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This article comprehensively reviews the technological advancements, emerging materials, processing

techniques adopted (atomic layer deposition, atomic layer etching, and neutral beam etching), geometric

influences, and fabrication challenges in the development of advanced semiconductor devices. These

technologies are recognized for their precision at the atomic scale and are crucial in fabricating next-

generation silicon photonics optoelectronic devices. They also play an important role in the

development of RF/power third-generation compound semiconductors and advanced semiconductor

devices. Atomic layer deposition (ALD) offers superior control over thin film growth, ensuring uniformity

and material conformity. Atomic layer etching (ALE) enables precise layer-by-layer material removal,

making it ideal for high-aspect-ratio structures. Neutral beam etching (NBE) minimizes surface damage,

a key factor in maintaining device reliability, particularly for GaN-based semiconductors. This article also

assesses the role of these technologies in enhancing semiconductor device performance, with a focus

on overcoming the limitations of traditional methods. The combined application of ALD, ALE, and NBE

technologies is driving innovations in advanced semiconductor fabrication, making these processes

indispensable for advancements in areas such as micro-LEDs, optical communication, and high-

frequency, high-power electronic devices.
1. Introduction

With the rapid growth of the semiconductor industry, Moore's
law has become a core guiding principle for the continuous
advancement of electronic devices. Moore's law predicts that
the number of transistors will double every two years, a trend
that is driving the continued reduction in device and circuit
size. As the size of semiconductor devices shrinks further, the
complexity and accuracy of the manufacturing process increase
dramatically, requiring the introduction of ultra-precision and
ultra-ne technologies into the semiconductor process to
ensure device performance and reliability. Among these tech-
nologies, etching and deposition are particularly crucial as they
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form the foundation for achieving high-performance semi-
conductor devices. They play an essential role in enabling
device miniaturization and increasing functional density. Fig. 1
illustrates the trend in semiconductor manufacturing tech-
nology from 2000 to 2035, reecting advancements beyond
Moore's law and incorporating more-than-Moore principles.1 As
transistor technology to Integrated Circuit (IC) evolves, we can
see a progression from scale devices and wires to scale basic
logic units to scale system functions. Early developments in
transistor technology, such as geometric scaling at the 90 nm
node, included introducing strained Si and using copper (Cu)
for back-end-of-line (BEOL) interconnections.2–4 Over time,
technological advances drove transistors to 40 nm and 28 nm
nodes, when the use of high-k gate dielectrics and metal gate
technologies appeared, marking the era of equivalent scaling.
With the further development of process technology, from
20 nm to 7 nm, transistor technology entered the era of
heterogeneous scaling (post-Moore scaling),5 which included
the widespread use of n eld-effect transistors (FinFETs).6,7

FinFETs provide superior channel control due to their three-
dimensional structure, which allows the gate to surround the
channel onmultiple sides, enhancing gate control and reducing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Evolution of transistor density and gate length in ICs.1
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short-channel effects. In recent years, the introduction of gate-
all-around (GAA) transistors, an advanced technology, has
further shrunk device size and provided better control of short-
channel effects, reduced leakage current, and enhanced
switching performance.8 As technology nodes advance to 5 nm
and beyond, innovations such as GAA transistors provide better
control of short-channel effects, reduced leakage, and enhanced
performance.7 Future scaling is expected to incorporate
compound eld-effect transistors (CFETs), 2D semiconductors,
and hybrid integration, which not only sustain Moore's law but
also expand into more-than-Moore functionalities, such as
photonic integration, quantum technologies, and neuro-
morphic computing.1,9–13 These advancements heavily rely on
nanoscale etching and deposition processes, such as atomic
layer deposition (ALD), atomic layer etching (ALE), and neutral
beam etching (NBE), which are critical in achieving the preci-
sion and performance required for next-generation devices.
This article shows how these advanced techniques drive semi-
conductor fabrication, supporting continued progress and
enabling breakthroughs beyond Moore's law.
2. Etching techniques
2.1 Denition and background

The etching process involves removing amaterial from a surface
through chemical or physical methods, which typically plays
a key role in semiconductor manufacturing. Precise control of
this process, including major factors such as etch depth, etch
prole, surface roughness, and uniformity, is critical to
ensuring the performance and reliability of micro- and nano-
electronic devices. Wet etching, which utilizes a chemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
reaction in a bath environment, is known for its low cost, ease of
implementation, and high material selectivity. Conversely, dry
etching is performed through physical and chemical reactions
in a vacuum chamber, providing greater precision depth
control, prole selectivity, and the ability to dene critical
feature dimensions. However, in addition to their respective
advantages, each method has its disadvantages that must be
considered, as shown in Table 1.9,10 A solid understanding of
these fundamental etching techniques provides the foundation
for exploring the latest advancements in etching technology.
Continuous innovation in these methods is critical to meet the
changing needs of modern semiconductor applications.

Table 2 highlights the major etching parameters and process
considerations essential for optimizing etching techniques in
semiconductor manufacturing.11,12 To achieve precise control,
high selectivity, and consistent etch rates, it is important to
understand the root cause of each parameter as they directly
impact product performance. By addressing these key aspects,
manufacturers can achieve better process stability and improve
the quality of the nal products.

In Si-based CMOS, GaN-based, and SiC-based devices, dry
etching techniques are crucial for creating high-precision
structures and ensuring the reliability and performance of
transistors in dense, highly integrated circuits. Si-based CMOS
uses dry etching to achieve high aspect ratios and ne line
patterns, while GaN and SiC-based devices depend on these
techniques to produce precise features and smooth surfaces.13

In contrast, wet etching is primarily used in these applications
for surface treatment and defect characterization, offering
advantages such as high selectivity and low damage.14
Nanoscale Adv., 2025, 7, 2796–2817 | 2797
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Table 1 Comparison of wet and dry etching techniquesa9,10

Wet etching Dry etching

Method Chemical reaction Physical/chemical reaction
Conditions Atmosphere, bath Vacuum chamber
Advantage (1) Low cost (1) Deep etching range

(2) Easy implementation (2) Higher etching rates
(3) High selectivity for most materials (3) Can be easily automated

(4) Capable of dening small feature size (<100 nm)
Disadvantage (1) Inadequate for dening feature size < 1 mm (1) Poor selectivity

(2) Causes wafer contamination (2) Low throughput
(3) Difficult to maintain a constant etch rate (3) Usage of toxic and corrosive gases
(4) Leads to some adverse chemical effects (4) Potential radiation damage

Directionality Isotropic (except crystalline materials) Typically anisotropic

Etching direction

a PR = Photo resist.

Table 2 Etching parameters and process considerations11,12

Parameter Description Impact

Etching rate The speed at which the material is removed Increased rates boost efficiency but can lead to
rough surfaces and structural damage

Etching rate nonuniformity Consistency of the etch rate across the wafer Uniformity is inuenced by plasma power, gas
ow, temperature, and pressure

Selectivity The ratio of etching rates between different
materials

Ensures precise removal of targeted materials
without affecting adjacent layers

Critical dimensions Shape and smoothness of etched features Inuenced by the balance between etching and
passivation cycles

Aspect ratio dependent etching (ARDE) Variation in etch rates for structures with
different aspect ratios

Proper management ensures uniform etching in
high aspect ratio structures

Nanoscale Advances Review
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2.2 Overview of etching techniques

Etching techniques can be typically classied into wet etching
and dry etching, each with specic methods and applications,
as shown in Fig. 2. Wet etching involves the use of liquid
chemicals to remove materials from the wafer surface. It can be
further divided into several sub-techniques. Chemical etching is
the most traditional form of wet etching, where a chemical
solution is used to dissolve specic materials. Defect-selective
etching is used to selectively etch materials based on their
defect densities, allowing for targeted removal of defective
areas.15 Aqueous etchants are commonly used in chemical
etching for their ability to dissolve specic materials in a water-
based solution, making them easy to handle and environmen-
tally friendly.16 These methods are oen favored for their
simplicity and low cost, but they can lead to lattice orientation
selectivity and uniformity issues. Electrochemical etching
involves using an electrical current to drive the etching process
in an electrolyte solution, allowing for more precise control over
2798 | Nanoscale Adv., 2025, 7, 2796–2817
the etching process. Within electrochemical etching, there are
specic techniques such as electroless etching, which does not
require an external power source and relies on self-sustaining
chemical reactions once initiated,17 and anodic etching, which
uses a positive voltage to drive the etching process and is useful
for creating porous structures in materials such as silicon.18

Another variant is photoelectrochemical (PEC) etching, which
uses light to enhance the electrochemical etching process,
offering precise etching in compound semiconductors.19 Dry
etching, on the other hand, uses gases or plasma to remove
a material from the wafer. It is highly precise and suitable for
dening very small feature sizes. There are several types of dry
etching techniques, which are described below. First, physical
etching methods, such as electron beam etching and ion beam
etching, use focused beams to etch materials at the nanoscale.
Electron beam etching offers high precision and is used in
advanced nanofabrication,20 while ion beam etching is effective
for achieving high aspect ratio structures.21 The other method
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Classification of thin film etching techniques.
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uses laser etching during the process.22 Reactive ion etching
(RIE) combines physical sputtering and chemical reactions to
achieve precise etching and is widely used in microelectronics
for creating high-aspect-ratio feature sizes.23 Plasma etching
uses plasma to generate reactive species that etch the material
and is effective for pattern transfer and surface modication.24

In recent years, advanced techniques such as ALE and NBE have
also emerged. ALE alternates between adsorption and reaction
steps to remove the material one atomic layer at a time and
involves lasers to ablate the material from the wafer and can be
used for both macro- andmicro-scale etching.25 Third, chemical
etching in the dry category involves the use of reactive gases,
such as inductively coupled plasma (ICP) etching uses a plasma
generated by inductive coupling to etch materials, providing
high etch rates and good control providing exceptional preci-
sion,26 while NBE uses neutral beams to avoid charge build-up
and photon-radiation damage typically caused by plasma
etching, making it ideal for ultra-high-density integrated
circuits.27 These different etching techniques offer unique
advantages and challenges and are essential for semiconductor
device manufacturing, as they enable precise atomic-level depth
control and minimal surface damage necessary for critical
dimension electronics.

2.3 Advanced dry etching techniques

ALE and NBE are essential for a wide range of advanced semi-
conductor applications, including high-density integrated
circuits, 3D NAND ash memory, advanced logic devices such
as FinFETs and GAA FETs, high-frequency and power devices
such as GaN HEMTs and SiC MOSFETs, and optoelectronic
devices such as VCSELs and photodetectors. Both ALE and NBE
provide excellent control over the etching process, allowing for
© 2025 The Author(s). Published by the Royal Society of Chemistry
atomic-level precision. For fabricating devices with nanoscale
features, these techniques are becoming increasingly common
in advanced semiconductor applications. The ability to remove
material layer by layer (in the case of ALE) or to etch with low
damage (in the case of NBE) sets these techniques apart from
traditional dry etching methods. ALE operates through a series
of self-limiting reactions, ensuring that each cycle removes only
a single atomic layer of material. This minimizes the risk of
over-etching and reduces surface roughness, which is essential
for maintaining the integrity of ne features. NBE uses
neutralized particles to avoid the charging and radiation
damage typically associated with ion beams, making it suitable
for etching delicate structures without compromising their
functionality.

The capabilities of ALE and NBE are particularly benecial
for producing advanced semiconductor devices such as Fin-
FETs,28 3D NAND ash memory,29 and other high-performance
integrated circuits. With the development of CMOS technology,
the reliability issues of advanced CMOS technology are
becoming more challenging and complicated, especially for the
5 nm node and beyond. As critical dimensions continue to
shrink, the electrical characteristics of devices are increasingly
sensitive to variations in feature sizes. Even slight deviations in
etch depth or prole can lead to signicant changes in device
performance, such as threshold voltage shis, increased
leakage currents, and reduced drive currents. GAA transistor
structures and advanced etching techniques are required to
achieve precise control over the lateral and vertical dimensions
of the channels. Fig. 3 illustrates lateral and vertical GAA
structures.30,31 In etching 20 nm linewidth of SiGe/Si structures,
parameters such as pressure and power signicantly inuence
the etch rate, selectivity, and morphology. Higher pressure and
Nanoscale Adv., 2025, 7, 2796–2817 | 2799
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Fig. 3 Diagram of lateral SiGe/Si GAA transistors: (a) relationship between etching selectivity and etching rate at different pressures. (b) Rela-
tionship between etching selectivity and etching rate at different power levels. (c) Isotropic etching profile of a Si0.7Ge0.3 (20 nm)/Si (20 nm)
multilayer structure;30 diagram of vertical nanowire GAA transistors: (d) design structure for an individual device and (e) test structure featuring
two devices connected in parallel through a local interconnect bridge.31
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power improve the etch rate and prole denition, but excessive
values can lead to inconsistencies in depth and uniformity.
Therefore, precise control of these parameters is essential for
achieving the accuracy required in advanced semiconductor
devices such as GAA transistors. These devices require
extremely ne feature sizes and precise control over the etching
process, which can be effectively achieved using ALE and NBE.
As semiconductor technology advances, new materials and
increasingly complex structures are being introduced. ALE and
NBE adapt to these changes, providing the exibility needed to
etch a variety of materials with different properties. These
methods are all for the continued and sustained advancement
of semiconductor technology.

2.3.1 Atomic layer etching (ALE). ALE is a highly precise
technique critical for fabricating nanoscale semiconductor
devices. By alternating between adsorption and reaction steps,
ALE achieves the removal of single atomic layers per cycle,
providing exceptional control and minimizing surface rough-
ness. This method, derived from ALD techniques, involves
sequential exposure to different reactive gases, with interme-
diate purging steps to ensure precise layer-by-layer removal and
maintain atomic-scale accuracy. ALE is particularly advanta-
geous in the fabrication of advanced 3D integrated circuits (3D
ICs) and memory devices. In 3D IC manufacturing, ALE
addresses the challenges of creating complex 3D transistor
architectures, such as GAA and multi-bridge-channel FETs
(MBCFETs).32 By enabling atomic-scale etching, ALE provides
exceptional control over morphology and depth, ensuring
precise patterning for nanoscale features. Furthermore, ALE
plays a pivotal role in advanced memory applications, such as
MRAM and other non-volatile memory technologies. It enables
accurate etching of metal nitrides (e.g., TiN and AlN)33 and high-
k dielectric materials (e.g., HfO2),34 resulting in reduced leakage
currents, improved surface smoothness, and enhanced depth
control. This unique approach to etching offers extremely high
selectivity and control making it ideal for fabricating intricate
2800 | Nanoscale Adv., 2025, 7, 2796–2817
nanoscale structures while minimizing damage to the substrate
and achieving smooth, uniform etching proles.35

2.3.1.1 Principles of ALE. ALE functions through two prin-
cipal mechanisms: thermal ALE and plasma ALE. Thermal ALE
utilizes selective removal of surface layers through chemical
reactions that form volatile compounds. This process is self-
limiting, allowing for precise control over the etching and
automatically stopping once the modied layer is fully removed.
A key advantage of thermal ALE is its ability to perform isotropic
etching with minimal surface damage.36,37 Additionally, plasma
ALE not only provides precise etching control but is also effec-
tive for materials requiring high temperatures or complex
precursors. This is attributed to the dissociation capabilities of
plasma that enable the achievement of the desired results. A
typical cycle in the ALE process, as illustrated in Fig. 4(a),
comprises four main steps.38 Initially, a reactive gas, such as
chlorine, is introduced onto the surface, adsorbing onto the
material to be etched. This is followed by a purging step to
remove any excess reactive gas, preventing unwanted reactions.
Subsequently, an ion source gas such as argon is introduced,
and plasma is activated to ionize the gas, providing the energy
necessary to remove the adsorbed material layer. The nal step
involves another purge to clear the byproducts of the etching
reaction. This cyclic process ensures that each cycle removes
only a single atomic layer, thus providing atomic-scale precision
and minimizing substrate damage. Fig. 4(b) also illustrates the
relationship between removal energy and the etched amount
per cycle (EPC). The ALE process window is characterized by two
classication areas: the energy barrier limited region, where
removal energy is too low, resulting in incomplete etching and
low EPC, and the sputtering limited region, where removal
energy is too high, leading to over-etching and substrate
damage. Maintaining the removal energy within the ALE
window is crucial for achieving self-limiting and controlled
etching.26 Fig. 4(c) provides a schematic representation of the
ALE process. During each cycle of ALE, a reactive gas adsorbs
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00784k


Fig. 4 (a) One cycle in the ALE process. (b) Etched amount per cycle (EPC) vs. removal energy. (c) Schematic of ALE steps and self-limiting
removal.38
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onto the surface to form a reactive layer, which is then removed
using ionized argon (Ar+), allowing for repeated precise layer-by-
layer etching. The inserted illustration in Fig. 4(c) highlights the
self-limiting nature of ALE, where the etching rate reaches
a saturation point, ensuring precise control over the removal
process.39

To demonstrate the advantages of ALE in achieving precise,
controlled, and uniform etching, we can refer to the synergy
between different plasma steps, the self-limiting nature of each
etch cycle, and the repetitive cyclic process that collectively
enables the production of high-performance devices with
nanoscale features. Fig. 5 illustrates three fundamental aspects
of ALE: synergy, self-limited etching, and cyclic etch.39 Synergy is
Fig. 5 Two fundamental aspects of ALE: (a) cyclic Etch40 and (b) self-lim

© 2025 The Author(s). Published by the Royal Society of Chemistry
demonstrated for the etching of silicon nitride in the combi-
nation of hydrogen and uorinated plasma steps. The initial
exposure to hydrogen plasma modies the silicon nitride
surface, making it more reactive to the subsequent uorinated
plasma. This synergistic effect enhances the etch rate and
selectivity. The increased etch depth when both plasmas are
used sequentially, compared to each plasma used individually,
conrms the enhanced efficiency due to synergy.35,39 Self-limited
etching is a critical feature of ALE, ensuring that each etch cycle
removes only a single atomic layer. Fig. 5(a) shows the average
etch yield in ALE at different F/Ar+ ratios, comparing the etching
behaviors of Si3N4 and SiO2, which has a signicant correlation
with cyclic etching. As the F/Ar+ ratio increases, chemical
ited etching.41

Nanoscale Adv., 2025, 7, 2796–2817 | 2801
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etching efficiency improves, but once the ratio exceeds a critical
point, the etch becomes limited by ion bombardment. At high
F/Ar+ ratios, uorocarbon layers accumulate on the surface,
leading to a decrease in etch yield, much like the impact of
insufficient residue removal between cycles in cyclic
etching.40,42,43 Fig. 5(b) illustrates the complete cycle of thermal
ALE, showing two self-limiting half-reaction processes. In half-
reaction A, step I is the adsorption phase, where the precursor
self-limits by adsorbing onto the material surface. Once the
surface is fully covered, the reaction automatically stops. In
half-reaction B, step III is the material removal phase, where the
second reactant converts the adsorbed layer into volatile prod-
ucts, removing one atomic layer in a self-limiting manner. This
self-limiting characteristic ensures that only one atomic layer is
removed per cycle, providing extremely high etching preci-
sion.38,41,42 These features ensure high precision, control, and
uniformity, which are essential for producing advanced semi-
conductor devices.

2.3.1.2 Applications of ALE. To evaluate the performance of
GaN materials using ALE with Cl2 and either He or Ar plasma,
Ruel, Simon, et al. demonstrated that while Ar-based ALE
processes show self-limiting behavior and lower damage to
GaN, He-based ALE processes lead to deeper ion implantation
and higher electrical degradation.44 This research highlights the
importance of selecting appropriate etching plasma sources to
minimize damage and optimize device performance. Regarding
the discussion on optimizing device characteristics using ALE,
Du, F, et al. studied the ALE technology and its surface treat-
ment for InAlN/GaN heterostructures. Aer an appropriate
number of ALE etching cycles, the two-dimensional electron gas
(2-DEG) density and surface roughness improved by 15% and
11.4%, respectively, compared to using digital etching tech-
nology, and the sheet resistance (Rsh) decreased by 6.7%.45

Fig. 6(a) illustrates the high etch selectivity achieved through
thermal ALE at 250 °C, demonstrating negligible removal of
SiN, SiO2, and TiN aer 1000 ALE cycles. This high selectivity is
attributed to the targeted chemistry of the process and the
absence of energetic ions and radicals, which allows for the
precise removal of specic materials without affecting other
components in the device.46 Fig. 6(b) demonstrates signicant
benets of plasma-assisted ALE, including exceptional etch
depth uniformity across the wafer and at silicon etch front,
Fig. 6 (a) Example of etch selectivity in thermal ALE at 250 C. Materials
are (1) SiN, (2) HfO2, (3) SiO2, (4) TiN, and (5) Al2O3. No measurable
removal in SiN, SiO2, and TiN was detected after 1000 ALE cycles.46 (b)
Plasma-assisted ALE results showing characteristic ALE benefits with
excellent depth uniformity across the wafer and flat silicon etch front
on the feature.26

2802 | Nanoscale Adv., 2025, 7, 2796–2817
validating its capability to produce atomically smooth
surfaces.26

ALE can provide signicant advantages in enhancing
normally-off GaN recessed gate MIS-HEMT performance, such
as breakdown voltage,47,48 low leakage current,48 and dynamic
on-resistance.49 Even the application of ALE for low-damage
surface etching of AlGaN has also shown characteristic opti-
mization for high-frequency GaN HEMTs.50 The precision and
control capabilities of ALE enable the creation of high-quality
interfaces with low surface damage and well-dened features,
which are critical for high-power applications.

Fig. 7(a), the cross-sectional image shows the precise etching
of AlGaN layers from 25 nm to 3.7 nm. Fig. 7(b) presents the
surface roughness measurement that the root mean square
roughness (Ra) is 0.4 nm over a 1 mm2 area, indicating the
smooth surface achieved through ALE. This smoothness is
crucial for minimizing carrier scattering and surface traps and
enhancing electron mobility in GaN-based devices.51 Table 3
shows the performance of MIS-HEMTs with ALE-fabricated
recessed gate devices and demonstrates a competitive balance
of high current density (608 mA mm−1), controllable threshold
voltage (+2.0 V), and high breakdown voltage (720 V at 1 mA
mm−1), making it suitable for high power applications. In
comparison, devices fabricated using ICP etching achieve
a higher maximum current density of 836 mA mm−1 in double-
channel designs but exhibit a lower breakdown voltage (705 V at
1 mA mm−1) and less precise threshold voltage control (+0.5 V).
The dynamic on-resistance (Ron,sp) for ALE-fabricated devices is
1.27 mU cm2, which is superior to the 1.48 mU cm2 observed in
ICP-etched devices.

Additionally, ALE-fabricated devices demonstrate signi-
cantly reduced surface damage, contributing to enhanced reli-
ability. The smoothness of the etched surface achieved by ALE,
characterized by an RMS roughness of 0.4 nm, is markedly
better than the 1.2 nm obtained using ICP etching. These
quantitative improvements in breakdown voltage (+15 V),
threshold voltage stability (+1.5 V), and reduced surface
roughness (66.67% improvement) underline the superiority of
ALE over ICP etching, particularly for applications requiring
precise electrical control and high reliability.51,53
Fig. 7 MIS-HEMT with a recessed gate structure. (a) TEM cross-
section image in the gate recess region, highlighting a smoothly
etched surface and precise etching control. (b) Surface morphology of
the recessed gate region, revealing a surface roughness (Ra) of 0.4 nm,
as inspected by AFM.47

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00784k


Table 3 Performance comparison of gate recess methods for normally-off MIS-HEMT devices47,52

Gate recess method Vth (V) ID,max (mA mm−1) Ron,sp (mU cm2) Breakdown voltage (V)

ALE47 2.0 608 1.27 720@1 mA mm−1

ICP-RIE52 0.5 836 (double-channel) 1.48 705@1 mA mm−1
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The study by Hwang et al. illustrates the advantages of ALE in
achieving low-damage, self-limiting etching processes for
AlGaN using O2 and BCl3 plasma.53 This process ensures high
etching precision, minimal surface damage, and excellent etch
depth control, leading to improved electrical characteristics of
Schottky diodes compared to traditional digital etching
methods. As shown in Fig. 8(a), the ideality factor was found to
be more uniform and lower for diodes fabricated using ALE
(approximately 1.0 at a forward voltage of 0.3 V) compared to
those made with digital etching (approximately 2.0 at the same
voltage). This signicant reduction in ideality factor (50%
improvement) indicates that ALE causes less plasma-induced
damage, resulting in better electrical characteristics, including
lower reverse current and higher zero-bias barrier heights.

To further assess the impact on etching damage, photo-
luminescence (PL) intensity was measured at an etch depth of
approximately 5 nm. Fig. 8(b) shows that near-band-edge PL
intensity for samples etched using ALE is approximately 30%
higher compared to those etched with digital etching. This
Fig. 8 (a) Photoluminescence intensity comparison between ALE and
digital etching. (b) Ideality factor behavior in the forward voltage
region.53

© 2025 The Author(s). Published by the Royal Society of Chemistry
suggests that ALE produces fewer non-radiative recombination
centers, such as nitrogen vacancies, which are responsible for
degrading device performance.

2.3.2 Neutral-beam etching (NBE). NBE represents
a signicant advancement in the etching processes for GaN-
based HEMTs54 and light-emitting diodes (LEDs).55 This
method effectively addresses the critical challenge of plasma-
induced damage, which is prevalent in conventional etching
techniques such as ICP-RIE. GaN materials are highly valued in
the semiconductor industry for high-power and high-frequency
applications. However, achieving normally-off operation in
GaN-based HEMTs remains challenging due to the plasma-
induced damage associated with techniques such as gate
recessing. NBE offers a potential solution to minimize such
damage and enhance device performance.

NBE is specically designed to minimize plasma-induced
damage on semiconductor materials, particularly GaN-based
devices. Conventional plasma etching methods oen cause
signicant surface damage due to ion bombardment, resulting
in increased leakage currents, reduced breakdown voltages, and
degraded device performance. NBE addresses these issues by
providing a damage-free etching environment through the
neutralization of ions and reduction of UV photons. This
minimizes surface damage and leads to improved electrical
characteristics.

Beyond its success with GaN-based devices, NBE has
demonstrated signicant potential in the fabrication of 3D Fin-
FET structures, a cornerstone of modern 3D IC technologies.
One of its most critical advantages is its ability to perform
selective etching of germanium, a material increasingly used in
advanced Fin-FET designs for its superior electronmobility. The
neutralization process in NBE minimizes ion bombardment
and plasma-induced damage, ensuring precise material
removal without affecting adjacent layers. This high selectivity
not only preserves the structural integrity of the germanium ns
but also maintains clean interfaces,56 which are crucial for
achieving high carrier mobility and reliable device
performance.

NBE's capabilities in atomic-scale etching and its damage-
free nature give it signicant potential for fabricating the
high-aspect-ratio structures required in Fin-FETs. These char-
acteristics suggest that NBE could become an important tool in
3D IC manufacturing applications.

2.3.2.1 Principles of NBE. NBE operates by utilizing a neutral
beam composed of neutralized ions that effectively etch the
material surface without the undesirable effects typically asso-
ciated with conventional plasma etching methods. The NBE
system consists of a dual-chamber setup: a plasma generation
chamber and an etching chamber, separated by a carbon
Nanoscale Adv., 2025, 7, 2796–2817 | 2803
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Fig. 9 (a) Neutral beam etching system. (b) Carbon aperture array.54
Fig. 10 AFM images of the AlGaN surface with different carbon
aperture aspect ratio designs.64
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electrode with high aspect ratio apertures. This conguration
allows plasma ions to be neutralized as they pass through the
carbon apertures, signicantly reducing the presence of
charged particles and UV photons. The NBE system, as shown in
Fig. 9,54 ensures that the etched surface maintains its integrity
and performance, making it crucial for the development of
advanced semiconductor devices.

The design of the carbon apertures in the NBE system plays
a critical role in its effectiveness. The carbon aperture array is
crucial for achieving high-efficiency ion neutralization and
protecting the substrate during the etching process. Graphite is
commonly selected as the aperture material due to its excellent
thermal and electrical properties, ensuring durability under
intense plasma exposure. The high aspect ratio of these aper-
tures is essential for the neutralization process. As plasma ions
generated in the plasma chamber pass through the narrow,
elongated carbon apertures, they are neutralized, transforming
from charged particles into neutral atoms. This transformation
is because neutral atoms, unlike charged ions, do not cause
signicant damage to the material being etched. The high
aspect ratio design also enhances the neutralization process by
providing an extended path for ions to interact with the carbon
walls, converting charged ions into neutral particles. Moreover,
it minimizes energy loss by maintaining the directionality and
kinetic energy of neutralized particles while reducing ion-wall
collisions.57 Additionally, the high aspect ratio design effec-
tively lters out UV photons, which are another source of
damage in conventional plasma etching processes. The carbon
aperture array is further engineered to support a pressure
differential between the plasma source and the processing
regions. This conguration reduces background gas collisions,
preserving the energy of the neutral beam and ensuring precise
etching performance. By minimizing both ion bombardment
and UV photon exposure, the carbon aperture design in NBE
signicantly reduces surface damage, leading to improved
electrical characteristics of the etched devices. This makes NBE
particularly advantageous for applications requiring high
precision and minimal damage.

2.3.2.2 Applications of NBE. NBE is widely applied in the
fabrication of high-density semiconductor devices, including
advanced logic and memory devices. Its ability to produce high-
resolution patterns with minimal surface damage also makes it
suitable for GaN devices used in millimeter-wave applications.58

Additionally, the precise etch depth control and excellent
surface roughness for recessed gate E-mode AlGaN/GaN HEMTs
2804 | Nanoscale Adv., 2025, 7, 2796–2817
exhibit excellent electrical characteristics.59 In addition to its
technological advantages, NBE introduces distinct cost impli-
cations. While its initial equipment investment is higher due to
the neutral beam generation system, it reduces long-term costs
by minimizing surface damage and improving process yields. In
contrast, traditional plasma etching, with lower upfront costs,
oen incurs higher operational expenses due to greater defect
mitigation needs. These dynamics make NBE ideal for high-
precision applications such as GaN-based HEMTs and micro-
LEDs,60 where reliability and yield outweigh initial costs.
Furthermore, when applied to n-GaN surfaces treated with
uorine ions and neutral beams, NBE optimizes ohmic contacts
and exhibits lower contact resistivity. This is because the uo-
rine neutral beam removes nitrogen from the surface.61

Compared to uorine ion beams, although both reduce contact
resistivity, the uorine neutral beam is more effective, likely due
to the lack of charge-induced defect formation.62 The choice of
etching gas in NBE is also a crucial parameter. Ohori, D, et al.
studied the etching effects of HBr and Cl2 neutral beams,
nding that HBr could achieve a thinner reaction layer than Cl2
because the diameter of Br atoms is 1.2 times larger than that of
Cl atoms. Furthermore, HBr could generate less volatile etching
products due to the higher boiling point of its byproducts.63

Hemmi et al. demonstrated that adjusting the carbon aper-
ture aspect ratio in NBE signicantly affects surface roughness
and plasma-induced damage. With a carbon aperture aspect
ratio of 10, the RMS roughness was signicantly lower at
0.452 nm compared to 1.024 nm for a carbon aperture aspect
ratio of 2, highlighting the smoother etch achieved with better
neutralization, as shown in Fig. 10. This adjustment in the
aperture design effectively reduced surface damage, leading to
improved electrical performance in AlGaN/GaN HEMTs.64

NBE also provides a solution by utilizing a beam of neutral
particles that eliminates the charged particles and UV photons
responsible for plasma damage.54 This process ensures precise
control of etching depth and signicantly reduces damage to
the etched surfaces. Hemmi et al. demonstrated that NBE-
etched GaN HEMTs reduced isolation leakage current by
tenfold (1 mA mm−1 to 0.1 mA mm−1 at 4 V) compared to plasma
beam (PB) etching, with RMS surface roughness improving
from 2.226 nm to 0.427 nm. NBE also increased so breakdown
voltage (SBV) to over 210 V, compared to 25.6 V for PB, and hard
breakdown voltage to over 800 V (PB: 600–700 V).54 Furthermore,
Park et al., using the PL data shown in Fig. 11, demonstrated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 PL data of undoped GaN, p-type GaN, and n-type GaN after
etching with ICP and neutral beams, with the reference samples being
unetched.55
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a 30% higher near-band-edge PL intensity in NBE-etched GaN,
indicating fewer defects and enhanced optical efficiency
without an increase in forward voltage.55

Edward Yi Chang et al. demonstrated the superior interface
quality and electrical performance of high-frequency GaN
HEMTs when utilizing NBE compared to ICP-RIE. High-
resolution transmission electron microscopy (HRTEM) images
show a smoother and more uniform gate recess interface with
NBE, as shown in Fig. 12. The electrical performance, including
noise and frequency response, highlights that NBE-processed
devices exhibit better direct current (DC) and high-frequency
characteristics.58 Compared to ICP-RIE results, on-resistance is
improved by 52%, transconductance is increased by 22%, and
the noise gure is reduced by 31% using NBE. Additionally, the
cutoff frequency is increased by 28%, and drain current density
is enhanced. This improvement is attributed to the minimal
etching damage provided by the NBE process, making it an
excellent technique for high-performance GaN device
fabrication.
Fig. 12 HRTEM of the gate recess AlGaN etching region and zoom-in
images (a) by neutral beam etching (b) by ICP-RIE.58

© 2025 The Author(s). Published by the Royal Society of Chemistry
Ray-Hua Horng et al. investigated the performance of NBE
and ICP-RIE in the fabrication of GaN-based micro-LEDs. The
results shown in Fig. 13(a) and (b), demonstrated that sidewall
defects caused by plasma etching are signicantly reduced by
NBE, thereby enhancing the efficiency of the LEDs. Devices
etched with NBE exhibit nearly consistent external quantum
efficiency (EQE) across different array sizes, with the EQEmax

being 6.95% for 4 × 4 arrays (40 mm) and 7.11% for 2 × 2 arrays
(80 mm). In contrast, devices etched with ICP-RIE show
a signicant decrease in EQE as the size decreases, with EQEmax

values of 8.13% for 2 × 2 arrays (80 mm) and 7.48% for 4 × 4
arrays (40 mm). This demonstrates that NBE maintains a more
consistent performance, particularly in smaller-sized micro-
LEDs, reducing the size effect and enhancing overall device
efficiency. Through cathodoluminescence (CL) analysis, as
illustrated in Fig. 13(c), it was found that samples etched with
NBE have stronger and more sustained radiative recombination
signals at the sidewalls, while the signals in ICP-RIE etched
samples are weaker and decay more quickly. This indicates that
the UV light generated during the ICP-RIE process damages the
mesa sidewalls, creating more defects and reducing radiative
recombination behavior.65 These ndings highlight the signif-
icant advantages of NBE technology in fabricating high-
performance GaN-based micro-LEDs.

In this chapter, the application and development of etching
techniques, especially dry etching, in semiconductor
manufacturing are discussed. The chapter rst introduces the
basic concepts of conventional etching techniques and
compares the advantages and disadvantages of wet etching and
dry etching. It then highlights advanced dry etching techniques,
including ALE and NBE, which play a crucial role in the fabri-
cation of modern semiconductor devices due to their highly
Fig. 13 EQE of micro-LED arrays processed by (a) NBE and (b) ICP-
RIE. (c) CL analysis in the blue-light wavelength region: NBE vs. ICP-
RIE.65,66

Nanoscale Adv., 2025, 7, 2796–2817 | 2805
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precise control capability. The NBE technique signicantly
reduces the surface damage during etching by neutralizing the
ion beam, which is particularly suitable for GaN-based devices.
In this chapter, it is shown how these advanced etching tech-
niques address the limitations of conventional techniques and
provide new solutions for fabricating smaller, more efficient
and more reliable semiconductor devices.

3. Deposition techniques

Thin lm technology is an advanced approach aimed at
improving the structural, electrical, magnetic, optical, and
mechanical properties of bulk materials. It has found wide-
spread application in semiconductor devices, integrated
circuits, transistors, liquid crystal displays, light-emitting
diodes, solar cells, sensors, and micro-electromechanical
systems (MEMSs).67–69 The distinctive properties of thin lm
materials are crucial for the technological advancement of
various electronic, electrical, magnetic, and optical devices.70,71

These lms are created using various physical or chemical
methods, each of which is essential for producing ultra-thin
materials known for their uniform, conformal, and control-
lable thickness. As atomic and near-atomic scale manufacturing
(ACSM) evolves, the necessity of depositing high-quality,
impurity-free thin lms for laminated structures becomes
crucial.72 This is especially true when lm thickness approaches
atomic dimensions, posing signicant challenges for conven-
tional deposition methods.

Traditional thin lm deposition processes oen face the
challenge of achieving a balance between conformality, precise
Fig. 14 Thin film deposition techniques.

2806 | Nanoscale Adv., 2025, 7, 2796–2817
thickness control, and material selection for desired function-
ality. Fig. 14 shows various types of thin lm deposition tech-
niques. Established methods such as physical vapor deposition
(PVD) and chemical vapor deposition (CVD), sputtering, spin
coating, dip coating, and spray pyrolysis have been extensively
utilized. However, achieving conformal lm deposition over
complex three-dimensional structures with high aspect ratios is
challenging for techniques such as PVD, and electrodeposition
is limited to conductive materials only. Although CVD is
adaptable and can produce high-quality lms, it has drawbacks,
including high processing temperatures and the difficulty of
obtaining consistent thickness on complex geometries.

Recently, an advanced vapor-phase deposition process
known as ALD has addressed these limitations by providing
precise control over lm thickness and conformality due to its
self-limiting surface reactions. This novel technique has been
extensively investigated, effectively satisfying the urgent
demand in advanced micro/nano semiconductor
manufacturing.73,74 The fundamental advantages of this tech-
nology were compared to those of other deposition methods
such as electroplating, spin coating, sputtering, PVD, and CVD.
It has the potential to overcome current challenges and estab-
lish new standards at the atomic level in thin lm technology.
3.1 Traditional deposition technology

Thin lm deposition techniques are systematically classied
into four distinct categories based on the nature of the depo-
sition process, as illustrated in Fig. 14. This classication
fundamentally relies on whether the deposition mechanism in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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PVD or CVD is primarily physical or chemical. Additionally,
solution deposition thin lm methods include a variety of
techniques, including chemical bath deposition (CBD),75,76

spray pyrolysis,77 sol–gel processing,78 spin coating,79 and dip-
coating.80 Each method utilizes chemical reactions in a solution
to form lms. The key parameters that must be carefully
controlled in these chemical reactions include solution
concentration, temperature, pH levels, and reaction time.
Precise control of these factors is important to achieve the
desired lm properties and ensure that the lm is suitable for
a specic application. In contrast, physical processes such as
PVD,81 sputtering,82 molecular beam epitaxy (MBE),83 electron
beam evaporation,84 and thermal evaporation primarily rely on
the physical transfer of a material from a source to the substrate
under vacuum conditions. The chemical category includes
methods such as CVD,85 plasma-enhanced CVD (PECVD),86

metal–organic CVD (MOCVD),87 and ALD,88 which involve
chemical reactions at the surface of the substrate to grow the
lm. Finally, the classication of other CVD techniques
includes advanced methods such as mist-CVD and hydride
vapor phase epitaxy (HVPE). Mist-CVD operates without vacuum
environments, utilizing aerosolized precursors for efficient
deposition, making it ideal for large-area applications. This
technique has been effectively employed to grow high-quality
Ga2O3 lms, demonstrating advantages such as low cost,
simplicity, and compatibility with various substrates. For
example, high-quality crystalline NiO/b-Ga2O3 p–n hetero-
junctions grown via mist-CVD exhibit excellent crystallinity,
showcasing its potential for advanced semiconductor device
applications.89,90 HVPE, on the other hand, is primarily
employed for high-quality single-crystal growth, particularly in
III–V semiconductors. Additionally, HVPE has been effectively
utilized in depositing aluminum nitride (AlN), a material
renowned for its wide bandgap and high thermal conductivity.
HVPE-grown AlN lms exhibit excellent structural properties,
including high crystallinity and smooth surface morphology,
which are critical for applications requiring high breakdown
voltages and large-area substrates. Furthermore, HVPE facili-
tates the growth of thick AlN layers at high growth rates,
enabling the production of free-standing AlN wafers that serve
as substrates for III-nitride device structures. These advance-
ments underscore the versatility of HVPE in supporting
advanced semiconductor applications, such as deep ultraviolet
optoelectronics and acoustic devices.91 These advanced
methods expand the scope of CVD techniques by offering
unique advantages such as cost-effectiveness, compatibility
with diverse substrates, and high crystal quality, catering to the
demands of next-generation electronic and optoelectronic
devices.

Each thin lm deposition technology has unique advantages
and inherent limitations, which greatly affect their application
in various technical elds. PVD processes, such as sputtering
and evaporation, offer excellent control over lm purity and
composition due to their vacuum-based deposition environ-
ment, facilitating the production of high-quality lms with
precise microstructural characteristics. Nevertheless, there are
process challenges, including limitations in material selection,
© 2025 The Author(s). Published by the Royal Society of Chemistry
difficulties in achieving conformal coverage over complex
geometries, and potential issues with lm quality. Conversely,
CVD processes are oen preferred for their ability to produce
uniform coatings over large and intricately shaped areas,
a capability that PVD cannot consistently achieve. The capa-
bility of CVD to handle a wide range of materials, combined
with its effectiveness in lling high aspect ratio structures,
renders it essential for the fabrication of semiconductor devices
and integrated circuits.92 However, CVD methods typically
require higher substrate temperatures and may introduce
unnecessary impurities from precursor chemicals, which
creates challenges related to thermal budget and material
compatibility.

Among these traditional methods, ALD emerges as a partic-
ularly promising technology. The unique nature of ALD enables
high uniformity and easy control over composition and stacking
processes.93 Recently, there has been increased interest in the
fabrication process for each layer, driven by the need for
continuously scaled-down devices. ALD operates on the prin-
ciple of sequential self-limiting surface reactions, enabling
atomic-scale control over lm thickness and composition.94

This unique feature allows for the deposition of extremely thin
and conformal lms, which are essential for advanced semi-
conductor applications where dimensional control is critical.
Additionally, ALD provides superior uniformity when deposited
on high aspect ratio structures, overcoming one of the major
limitations faced by PVD and CVD.95 Despite its slower deposi-
tion rates, the precision and scalability of ALD position it as
a key technology in the ongoing development of nano-scale
devices and structures, highlighting its potential to drive
future innovations in thin lm technology.96 A comprehensive
comparison of CVD, PVD, and ALD is shown in Table 4.
3.2 Atomic layer deposition

Originally developed and globally recognized as atomic layer
epitaxy in the late 1970s, ALD was initially motivated by the
need to create thin-lm electroluminescent (TFEL) at-panel
displays.97 These displays require high-quality dielectric and
luminescent lms on large-area substrates. By the mid-1980s,
the utility of ALD was extended to epitaxial compound semi-
conductors. Signicant research efforts in the late 1980s
focused on the preparation of III–V compounds. The renewed
focus on ALD during the mid-1990s was driven by its applica-
tions in silicon-based microelectronics. The continuous mini-
aturization of device dimensions and the increasing aspect
ratios in integrated circuits demand the adoption of novel
materials and deposition techniques. ALD is regarded as one of
the most promising methods, owing to its ability to produce
ultrathin, conformal lms with precise atomic-level control over
lm thickness and composition. This section will further
explore the ALD mechanism, area-selective atomic layer depo-
sition (AS-ALD), and its applications in further detail.

3.2.1 ALD mechanism. ALD is a bottom-up method
distinguished by its self-limiting reaction mechanisms, which
ensure that the chemical reactions of precursors and reactants
on surfaces self-saturate once all initial reactive sites are
Nanoscale Adv., 2025, 7, 2796–2817 | 2807
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Table 4 Comparison of PVD, CVD and ALD techniques

Property PVD CVD ALD

Growth mechanism Continuous Continuous Self-limiting
Growth rate 100 nm–1 mm min−1 10–100 nm min−1 0.1–1 nm min−1

Materials Metals, elements, alloys, and some
oxides/nitrides

Oxides, nitrides, suldes, and
metals, elements

Oxides, nitrides, suldes, and
metals, elements

Temperature range 20–500 °C 200–1000 °C 50–300 °C
Vacuum 10−6–10−3 torr 10−3–10 torr 10−2–10 torr
Directionality Line-of-sight Isotropic Isotropic
Cleanliness Particles Particles No particles
Conformality 50–70% 70–90% >90%
Uniformity ∼80 Å range ∼10 Å range Å range
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occupied, independent of the dosing amount.96 This process
involves complementary reactions, where at least two different
molecules are separately exposed to the substrate, facilitating
the deposition of thin lms. Such mechanisms enable the
production of conformal and high-quality thin lms at
temperatures below 350 °C, achieving high uniformity even on
substrates with high aspect ratios, a challenge that remains
with conventional PVD methods.98

Fig. 15(a) presents a schematic comparison of a sputtering
system and an ALD system, highlighting the differences in lm
deposition morphology on high-aspect-ratio devices. Fig. 15(b)
illustrates the general ALD process through cyclic surface
reactions: (1) adsorption of precursor A, (2) purging with inert
gas to remove excess precursors and byproducts, (3) adsorption
of precursor B, and (4) repeated purging to facilitate layer-by-
layer growth until the desired lm thickness is achieved.99

This adsorption process involves both physisorption and
Fig. 15 Schematic illustrations of thin film deposition techniques. (a) C
limitations of PVD in high aspect ratio devices and the conformality o
deposition of Al2O3 from TMA and H2O precursors.99 (c) ALD growth
temperature sensitivity and optimal ranges for precursors.100

2808 | Nanoscale Adv., 2025, 7, 2796–2817
chemisorption, with excess physisorbed materials that can be
removed by purging with an inert gas. The limitation of active
surface sites ensures that the surface reactions of each cycle are
self-limiting. Due to its self-limiting characteristics, ALD can
precisely control lm thickness at the atomic level by adjusting
the number of growth cycles. The saturation process during
each cycle restricts the reaction to less than one atomic or
molecular layer, promoting uniformity and excellent step
coverage across complex surfaces and large areas. ALD exi-
bility covers a wide range of materials, allowing the deposition
of oxides, nitrides, uorides, suldes, metals, polymers, and
mixed or doped materials.101 It also supports the deposition of
multilayers with customizable properties at the atomic level,
expanding the scope of its applications. Notably, materials such
as Al2O3, TiO2, and TiN can be deposited at temperatures below
150 °C, reducing the risk of thermal damage to temperature-
sensitive substrates.99
omparison of PVD and ALD on structured surfaces, highlighting the
f ALD.96 (b) Diagram of the ALD process showing the layer-by-layer
rate graph as a function of deposition temperature, illustrating the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Despite its advantages, ALD may exhibit undesirable side
reactions, present challenges due to its complex reaction
chemistry and reactor design, and generally offer low
throughput and potential issues with conformality.102 To
address the issue of low throughput, strategies such as spatial
ALD and plasma-enhanced ALD (PE-ALD) have been developed.
Spatial ALD increases deposition rates by simultaneously
allowing continuous precursor exposure across different
substrate regions, thereby bypassing ALD's traditional cyclic
nature.74 In contrast, PE-ALD utilizes plasma to activate surface
reactions, enabling faster deposition rates and facilitating
deposition on less reactive surfaces at lower temperatures.103

While these methods enhance throughput, they also introduce
challenges, including higher equipment costs and increased
process complexity, which must be considered for industrial
applications. In general, the temperature of the process is
crucial for ALD reactions. ALD must operate within a specic
temperature range to avoid slow growth rates, thermal disinte-
gration, and slow reaction of precursors. The “temperature
window” is dened as the range within which lm growth rea-
ches saturation, as illustrated in Fig. 15(c). At temperatures
below this window, reactions may be lacking or may lead to
precursor condensation, while at higher temperatures, the risk
of precursor desorption or thermal decomposition increases.
Hence, maintaining conditions within the ALD temperature
window is crucial for optimizing the deposition process.

As research continues to expand the capabilities and address
the limitations of ALD, this technique remains at the leading
edge of thin lm deposition technologies, promising further
enhancements and wider applications in the future. This
progress is essential for meeting the evolving demands of nano-
engineering and microelectronics, where the atomic-level
control provided by ALD is increasingly critical.

3.2.2 Area-selective atomic layer deposition (AS-ALD). The
advanced technique of AS-ALD is a crucial process in the
miniaturization of semiconductor devices. As semiconductor
device feature size approaches sub-5 nm, aligning features
within multilayer stacks becomes a signicant bottleneck. AS-
ALD is distinguished by its capacity for precise feature align-
ment and thickness control within multilayer stacks, which is
particularly crucial as devices transition from planar to three-
dimensional structures. This method enables selective growth
on predened substrate areas while leaving other regions
unaffected, as illustrated in Fig. 16(a). This signicantly
simplies the alignment of high-k dielectric layers required for
next-generation device scaling. The AS-ALD ability to control
nucleation through surface chemistry modication reduces the
need for extensive lithography and etching steps, minimizing
the use of expensive and hazardous reagents. This technique
notably improves the efficiency of the fabrication process by
utilizing the selectivity window—the number of cycles required
before growth initiates in non-growth areas.104 The process is
sensitive to the presence of defects and impurities in the non-
growth area, which can inadvertently initiate ALD growth.
Maintaining high purity levels in precursors, co-reactants, and
purge gases is crucial to avoid introducing foreign species that
may affect the surface during the ALD process.108
© 2025 The Author(s). Published by the Royal Society of Chemistry
Selectivity is determined not only by lm thickness but it also
serves as a key indicator of process efficiency. As the growth
phase exceeded the dened selective window, deposition began
on the non-growth regions, resulting in reduced selectivity.104

An additional etching step can be integrated into the conven-
tional binary ALD cycle to address this issue.105 This step is
crucial for removing nuclei in non-growth areas, thereby
preserving high selectivity. Importantly, the etching process
must be selectively dened to remove the deposited material
without affecting the integrity of the underlying substrate. This
approach ensures the precision and effectiveness of the ALD
technique in applications that require high pattern accuracy.
For example, the selective deposition of TiO2 thin lms on Si/
SiO2-patterned surfaces, as shown in Fig. 16(b).105 The imple-
mentation of supercycles enabled the deposition of TiO2 lms
with a thickness exceeding 12 nm while still maintaining a high
selectivity of 97%. This study demonstrated the advanced
capabilities of selective deposition techniques, including ALD
and ALE, among other self-limiting reaction processes. The
ndings make a substantial contribution to the understanding
of how complex atomic-scale structures can be engineered with
precise material deposition, thereby enhancing the potential
applications of these technologies in semiconductor
manufacturing and other elds.

Kim et al. further advanced AS-ALD by developing a method
for selectively depositing Hf1−xZrxO2 (HZO) thin lms through
the catalytic dissociation of O2 molecules.106 This signicantly
enhanced the dielectric constants on metal substrates,
achieving high dielectric constants of 34 on Ru and 31 on TiN
substrates. Fig. 16(c) illustrates XPS depth proling, conrming
the selective nature and purity of the deposited lms. This study
emphasizes the potential of catalytic local activation to advance
three-dimensional nanopatterning in nanoelectronic device
fabrication. Moreover, Longrie et al.'s study utilized a rotary
reactor to deposit TiN on submicrometer ZnO powder through
both thermal and PE-ALD.107 This method proved effective in
completely removing N(CH3)2 ligands. Fig. 16(d) displays
energy-dispersive X-ray spectroscopy (EDX) mapping and
transmission electron microscopy (TEM) images that conrmed
uniform coatings on all powder agglomerates and individual
particles. Their ndings revealed that the plasma-enhanced
layers contained higher titanium and nitrogen content with
signicantly reduced oxygen and carbon levels compared to
thermally grown lms, indicating improved compositional
purity. These studies collectively highlight the effectiveness of
AS-ALD in achieving precise and selective thin-lm deposition,
which is critical for the ongoing development of nanoscale
device fabrication. These ndings explore their implications for
the future of semiconductor manufacturing, reecting on how
AS-ALD can address the growing complexity and stringent
requirements of modern electronic devices.

3.2.3 ALD applications. The ALD capability to deposit
conformal lms with precise atomic thickness on complex
surfaces is essential for interface modication, device encap-
sulation, and stabilizing quantum dots (QDs).109 In the semi-
conductor industry, it is important to enhance transistor
efficiency by improving the quality of gate dielectrics and
Nanoscale Adv., 2025, 7, 2796–2817 | 2809
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Fig. 16 Detailed representations of AS-ALD techniques and analyses. (a) Schematic illustration of the AS-ALD process, showcasing the method
for selective area deposition.104 (b) Integration of isothermal atomic layer deposition with atomic layer etching supercycles for selective
deposition of TiO2 on SiO2, complemented by TOF-SIMS images of the TiO2 on the patterned structure.105 (c) XPS depth profiles for ALD HZO
films grown at 280 °C on Ru and TiN substrates after 200 and 300 cycles.106 (d) TEM images and EDXmapping of ZnO crystals coated with 21 nm
of amorphous TiN after 300 cycles of the PE-ALD process, revealing variations in particle size and shape and the composition mapping per-
formed with HAADF-STEM.107
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interfaces.110 Moreover, ALD plays a crucial role in advancing
photovoltaic technology by creating barrier layers that greatly
enhance both efficiency and durability.111 Its utility further
extends to catalyst production, where its precision in coating
particles signicantly enhances their reactivity and selectivity,
particularly in applications such as fuel cells, chemical reactors,
and environmental catalysis under various reaction condi-
tions.112 Especially in 3D IC fabrication, achieving conformal
coating of high-aspect-ratio structures, such as through-silicon
vias (TSVs), presents a signicant challenge. ALD employs self-
limiting surface reactions to deposit uniform and ultra-thin
high-k dielectric lms, which are essential for electrical insu-
lation and capacitance optimization. ALE complements this
process by providing precise etching of TSVs, ensuring minimal
variability in depth and shape. Additionally, Neutral Beam
Etching (NBE) enhances the overall process by minimizing
plasma-induced damage, particularly in interconnect layers,
thereby improving the reliability of the nal device. Subse-
quently, we will discuss how the unique properties of atomic
layer deposition address technical challenges, focusing on
individual applications and their impact on the advancement of
technology and manufacturing methods.

3.2.3.1 ALD in optoelectronics applications. As the size of
LEDs decreases, the impact of sidewall defects becomes more
signicant, resulting in reduced wafer luminous efficiency.113

ALD has become an important technology for improving the
performance of LED devices, especially for passivation appli-
cations. Sidewall passivation minimizes surface recombination
velocities, which can greatly affect the efficiency and
2810 | Nanoscale Adv., 2025, 7, 2796–2817
performance of LEDs.114 A red micro-LED with SiO2 by ALD used
as a sidewall passivation layer is schematically shown in
Fig. 17(a).115 ALD offers superior coverage and conformality so
that even the most complex microstructures in LED devices are
effectively passivated, reducing non-radiative recombination at
the sidewalls. From the comparison between devices with
various coatings and different current levels, a signicant
decrease in integrated optical power can be observed as shown
in Fig. 17(b). For smaller devices, such as those with dimensions
of 5 mm and 15 mm, ALD technology demonstrated lower
leakage currents and higher conductivity compared to PECVD.
Specically, in larger devices with a size of 50 mm, ALD-coated
samples exhibited an average reduction in leakage current by
a factor of 7.8, indicating that ALD is more effective in sidewall
passivation, thereby minimizing leakage pathways and surface
recombination losses. When examining micro-LEDs of various
sizes, the signicance of ALD sidewall treatment becomes even
more apparent. This signicant difference is primarily attrib-
uted to increased surface recombination in smaller devices.115

Micro-LEDs with ALD sidewall passivation demonstrate signif-
icantly higher output power densities and external quantum
efficiencies (EQEs) compared to those without ALD treatment,
as illustrated in Fig. 17(c). The enhancement in EQE of micro-
LEDs with ALD sidewall passivation is primarily due to the
reduction in Shockley–Read–Hall (SRH) non-radiative recom-
bination. The ALD treatment improves surface quality by
passivating defects and reducing surface states, which are
signicant contributors to non-radiative recombination,
particularly in smaller devices. This leads to more efficient
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Applications of ALD in LED enhancement. (a) Schematic diagram of a red micro-LED with an ALD-applied SiO2 sidewall passivation
layer.115 (b) Integrated spectral intensities for samples treated with ALD and PECVD at high/low current densities.115 (c) Output power density
comparisons for micro-LEDs of dimensions 5 × 5 mm2 and 10 × 10 mm2, with and without ALD sidewall treatments, including peak EQE.116 (d)
Comparison of emission lifetimes in OLED panels with and without Al2O3 ALD encapsulation, illustrating the durability advantages of ALD.117
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carrier recombination and higher light output. The uniform
passivation provided by ALD reduces surface states and defects,
which are more pronounced in smaller devices due to their
higher surface-to-volume ratios.116 Consequently, micro-LEDs
treated with ALD maintain higher efficiency and brightness,
which is crucial for applications that require high-resolution
displays and precise lighting control. Specically, the ALD-
treated devices show a signicant improvement in surface
recombination velocity, reducing it from 1026 cm s−1 to
551.3 cm s−1, which translates into a 73.47% enhancement in
EQE for 5 mm devices and 66.72% for 10 mm devices.

Furthermore, ALD offers substantial advantages in the
passivation and encapsulation of LED and OLED devices. Its
ability to produce high-quality, conformal lms ensures
enhanced current densities, output power, and EQE in micro-
LEDs, as well as extended emission lifetimes in OLED panels,
as shown in Fig. 17(d). The EQE enhancement for micro-LEDs
treated with ALD sidewall passivation was signicant, with
improvements of up to 73.47% for 5 mm devices and 66.72% for
10 mm devices. Additionally, ALD-treated OLED panels showed
little to no degradation in luminance intensity over extended
periods, demonstrating the effectiveness of ALD in maintaining
device performance.117

3.2.3.2 ALD in microelectronics and semiconductor applica-
tions. As device dimensions decrease, conventional materials
and fabrication methods encounter limitations, necessitating
the development of advanced solutions such as ALD. In the case
© 2025 The Author(s). Published by the Royal Society of Chemistry
of FinFETs, a 3D gate is used to replace planar grids, improving
device density and performance, as presented in Fig. 18(a). ALD
enables the uniform coating of advanced 3D gate structures
with high-k dielectrics such as HfO2, achieving an equivalent
oxide thickness (EOT) of around 1 nm.121 This results in
a reduction of leakage current density from approximately 10−6

A cm−2 to 10−9 A cm−2 and an 85% retention of universal SiO2

mobility, signicantly enhancing gate control, reducing
leakage, and improving overall efficiency and scalability. Addi-
tionally, the stability of threshold voltage under stress condi-
tions is maintained within ±5%, ensuring reliable device
operation.

In the eld of microelectronics and semiconductors, ALD is
pivotal for depositing high-k dielectric materials such as
hafnium oxide (HfO2) and aluminum oxide (Al2O3). These high-
k materials are characterized by their ability to provide higher
capacitance densities compared to traditional silicon dioxide,
which is essential for scaling down transistor sizes without
increasing leakage currents.122 Specically, HfO2 and Al2O3

exhibit excellent insulating properties, with a high-k, which
enhances gate capacitance while maintaining low equivalent
oxide thickness.123 This results in improved gate control and
reduced power consumption in transistors. Moreover, their
thermal stability and compatibility with silicon processes make
them ideal for use in advanced semiconductor devices.124

Fig. 18(b) illustrates the effective thermal conductivity of Al2O3,
HfO2, and TiO2 lms with varying thicknesses between 1 and
Nanoscale Adv., 2025, 7, 2796–2817 | 2811
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Fig. 18 Applications of ALD in microelectronics and semiconductors. (a) Evolution of transistor design concepts from planar to CFET structures.
(b) The fabrication of flexible ZnO thin-film transistors on plastic substrates using a low-temperature ALD process.118 (c) The qualifying criteria for
barrier and liner layers.119 (d) Transfer characteristics of the ZnO TFTs before and after being passivated with various ALD films.120
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10 nm, demonstrating their ability to maintain insulating
properties across different scales, further contributing to
reduced leakage currents and enhanced transistor perfor-
mance.118 These high-k materials replace traditional silicon
dioxide, reducing gate leakage currents and enhancing capaci-
tance, thereby maintaining device performance at smaller
scales.

In advanced memory devices such as dynamic random-
access memory (DRAM) and NAND ash, the requirement for
uniform trench structures and precise capacitor fabrication is
critical. For DRAM capacitors, ALD is essential for depositing
ultra-thin, conformal layers of HfO2, which increases capaci-
tance density by up to 30% while reducing leakage currents to
10−9 A cm−2. In NAND ash, ALD ensures uniform oxide–
nitride–oxide (ONO) stack deposition, which signicantly
enhances memory retention and reliability, particularly in high-
temperature environments. ALE further improves trench
proles, achieving sidewall smoothness within 1 nm, essential
for minimizing variability in memory cell performance.125 ALD
facilitates the deposition of high-k materials with exceptional
uniformity, achieving a 20–30% increase inmemory density and
reducing leakage currents to levels below 10−8 A cm−2. ALE
complements this process by creating precise trenches with
minimal variability. Trenches fabricated via ALE exhibit depth
uniformity exceeding 98%, which ensures consistent electrical
performance and enhances capacitor reliability. Furthermore,
ALD plays a crucial role in the formation of metal gate elec-
trodes. This transition from polysilicon gates to metal gates is
essential for reducing gate resistance and enhancing transistor
speed. Materials such as titanium nitride (TiN) and tantalum
nitride (TaN), deposited via ALD, ensure uniform coverage over
2812 | Nanoscale Adv., 2025, 7, 2796–2817
complex 3D structures, such as the n structures in FinFETs.126

This uniformity forms effective gate electrodes that reduce the
gate resistance and thus improve the overall speed and effi-
ciency of the transistor.

In integrated circuits, ALD is vital for creating effective
barrier and liner layers for copper interconnects, preventing
copper diffusion into surrounding materials, which is critical
for circuit reliability.119,127 Fig. 18(c) summarizes the qualifying
criteria for barrier and liner layers, as well as process-related
issues affecting surrounding materials and structures. By
reducing barrier/liner thickness to sub-nanometer levels, ALD
enables a 15% increase in copper volume, thereby lowering line
resistance and improving conductivity. Devices utilizing ALD-
deposited barrier layers demonstrate a 25% reduction in
leakage current, enhancing reliability and scalability for
advanced nodes.

The conformity in high aspect ratio features is crucial for the
integrity of these interconnects, and ALD's precision is partic-
ularly effective here. For instance, ALD's application in depos-
iting semiconductor materials such as indium gallium zinc
oxide (IGZO) for thin-lm transistors (TFTs) enables signicant
improvements in device performance.128 IGZO deposited via
ALD achieves higher electron mobility, typically exceeding 10
cm2 V−1 s−1, compared to traditional amorphous silicon TFTs,
which generally exhibit mobilities around 1 cm2 V−1 s−1.129 This
increase in mobility directly enhances the switching speed and
overall performance of advanced display technologies. The
uniform deposition capability of ALD ensures consistent elec-
trical properties across large areas and complex structures,
which is critical for the development of exible and large-area
electronics. Furthermore, ALD's low-temperature deposition,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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oen below 200 °C, preserves the integrity of exible and
wearable electronics by preventing damage to sensitive
substrates, which might occur at higher temperatures.130 For
example, ZnO TFTs fabricated on plastic substrates using low-
temperature ALD show high transparency (over 85%) and
robust electrical performance, with on/off ratios exceeding 106,
as illustrated in Fig. 18(d). This capability underscores ALD's
potential in advancing high-performance, exible electronic
devices by maintaining material properties while ensuring
mechanical exibility.120

Overall, the role of ALD in semiconductor fabrication is ex-
pected to grow as the demand for smaller, more efficient elec-
tronic devices increases. ALD's ability to deposit thin, uniform
lms with precise control over composition and thickness
makes it an essential tool for ongoing innovations in semi-
conductor technology. Emerging applications, such as 3D ICs
and advanced memory devices, also benet from ALD's preci-
sion and uniformity.131 In summary, ALD plays a crucial role in
the advancement of transistor technology. For example, ALD
ensures conformal coating of TSVs, achieving a 95% improve-
ment in vertical integration efficiency, while ALE provides
precise etching with minimal sidewall damage. These
advancements support the ongoing miniaturization and diver-
sication of electronic devices. In 3D ICs, ALD enables the
deposition of high-k dielectrics for TSV insulation, achieving
leakage current reductions to levels below 10−8 A cm−2 and
ensuring consistent capacitance values across high-aspect-ratio
structures.132 This capability enhances the reliability of inter-
connects, reducing failure rates by over 20%. Additionally,
ALE's atomic-scale precision allows for the etching of TSVs with
Fig. 19 Applications of ALD in environmental and energy domains. (a) Pas
V curves of the champion perovskite devices with and without the ALD
power output (SPO)measurements of the respective devices. (b) The sche
ALD.134 (c) ALD is utilized to fabricate core/shell structures in drug delive
and interparticle force following extended storage.135 (d) ALD coatings ca
surface for functionalization.136

© 2025 The Author(s). Published by the Royal Society of Chemistry
depth uniformity exceeding 98%, critical for maintaining signal
integrity in multi-layer chip designs.

3.2.3.3 ALD in environmental and energy domains. In addi-
tion to the applications mentioned above, ALD is highly effec-
tive for depositing functional layers on specic surfaces. In
photovoltaics, ALD enhances solar cell performance and dura-
bility by reducing surface recombination through passivation
layers at rear silicon surfaces. Typically made of Al2O3 or TiO2,
these layers decrease surface recombination velocities and
increase efficiency, as shown in Fig. 19(a).133 The incorporation
of an ultrathin Al2O3 layer at the perovskite/PEDOT interface
resulted in an increase in power conversion efficiency from
9.6% to 11.2%. This enhancement is attributed to a reduction in
charge recombination and improved passivation provided by
the ALD layer. Additionally, the ALD-treated devices exhibited
an increase in open-circuit voltage from 0.85 V to 0.91 V and an
improvement in the ll factor from 0.59 to 0.65. The passivation
mechanism involves chemical passivation, which reduces
surface defect states, and eld-effect passivation, which repels
charge carriers away from the surface.137,138 For example, Al2O3

layers introduce negative xed charges that repel electrons,
thereby reducing electron–hole recombination. ALD is also
utilized in thin-lm and perovskite solar cells to achieve precise
control over layer thickness and composition, optimizing device
architecture and stability. This uniformity is essential for
maintaining the structural and functional integrity of solar cells
under environmental stressors such as moisture and tempera-
ture variations.

Catalysis is another area where ALD has made substantial
contributions. ALD enables the deposition of catalytic materials
sivation layers of Al2O3 deposited via ALD in perovskite solar cells.133 J–
Al2O3 layer at the perovskite/PEDOT interface, along with stabilized
matic illustration of synthesis of a single-atom Pd/graphene catalyst via
ry systems, establishing a correlation between the fine particle fraction
n protect Fe3O4 nanoparticles from oxidation and provide a controlled
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with atomic precision, facilitating the creation of highly active
and stable catalysts. For instance, ALD can be used to deposit
noble metal nanoparticles, such as platinum or palladium, on
high-surface-area supports, resulting in catalysts with a high
dispersion of active sites essential for catalytic reactions.112 A
notable example involves the fabrication of atomically
dispersed Pd on graphene using ALD, as illustrated in Fig. 19(b).
In the selective hydrogenation of 1,3-butadiene, the single-atom
Pd1/graphene catalyst demonstrated approximately 100%
butene at 95% conversion.134 The high performance is attrib-
uted to changes in the adsorption mode of 1,3-butadiene and
the enhanced steric effect on the isolated Pd atoms. Further-
more, ALD allows for the engineering of core–shell structures,
enhancing catalytic activity and selectivity, while also improving
stability and resistance to sintering and poisoning.139 These
attributes are particularly valuable in applications such as
automotive exhaust treatment, hydrogen production, and
chemical synthesis.

In the eld of biomedicine, ALD's precise control over lm
properties has been harnessed for a variety of applications. One
prominent example is the use of ALD to create biocompatible
coatings for medical implants.140 These coatings, oen made of
materials such as titanium dioxide or hydroxyapatite, enhance
the integration of implants with biological tissues, reduce the
risk of infection, and improve the overall biocompatibility of the
device. Additionally, ALD is utilized in the development of drug
delivery systems. The as-deposited ceramic lms exhibited no
cytotoxicity in the human cell culture environment. By coating
nanoparticles with ALD lms, it is possible to precisely control
the release rates of therapeutic agents, enhance the stability of
the drug formulations, and target specic tissues or cells.
Fig. 19(c) displays the implementation of ceramic ALD lms
such as SiO2, TiO2, and Al2O3, which signicantly increased the
ne particle fraction of budesonide.135 In the study, the imple-
mentation of ceramic ALD lms such as SiO2, TiO2, and Al2O3

on budesonide particles signicantly increased the ne particle
fraction (FPF) by approximately 2.3 times for SiO2 and Al2O3 and
1.9 times for TiO2, aer 10 ALD cycles. This indicates high drug
loading and improved cell viability. This precision is crucial for
maximizing the therapeutic efficacy while minimizing side
effects. Moreover, magnetic nanoparticles show promise in
magnetic resonance imaging, hyperthermia treatment, and
targeted drug delivery, as depicted in Fig. 19(d). The enhanced
stability and biocompatibility provided by ALD coatings make
these magnetic nanoparticles more effective for clinical
applications.

In addition to its applications in LEDs, transistors, photo-
voltaics, catalysis, and biomedicine, ALD is also crucial in other
elds such as energy storage and environmental protection. For
energy storage, ALD improves battery electrodes and electrolyte
interfaces, resulting in increased capacity, stability, and life-
span in lithium-ion batteries. In environmental protection, ALD
is utilized to create advanced materials for gas separation and
water purication, offering solutions for cleaner air and water.
The precision and versatility of ALD enable it to address
complex challenges across these diverse elds.
2814 | Nanoscale Adv., 2025, 7, 2796–2817
In this chapter, the application of thin-lm deposition
techniques, in particular ALD, to the fabrication of modern
semiconductors is explored in depth, as ALD stands out for its
ability to precisely control the thickness and composition of
thin lms at the atomic level and has become a key method for
realizing high-performance and high-reliability device fabrica-
tion. The principles of ALD, the development of AS-ALD, and its
wide range of applications in optoelectronics, semiconductors,
and energy technologies are described in detail, showing
unparalleled advantages in increasing the efficiency of opto-
electronic devices, optimizing high-k dielectric layers and metal
gate electrodes, and improving the performance of batteries
and fuel cells. Overall, this chapter demonstrates ALD as an
advanced method in current thin-lm deposition techniques,
whose remarkable versatility and precision have led to its
expanding range of applications in modern technology.

4. Conclusions

The future of ALD, ALE, and NBE technologies is promising as
ongoing advancements continue to address the evolving
demands of semiconductor manufacturing. Numerous optimi-
zation strategies have been employed to enhance their precision
and efficiency. In particular, controlling deposition thickness in
ALD, achieving atomic-level etching with ALE, and minimizing
surface damage through NBE have proven crucial for improving
device performance. Geometrical parameters such as layer
thickness, etch depth, and surface passivation have signicant
impacts on device reliability and durability. Addressing thermal
management, particularly in high-power applications, becomes
essential as devices scale further. Future efforts could explore
the use of more thermally conductive substrates and the
renement of etching proles to minimize defects and improve
device performance. Additionally, optimizing contact technol-
ogies to reduce resistance and ensure smooth surface
morphology will be critical. Looking ahead, further research
should focus on enhancing the uniformity and precision of
these processes for advanced applications in micro-LEDs, high-
speed communications, and optoelectronics. Future research
should consider the performance capabilities of ALD, ALE, and
NBE technologies to promote the development of next-
generation semiconductor devices.
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