EL, AZ, SPR) are coated onto substrates, baked
(e.g., at 90 °C-200 °C), exposed, developed, rinsed, and dried, with optional post-exposure or hard
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bakes as needed. The resulting photoresist pattern then serves as a mask for subsequent
processing. Applying these methods to chalcogenides requires careful consideration, as repeated
exposure to aqueous developers (e.g., 2-3% TMAH) and organic solvents, alongside multiple
heating/cooling cycles, can cause thermal degradation or introduce residual stress. Moreover, as
shown in Fig. 5b, widely used e-beam and optical resists often leave organic residue that can
impede lift-off, degrade surface characterization, and introduce non-uniform charges at metal-
sample interfaces?*®. This residue can unintentionally dope materials and reduce mobility?°>57,
create trap states that lower photocurrent®?, and block key phenomena in low-dimensional
systems?®3. Although PMMA generally leaves less residue, complete removal remains difficult; time-
of-flight secondary ion mass spectrometry confirms its persistent presence on 2D materials®.

A critical step in both photolithography and electron-beam lithography is the resist pre-bake.
Photolithographic resists are usually baked near 100 °C, whereas standard e-beam resists require
%180 °C. This bake removes residual solvent, anisole in the case of PMMA, before exposure. Solvent
trapped during development blurs feature edges and limits aspect ratio, so the benefit of an
effective bake increases as the critical dimension shrinks.

Chalcogenide materials, however, are unusually temperature-sensitive. Even moderate baking
(~100 °C) accelerates chalcogen loss because of their high vapor pressures, and brief excursions to
%2200 °C can oxidize the chalcogen species. During molecular-beam epitaxy, practitioners
compensate for this volatility by providing an excess chalcogen flux'®2%; during pre-bake, by
contrast, the same volatility drives chalcogen loss, creating vacancies and other defects®®. For 2D
chalcogenides, the effect is amplified at nanoscale dimensions, where vacancy formation quickly
pushes the film off-stoichiometry'%%7262 These defects degrade the electronic and quantum
properties of many chalcogen-based materials, including topological insulators, lowering carrier
mobility, destabilizing phases, and reducing Hall mobility?5%2%4,

Consequences are still more severe for chalcogenide superconductors such as Fe(Te, Se): off-
stoichiometry introduced during resist baking can suppress the critical temperature or quench
superconductivity altogether by introducing percolative normal-resistance paths?®2¢, Mitigation
strategies therefore focus on minimizing thermal load—lowering bake temperature and time,
omitting the bake entirely, or performing it in an inert atmosphere to eliminate oxidation. These
approaches preserve chemical integrity at the expense of lithographic fidelity, often yielding blunter
sidewalls. Ultra-thin chalcogenide films are especially vulnerable, whereas non-chalcogenide
quantum-material platforms generally tolerate the modest heat budgets typical of resist baking.

Thermal annealing above 300 °C in argon, hydrogen, forming gas, or vacuum?-2%° js widely used for
residue removal. However, many chalcogenides degrade at this temperature, which is above their
synthesis temperature, and annealing alone may not suffice?**?*’, Elevated temperatures can also
introduce defects, unintentional doping, and oxidation; vacuum annealing may boost carrier
mobility but risk generating amorphous carbon and additional defects?°?"". In sulfide-based
chalcogenides, annealing frequently induces sulfur vacancies???”®, Plasma treatments and wet
cleaning with heated solvents have proven effective in traditional semiconductors?427°, but
reactive plasma often introduces defects in 2D metal chalcogenides®®. Alternatives such as
contact atomic force microscopy (C-AFM)?%%28! "electron beam treatment?®®?, and light-based
treatments?® have shown promise for MoS,, WSe;, and graphene, though broader validation is
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needed for other low-dimensional systems. Ultimately, residue removal must balance cleaning
efficacy with minimal damage, especially critical for chalcogenides prone to oxidation and thermal
degradation. As lithographic techniques dominate device foundries, systematic study of these
approaches in chalcogenides remains a vital yet underexplored need.

Wet Etching

Wet etching is performed by immersing the sample in a reactive solution that dissolves or vaporizes
by-products, making it one of the most straightforward and economical methods for material
removal. This process can create complex structures unattainable by other etching techniques,
particularly those requiring controlled under-etching for suspended patterns®42%®, Another major
advantage is its high selectivity: carefully formulated and optimized acids, bases, or mixtures can
remove a specific layer in a multilayer stack without affecting other layers.

As shown in Fig. 5c, principal drawback is that wet etching is often isotropic, leading to significant
undercutting below the mask?®®. This undercut can be exacerbated when the mask lifts slightly near
the feature opening. Although pre- and post-baking of resists, judicious etchant selection, and fine-
tuned process parameters can mitigate undercutting, it cannot be entirely avoided, making wet
etching more suitable for larger features. Another key parameter is the etch rate, which can be
controlled by optimizing the etchant concentration or solution temperature to improve precision.

Wet-chemical etching is a standard route for patterning layered chalcogenide films such as Bi,Se,,
Bi,Te,, (Bi,Sb)Te, and (Bi,Sb)(Te,Se)**"2*°. These compounds, celebrated as topological insulators,
have enabled a decade of device studies aimed at dissipation-free spintronics that exploit spin—
momentum locking. Common mineral acids, HCL, HNO,, H,SO,, and HF, readily etch the films, yet
when used full-strength they attack so aggressively that severe under-cutting is routine. Diluting the
acid with H,0,, de-ionized H,O, or mild organic acids lengthens the etch time and sharply reduces
under-cut formation.

Mercury-based chalcogenides pose different chemistry. HgTe thin films, for example, are etched
with a KlI/1,/HBr mixture diluted in water; the |, concentration sets the etch rate?*"**?. Magnetically
doped topological-insulator films are often processed in a gentler bath of H,PO,/H,0,/H,0, which
gives a more controllable, intermediate rate.

Photoresist or e-beam resist generally serves as the etch mask and yields well-defined features.
When still tighter control is required, a hard mask such as ALD-grown Al,O, can be substituted; the
hard mask is then removed in a separate, selective step?®® . Although effective at suppressing
under-cutting, this option lengthens the process flow.

Highly anisotropic, hexagon-edged etches have been demonstrated on transition-metal
dichalcogenides (WS,, MoS,, MoSe,) using a NH,OH/H,0,/H,0 solution?**, Patterning of
Bi,Te,/FeTe heterostructures, candidate topological superconductors, has been achieved with an
HCUVH,PO,/H,0 mixture?®.

If the etch proceeds too slowly, a modest temperature rise (*60-70 °C) can accelerate the reaction
without inducing excessive under-cutting. Post-baking the resist likewise suppresses under-cutting
by hardening the mask, but any thermal step must be used judiciously for chalcogenides, where
heat promotes chalcogen loss and sample degradation.
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Perhaps the greatest virtue of wet etching is its chemical selectivity: properly chosen chemistries
can remove a chalcogenide layer cleanly while leaving neighboring non-chalcogenide layers
untouched, enabling sophisticated heterostructure devices with minimal collateral damage.
However, more efforts are needed to understand chalcogen specific etching chemistries.

Despite these challenges, wet etching remains a vital technique due to its simplicity, cost-
effectiveness, and high selectivity. By selecting appropriate etchants, refining process conditions,
and employing robust masking strategies, it can be successfully applied to numerous fabrication
scenarios. As shown in Fig. 5d, to unleash the power of chalcogenide materials, suitable wet
etching chemistries are indispensable and needs further investigation. Fundamental chemistry and
materials science investigations of etchants to improve chalcogenide selectivity while maintaining
compatibility with traditional semiconducting material processes remains a critical gap.

Reactive lon Etching

Reactive ion etching (RIE) is a plasma-based technique used to pattern materials during micro- and
nanofabrication. Reactive ions generated in a plasma physically sputter or chemically react with
select materials, forming volatile byproducts. The degree of directionality (anisotropic vs. isotropic)
and selectivity is influenced by chamber pressure, gas flow rates, gas choice, and temperature.

Reactive-ion etching (RIE) of chalcogenide films is typically carried out with fluorine- or chlorine-
based plasmas; common feed gases are SFs, CHF,, Cl,, and BCl, ?’%°'. Etching proceeds through
the strong chemical affinity of F~ and Cl™ radicals for the constituent elements. Layered transition-
metal dichalcogenides (MoS,, MoSe,, WS,, WSe,) and topological chalcogenides (Bi,Se,, Bi,Te,,
MnBi,Te,, WTe,) are readily patterned in an SF, plasma. Raising the RF power accelerates removal
of thick films, but at the cost of enhanced chalcogen volatility, which can degrade device
performance. A standard workaround is to admix a small fraction of Ar (%1 : 10 Ar: F/Cl gas). The
heavier Ar* ions provide a complementary physical sputter component, dislodging surface atoms
while the F/Cl species perform the chemical step; the combined mechanism shortens the required
plasma exposure and limits thermal damage.

Poor selectivity is the principal limitation of RIE. Halogen plasmas etch most materials, including
gate dielectrics and metals, albeit at different rates, so precise knowledge of those rates is
essential. They can vary with chamber geometry, pressure, and power density, meaning each tool
must be calibrated individually. When chalcogenide heterostructures are involved, practitioners
often lower the etch rate to achieve a clean stop at the intended interface; yet the slower recipe
increases the risk of over-etching and roughening adjacent layers. In this respect RIE contrasts with
wet-chemical methods, where the reaction ceases automatically once the targeted layer is
removed, preserving the underlying stack in chalcogenide devices.

RIE of chalcogenides can be problematic because these materials are highly sensitive to damage
and contamination. lon bombardment can break bonds, resulting in defects, amorphization, and
stoichiometry changes—particularly in transition metal chalcogenides, where lighter atoms may be
preferentially sputtered®®'*°23%_ This can be particularly problematic for devices where the ‘cut’
edge of the material forms the active device region. Residual ions and etch byproducts (e.g.,
reactive F or Cl species) can introduce unwanted dopants and alter intrinsic properties. As a
solution, one can rinse with a wet-etchant to remove byproducts produced during the RIE process.
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Importantly the wet-etchant must be dilute enough so that it does not cause undercutting as
discussed in the previous section. The choice of masking materials is also critical for minimizing
damage.

RIE is highly energetic, it can cause thermal damage to low-melting-point materials or generate
additional defects at elevated temperatures. Although studies RIE-induced defects in Bi,Ses,
Ge,Sh,Tes, WSe,, and MoSe; exist®*%%, there is a pressing need for more systematic investigations
to fully understand the implications of these defects at the device-level®®®.

Defect formation is best curbed by running the plasma at lower RF power. With reduced power the
ions strike the surface with less energy, generating less Joule heating and thereby preserving film
stoichiometry, suppressing RIE-induced defects, and minimizing roughening of underlying layers.
Actively cooling the substrate stage, typically with a liquid-nitrogen loop or chilled water, adds a
further thermal buffer. These precautions are especially critical for chalcogenide films, whose weak
bonding leaves them highly vulnerable to heat-driven damage.

Moreover, RIE can affect underlying layers when overetching is required to ensure complete
removal of the target layer. Such overetching often exposes the layer beneath to roughening,
contamination, or other modifications.

Alternatives to conventional RIE include chemical etching, low-power chemically selective RIE, and
ALE®*%73% The choice of masking materials is also critical for minimizing damage. ALE, like ALD,
involves cyclical exposure of the material to a reactive precursor (which modifies the surface),
followed by the removal of that modified surface using low-energy ions or thermal energy, one
atomic layer at a time. Although it can be time-consuming, ALE is ideal for atomically thin
dichalcogenide materials because it reduces unwanted damage and preserves underlying layers.
Although ALD has been well-established for some time, the application of ALE specifically to
chalcogenides is a more recent development. ALE has been shown to be more effective than RIE for
etching materials such as MoS, and WSe,, achieving precise etching with minimal defect formation
and surface roughness. It is important to note that when utilizing ALE, the temperature of the
sample holder should be kept as low as possible, as elevated ambient temperatures (typically
above ~80°C) are generally required to facilitate reactions within the ALE chamber. Recent reviews
highlight the breadth of materials processed by ALE®'°, but further investigation is needed for
reliable and scalable chalcogenide processing.

Focused lon Beam Milling and Direct Write Processing

Focused ion beam (FIB) milling is a versatile technique for nanofabrication, modification, and
characterization at the nanoscale. lon beams are formed by extracting ions from an ion source (e.g.,
generated by plasma, field evaporation of liquid metal, or gas field ionization), which are
subsequently accelerated (commonly 200 V=50 kV) and electrostatically focused into a nanoscale
probe that is scanned deterministically across the sample®'". The key advantage of FIB is that ions
can transfer energy via elastic collisions, displacing or sputtering target atoms or implanting ion
species, thereby altering the topography, structure, and chemistry of the target, without requiring
the resists or etchants used in photo/e-beam lithography. As such, the so-called direct-write FIB
process is particularly attractive for patterning environmentally and process-sensitive materials
such as metal chalcogenides. Moreover, this approach greatly reduces contamination from organic
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residues. However, the high ion energies generate collision cascades in the target material, leading
to damage and amorphization that can extend well beyond the beam’s incidence point. The extent

of this delocalization and damage depends on factors such as the target material, ion species, ion

energy, and incidence angle®'%.

Conversely, introducing defects during FIB irradiation can be detrimental, sometimes outweighing
the advantages it offers over standard lithographic approaches. High-energy ions generate
vacancies, interstitials, and even amorphous tracks in the target lattice®'®. In Pb-based
chalcogenides the beam can trigger local phase transformations in the material surrounding the
impact zone®", Irradiation also produces intense, localized heating; because chalcogenide bonds
are comparatively weak, these thermal spikes can exceed the bonding energy, sever bonds, and
dramatically degrade electrical properties®'®. The resulting defect cascades and redeposited
material can spread laterally over tens of micrometers, undermining neighboring regions and
complicating the fabrication of micron-scale chalcogenide devices®'®*'®, The risk is especially
acute for chalcogenide superconductors: damage propagated by the beam tail or by sputtered ions
reacting with residual gas can irreversibly suppress superconductivity in areas far beyond the
intended write zone. Such is the case for FIB processing of chalcogenide thin film materials, as
shown in Fig. 7. Direct milling of 10 nm Fe(Te,Se)/50 nm Bi,Te, microstructures with Xe* ions at high
current (2 pA) destroyed superconductivity—likely due to sidewall damage and beam-induced
amorphization propagating across a 10 um-wide channel.

Thus, one needs to optimize the beam species as well. Ga* beams have long been used to create
planar Josephson junctions and superconducting quantum interference devices®'**?%, Plasma FIB
(PFIB) systems further increase throughput by removing larger volumes more rapidly, while also
offering the flexibility to select an ion species and mass that optimize elastic collisions with noble
gas ions (Xe*, Ar*) or introduce inelastic processes through reactive species (O*, N*). High-
resolution gas field ionization provides high brightness and resolution with lighter ions (He*, Ne*),
enabling sub-10 nm patterning resolutions with inert species and reduced ballistic damage324325,
However, even these lighter ions can cause implantation, defect formation, and surface roughness,
thereby affecting crystallinity, electrical properties, and magnetization (e.g., via domain wall
pinning)®?®. Nonetheless, the impact of ion-induced defects is context-dependent: recent years
have seen growing interest in defect engineering via the spatial precision and controlled defect
introduction possible with FIB, particularly with He* ions®*"*?, Low temperature post annealing can
be effective in healing some of the defects caused by ion irradiation. Another critical strategy is to
minimize the beam energy and current during irradiation. Utilizing low beam currents, such as
around 10 pA, and lower voltages (approximately 20-30 kV) has been shown to cause minimal or
even negligible damage to chalcogenide-based topological insulators. It is advisable to begin with a
higher beam current and energy for initial etching, which allows for the efficient removal of larger
portions of the material and reduces overall thinning time. As the process approaches the final
device channel, both the beam energy and current should be significantly lowered (to around a few
pA and approximately 5 kV) to minimize damage.

Whether the goal is to introduce defects or to avoid them, a deeper understanding and better
predictability of the effects of ion species, energy, reactivity, flux, fluence, and reactive precursor
gases are essential moving forward.



npj Spintronics Perspectives Article

Electrical Contacts

Electrical contact regulate charge flow from the metal electrode to the device channel. Contact
resistance arises at the interface of dissimilar materials, stemming from energy-band
discontinuities that disrupt charge transport'“. To maximize device performance and minimize
contact resistance, there are two important factors: (1) doping mismatch, where substantial
differences in doping levels raise contact resistance; and (2) contact area, where a smaller area
caninduce “current crowding.” The current crowding effect can be significantly mitigated through
the edge contact method. In this approach, the transition metal dichalcogenide (TMD) is first
coated with an insulating layer, followed by a patterned etching step that exposes the edges of the
layered structure for metal contacts. This edge contact configuration allows charge carriers to flow
laterally into each layer of the chalcogenide, facilitating smaller device sizes. Consequently, this
scaling down enhances device density, an essential factor for industrial scalability. Contact
resistance is typically measured using four-probe methods, Kelvin probe, or Transmission Line
Models®?®?%*%°, Metal selection is also crucial. For traditional semiconducting materials Cr and Ti
often form ohmic contacts due to their low work functions and strong adhesion, while Pt and Ni
generally create Schottky contacts. For many chalcogenides, these conventional metals may
chemically react or diffuse into the material?*>2%42%_ For example, despite its higher work function,
Pd often achieves relatively low contact resistance but can also form tellurides and selenides at
room temperature and thus alter the work function'423%3%1 The peculiar properties necessitate the
exploration of new contact materials or alternative approaches such as phase-engineering®®. Au is
widely regarded as forming an excellent Ohmic contact with chalcogenides compared to other
contact metals. However, it is important to note that the adhesion of Au to chalcogenides is
relatively poor. Recently, antimony (Sb) has been observed to exhibit extremely low contact
resistance when deposited on MoS,. Additionally, indium (In)/gold (Au) contact has demonstrated
minimal contact resistance after annealing at 200°C on transition metal dichalcogenides (TMDs)
such as MoS, and WS,*¥2, These materials show promise as future contact options for ultralow
contact resistance electronic devices.

There are several strategies to reduce contact resistance. It has been predicted and experimentally
shown that insertion of a single layer of hBN between chalcogenide and metal significantly drops
the contact resistance or the Schottky barrier height by reducing the interaction between the metal
and the sample. Graphene has been demonstrated to enhance the TMD device performance when
it is inserted between MoS, and Ag contact®3. Controlled annealing has been shown to improve the
metal-semiconductor adhesion but must be carefully managed to avoid thermal degradation of
chalcogenide materials or harmful interfacial diffusion. Additional methods, such as carbide
formation or carefully patterned contacts, further decrease contact resistance with materials like
graphene®**3%  although again, one must remain aware of chalcogenide stability at elevated
temperatures. Another concern is wetting where metals with high surface energy can form islands
rather than continuous films on certain substrates, a challenge partly addressed by selective
surface passivation®*®, Another innovative strategy that has recently emerged is the mechanical
transfer of metal pads onto 2D chalcogenides®¥. In this approach, metal pads are pre-patterned
and then transferred onto the chalcogenide layer with the assistance of polymer materials such as
PMMA or PDMS. This method has demonstrated a significant reduction in contact resistance by
several orders of magnitude.
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Contact formation by metal deposition is a critical step in chalcogenide-device fabrication®3®,

Because 2D chalcogenides are only a few atomic layers thick, they are far more vulnerable to
process-induced damage than bulk silicon, the mainstay of conventional microelectronics.
Sputtering and electron-beam (e-beam) evaporation are the two methods used most often. During
e-beam evaporation the arriving atoms carry ~0.1 eV of kinetic energy, whereas sputtered species
arrive with 10-100 eV. The gentler bombardment in e-beam evaporation yields smoother, sharper
metal/chalcogenide interfaces with minimal intermixing or interdiffusion, and thus less damage to
the underlying crystal. For that reason, e-beam evaporation is generally preferred for layered
chalcogenides. Contact quality improves still further when the metal is deposited in an ultrahigh-
vacuum environment, which suppresses contamination and oxide formation.

Solid-phase epitaxy is especially relevant to layered chalcogenides as shown in Fig. 6, where Pd or
Pt can react to form superconducting compounds (Pd+.1.1Te, PdTe,, Pds.sSe, and Pd,Se) with
transition temperatures up to about 4 K¥°, Remarkably, these reactions may occur at room
temperature or with mild annealing, yielding highly transparent contacts on topological
semiconductors—some with Josephson junction transparencies near 0.962%7:340341 _Although largely
self-limiting, such reactions can still show lateral metal migration up to tens of nanometers,
complicating device design.

Ultimately, achieving low contact resistance in advanced materials, quantum or otherwise,
requires balancing doping, contact geometry, interface cleanliness, and controlled solid-phase
reactions. By managing these variables, it becomes possible to maintain stable, low-resistance
interfaces that preserve the intrinsic properties of emerging material systems but requires
coordinated feedback between materials development and fabrication development.

Lift-off

Lift-off is a common process used for adding materials, selectively, to regions where photoresist
has been removed. Itis commonly used to pattern metal traces and pads to make electrical
contacts across a sample. During lift-off, a material, typically a metal, is deposited across
substrates that have been coated with photoresist and lithographically patterned. Following metal
deposition, the entire substrate is placed in a chemical bath that removes the photoresist and
leaves the deposited material remaining in the areas that were not masked by photoresist. Itis a
good alternative to etching metals because it prevents the underlying material from being exposed
to harsh chemical etchants or the higher temperatures or reactive plasma of a reactive ion etcher.
While a potentially gentler alternative to etching, poor lift-off can cause shorts or missing regions,
undermining device performance. As schematically shown in Fig. 5e, common issues include
residual photoresist under the metal, unintended bridging where metal spans masked and
unmasked regions, and poor metal-substrate adhesion, all of which can lead to unwanted
detachment®'. To prevent these pitfalls, one typically removes resist residue before metal
deposition (e.g., via brief etching), employs bilayer resists for undercuts, and roughens the
substrate with plasma treatments to enhance adhesion. Brief etching is an effective technique for
achieving optimal lift-off during the fabrication process. Typically, O, plasma is used to remove
residual organic components left over from lithography. However, the use of O, plasma is not
recommended for chalcogenides, as these materials are highly susceptible to oxidation due to the
energetic oxygen ions. Instead, inert gas plasmas, such as argon (Ar) ion plasma, are preferred for
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this process. It is also crucial to operate at very low power when generating the plasma, and the
etching duration should be kept minimal, generally around one minute, to prevent damage to the
chalcogenide layers.

Adapting standard fabrication protocols remain critical for developing devices using quantum
materials, yet alternative methods can reduce polymer residue. For instance, shadow or stencil
lithography can form sub-micrometer contacts without resist®?, though precise alignment,
potentially achieved via flip-flop chip bonders, is needed for multiple patterning. Another strategy
relies on selective adhesion, where metal-coated or SAM-treated (self-assembled monolayer)
regions of a quantum material exhibit stronger bonding. Transferring these regions onto patterned
substrates, then flipping them to expose pristine surfaces, allows device fabrication with minimal
metal and SAM contamination®®,

Outlook

Despite the challenges for functionalizing chalcogenide-based materials, recent developments
show exciting progress towards scalable technologies. Progress in synthesis methods
demonstrates that chalcogenide growth can be engineered at large scale and low temperatures,
aligning with the stringent thermal budgets and CMOS processes. MOCVD strategies, for instance,
have yielded wafer-scale crystalline films in mere minutes, controlling layer numbers from one to
five while maintaining uniformity'®®'%, Likewise, strain engineering with silicon nitride capping
layers has been shown to boost device performance, and the feasibility of solution-processed 2D
materials points to future monolithic 3D memory-sensing—computing platforms'™"'8, Synthesis
approaches using graphene or hexagonal boron nitride membranes also suggest novel approaches
for synthesizing materials in specific device structures, thus avoiding many fabrication pitfalls2®9344,
Such achievements highlight the promise of integrating chalcogenides into industrial scale
technologies, but they also underscore the need for precise end-to-end control over defects and
interfaces to enhance electronic properties critical for functional quantum devices.

Maintaining quantum properties during processing is critical for quantum technologies and recent
patterning and fabrication innovations have demonstrated fine-tuning quantum device structures.
Phase engineering showcases how controlling stoichiometry, and crystalline phases can achieve
abrupt low-resistance contacts and even superconducting states on demand'4%160-23¢,
Photoreactive crosslinkers also show promise for creating patterned device networks without the
need for photoresist®*®. These on-device strategies circumvent the complexities associated with
transferring 2D layers between disparate substrates, with the potential for paving the way for more
stable, reproducible devices at the atomic scale. Meanwhile, lower-energy electron beam
lithography protocols are reducing damage in chalcogenide materials, demonstrating that even
delicate quantum materials can be integrated into nanoscale circuits using traditional fabrication
tools without compromising their unique electronic states®*. Complementary techniques, such as
adhesion lithography, further boost yield by capitalizing on differences in interfacial adhesion
energies to define device geometries without harsh chemical processes®®.

Finally, recent device architecture research underscores the strategic transition from transistor
scaling to in-memory computing and other data-intensive paradigms. Large-scale integrated
vector—-matrix multipliers show that wafer-scale, high-yield arrays of floating-gate field-effect
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transistors are now within reach, supporting advanced signal processing and neural network
applications 3. Concurrently, next-generation 2D transistors are approaching theoretical
performance limits, hinting at the possibility of ballistic transport, low contact resistance, and
quantum effects dominating device operation are on the horizon®*. Yet critical gaps remain, e.g.,
dielectric integration, contact optimization, and wafer-scale uniformity, which hamper the
widespread adoption of 2D chalcogenides for high-performance logic and quantum circuits®34,
Overcoming these hurdles will require coordinating end-to-end concerted efforts for understanding
how to translate exotic quantum properties into functional devices ultimately position
chalcogenides as a cornerstone of future quantum technologies.

Conclusions

As the impending end to Moore’s law approaches, we must explore paradigms beyond traditional
electronics. Two-dimensional chalcogenides, featuring clean van der Waals interfaces, exotic
electronic and magnetic phases, and remarkable excitonic and spin-dependent phenomena, offer
enhanced performance and new functionalities for quantum, neuromorphic, and photonic
applications.

Yet the same qualities that make chalcogenides appealing, such as atomically thin layers,
dangling-bond-free interfaces, and strong many-body interactions, render them fragile under
traditional fabrication methods. Processes like lithography, wet etching, or ion milling can degrade
mobility or quench quantum states, while interface diffusion can be exploited for new
functionalities or unintentionally compromise device performance.

Realizing this potential requires a reimagined co-design approach with end-to-end integration of
materials growth, interface engineering, patterning, and device architecture to recognize the
inherent sensitivity of quantum states across multiple length scales. In the quantum world, defects
and environmental conditions can affect desired device functionality in ways different from
classical devices using more traditional semiconducting and CMOS material systems. Systematic
studies are needed to understand how quantum material property and device functionality are
interlinked and how fabrication processes affect this translation. Such endeavors require
community level engagement with collaborations across materials science, engineering, physics,
and chemistry to develop scalable workflows that preserve quantum properties.

Ultimately, 2D chalcogenides promise far more than incremental transistor improvements. By
harnessing control over spin, light, topology, and excitonic interactions, they enable new classes of
devices, from spintronics and valleytronics to fault-tolerant quantum circuits, transcending the
limits of classical electronics. However, the entangled nature of quantum systems prohibits a
simple separation of synthesis and fabrication processes and systematic attention from material
interfaces, trough integration and prototyping, must be paid for these materials to usherin
quantum technologies that can truly move us beyond Moore’s law.
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Fig. 1 | A conceptual co-design workflow for quantum technologies. The inherent sensitivity and
coupling of quantum states preclude a simple linear trajectory from fundamental quantum
principles to functional prototype devices. Material interfaces and fabrication-induced defects
significantly affect device performance in the quantum realm, necessitating their careful
integration at every stage of development.
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Fig. 2 | Chalcogenide materials host numerous exotic quasiparticles, including topologically
protected states, opening pathways to numerous use-inspired applications. These advances have
the potential to transform technology beyond conventional charge-based paradigms, thus moving
beyond Moore’s law. Realizing such applications requires the development of scalable device
fabrication processes compatible with this class of materials.
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Fig. 3 | Interfacial structure. a,b Schematic and cross-sectional scanning transmission electron
microscopy (STEM) image of Bi.Ses/monolayer NbSe, heterostructure on bilayer graphene. A BiSe
interfacial layer is formed at the heterojunction. Reproduced, with permission of Springer Nature,
from Ref. 206. c,d STEM images of Fe(Te,Se)/Bi,Te; heterostructure. The schematic overlay ind
highlights the epitaxial interface with no reconstruction. Reproduced, with permission of Wiley,
from Ref. 205.
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Fig. 4 | Cross-interface diffusion. a Low-magnification STEM image of BixSb,Tes (BST)/NiM/Ni
interface where M denotes mixture of Bi, Sb, and Te. b Energy Dispersive Spectra (EDS) maps
showing distribution of Bi, Sb, Te, and Ni at the interface. ¢ Atomic-resolution STEM image of the
interface for the dashed box in a. Reproduced, with permission of ACS, from Ref. 235. d Low-
magnification STEM image of Pd/xPBT/Bi,Te; heterostructure grown on a Si(111) substrate where
xPBT is a Pd diffusion induced intermediate Pd+.x(Bio4Teo2), phase. Reproduced, with permission of
ACS, from Ref. 238. Figure showing interlayer diffusion. e,f Synthesis of TiSe, on TiO, substrate by
the diffusion of Ti. e Scanning Tunneling Microscopy (STM) image showing the surface atomic
structure of TiSe.. f The Fermi surface of TiSe, grown on TiO as shown by Angle Resolved
Photoemission Spectroscopy (ARPES). Reproduced, with permission of IOP, from Ref. 243. The
TiSe, atomic and electronic structure is the same as cleaved bulk TiSe, crystals except for a shift of
the Fermi level due to charge transfer between the film and the substrate.
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Fig. 5 | Device workflow and pitfalls. a Overview of the workflow from thin film to device prototype.
b Schematic illustrating the post-lithography state, where thin layers of photoresist residue remain
after development. ¢ Schematics comparing dry etching (left) and wet etching (center). Wet etching
produces an undercut, whose extent varies among different material layers. Scanning Electron
Microscope (SEM) images (right) show an example where the color contrast is due to an undercut
around the device edge. d SEM images of a successful (left) and an unsuccessful (right) prototype
fabricated under near identical conditions. The hypersensitivity of chalcogenide materials
demands careful processing to avoid unwanted chemical reactions. e Schematic of the lift-off
process comparing two resist configurations: a bilayer (left) and a single-layer (right). In the bilayer
configuration, differing development rates create an overhang that causes the metal layer to break
at the top, enabling a cleaner lift-off. By contrast, a continuous metal film in the single-layer
approach can inadvertently lift off with the resist, risking unwanted metal removal.
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Fig. 7 | Resistance vs. temperature plot of as grown thin film (a) showing superconducting behavior
and FIB patterned device (b) with Xe" ion beam revealing superconductivity has been destroyed.
Inset: SEM image of the patterned device.
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Supplementary Table 1: Issues with Lithography for

chalcogenides and possible solutions:

Issues with lithography for Solutions
chalcogenides
e Baking the resist (for photo- or electron beam e For lithography on chalcogenide materials, it is

lithography) may lead to the loss of chalcogen
elements, which can subsequently impair the
electrical properties of the material. This issue
is notably significant for chalcogenide
materials, as they are particularly susceptible
to such degradation.

e Resistresidue can create significant challenges | ®
during subsequent stages, particularly during
the lift-off process. This residue may lead to
incomplete material removal, unpredictable
surface properties, or contamination,
ultimately compromising the quality and
performance of the final device'3.

advisable to avoid pre-baking or post-baking the
resist, or to restrict the baking duration to lower
temperatures (approximately 50-60°C). Without
baking the resist, it will be necessary to re-
optimize both the exposure time for
photolithography and the exposure dose for
electron beam lithography, as well as the
development time, to achieve similar results as
those obtained with baked resist. Generally,
baking the resist before lithography tends to
reduce the required exposure time/dose and
development duration, thereby streamlining the
process. Another solution could be the use of
shadow masks as an alternate route to
lithography, wherever possible*°,

This common issue can be addressed through
several approaches: 1. mild oxygen plasma
treatment, 2. wet cleaning, 3. contact atomic
force microscopy (C-AFM), and 4. thermal
treatment in a vacuum or inert atmosphere
Among these methods, wet cleaning is often
preferred for chalcogenide-based materials, as
it does not involve any heating. C-AFM can also
be effectively employed. However, caution is
warranted with oxygen plasma ashing, which is
widely used in both industry and research. Itis
essential to carefully control the plasma power
and duration, as excessive exposure can lead to
oxidation of the delicate chalcogenide 2D
materials and/or oxygen can also diffuse from
side, while attempting to remove resist residue.
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Supplementary Table 2: Issues with Wet-Etching for

chalcogenides and possible solutions:

Issues with Wet etching for
chalcogenides

Solutions

e |sotropic etching with wet etchants can lead to
undercutting, which may damage
chalcogenide-based devices™.

e Utilizing strong inorganic acids for etching
chalcogenides can offer effective material
removal; however, it is essential to consider the
potential for damaging the underlying structure
or altering the material properties.

This well-known challenge associated with wet
etching can generally be minimized by selecting
an appropriate etchant with a suitable etch
rate—neither too fast nor too slow. For
chalcogenide devices, an etching time of
approximately 1 minute is typically effective.
Another approach is to harden the mask's; for
instance, post-baking the photoresist (such as
AZ series) for less than a minute can enhance
the rigidity of the resist and help reduce
undercutting. However, it is crucial to carefully
optimize both the temperature and duration of
post-baking to avoid degrading the device while
effectively addressing the undercutting issue.
Additionally, employing a hard mask, such as
Al,Os, can help mitigate undercutting, although
this method requires an additional etching step
to remove the hard mask afterward'®"”.
Argon/Xenon ion milling is a widely used
technique known for its highly directional
nature, which minimizes undesired isotopic
etching. However, it can lead to an increase in
sample temperature. To mitigate this thermal
issue, strategies such as cooling the sample
stage or conducting the milling in multiple steps
can be effective. lon milling serves as a viable
alternative to traditional wet etching and
reactive ion etching (RIE).

Strong acids such as HCl, HNO, and HBr are
effective wet etchants for chalcogenides.
However, using these acids in their
concentrated form can lead to unacceptably
high etch rates, resulting in excessive
undercutting. Therefore, diluting the strong
acids is necessary to achieve better control
over the etching process. It is recommended to




Significantly reduced etch rate.

avoid using HF as it can attack the resist even at
low concentration. Common diluents include
H,0, H,0,, and organic acids like acetic acid
(CH,COOH) and phosphoric acid (H;PO,)'®2°.
Mixing a strong acid with various diluting agents
can enhance the etching of chalcogenides. The
correct dilution ratio is critical, as over-dilution
can slow down the etching process
significantly. A typical starting ratio is 1 part
acid to 10-30 parts diluting agent. However,
there is no universal ratio applicable to all
chalcogenide-based materials, so it’s advisable
to begin with the suggested ratio and adjust as
necessary based on specific requirements and
outcomes.

This situation may occur when initially
optimizing the etching recipe with strong acids
and diluting agents. To enhance the etch rate, it
is often beneficial to increase the temperature
by several tens of degrees. Typically, a
temperature increase of around 10 degrees
Celsius can potentially double the etch rate.
However, it is crucial to exercise caution, as
excessively high temperatures may lead to
thermal damage to the chalcogenides.
Alternatively, slightly increasing the acid
concentration can also help achieve a suitable
etch rate without the risks associated with
elevated temperatures.




Supplementary Table 3: Issues with Reactive-lon-Etching (RIE)
for chalcogenides and possible solutions:

Issues with RIE for chalcogenides

Solutions

e |ntroduction of defects, modification of
stoichiometry, and alterations in electrical
properties.

e FEtching byproducts can deposit on the
sidewalls of the etched regions, leading to
alterations in the material's properties.

This issue is particularly relevant for
chalcogenide-based layered materials, as it can
degrade their unique properties. The highly
energetic ion beam can heat the sample stage
sufficiently to cause the chalcogen material to
lose its chalcogen elements?%-28, Therefore,
implementing effective cooling strategies for
the sample stage is crucial when working with
these materials.

Using low-energy plasma can help maintain a
lower ambient temperature, although it may
prolong the etching process and still risk
heating the sample. Introducing argon into the
chamber enables more efficient etching with
reduced plasma power, as the heavier Ar** ions
can displace atoms through physical collisions,
complementing the chemical reactions
facilitated by fluorine or chlorine gas species
(e.g., SFg, CHF,, CL,, BCL,)?**°. A typical ratio of
argon gas to fluorine/chlorine gas is 1:10.
Importantly, the use of oxygen (O,) alongside
these gases is not recommended for
chalcogenides, in contrast to other non-
chalcogenide materials, such as graphene.
Another solution would be the use of Atomic
layer etching (ALE) where layer by layer etching
is enabled by the cyclic exposure to the
precursors®'-33, This field is still in development
phase for the chalcogenides. The caution
during the use of ALE for chalcogenide etching
would be to reduce the ambient heating stage
temperature to be as low as possible.

For chalcogenide materials, typical byproducts
include chalcogen-halides. These can be
effectively removed using strong acids diluted
to the appropriate concentrations, as previously
discussed.




Supplementary Table 4: Issues with Electrical Contacts for
chalcogenides and possible solutions:

Issues with electrical contacts for
chalcogenides

Solutions

e High contact resistance®*

e Thisis awell-recognized challenge in the
development of functional devices based on
chalcogenides. Possible solutions include:

1.

Choice of Metals: Selecting the right metal
can significantly reduce the work function
difference with chalcogenides, thereby
minimizing contact resistance (CR). Gold
(Au) has demonstrated excellent
performance as it forms Ohmic contacts
with chalcogenide materials. However, Au
suffers from poor adhesion to transition
metal dichalcogenides (TMDs). To improve
adhesion, alternative metals such as
chromium (Cr), titanium (Ti), and palladium
(Pd) can be used, with Ti being particularly
effective®¢. Consequently, the Ti/Au
combination has become a widely favored
choice for contact metals in chalcogenide-
based devices In/Au recently is gaining
attention for having very low CR on 2d
materials®.

Current Crowding: Current crowding occurs
when there is a low contact area between
the metal and the material. Implementing
edge contacts has proven to be an effective
strategy for mitigating this issue in layered
chalcogenide-based materials®*®,

Mild Etching: Employing mild inert-gas
plasma etching prior to metal deposition
can be highly beneficial in reducing contact
resistance®, Itis crucial to keep plasma
power and etching duration low while
carefully optimizing these parameters to
achieve the desired results.




Damage to the thin layered sample during the
deposition process.

The most common techniques for metal
deposition are sputtering and electron beam (e-
beam) evaporation. During sputtering, the
kinetic energy of the metal atoms is
significantly higher—ranging from 10 to 100
times that of atoms deposited via e-beam
evaporation—which can lead to damage to the
thin layers of chalcogenides. The extent of this
damage can also be influenced by other
factors, such as deposition pressure and the
distance between the sample and the metal
targets. As a result, e-beam evaporation is
generally preferred over sputtering for metal
deposition on chalcogenide-based materials*'.




Supplementary Table 5: Issues with Lift-off for chalcogenides

and possible solutions:

Issues with lift-off for chalcogenides

Solutions

o |ncomplete lift-off of metal from the
chalcogenide materials.

This common issue arises from poor adhesion
between the metal and the chalcogenide layer,
often due to resist residue and other organic
contaminants. To enhance the lift-off process, a
gentle argon plasma cleaning for approximately
1 minute can significantly improve results.
Additionally, using a warm N-methyl-2-
pyrrolidone (NMP) solution at around 50°C has
proven to be more effective for lift-off than
acetone, particularly when working with
chalcogenides.




Supplementary Table 6: Issues with Focused-lon-Beam (FIB) for
chalcogenides and possible solutions:

Issues with Focussed ion beam for
chalcogenides

Solutions

e |ntroduces numerous defects and significantly
alters the properties of chalcogenide-based
materials*?.

e The localized heat generated during irradiation
can lead to damage in the chalcogenide film.

e Thisissue is particularly relevant for
chalcogenide-based layered materials, as their
properties can change drastically when device
sizes are reduced***°. The damage can
propagate laterally over considerable distances
within the material. The potential solutions
include:

1. Utilization of Low Beam Current and Low
Beam Energy: Employing a low beam current
of approximately 10 pA and moderate beam
energy in the range of 5 kV can significantly
reduce damage*®¥, although this approach
may extend the etching time. One effective
strategy is to start with higher beam energy
(inthe nA-pA range) and a higher beam
current when the beam is focused away
from the central region of the device,
allowing for quicker etching. Once the beam
is closer to the central channel, the beam
energy and current can be lowered to the
previously mentioned levels.

2. Use of a Hard Mask: Often, the tail of the
focused ion beam can damage undesired
areas of the chalcogenide sample. To
mitigate this, a hard mask (such as Al,O; or
SizN,) or simply resist can be patterned on
top of the chalcogenide sample to serve as a
protective shield against stray ion beams*2.

e The most effective way to mitigate the
heating effect is to utilize low beam energy
and low beam current, as described in the
previous segment.
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