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The continuous miniaturization of electronic systems has driven manufacturing into the ultra-precision
regime, where dimensional tolerances fall below 10 nm, and surface quality approaches atomic
smoothness. Conventional machining and lithography are inadequate to meet these demands,
prompting the evolution of ultra-precision techniques combining deterministic material removal,
atomic-scale deposition, and intelligent process control. This review surveys recent advances in
mechanical, optical, chemical, and hybrid approaches for fabricating high-performance electronic,
photonic, and quantum components with traceable, uncertainty-aware control across length scales.
Developments in ultra-precision machining, laser ion beam processing, atomic-layer manufacturing,
and additive-subtractive hybrids are highlighted alongside progress in in situ metrology and Al-based

feedback control. The integration of explainable Al, digital twins, and adaptive learning is enabling
unprecedented autonomy and repeatability in nanoscale production. Future directions emphasize
sustainable, data-driven and quantum-level precision manufacturing to meet the requirements of
next-generation semiconductors, photonics and quantum electronics. Attaining Precision-at-scale

continues to remain a major grand challenge in the sector.

The progressive miniaturization and integration of electronic systems have
continuously pushed manufacturing precision toward the atomic scale.
Modern electronic components ranging from high-frequency transistors
and photonic circuits to quantum sensors require dimensional tolerances
below 10 nm, surface roughness within the sub-nanometer range, and
material homogeneity. Conventional machining, lithography, and polishing
techniques, originally developed for micrometer-scale fabrication, have
reached fundamental atomic limits in both spatial control and surface
integrity"”. These limitations have catalyzed the emergence of ultra-
precision manufacturing (UPM) as a cornerstone technology for next-
generation electronic devices’.

Ultra-precision manufacturing combines deterministic material
removal, atomic-scale deposition, and real-time feedback control to achieve
form accuracies that approach the limits of lattice spacing’. Newer direc-
tions in the field of nano-fabrication combine mechanical, optical, and
chemical techniques complemented by artificial intelligence (AI) and
advanced metrology to redefine achievable performance thresholds. The
capability to reproducibly manufacture surfaces with atomic smoothness

and dimensional fidelity below 10 nm is now central to progress in semi-
conductors, photonics, flexible electronics, and quantum devices.

The demand for defect-free, high-frequency, and high-power electro-
nic components is the primary driver for innovation in UPM. As feature
dimensions shrink and operating frequencies climb into the terahertz
regime, slight nanometric deviations in geometry or surface roughness can
introduce parasitic losses, interfacial scattering, or unwanted thermal
gradients®’. Likewise, in optoelectronic and photonic systems, surface figure
accuracy dictates light confinement, mode coupling, and overall device
efficiency”.

Beyond geometry, material microstructure and interfacial quality are
emerging as equally critical determinants of performance. The development
of deterministic control strategies for subsurface damage, grain orientation
and residual stress has become integral to achieving reliable device perfor-
mance at the nanoscale’. Meanwhile, cross-pollination between semi-
conductor fabrication, optics and quantum engineering has introduced new
hybrid demands such as the co-fabrication of superconducting, dielectric
and metallic layers on ultra-flat substrates.
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Environmental stability, digital process orchestration, and data-
informed modeling are now indispensable. Cleanroom-grade control of
temperature, vibration, and humidity must be coupled with digital twins
and Al-driven optimization to maintain precision during long machining
cycles'. Such developments underscore a paradigm shift: from empirically
tuned processes toward model-based, adaptive, and autonomous ultra-
precision manufacturing.

This review aims to present a comprehensive and critical synthesis of
the recent advances in ultra-precision manufacturing (UPM) of high-
performance electronic components. The focus extends across mechanical,
optical, chemical, and hybrid approaches that define the state-of-the-art in
sub-micrometer material processing. In doing so, we examined how
deterministic mechanics, laser-ion beam interactions, atomic-layer fabri-
cation, and additive-subtractive hybrids are transforming the production of
functional electronic architectures.

The review also emphasizes the integration of advanced metrology,
machine learning, and explainable Al as enablers of reproducible, data-
driven manufacturing. Finally, emerging trajectories such as sustainable
process design, autonomous control frameworks, and quantum-level pre-
cision are discussed to chart the path toward next-generation production
systems. Through this synthesis, we aim to provide researchers and prac-
titioners with a cohesive understanding of how UPM principles are being
redefined by interdisciplinary innovation and digital intelligence. Although
the fabrication processes reviewed in this paper are governed by funda-
mentally different physical mechanisms, mechanical, photonic, ionic, che-
mical, and hybrid, they should not be interpreted as isolated or mutually
exclusive alternatives. Instead, they form a hierarchical and complementary
manufacturing ecosystem, in which different process classes address dif-
ferent length scales, material responses, and functional requirements. In
modern ultra-precision manufacturing, mechanical processes typically
establish global geometry, beam-based processes provide localized nano-
metric correction, atomic-layer techniques finalize interfaces and functional
layers, and additive-hybrid approaches enable complex 3D architectures.
The relationships among these processes are therefore best understood not
as purely competing, but as strategically orchestrated within multi-stage
process chains, with competition arising only in specific, well-defined use
cases. This review is structured around this systems-level view of manu-
facturing, emphasizing not only individual process capabilities, but also how
different physical mechanisms interact, complement, or substitute each
other in practical manufacturing workflows.

It is also important to note that, in ultra-precision manufacturing,
reported nanometric or sub-nanometric capabilities must be interpreted
within the framework of precision engineering. Ultimate performance is
governed not only by process resolution, but by traceable metrology,
uncertainty budget, and deterministic control of error sources across the
entire manufacturing value chain. As feature sizes approach atomic
dimensions, the distinction between local resolution and global accuracy
becomes increasingly critical, particularly for scalable and industrially
relevant production.

Evolution of ultra-precision manufacturing in
electronics
Historical context
The origins of ultra-precision manufacturing (UPM) trace back to optical
fabrication and single-point diamond turning (SPDT) in the mid-twentieth
century, when researchers sought methods to produce diffraction-limited
optical surfaces for infrared systems'' Early breakthroughs, such as the
development of air-bearing spindles, hydrostatic slides, and diamond-
tipped cutting tools, enabled machining with form accuracy below 1 pm and
surface roughness below 10 nm'>". These innovations marked the transi-
tion from artisanal polishing to deterministic machining, establishing UPM
as a distinct scientific discipline grounded in process modeling and precision
metrology (Fig. 1).

The need for miniaturization put a constraint on the size of electronic
components that shifted the focus of UPM from optics to semiconductor
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Fig. 1 | Evolution of ultra-precision manufacturing (UPM) over the past few years.

substrates. Ion-beam figuring (IBF) and magnetorheological finishing (MRF)
offered atomic-scale material removal through momentum-controlled par-
ticle or ion bombardment'*">. Meanwhile, chemo-mechanical polishing
(CMP) evolved from planarization of optical wafers to integrated-circuit
interconnect fabrication, achieving uniformity within tens of nanometers'.
Together, these milestones laid the foundation for the nanometric precision
now demanded by modern microelectronics and photonics.

Transition to digital and data-centric precision

The late twentieth century witnessed a decisive digital transformation in
UPM. The introduction of computer numerical control (CNC) architecture
provided deterministic servo motion with nanometer-scale interpolation.
Environmental isolation through active vibration damping and thermal
stabilization reduced the drift to below 10 nm over extended machining
cycles'”. However, these advances alone could not ensure repeatability at the
atomic level; they required integration with high-fidelity sensors and model-
based compensation.

This period also marked the convergence of precision metrology and
computational modeling. Surface-error maps derived from interferometric
measurements began to feed directly into tool-path correction algorithms,
enabling “error-feedforward” machining'®. Process optimization transi-
tioned from empirical parameter sweeps to predictive modeling grounded
in contact mechanics, thermomechanics, and fluid dynamics”. The concept
of deterministic fabrication, where each stage of machining, polishing, and
cleaning is guided by quantitative feedback, became a defining characteristic
of next-generation manufacturing systems.

The digital revolution further accelerated with the advent of cyber-
physical systems and high-speed data acquisition. Machine learning (ML)
algorithms began to predict tool wear, surface morphology, and vibration
signatures, allowing proactive compensation®. These capabilities trans-
formed UPM from an operator-driven process to a data-centric manu-
facturing ecosystem, where intelligent control systems continuously refine
machining accuracy in real time”.

Current capabilities and remaining barriers

Modern ultra-precision platforms now routinely achieve form accuracies
below 50 nm and surface finishes below 1 nm Ra on metals, ceramics, and
semiconductor wafers. Advanced diamond-turning machines can maintain
spindle errors below 0.05um, while ion-beam and plasma-etching tools
provide sub-nanometer material removal per pass. Real-time interferometry,
atomic-force microscopy (AFM), and X-ray topography enable measurement
and correction of nanometric deviations during processing. Such capabilities
have unlocked widespread industrial adoption in semiconductor wafer pla-
narization, photonic component shaping, and MEMS packaging'”***.

Yet, formidable challenges persist. Tool wear and degradation remain
major sources of uncertainty, particularly when machining hard or brittle
materials such as SiC, GaAs, GaN, and sapphire*’. The multi-physics cou-
pling among cutting force, thermal expansion, and surface chemistry
complicates predictive modeling across scales. Moreover, as tolerances
shrink below the grain size of the material, stochastic effects, atomic dis-
locations, amorphous phases, or adsorbed contaminants begin to dominate
process variability”’. These nanoscale phenomena cannot yet be fully cap-
tured by conventional continuum mechanics or empirical control strategies.

Another enduring obstacle is scalability. Processes that deliver atomic-
level accuracy for small optical lenses or test coupons often struggle to
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Fig. 2 | Comparison of major UPM techniques.
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maintain uniformity over wafer-scale or roll-to-roll substrates™. Through-
put and cost constraints also limit widespread industrialization. Addressing
these barriers requires not only improved tool materials and environmental
control but also the integration of Al-driven feedback loops and digital-twin
simulations to bridge the gap between laboratory precision and mass-
production reliability.

Ultra-precision fabrication techniques

This section presents a detailed overview of the core fabrication strategies
that define modern ultra-precision manufacturing (UPM) for electronic,
photonic, quantum, and advanced packaging components. These meth-
ods collectively enable deterministic control, of material structure, geo-
metry, and surface integrity at sub-nanometer scales as shown in Table S1.
These methods collectively enable deterministic control of material
structure, geometry, and surface integrity at sub-nanometer scales”.
Ultra-precision machining (UPM) serves as the foundational approach,
utilizing single-point diamond turning, ultra-fine grinding, and magne-
torheological polishing to achieve mirror-grade finishes and dimensional
fidelity below 10 nm on metals, semiconductors, and ceramics. Laser and
beam-assisted processes extend this precision through non-contact
energy delivery, where femtosecond laser ablation, focused ion beam
trimming, and hybrid laser-assisted machining facilitate nanometric
feature definition even in hard or brittle materials, as shown in Fig. 2.
Chemical and atomic-layer fabrication techniques, including atomic layer
deposition (ALD) and atomic layer etching (ALE), introduce molecular-
scale control by leveraging self-limiting surface reactions to deposit or
remove materials one atomic layer at a time™.

These processes underpin the creation of high-« dielectrics, barrier
films, and heterostructures critical for sub-10 nm semiconductor
devices. Finally, additive and hybrid UPM methods integrate nanoscale
additive manufacturing, such as two-photon polymerization and
micro-laser sintering, with deterministic subtractive finishing and in
situ metrology. This integration enables the fabrication of complex 3D
micro-architectures with accuracies approaching 100 nm and surface
roughness below 10 nm. Together, these complementary techniques
demonstrate how mechanical precision, photonic energy control,
chemical self-assembly, and digital feedback converge to realize next-
generation electronic, photonic, and quantum components with
atomic-level reproducibility™.

Ultra-precision machining (UPM)
Ultra-precision machining (UPM) represents the foundation of determi-
nistic fabrication for electronic and photonic components, where surface

integrity and dimensional fidelity below the 10 nm scale are required. The
process encompasses single-point diamond turning (SPDT), ultra-fine
grinding, and fluid-jet or magnetorheological polishing, all designed to
achieve atomically smooth surfaces on metals, semiconductors, and
ceramics’**"'. From a comparative perspective, ultra-precision machining
offers unmatched form accuracy, surface integrity, and industrial maturity,
making it highly suitable for large-area optics, molds, and precision
mechanical and packaging components. However, its limitations include
relatively low material-removal rates, tool wear, and restricted applicability
to extremely hard or chemically sensitive materials. While UPM is scalable
and robust in industrial environments, its throughput and cost efficiency
become limiting when atomic-layer control or complex 3D nanoscale fea-
tures are required, motivating the use of beam-based or chemical techniques
in such cases™.

Process principles and deterministic control

UPM allows machining of brittle and hard materials in the so-called
“ductile-mode” where chip formation occurs through plastic flow
rather than brittle fracture, leaving behind an optically smooth
machined surface. Maintaining consistency of ductile-mode machining
demands precise coordination of tool geometry, feed rate, cutting
depth, and spindle speed”. The deterministic nature of UPM stems
from its reliance on nanometric feedback loops, position sensors with
sub-nanometer resolution, interferometric spindle encoders, and
temperature-compensated linear drives. These systems collectively
suppress tool-path errors, chatter, and thermal drift during long-
duration cycles™.

Advanced UPM machines are equipped with multi-axis hydrostatic or
aerostatic bearings that minimize friction and vibration, achieving spindle
motion errors below 0.05 um. Process performance is further enhanced by
error-mapping calibration, wherein geometric deviations of each axis are
characterized through laser interferometry and compensated in real-time by
closed-loop servo control’**. Such deterministic error correction allows
continuous machining of optical-grade surfaces with sub-10 nm form error
(see Fig. 3).

Materials and surface integrity

Recent research has expanded UPM applicability beyond traditional
materials such as aluminum and copper to hard and brittle substrates
silicon, GaAs, fused silica, and silicon carbide™. Achieving ductile
cutting in these materials requires optimization of undeformed chip
thickness and lubrication conditions to suppress micro-cracking.
Nanometric surface finishes (<1 nm Ra) have been reported using
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Fig. 3 | Architecture of a single-point diamond turning machine.
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cryogenic or ultrasonic-assisted diamond turning, which lowers cut-
ting temperature and mitigates tool wear””.

Subsurface integrity is equally critical. Transmission electron micro-
scopy (TEM) studies reveal that controlling tool workpiece interaction
energy can limit dislocation density and amorphous layer formation to
within a few nanometers™. This control is particularly vital for micro-opto-
electronic housings and waveguide substrates, where buried defects degrade
optical transmission or induce localized thermal stresses™.

Applications in electronics and photonics

UPM underpins the production of MEMS housings, microlens arrays, high-
frequency interconnects, and optical cavities. In semiconductor packaging,
UPM enables cavity sealing and surface planarization with minimal residual
stress. In photonics, it is employed to shape freeform mirrors and
diffraction-limited resonators used in laser cavities and LiDAR systems™.
The combination of deterministic error mapping, environmental isolation,
and real-time compensation has allowed commercial machines to achieve
sub-nanometer surface roughness on optical and metallic components
exceeding 200 mm in diameter™.

Ongoing research focuses on integrating in situ metrology, for
instance, white-light interferometry and optical coherence tomo-
graphy, directly within the machining environment, thereby enabling
dynamic feedback and process self-correction’'. Such integration marks
the transition of UPM from a high-precision but sequential process to
an intelligent, adaptive manufacturing platform capable of sustained
sub-nanometer reproducibility®.

Laser- and beam-assisted techniques

The emergence of laser and charged particle-based processing has
revolutionized ultra-precision fabrication by enabling non-contact,
localized energy delivery with spatial resolution approaching a few

nanometers. These approaches overcome many of the material limita-
tions inherent to mechanical cutting and grinding, particularly for hard
or brittle substrates such as SiC, GaN, sapphire, and fused silica®.
Compared to mechanical UPM, laser and beam-based techniques pro-
vide superior flexibility, non-contact processing, and access to extremely
hard, brittle, or functional materials. They excel in localized nanos-
tructuring, trimming, and repair, but are constrained by limited
throughput, high equipment cost, and challenges in large-area uni-
formity. In addition, beam-induced damage, redeposition, and thermal
effects require careful mitigation, making these methods more suitable
for high-value, low-volume manufacturing, prototyping, and device-
level correction rather than high-throughput production™.

Ultrafast laser micromachining

Ultrafast (femtosecond to picosecond) lasers achieve deterministic material
removal through non-thermal ablation, where the pulse duration is shorter
than electron-phonon coupling times. This confines energy to the focal
volume, minimizing collateral heat-affected zones (HAZ)*. Pulse-shaping
and beam-scanning strategies, spatiotemporal focusing, burst-mode mod-
ulation, and helical trepanning enable surface roughness below 10 nm and
edge taper less than 1°**.

In semiconductor processing, ultrafast lasers are now used for
drilling, transparent-electrode patterning, and wafer-dicing without
microcrack propagation®™. In photonics, they facilitate the direct
inscription of waveguides, Bragg gratings, and resonant micro-
cavities inside glass or crystalline substrates with sub-micrometer
positional accuracy™. The deterministic control of ablation threshold
via real-time fluence monitoring has made femtosecond laser
machining (Fig. 4a) a cornerstone of high-value micro-optical fabri-
cation involving the removal of atoms through a complex electron and
photon interaction (Fig. 4b).
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Fig. 5 | Comparison of controlled atomic-scale growth and removal. Schematic illustration revealing the principle of a atomic layer deposition (ALD) and b atomic layer

etching (ALE) processes.

Focused ion and electron beam processing

Focused ion beam (FIB) and electron beam (EB) techniques extend preci-
sion fabrication into the atomic regime through controlled sputtering,
implantation, or deposition. In FIB trimming, gallium or helium ions
selectively remove or modify surface layers at rates of a few atoms per pulse,
allowing nanometric correction of device features such as photonic crystal
cavities or microresonator couplers”. Meanwhile, EB-induced deposition
and milling provide versatile routes for repairing interconnects and forming
nanoscale electrodes directly on device wafers*”*.

Recent developments in multi-beam ion sources and gas-assisted
etching have enhanced throughput while retaining atomic precision®.
Combining these processes with cryogenic stage control suppresses beam-
induced damage and re-deposition, extending applicability to sensitive
materials including ITI-V semiconductors and 2D materials”. The incor-
poration of in situ electron backscatter diffraction (EBSD) and secondary-
ion mass spectrometry (SIMS) now allows closed-loop correction based on
crystallographic or compositional feedback™.

Hybrid laser-assisted machining

Laser-assisted machining (LAM) synergistically integrates focused laser
heating with mechanical removal to soften the cutting zone, reducing tool
wear and cutting forces’'. By pre-heating a narrow region ahead of the tool,
LAM transitions brittle substrates into a ductile regime, enabling mirror-
finish surfaces on SiC or GaN. Advanced LAM platforms combine tem-
perature feedback with adaptive control of laser power and tool feed,
maintaining uniform material removal within +5 nm*. Some aspects of the
implementation of micro-LAM should exercise caution, as discussed
recently””.

Hybrid laser-ion beam systems further expand capability through
sequential energy delivery, i.e., laser pre-conditioning modifies surface stress
or oxide layers, followed by deterministic ion-beam smoothing™. This dual-
mode approach achieves form accuracies below 10 nm over millimeter-scale
apertures, useful for photonic mirrors and superconducting circuit
substrates.

Chemical and atomic-layer fabrication

Chemical and atomic-layer fabrication methods extend the reach of ultra-
precision manufacturing into atomic and molecular domains, where
material growth and removal are governed by self-limiting surface reactions
rather than mechanical or energetic impacts. Methods such as atomic layer
deposition (ALD) and atomic layer etching (ALE) offer unrivaled control of
film thickness, uniformity, and composition at the angstrom scale’*’. When
integrated with in situ diagnostics and adaptive control, they enable
reproducible fabrication of defect-free layers crucial for advanced electronic,
optoelectronic, and quantum devices. Atomic-layer techniques offer
unparalleled control over thickness, composition, and interface quality,
making them indispensable for advanced semiconductor, photonic, and

quantum devices*>”’, Their principal limitations lie in low deposition or etch
rates, high process complexity, and cost-intensive equipment infrastructure.
Consequently, while ALD and ALE are irreplaceable for atomic-scale
interface engineering, they are typically combined with faster, less precise
processes to achieve acceptable throughput and economic viability at the
system level™.

Atomic layer deposition (ALD)

ALD is a cyclic, self-limiting process where gaseous precursors sequentially
react with a substrate surface, forming one atomic layer per cycle. Each cycle
typically involves alternating exposures of precursor A (adsorption) and
precursor B (reaction), separated by inert gas purges. This sequence ensures
that surface saturation, not reaction kinetics, dictates the deposition rate,
yielding sub-angstrom thickness precision and conformality over complex
3D geometries™.

In semiconductor manufacturing, ALD has become indispensable for
high-k dielectrics (HfO,, AL,O;), barrier layers, and gate oxides in sub-
10 nm transistors”. Its low-temperature variants (plasma-enhanced ALD,
spatial ALD) allow coating of thermally fragile materials such as polymers
and 2D semiconductors, facilitating integration in flexible and hetero-
geneous electronics”. Moreover, ALD-grown films often exhibit superior
density and interface sharpness compared with physical vapor deposition
(PVD), significantly reducing leakage and diffusion defects”.

Recent developments in area-selective ALD (AS-ALD) enable spatially
patterned deposition without lithography by exploiting surface-chemistry
contrasts or localized inhibitors. Combined with in situ metrology such as
spectroscopic ellipsometry or quartz-crystal microbalance (QCM), AS-
ALD allows real-time monitoring of growth per cycle, ensuring determi-
nistic film formation with sub-nanometer accuracy (Fig. 5a)".

Atomic layer etching (ALE)

Complementary to ALD, atomic layer etching (ALE) achieves atomically
precise material removal through sequential, self-limiting surface mod-
ification and desorption steps. Typically, an adsorption phase (e.g., halo-
genation or oxidation) modifies the upper atomic layer, followed by a low-
energy ion or thermal activation that removes the modified species™. This
approach decouples selectivity and anisotropy from stochastic ion bom-
bardment, eliminating subsurface damage common in reactive ion etch-
ing (RIE).

ALE has demonstrated angstrom-scale etch control in materials such
as Al,O3, SiO,, and III-V semiconductors, enabling precise pattern transfer
for advanced logic and memory devices”. When combined with time-
resolved plasma control or ion energy modulation, ALE can achieve
smooth, damage-free surfaces suitable for high-performance photonic or
quantum circuits. Emerging hybrid schemes, alternate ALE and ALD cycles,
are proposed to build superlattice structures or interface-engineered het-
erostructures with atomic-level fidelity (Fig. 5b)”".
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Fig. 6 | Hybrid additive-subtractive UPM workflow.
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Integration and hybridization

The frontier of atomic-layer manufacturing lies in process integration
coupling, ALD/ALE with in situ metrology, data-driven models, and hybrid
additive-subtractive workflows. For example, combining ALD with focused
ion beam (FIB) trimming allows local deposition of functional nanos-
tructures, while integrating ALE into wafer-scale CMP workflows offers
precise surface correction without mechanical contact’>®.

Furthermore, chemical precision is increasingly coupled with digital
intelligence: machine learning algorithms now predict precursor adsorption
kinetics and surface reaction pathways, optimizing process conditions
dynamically”. This data-centric control paradigm moves atomic-layer
fabrication from empirical tuning toward self-optimizing, reproducible
nanoscale production.

Additive and hybrid ultra-precision manufacturing

Additive and hybrid ultra-precision manufacturing approaches represent
the convergence of material accretion and controlled subtraction, enabling
complex three-dimensional architectures with atomic-to-mesoscale accu-
racy. Unlike conventional additive manufacturing (AM), which prioritizes
geometric freedom, these techniques emphasize dimensional determinism,
surface integrity, and functional integration at the micro- and nanoscale®”.
By merging additive methods such as two-photon polymerization or micro-
laser sintering with ultra-precision finishing and in situ metrology, hybrid
systems achieve component accuracies unattainable through either para-
digm alone (Fig. 6). Additive and hybrid ultra-precision approaches offer
unique advantages in geometric complexity and functional integration but
currently face challenges in process stability, material quality, and industrial
robustness. While they provide unprecedented design freedom and enable
integrated fabrication-finishing workflows, their throughput, reliability, and
long-term repeatability generally lag behind more established subtractive or
planar processing routes, limiting their present adoption mainly to specia-
lized, high-value applications®.

Nano-scale additive manufacturing

Advances in high-resolution additive fabrication particularly two-photon
polymerization (TPP) and micro-laser sintering (MLS) have extended print
resolution into the sub 100 nm regime. In TPP, femtosecond laser pulses
induce localized polymerization only at the focal point where photon
density surpasses a nonlinear absorption threshold”. This permits three-
dimensional freeform structuring with voxel dimensions of ~100 nm and
surface roughness <10 nm after post-curing. Functionalized resins incor-
porating conductive nanoparticles, photopolymers, or dielectric fillers
enable direct fabrication of micro-optical, microfluidic, and electronic
interconnect structures’”.

Micro-laser sintering, by contrast, selectively melts or bonds fine
metallic or ceramic powders under laser irradiation. Its ability to generate
dense, crack-free microstructures has made it particularly valuable for
MEMS packaging, micro-heat exchangers, and RF interconnects’.

However, challenges in powder uniformity, oxidation, and layer thickness
control persist. To overcome these, hybrid systems integrate in situ mon-
itoring (e.g., high-speed pyrometry and optical coherence tomography) with
closed-loop correction algorithms, achieving reproducibility across multiple
build cycles”.

Additive-subtractive hybrid workflows

Hybrid ultra-precision systems combine additive deposition with deter-
ministic subtractive finishing within a single machine environment. For
example, a metallic or a polymeric microstructure can be additively built and
subsequently polished or machined using diamond tools or focused ion
beams to reach sub-nanometer surface finishes. This closed-loop integra-
tion eliminates misalignment between stages and compensates for thermal
distortion or residual stresses induced during additive steps’.

One emerging strategy employs laser-assisted additive deposition fol-
lowed by ion-beam smoothing to achieve mirror-grade optical surfaces
directly after printing”. Similarly, hybrid micro-turning combined with
electrochemical polishing has been applied to achieve sub-50 nm roughness
on microshafts and precision connectors”. These integrated workflows
significantly shorten processing chains while ensuring dimensional trace-
ability across fabrication stages.

In situ monitoring and closed-loop correction

The success of additive-hybrid UPM depends heavily on real-time process
monitoring. Embedded sensors measuring temperature, acoustic emissions,
and optical reflectance provide data for adaptive feedback control”.
Machine learning models trained on multi-sensor datasets predict layer
thickness, defect occurrence, and melt-pool dynamics, allowing the system
to autonomously adjust laser power, feed rate, or beam focus in response to
deviations™.

Digital twins virtual process replicas updated in real-time are
increasingly used to simulate heat transfer, stress accumulation, and soli-
dification behavior, enabling predictive corrections before defects manifest
physically”. The integration of such models with high-bandwidth control
systems moves additive manufacturing toward self-stabilizing ultra-preci-
sion fabrication, where dimensional deviations remain below 100 nm even
in complex geometries®.

Cross-comparison and process selection trade-offs

A critical consideration from a precision engineering standpoint is the
distinction between global form control and localized error correction.
Although all ultra-precision manufacturing techniques aim at nanometric
or atomic-scale control, they differ fundamentally in achievable precision,
throughput, scalability, cost, and robustness. Mechanical UPM provides the
best combination of large-area scalability, robustness, and surface integrity,
but is limited in minimum feature size and tooling choices. Beam-based
techniques offer superior spatial resolution and material versatility, at the
expense of throughput and capital cost. They are also inherently limited in
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Fig. 7 | Multi-modal metrology and in situ mon-
itoring framework.
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throughput and are not designed to establish large-area form accuracy.
Atomic-layer processes deliver unmatched interface and thickness control
but suffer from intrinsically slow processing rates. Additive and hybrid
approaches maximize design freedom but remain comparatively immature
in terms of reproducibility and industrial readiness*"*.

In practice, no single technique dominates across all performance
metrics. Instead, modern manufacturing chains increasingly rely on hier-
archical process integration, in which high-throughput methods establish
geometry, ultra-precision processes refine form and surfaces, and atomic-
layer techniques finalize interfaces and functional layers. The optimal
process route is therefore dictated not only by target precision, but also by
economic constraints, production volume, material system, and system-
level performance requirements®.

Hierarchical integration, complementarity, and process
competition

Although ultra-precision manufacturing processes are often compared
in terms of their ultimate resolution or achievable surface quality, their
most important distinctions lie in their functional roles within the
manufacturing chain. Mechanical processes dominate large-area form
generation and bulk material removal; beam-based methods provide
localized, high-resolution correction and structuring; atomic-layer
techniques deliver atomic-scale interface and thickness control; and
additive-hybrid approaches integrate geometry creation with finishing
in a unified workflow***. In practice, these methods are therefore pri-
marily complementary rather than competing. True competition arises
only in specific process windows, for example, between ion-beam fig-
uring and ultra-precision polishing for surface correction, or between
ALE and gentle plasma etching for interface preparation. Even then, the
choice is dictated by material system, damage tolerance, scale, and
economic constraints rather than by resolution alone®’.

Modern manufacturing routes increasingly adopt a hierarchical, multi-
stage architecture, in which different physical mechanisms are orchestrated
across length scales from millimeters down to angstroms to achieve both
efficiency and ultimate precision. This systems-level perspective is essential
to understand how ultra-precision manufacturing operates in the industrial

landscape®™.

Advanced metrology and in situ monitoring

Metrology underpins the credibility and reproducibility of ultra-precision
manufacturing (UPM). As fabrication tolerances approach the atomic scale,
metrology evolves from a post-process verification tool into an integrated,
active element of the manufacturing system. Contemporary advances in
high-resolution instrumentation, sensor fusion, and data analytics now
allow measurement precision below 1 nm, even under industrial conditions.
The interplay between deterministic fabrication and intelligent metrology

has become central to achieving both accuracy and scalability in nanoscale
component production (Fig. 7).

High-resolution metrology

High-resolution metrology in UPM relies on optical interferometry, scan-
ning probe techniques, and X-ray-based diagnostics, each offering unique
trade-offs between spatial resolution, measurement bandwidth, and envir-
onmental robustness.

Optical interferometry

Including white-light, phase-shifting, and coherence scanning variants
remains the workhorse for non-contact surface profiling with sub-
nanometer vertical resolution. Modern interferometers integrated with
vibration-isolated stages and temperature-controlled enclosures can
maintain repeatability better than 0.2 nm over centimeter-scale fields of
view*”*. Advanced signal-processing methods such as phase-unwrapping
algorithms and adaptive filtering mitigate noise from air turbulence or
surface reflectivity variations, enabling reliable measurement of optical-
grade surfaces”.

Scanning probe methods, such as atomic force microscopy (AFM) and
scanning tunneling microscopy (STM), extend metrological capability into
the atomic regime”. These instruments capture nanoscale morphology, step
height, and surface energy distributions with vertical resolution approach-
ing 0.1 nm. However, their limited scan area and slow throughput neces-
sitate hybrid metrology strategies that combine AFM for local calibration
with interferometry for global mapping”’.

For crystalline and buried structures, X-ray computed tomography and
X-ray reflectometry provide nondestructive insight into lattice strain, dis-
location density, and interface roughness™. The use of synchrotron-based
coherent X-ray imaging and ENGIN-X-based neutron diffraction has
recently achieved picometer-scale displacement sensitivity, facilitating
correlation between process parameters and atomic lattice distortions”.
New sensors are being developed by realizing the potential of new
materials™.

In situ monitoring systems

Traditional UPM workflows relied on offline inspection between machining
or polishing steps. Modern manufacturing now embeds real-time in situ
monitoring systems directly within the machine tools, combining optical,
acoustic, and thermal sensors to provide continuous feedback on
tool-workpiece interactions™.

Optical sensors, including confocal microscopy and digital holo-
graphy, capture surface evolution during cutting or deposition without
interrupting the process. Acoustic emission sensors detect micro-
fracture, chatter, and tool wear at frequencies exceeding 1 MHz,
offering early warning of subsurface damage™. Infrared and
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thermoreflectance sensors measure transient thermal fields, enabling
compensation for expansion-induced form errors in real time”.
Emerging machine tools integrate these multi-sensor data streams
through edge computing platforms, where lightweight AI algorithms per-
form on-machine analytics. This architecture allows immediate adaptive
correction, such as adjusting tool feed, spindle speed, or coolant flow, to
maintain sub-micrometer stability over prolonged cycles”. In advanced
laser or ion-beam systems, in situ monitoring has progressed to include
plasma emission spectroscopy and time-resolved scattering diagnostics,
providing atomic-scale insight into ablation or deposition dynamics’.

Data fusion and real-time control

The true power of modern metrology lies not only in measurement preci-
sion but in data fusion and intelligent interpretation. Multi-modal sensing
combining optical, mechanical, and thermal data enables comprehensive
state awareness of the fabrication process. Integrating these streams through
machine learning and model-based algorithms transforms raw data into
actionable control signals™”".

Digital holography and optical coherence tomography (OCT) can
reconstruct surface profiles in real time, feeding error maps directly into
CNC control loops™. Data-driven fusion models correlate sensor signatures
with process variables such as tool wear, cutting forces, or beam stability,
predicting deviations before they manifest as defects. Reinforcement-
learning-based controllers can autonomously tune machining parameters,
balancing precision and throughput dynamically™.

At the systems level, metrology-driven digital twins synchronize virtual
and physical manufacturing states. These twins continuously ingest in situ
measurements to refine process simulations, enabling predictive adjustments
that pre-empt drift or tool degradation. Such real-time adaptive metrology
transforms UPM into a self-correcting ecosystem where measurement,
analysis, and actuation coexist within a unified digital framework™'".

Data-driven and Al-augmented ultra-precision manufacturing

The convergence of artificial intelligence (AI), machine learning (ML), and
cyber-physical systems is reshaping ultra-precision manufacturing (UPM)
from an empirically tuned practice into an adaptive, autonomous science.

As tolerances shrink below the nanometer scale, traditional model-based
process control becomes insufficient to handle complex, nonlinear inter-
actions among mechanical, thermal, and chemical domains. AI provides a
scalable framework to interpret high-dimensional sensor data, predict sys-
tem behavior, and optimize fabrication in real time. This section reviews
(Fig. 8 and Table S2) the evolution of data-driven intelligence in UPM,
highlighting recent progress in process optimization, explainable Al, digital
twins, and autonomous control frameworks.

Machine learning for process optimization

Machine learning has emerged as a transformative tool for predicting tool
wear, optimizing surface morphology, and mitigating thermal drift in the
UPM environment. In deterministic machining, regression-based models
and neural networks can forecast cutting-force evolution, enabling dynamic
compensation before precision loss occurs'".

In optical polishing and grinding, Gaussian process regression (GPR)
and support vector machines (SVMs) have been applied to correlate multi-
sensor data such as vibration, temperature, and acoustic emissions with
surface quality metrics'”’. This allows process parameters (feed rate, spindle
speed, coolant flow) to be optimized dynamically, maintaining consistent
surface roughness below 1 nm Ra.

For additive and hybrid UPM, ML algorithms trained on melt-pool
imaging and spectral data can predict porosity, layer thickness, and com-
position uniformity with sub-micron accuracy'”. Reinforcement learning
(RL) frameworks further extend this capability by continuously updating
control strategies through trial-based feedback. Such systems have
demonstrated autonomous optimization of laser power and scan speed
during femtosecond ablation, yielding up to 40% improvement in dimen-
sional fidelity'™.

In recent developments, physics-informed neural networks
(PINNS) are bridging data-driven and analytical models, incorporating
governing equations of heat transfer, fluid dynamics, and material
deformation into ML architectures'”. This hybrid modeling approach
ensures both predictive accuracy and physical interpretability,
addressing one of the central challenges in applying Al to precision
manufacturing'”.
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Fig. 9 | Application case studies in semiconductor,
photonics & MEMS manufacturing.
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Explainable Al and digital twins

While conventional Al offers predictive power, its “black-box” nature limits
acceptance in safety-critical manufacturing contexts. Explainable AT (XAI)
aims to make decision-making transparent, ensuring that model outputs are
interpretable by engineers and can be traced to underlying physical
mechanisms'”.

XAI frameworks applied in UPM identify dominant process features
influencing surface quality, such as cutting temperature, tool wear pro-
gression, or beam stability. By ranking feature importance and visualizing
correlations, XAI allows manufacturers to refine process parameters sys-
tematically rather than heuristically'*'”. In semiconductor polishing and
thin-film deposition, interpretable ML models have been used to distinguish
noise-induced fluctuations from true process drift, improving stability and
reproducibility.

Parallel to XA, digital twin (DT) technology creates a virtual replica of
the manufacturing process that evolves synchronously with real-time sensor
data. These twins integrate physics-based simulations with data-driven
inference, allowing continuous validation and prediction of process
outcomes'"’. In ultra-precision machining, DTs simulate spindle dynamics,
thermal gradients, and tool deflection at millisecond intervals, enabling pre-
emptive correction before deviations accumulate'"".

Advanced digital twins incorporate multi-physics coupling, mechan-
ical, thermal, optical, and chemical phenomena, mirroring the real envir-
onment with high fidelity. For instance, in ion-beam figuring or plasma-
assisted polishing, DT's predict local removal rates based on plasma density
and surface curvature, updating in real time via in situ interferometric
feedback''*'"". This bidirectional coupling between physical and virtual
spaces constitutes the foundation of next-generation autonomous
manufacturing.

Autonomous control frameworks including responsive manu-
facturing systems

Autonomy in UPM emerges when sensor feedback, predictive models, and
actuation systems are seamlessly integrated into a closed loop. This para-
digm moves beyond conventional PID controllers or rule-based control
toward cognitive manufacturing, where machines perceive, reason, and act
according to the environment''>'",

Recent frameworks employ deep reinforcement learning (DRL) to
achieve real-time control of machining trajectories, beam focus, and
environmental parameters. DRL agents learn optimal control policies by
maximizing long-term precision metrics, such as minimizing surface
deviation or energy consumption'*. In diamond turning, autonomous
compensation systems now detect and correct nanometric thermal drift
using ML-based estimators, maintaining sub-10 nm form accuracy over 8-h
cycles'™.

Adaptive hybrid controllers combining data-driven inference with
model-based prediction have demonstrated resilience against environ-
mental perturbations and material variability''®. These systems con-
tinuously recalibrate their models as soon as new data are registered, thus,
effectively “learning” machine dynamics in operation. In hybrid
additive-subtractive platforms, adaptive control has achieved nanometric
surface uniformity across heterogeneous materials by synchronizing
deposition rate and polishing pressure in real time'".

The integration of edge Al and distributed sensing further decen-
tralizes intelligence, allowing localized decision-making at the machine or
tool level. This modular autonomy reduces communication latency and
enhances scalability across production networks. When coupled with digital
twins and explainable ML, these frameworks represent the foundation of
fully autonomous ultra-precision manufacturing ecosystems capable of
human-level adaptability and quantum-level repeatability''*'"

Application domains in electronic, photonic, quantum, and
MEMS systems

Although this review is motivated by the need for advanced electronic
systems, ultra-precision manufacturing is inherently interdisciplinary and
underpins not only electronic devices but also photonic components,
quantum hardware, MEMS/NEMS, and heterogeneous integration plat-
forms. In this section, application case studies are therefore discussed across
semiconductor electronics, photonics, quantum devices, and precision
microsystems, reflecting the true technological reach of modern UPM.

Semiconductor and microelectronics

Semiconductor manufacturing represents the most industrially matured
realization of the ultra-precision paradigm, in which atomic-scale control of
surfaces, interfaces, and global planarity directly governs device yield, per-
formance, and long-term reliability. Semiconductor and microelectronic
fabrication represent the most mature and industrially pervasive applica-
tions of UPM, as shown in Fig. 9. The continuous downscaling of transistor
dimensions, from the micrometer to sub-5nm regime, demands manu-
facturing technologies capable of atomic-level control over planarity,
interface integrity, and defect density. As traditional photolithography and
chemical-mechanical processing approaches their physical and material
limits, ultra-precision methods spanning deterministic polishing, ion-beam
figuring and atomic-layer processing have become indispensable to
achieving device uniformity and electrical reliability at wafer scale'**.

Chemical-mechanical planarization (CMP) and wafer-scale
precision

Chemical-mechanical planarization (CMP) remains the industry standard
for achieving nanometric global planarity in semiconductor wafers. Modern
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CMP integrates nanoparticle-engineered slurries, advanced pad con-
ditioning, and real-time endpoint detection to produce surface flatness
below 5nm across 300 mm wafers'”’. The evolution from conventional
alumina-based abrasives to colloidal silica and ceria nanoparticles has
enabled smoother finishes and reduced defectivity through enhanced che-
mical selectivity and lower frictional energy.

Recent efforts focus on deterministic CMP, in which in situ metrology
such as optical interferometry, eddy-current monitoring, or motor-torque
feedback drives adaptive control of pressure and rotation profiles”'. By
embedding closed-loop feedback within CMP tools, non-uniform removal
due to pad wear or slurry depletion is dynamically corrected, yielding
reproducibility within +1 nm across multiple runs.

The combination of CMP with ALD and ALE extends its precision into
the angstrom domain. Alternating CMP-ALD cycles are used for ultra-flat
dielectric-metal interfaces, crucial for high-k/metal gate transistors and
through-silicon vias (TSVs). This hybridization marks the emergence of
atomic-level planarization (ALP), a new frontier in wafer-scale

fabrication'*.

Sub-10 nm interconnects and defect mitigation

As interconnect line widths shrink below 20 nm, electron scattering, surface
roughness, and grain-boundary resistance become dominant performance
bottlenecks'”’. Ultra-precision manufacturing addresses these issues by
enabling deterministic surface and sidewall engineering through techniques
such as ion-beam smoothing, plasma-assisted etching, and self-assembled
molecular templating.

In copper and cobalt interconnects, ion-beam-assisted deposition has
achieved line-edge roughness below 1 nm, improving electron mobility and
reducing electromigration susceptibility™””. Similarly, ALE ensures
damage-free trench formation with angstrom-level selectivity, preserving
dielectric integrity and reducing leakage currents'*". Advanced metrology
combining X-ray reflectometry, AFM, and machine-learning-based defect
classification enables automated identification of nanometric voids or
delamination sites before device integration.

To address yield and variability, Al-assisted wafer inspection systems
now fuse optical scatterometry, electron imaging, and surface profilometry
data to detect sub-10 nm process anomalies in real time'*. These systems
not only identify defects but also predict their origin based on historical
process data, forming a feedback loop that continuously refines process
stability.

3D integration and heterogeneous packaging

The demand for 3D integrated circuits (3D-ICs) and system-in-package
(SiP) architectures has intensified the need for ultra-precision alignment
and bonding at wafer and die levels. Hybrid bonding combining metallic
and dielectric interfaces requires surface roughness below 0.3 nm and pla-
narity within +5 nm to ensure void-free contact'”.

Ultra-precision techniques such as plasma-assisted surface activation,
ultraviolet/ozone cleaning, and ion-beam planarization are now integral to
achieving such bonding fidelity. The use of atomic force-controlled align-
ment systems enables sub-50 nm overlay accuracy across large wafers.
Meanwhile, the integration of ALD barrier layers and UPM-machined
micro-vias ensures mechanical stability and low-resistance interconnects
across stacked die layers'™.

To improve scalability, machine-learning-driven alignment control
and digital twin-assisted bonding simulations are increasingly employed to
predict stress evolution, void formation, and interfacial degradation during
thermal cycling'”’. These data-driven methodologies bridge precision
manufacturing and reliability engineering, ensuring that next-generation
semiconductor assemblies meet both performance and endurance criteria.

Photonics and quantum devices

Photonic and quantum devices represent the most sensitivity-driven reali-
zation of the same ultra-precision paradigm, where sub-nanometer surface
and interface imperfections directly limit optical loss, coherence time, and

overall system stability. Photonics and quantum technologies represent two
rapidly converging frontiers that demand atomic-scale precision in geo-
metry, material composition, and surface quality. Optical loss, phase
coherence, and quantum-state stability are highly sensitive to surface
roughness, refractive index variation, and interface defects, each directly
determined by manufacturing precision. Thus, UPM plays a foundational
role in enabling photonic and quantum devices, where tolerances often fall
below one nanometer and where even minor morphological deviations can
degrade device performance by orders of magnitude'**.

Precision shaping of waveguides and resonant structures
Waveguides, resonators, and couplers form the backbone of modern pho-
tonic circuits. Their performance, defined by propagation loss, mode con-
finement, and coupling efficiency, depends critically on nanometric surface
and sidewall smoothness. Conventional lithography followed by reactive ion
etching often produces roughness-induced scattering that limits optical
quality factors (Q-factors) below 10°'*”,

UPM addresses this through ion-beam polishing, laser-assisted reflow,
and atomic-layer deposition (ALD) smoothing, each capable of sub-
nanometer surface regulation™. For example, focused ion-beam (FIB)
milling combined with localized laser annealing has produced silicon nitride
microresonators with Q-factors exceeding 10® by reducing edge roughness
to below 0.3 nm"”.

Furthermore, deterministic optical polishing using magnetorheologi-
cal or fluid-jet finishing enables freeform optical components such as
aspheric lenses and micro-mirrors for on-chip photonic coupling. These
methods provide form accuracies below 10 nm and angular precision within
arcseconds, essential for high-coherence laser cavities and interferometric

sensors.

Quantum device fabrication and superconducting circuits

In quantum technologies such as superconducting qubits, trapped ions, and
solid-state spin systems, the quality of the fabricated interface directly
governs coherence time and noise performance. Surface roughness and
chemical contamination can lead to charge noise, dielectric loss, and mag-
netic flux instability, limiting qubit fidelity'*.

UPM enables deterministic fabrication of superconducting microwave
cavities, Josephson junctions, and photonic crystal resonators with sub-
nanometer control over film thickness and interface roughness. Techniques
such as ALE and plasma-assisted polishing have been employed to produce
niobium and aluminum surfaces with sub-monolayer smoothness, reducing
dielectric loss tangent by up to 50%'*.

The integration of ALD barrier layers and cryogenic ion-beam cleaning
further enhances interface uniformity and passivation, ensuring long-term
stability of superconducting circuits. Recent developments in laser-based
direct writing have enabled the patterning of quantum photonic waveguides
within cryo-compatible substrates, maintaining optical transparency and
refractive uniformity down to 10*"**,

Integration of photonics and quantum architectures
Next-generation systems increasingly combine photonic interconnects with
quantum functional elements such as single-photon sources, modulators,
and detectors. This hybridization demands heterogeneous integration of
dissimilar materials, for example, bonding diamond or lithium niobate to
silicon or sapphire substrates with alignment tolerances below 50 nm'”.

Ultra-precision bonding techniques such as ion-beam-assisted direct
bonding and surface-activated bonding (SAB) enable void-free attachment
with atomically smooth interfaces. The inclusion of in situ metrology
(optical coherence tomography, interferometric gap sensing) ensures
alignment accuracy during bonding and post-process validation'”. These
precision capabilities support the realization of integrated quantum pho-
tonic chips, where optical and electronic functionalities coexist at nanoscale
spatial alignment.

Furthermore, data-driven calibration of process parameters using
reinforcement learning and digital twins enables predictive control of

npj Advanced Manufacturing | (2026)3:13

10


www.nature.com/npjadvmanuf

https://doi.org/10.1038/s44334-026-00074-z

Review

refractive index gradients, mode coupling, and thermal stress distribution.
Such intelligent integration frameworks are paving the way for scalable
quantum-photonic foundries, where atomic-level fabrication accuracy

ensures reproducible device performance across wafer-scale production'™.

MEMS/NEMS and sensor systems

MEMS and NEMS systems represent the mechanical and structural
manifestation of the same ultra-precision challenge, in which geometry,
surface integrity, and residual stress at the nanometer scale dominate
functional performance, sensitivity, and long-term drift. Microelec-
tromechanical (MEMS) and nanoelectromechanical (NEMS) systems
form a technological bridge between electronics and mechanics, con-
verting physical signals such as pressure, vibration, and acceleration
into electrical outputs. The sensitivity, bandwidth, and long-term
reliability of these devices are governed by geometric uniformity, sur-
face roughness, and residual stress at the micro- and nanoscales. UPM
plays a critical role in realizing MEMS/NEMS devices with consistent
performance, enabling sub-nanometer form control, defect-free inter-

faces, and deterministic alignment of functional layers'”’.

Integration of ultra-precision machining and thin-film deposition
The fabrication of high-performance MEMS/NEMS devices often demands
hybrid workflows combining mechanical microstructuring and thin-film
processing. Ultra-precision machining using diamond turning or micro-
grinding produces dimensionally accurate substrates and housings with
surface roughness below 10 nm Ra, ensuring high mechanical Q-factors and
stable boundary conditions'*.

Following structural formation, atomic-layer deposition (ALD) or
plasma-enhanced chemical vapor deposition (PECVD) can be employed to
form conformal coatings and functional films on micro-scale structures.
ALD’s self-limiting growth behavior ensures uniformity on complex geo-
metries such as resonator tethers or cantilevers, where film thickness var-
iations could induce stress gradients or frequency drift'”.

Recent developments in ultra-precision laser trimming and ion-beam
surface tuning allow post-fabrication correction of mass imbalance and
stiffness non-uniformity at the nanogram scale. These deterministic fin-
ishing steps enable batch-level tuning of resonant frequencies within
+0.01%, critical for high-throughput MEMS gyroscopes and resonators.

Ultra-sensitive transducers and resonators

Achieving high sensitivity in MEMS/NEMS devices depends on minimizing
mechanical damping and maintaining structural integrity under environ-
mental stress. Ultra-precision manufacturing contributes through surface
energy minimization, defect suppression, and interface quality control. For
instance, in capacitive or piezoelectric accelerometers, reducing sidewall
roughness to below 5 nm decreases electrostatic noise and parasitic capa-
citance variation'®’.

Similarly, in piezoresistive pressure sensors, deterministic polishing
and planarization of the diaphragm surface ensure consistent stress dis-
tribution and high signal linearity. Diamond-turned silicon diaphragms
exhibit less than 0.2% nonlinearity even at full-scale deflection due to
improved thickness uniformity"”. For resonant NEMS devices, surface
contamination and adsorbed layers significantly affect frequency stability.
Therefore, plasma-based surface cleaning and passivation techniques
derived from UPM are now standard practice to maintain long-term drift

142

below 10 ppm'*.

Hybrid packaging and environmental stability

Ultra-precision packaging is essential for preserving the sensitivity and
longevity of MEMS/NEMS devices. Conventional dies attach, and bonding
processes introduce residual stresses that shift resonance frequencies and
degrade sensor performance. UPM techniques such as laser-assisted
bonding, surface-activated bonding (SAB), and micro-lapped alignment
surfaces enable hermetic encapsulation with nanometric flatness and con-
trolled thermal expansion mismatch'*.

For high-end inertial sensors and micro-mirrors, hybrid integration of
UPM-machined metallic housings with thin-film MEMS dies has demon-
strated thermal stability improvements exceeding 40% compared with
conventional packaging'*!. The combination of precision machining and
ALD-based surface sealing also enhances long-term vacuum retention,
reducing damping losses in resonant cavities.

Emerging packaging methodologies leverage Al-assisted alignment
systems and digital-twin simulations to predict deformation and stress
accumulation during bonding or thermal cycling. These predictive frame-
works ensure that sensor arrays maintain geometric consistency and cross-
axis sensitivity below 0.1%, a benchmark for next-generation navigation-
grade MEMS sensors'"”.

Flexible and heterogeneous integration

Flexible and heterogeneous systems extend the ultra-precision paradigm
into mechanically compliant and multi-material platforms, where
nanoscale interface control, bonding fidelity, and surface integrity
become the dominant constraints on reliability and functional integra-
tion. Flexible and heterogeneous integration represents a transformative
direction in electronics and photonics manufacturing, merging dis-
parate materials, rigid semiconductors, polymers, glass, and metal foils
into unified functional systems. Unlike conventional wafer-based fab-
rication, these systems demand ultra-precision alignment, nanoscale
bonding control, and conformal interface engineering to maintain
electrical and optical continuity during mechanical deformation. UPM
provides the deterministic control and adaptive feedback necessary to
achieve this integration while ensuring reliability under bending, ther-
mal, and dynamic stress'".

Nano-alignment and bonding across dissimilar materials

The integration of materials with mismatched coefficients of thermal
expansion (CTE) and mechanical moduli introduces significant challenges
in alignment and bonding. Ultra-precision systems employ active alignment
stages with sub-10 nm resolution and interferometric feedback to ensure
positional accuracy during assembly'*.

Surface-activated bonding (SAB), plasma-assisted bonding, and
ultraviolet-curing adhesive bonding are commonly utilized to form void-
free joints at temperatures below 200 °C, minimizing interfacial stress while
maintaining nanometer-level planarity. For polymer-semiconductor and
glass—metal combinations, pre-bonding surface conditioning through ion-
beam cleaning or ALD passivation improves adhesion energy and reduces
defect density'”’.

Recent developments in laser-based localized bonding combine pre-
cision energy delivery with optical feedback to achieve spatially selective
joining of functional areas without damaging temperature-sensitive regions.
This technique enables monolithic integration of rigid chips on flexible
polymer substrates while preserving nanoscale electrical continuity'*.

Ultra-precision fabrication for flexible photonic and electronic
platforms

Flexible photonic interposers, micro-LED arrays, and wearable bio-
sensors require fabrication processes that maintain optical and elec-
trical performance under mechanical strain. Ultra-precision
machining of flexible substrates, such as polyimide and polyethylene
naphthalate (PEN), provides surface smoothness below 5nm Ra,
reducing scattering losses in optical waveguides and ensuring uniform
field confinement'”.

For electronics, additive-subtractive hybrid UPM enables micro-
patterned metallic interconnects and embedded electrodes with linewidth
control below 1um. Integration with atomic-layer-deposited dielectric
barriers prevents metal diffusion and enhances bending endurance. In
flexible display and sensor manufacturing, deterministic laser ablation and
inkjet-assisted nanoparticle printing are combined to produce transparent
conductive networks with sheet resistances below 30 Q/sq while main-

taining >90% optical transmittance'”.
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Fig. 10 | Future prospects: toward sustainable and
quantum-level precision.

Precision &
Metrology

Precision
Manufacturing

(A) Quantum-Level

(B) Autonomous
UPM Cell (Self-
Optimizing
Manufacturing)

(C) Sustainable

* Picometer-resolution quantum
interferometry

* Atom-scale displacement sensing
* Qubit-based field & force probes
* Zero-drift measurement stability
* Quantum calibration chains

Next-Generation

Tool Materials

« Self-learning machining policy * Ultra-hard diamond

« Digital-twin synchronized states composites
* Auto-correcting toolpath updates

* Real-time tool wear prediction

* 2D material coatings

h-BN, graphene
« Adaptive thermal drift control ( »8rap )

* XAl operator oversight * High-entropy alloys
for tool stability

* Zero-waste additive-subtractive flow

* Environmental feedback monitoring

* Recyclable tool & coating materials

* Coolant-free machining strategies

* Low-energy fs-laser processing

* Cryo-gas or dry-air lubrication

* lon-engineered tip
geometries

These processes collectively deliver the mechanical compliance and
electrical precision required for next-generation soft robotics, biomedical
implants, and human-machine interfaces.

Case study: ultra-precision bonding in flexible photonic
interposers

A representative example of ultra-precision integration is the fabrication of
flexible photonic interposer platforms that route optical and electrical sig-
nals through polymeric substrates. The process involves sequential
deposition of metal and dielectric layers, ultra-precision laser micro-
machining of optical vias, and alignment of photonic chips with a tolerance
better than 50 nm'*.

In this workflow, interferometric alignment combined with real-time
OCT ensures accurate overlay between polymer waveguides and silicon
photonic dies. Post-bonding, deterministic polishing is used to remove
residual misalignment layers, achieving optical coupling losses below 0.2 dB.
The resulting hybrid system demonstrates bending radii below 5mm
without optical performance degradation, a feat unattainable without sub-
nanometer bonding precision and adaptive feedback control'*.

The success of such processes underscores the potential of UPM-
enabled flexible systems in photonic computing, medical diagnostics, and
wearable optoelectronics, where scalability and geometric precision must
coexist with mechanical resilience.

Challenges and future prospects

The future of UPM will be shaped not by a single dominant technology, but
by the selective integration and consolidation of existing approaches. It is
therefore useful to distinguish between technologies that are likely to
become industrial workhorses, those that will remain indispensable but
niche, and those whose role will gradually shift toward embedded or sup-
porting functions in scalable manufacturing systems. UPM has advanced
dramatically over the past two decades, yet several technological and sci-
entific barriers still constrain its scalability, sustainability, and autonomy.
Achieving atomic-level reproducibility across diverse materials, environ-
ments, and production scales remains a formidable challenge. This section
critically examines the main obstacles, technical, environmental, and sys-
temic, and outlines emerging directions toward sustainable, intelligent, and
quantum-informed ultra-precision manufacturing (Fig. 10).

Technical barriers

Despite extensive progress in tool design, process modeling, and environ-
mental control, tool degradation, thermal fluctuation, and process repeat-
ability remain persistent limitations. Diamond tools, though exceptionally
hard, undergo gradual wear and graphitization when machining ferrous or
carbide-rich materials. Such degradation introduces micro-topographical

deviations that accumulate as form errors beyond 10nm over long
machining cycles'”. Developing novel superhard tool materials such as
chemical-vapor-deposited (CVD) diamond composites or boron-nitride-
based ceramics is, therefore, critical for extending tool life and maintaining
atomic-scale consistency.

Thermal management presents another key challenge. Even small
perturbations in temperature can result in asymmetric expansion or con-
traction in the motion systems, resulting in nanometric deviations quality of
finished machined part. While environmental isolation and cryogenic
cooling can help, they remain energy-intensive and cost-prohibitive for
large-scale adoption. Advanced compensation strategies leveraging Al-
based thermal drift prediction and digital twins are being developed to
achieve active stabilization ~ without extensive environmental
conditioning'”.

At the process level, cross-scale modeling continues to hinder pre-
dictive control. The coupling of quantum-level interactions (e.g., atomic
dislocation, surface diffusion) with continuum-scale phenomena (heat
transfer, tool dynamics) defies straightforward simulation. Bridging these
scales will require multi-physics, multi-resolution computational frame-
works, validated by high-speed, high-resolution in situ measurements'*.

A central unresolved challenge in ultra-precision manufacturing is not
only achieving higher precision, but achieving it simultaneously with high
throughput, robustness, and economic viability, also referred collectively as
“Precision-at-Scale”. Many precise techniques remain inherently slow and
costly, while more scalable methods struggle to reach atomic-level precision.
Bridging this gap needs deeper integration of multi-stage process chains,
hybrid machine architectures, and AI-driven process orchestration.

Sustainable ultra-precision manufacturing
Sustainability is emerging as a defining imperative in advanced manu-
facturing. Conventional UPM processes, such as oil-based lapping, slurry
polishing, and vacuum plasma systems, are energy-intensive systems and
lead to significant waste. Transitioning toward environmentally green
manufacturing requires innovations in both materials and process design.

Dry or lubricant-free machining, enabled by gas bearings and low-
friction coatings, can eliminate oil contamination and reduce maintenance
overhead. Similarly, low-energy ultrafast lasers and cold-ablation beam
systems minimize thermal load and extend component lifespan.
Researchers are also exploring bio-derived abrasives and recyclable tool
composites as a way to reduce dependency on rare-earth or toxic
materials'’. In this spirit, researchers have recently explored pathways to
develop critical-raw-material (CRM) free alloys merely using Machine
Learning approaches'™.

Closed-loop recycling of cutting fluids, tool materials, and process by-
products is being integrated into next-generation UPM facilities.
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Combining life-cycle sustainability assessment (LCSA) with real-time data
analytics enables quantitative tracking of carbon and energy footprints,
providing a foundation for sustainable process certification. The synergy
between precision engineering and green design is gradually shifting UPM
from a high-resource discipline to an eco-efficient manufacturing
ecosystem'>*'”",

Toward autonomous and quantum-level precision
The next frontier for UPM lies in autonomous, self-calibrating systems
capable of quantum-level precision where measurement uncertainty
approaches the physical limits imposed by atomic vibrations and quantum
noise. This transformation requires three enabling pillars: quantum sensors,
Al-driven autonomy, and human-machine collaboration.

Quantum-enhanced metrology, based on interferometric displace-
ment sensors and entangled-photon interferometers, promises displace-
ment sensitivity in the picometer range, surpassing classical optical methods
by an order of magnitude'”. Integrating such sensors into machining
platforms will provide real-time feedback with near-zero measurement
noise, enabling unprecedented control over material removal and posi-
tioning accuracy'”.

Al-driven autonomy will enable systems that self-diagnose and self-
correct without human intervention. Reinforcement learning agents,
trained on digital twins and process history, will dynamically adjust para-
meters to maintain optimal precision even under environmental drift or
material variation. Early demonstrations of self-calibrating machining cells
already show form error correction below 2 nm without operator input'®.

Finally, human-machine collaboration under Industry 5.0 envisions
operators as strategic supervisors rather than manual controllers. Explain-
able AI interfaces and haptic feedback systems will allow engineers to
interact intuitively with digital twins, guiding decision-making based on
physics-informed recommendations rather than trial-and-error. This col-
laborative paradigm will be crucial for ensuring transparency, safety, and
trust in autonomous precision manufacturing'”’.

Death valley of technology readiness level (TRL)

A central challenge in ultra-precision manufacturing is the “valley of death”
between Technology Readiness Levels (TRLs), where many promising
discoveries remain confined to the laboratory due to insufficient investment
to scale them for commercial deployment. Therefore, addressing the gap
between laboratory-level performance and industrial-scale manufactur-
ability is now critical. Many precision manufacturing techniques demon-
strate outstanding results under controlled experimental conditions, yet
struggle to meet the simultaneous requirements of high throughput and
process stability. In practice, industrial adoption is often limited not by
ultimate precision, but by the cumulative effects of process drift, equipment
downtime, consumable costs, yield loss, and integration complexity'®'.

This creates a fundamental gap between precision and productivity:
techniques such as FIB, ALD, scanning probe lithography (SPL), or ALE
offer unmatched control, but at throughput levels that are incompatible with
most high-volume manufacturing scenarios. Conversely, more scalable
techniques, such as laser processing, must continuously balance speed,
stability, and damage control. Overcoming this dichotomy will require not
only incremental process improvements, but also new machine archi-
tectures, parallelization strategies, predictive maintenance enabled by Al
and tighter integration of trustworthy digital twins to ensure stable, eco-

nomical operation over extended production cycles'”.

Bottlenecks to scale ultra-precision manufacturing from
laboratory to wafer-scale and high-volume production

Although many ultra-precision manufacturing techniques have demon-
strated sub-nanometer or even atomic-scale capability in laboratory
environments, translating this performance to wafer-scale or high-volume
manufacturing remains a fundamental challenge. In practice, the dominant
limitation is not the ultimate achievable resolution, but the difficulty of
maintaining such precision simultaneously across large areas, over long

durations, and at economically viable throughput. This gap between
demonstrated capability and manufacturable performance represents the
central bottleneck of the field. One of the most pervasive barriers is
throughput and serial processing'®. Many of the highest-precision techni-
ques are intrinsically slow and can only be performed in series. While these
methods offer unmatched control over local geometry and interfaces, their
processing rates are fundamentally incompatible with wafer-scale or high-
volume production unless massive parallelization or radically new machine
architectures are introduced'*".

A second major bottleneck is long-term process stability and drift. As
process durations extend from minutes to hours or days for large-area or
batch production, nanometer-scale thermal drift, mechanical creep, vibra-
tion, and environmental fluctuations accumulate into form errors that can
exceed the target tolerances. Even in ultra-precision machining and pol-
ishing systems, maintaining sub-10 nm accuracy over wafer-scale areas
requires extensive environmental control, frequent recalibration, and con-
tinuous metrology feedback, all of which reduce effective throughput and
increase system complexity'”. Tool wear and consumable degradation
constitute another critical scaling barrier. Diamond tool wear in mechanical
ultra-precision machining, chamber wall conditioning in plasma and
atomic-layer systems, and beam source degradation in ion and electron
beam tools all introduce gradual, often nonlinear process drift. Atlaboratory
scale, such effects can be mitigated through frequent intervention, but in
high-volume manufacturing, they directly translate into yield loss, down-
time, and escalating operating costs'®.

Contamination, redeposition, and defect accumulation become
increasingly severe as the processed area and production volume increase.
Beam-based processes suffer from redeposition and implantation effects,
while chemical and atomic-layer processes are highly sensitive to precursor
purity and particle generation. At the wafer scale, even extremely low defect
densities can become yield-limiting, making contamination control and tool
conditioning dominant cost and reliability drivers. A further fundamental
constraint is metrology bandwidth and feedback latency. While sub-
nanometer measurement capability exists, embedding metrology into high-
throughput production tools with sufficient spatial and temporal resolution
remains extremely challenging. As feature sizes shrink and tolerances
tighten, the manufacturing system increasingly becomes metrology-limited
rather than process-limited'®.

Finally, system-level complexity, uptime, and cost of ownership
impose hard economic limits on scalability. Many ultra-precision platforms
require vacuum environments, multi-physics control, vibration isolation,
and tightly controlled thermal conditions, leading to high capital cost and
operational overhead. At an industrial scale, these factors often dominate
decision-making more strongly than ultimate achievable precision. Taken
together, these constraints explain why many ultra-precision techniques
remain confined to high-value, low-volume applications. Overcoming these
bottlenecks will require not only incremental process improvements, but
new paradigms in machine architecture, massive parallelization, AI-driven
drift compensation, predictive maintenance, and tightly integrated
metrology'*'*,

Technology maturation pathways and strategic priorities (5-10
year outlook)

While a wide range of ultra-precision manufacturing technologies have
demonstrated impressive laboratory-level capabilities, their future impact
will be determined not only by ultimate achievable precision, but by scal-
ability, robustness, and economic viability. Over the next 5-10 years, this
field is expected to undergo a consolidation wherein certain technologies
will mature into broadly deployable industrial platforms, others remain
confined to niche applications, and some will either be absorbed into hybrid
systems or gradually lose standalone relevance'®’.

Technologies likely to mature into mainstream industrial platforms
include advanced ultra-precision machining combined with in situ
metrology and Al-based drift compensation, hybrid additive-subtractive
manufacturing architectures, and atomic-layer processes tightly integrated
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Table 1 | Expected technology evolution in ultra-precision manufacturing over the next 5-10 years

Technology class Likely trajectory

Primary role in 5-10 years

Ultra-precision machining + Al + in situ metrology

Mainstream industrial platform

High-precision form generation and finishing

Atomic-layer processes (ALD/ALE)

Mainstream, but as part of integrated chains

Interface engineering and functional layers

Hybrid additive-subtractive systems

Strong growth/partial mainstream

Complex geometry + precision finishing

FIB/EB processing Remain niche

Trimming, repair, prototyping, failure analysis

Ultrafast femtosecond laser nanoprocessing

Selective industrialization

Hard/brittle materials, selective structuring

Standalone exotic lab-scale methods

Absorbed or phased out

Embedded into hybrid systems or replaced

into high-throughput process chains. These approaches already possess
partial industrial maturity and directly address the dominant bottlenecks of
stability, yield, and reproducibility. Continued progress in machine archi-
tecture, sensor integration, and closed-loop control is expected to make
these systems increasingly autonomous, reliable, and scalable within the
next decade'”’.

Technologies likely to remain specialized or niche include focused ion
and electron beam processing, as well as certain ultrafast laser nanos-
tructuring approaches. Although these methods offer unmatched flexibility
and resolution, their intrinsically serial nature, limited throughput, and high
cost of ownership make them structurally unsuited for high-volume man-
ufacturing. Their future role will therefore remain concentrated in mask
repair, device trimming, failure analysis, prototyping, and high-value and
low-volume components'”".

Technologies whose standalone relevance may diminish are those that
cannot simultaneously improve throughput, stability, and cost efficiency,
and will instead be absorbed into hybrid platforms or multi-stage process
chains. In many cases, their physical principles will persist, but not as iso-
lated manufacturing solutions. Instead, they will function as embedded
modules within integrated manufacturing ecosystems'””.

From aresearch perspective, the highest-impact directions over the
next decade are expected to be: (1) hierarchical and hybrid process-
chain integration, (2) massive parallelization and new machine archi-
tectures for throughput scaling, (3) in situ, multi-modal metrology and
Al-driven self-calibration, (4) digital twins for predictive control and
yield management'”, and (5) sustainable, low-footprint ultra-precision
manufacturing concepts. In contrast, purely incremental improve-
ments in ultimate resolution without corresponding gains in stability,
scalability, or cost-effectiveness are unlikely to translate into wide-
spread industrial impact (Table 1).

Conclusions

Ultra-precision manufacturing (UPM) has evolved from a niche dis-
cipline of optical fabrication into a cornerstone of next-generation
electronic, photonic, and quantum technologies. By uniting determi-
nistic material removal, atomic-scale surface engineering, and intelli-
gent feedback control, UPM now enables fabrication accuracies that
approach the physical limits of matter organization. Across diverse
applications from semiconductor wafer planarization and MEMS
packaging to photonic resonators and flexible electronics, the fusion of
mechanical, chemical, and data-driven precision has fundamentally
redefined what is manufacturable.

The current landscape reflects a paradigm shift: precision is no longer
achieved solely through mechanical refinement but through the coalescence
of physics-based modeling, machine intelligence, and adaptive metrology.
The integration of explainable Al, digital twins, and quantum-level sensors
is driving a transition from operator-dependent craftsmanship to autono-
mous, self-calibrating manufacturing ecosystems. This evolution promises
reproducibility, scalability, and sustainability on a scale previously unat-
tainable during nanometric fabrication.

Future ultra-precision platforms will increasingly operate as closed-
loop intelligent systems, capable of sensing, predicting, and correcting in real
time, while minimizing material waste and energy consumption. Their

development will require interdisciplinary collaboration across materials
science, computational engineering, data analytics, and system integration.
As manufacturing enters the quantum era, the ultimate vision of UPM is
clear to enable the deterministic control of matter at the atomic scale in a
sustainable, intelligent, and fully autonomous manner.
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