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Atomic Layer Deposition (ALD) is a vapor-phase thin-film deposition
technique known for its ability to produce ultra-thin, highly conformal,

and uniform films with atomic-level thickness control. This review
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) explores the fundamentals of ALD, its evolution, its critical role in the
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. semiconductor industry, and recent advancements. We also discuss the
Manufacturing and future

challenges associated with scaling ALD processes and outline future
outlook of ALD.

directions to enable next-generation semiconductor devices. These

properties make ALD a critical tool in the fabrication of
semiconductors, energy storage devices, optical coatings, and
biomedical interfaces. In advanced semiconductor manufacturing,
ALD plays a key role in the development of high-k dielectrics, gate
materials, and barrier layers for transistors and memory devices.
Despite its relatively slow deposition rate, ongoing innovations such as
spatial ALD, plasma-enhanced ALD, and low-temperature processes
are expanding its scalability and application range. The future of ALD
lies in the exploration of new precursors, multi-material systems, and
integration with Al-based process control, ensuring its continued
relevance in next-generation nanofabrication and atomic-level material
engineering. Semiconductor manufacturing is the highly
sophisticated and precise process used to fabricate integrated circuits

(ICs) or microchips on semiconductor wafers, primarily made of
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ultra-pure silicon. These microchips form the brains of modern
electronic devices—from smartphones and computers to cars and

medical equipment.

1. Introduction

The continuous scaling of semiconductor devices, in accordance with Moore’s Law, demands
increasingly precise and uniform thin films for gate dielectrics, interconnects, and other critical
components. ALD has emerged as a key enabling technology to meet these requirements, particularly at
sub-10 nm technology nodes, due to its atomic-level control, excellent conformality over high-aspect-

ratio structures, and compatibility with complex 3D architectures.

Atomic Layer Deposition (ALD) is a thin-film deposition technique that enables the controlled
growth of materials one atomic layer at a time. It is a subclass of chemical vapor deposition (CVD),
distinguished by its unique, self-limiting surface reactions that result in highly uniform, conformal
coatings with precise thickness control at the atomic scale. In a typical ALD process, two or more
chemical precursors are alternately pulsed into a reaction chamber in a sequential and time-separated
manner. Each precursor reacts with the surface in a self-limiting fashion, depositing a sub-monolayer and
preparing the surface for the next reaction. This cyclic process enables extremely accurate control of film

thickness, even on substrates with complex three-dimensional (3D) geometries or high aspect ratios.

The origins of ALD trace back to the 1970s, initially developed for thin-film electroluminescent
displays in Finland and the Soviet Union. Since then, ALD has evolved into a critical technology in
semiconductor manufacturing, especially with the advent of nanoscale devices that demand atomic-level
precision. It is now widely used for fabricating high-k gate dielectrics, metal gates, interconnect liners,
memory structures, and emerging 3D device architectures such as FinFETs and Gate-All-Around FETs.
ALD's inherent advantages—conformality, uniformity, and precise thickness control—make it
indispensable for advanced semiconductor fabrication, especially at nodes below 10 nm. As device
architectures become increasingly complex and 3D, ALD continues to play a vital role in enabling next-

generation electronic devices.

Semiconductor manufacturing is the highly intricate and technologically advanced process of
producing integrated circuits (ICs), commonly known as microchips. These chips are the foundational

building blocks of nearly all modern electronics, powering everything from smartphones and computers
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to automobiles, medical equipment, and industrial systems. The manufacturing process involves
transforming ultra-pure silicon into wafers that are patterned and layered to form millions or even billions
of microscopic transistors and interconnects within each chip. The process begins with wafer fabrication,
where pure silicon crystals are grown into large ingots using the Czochralski method. These ingots are
then sliced into thin, mirror-like wafers. Each wafer serves as the substrate upon which electronic devices
will be built. The first steps in wafer processing involve oxidation, cleaning, and surface preparation to

create a uniform, defect-free platform for subsequent patterning.

A critical step in semiconductor manufacturing is photolithography, a process where ultraviolet
(UV) light is used to transfer complex circuit patterns onto the wafer using a light-sensitive material
called photoresist. A photomask containing the circuit design acts as a stencil. After exposure and
development, selected regions of the wafer are chemically altered or removed, allowing further
processing such as doping or etching. Etching follows photolithography and is used to remove materials
from specific areas of the wafer. Etching can be wet (using liquid chemicals) or dry (using plasma or
reactive gases), with dry etching preferred for precise, anisotropic patterns. Next, doping—typically via
ion implantation—introduces impurities into specific regions of the silicon to create n-type or p-type
areas, forming the essential building blocks of transistors. Thin film deposition plays a central role in
layering various materials onto the wafer. Techniques such as Chemical Vapor Deposition (CVD),
Physical Vapor Deposition (PVD), and Atomic Layer Deposition (ALD) are employed to create layers of
insulators, semiconductors, and conductors. These layers must be uniformly deposited with high

precision, especially as devices shrink to the nanometer scale.

To ensure flatness between layers and prepare for further processing, Chemical Mechanical
Planarization (CMP) is used to polish the wafer surface. After multiple cycles of patterning, etching,
doping, and deposition, the wafer contains multiple layers of intricate circuits. Metallization is then
performed to connect the devices with metal interconnects, forming complete electronic pathways. Once
fabrication is complete, the wafer undergoes testing to identify functional chips. It is then diced into
individual dies, each representing a single microchip. These chips are packaged for protection and
connected to external systems through wire bonding or flip-chip methods. Final testing ensures quality
and performance before the chips are shipped to customers. Semiconductor manufacturing demands
extreme precision, ultra-clean environments, and cutting-edge equipment. As devices scale down to the 2

nm node and beyond, innovations in materials, architecture, and fabrication techniques are crucial. The
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future of electronics depends on continual advancement in semiconductor manufacturing, making it one

of the most vital and dynamic fields in science and engineering today.
2. Principles of ALD

ALD is based on sequential, self-limiting surface reactions, typically involving two precursors
that are alternately pulsed into a reaction chamber. Each half-reaction deposits a fraction of a monolayer,
allowing precise thickness control. Atomic Layer Deposition (ALD) is a vapor-phase thin-film
deposition technique that enables atomic-level control over film thickness, composition, and conformity.
It is based on sequential, self-limiting surface reactions that deposit materials layer by layer, one

atomic layer at a time.
3. Evolution of ALD in Semiconductor Manufacturing

ALD firstly introduces in 1974 as Atomic Layer Epitaxy (ALE) in Finland by Tuomo Suntola
for electroluminescent displays (e.g., ZnS:Mn). The method was largely limited to academic and niche
industrial uses, mainly for oxide films. Recognized for its precise control and conformal growth, but
not yet adopted by the semiconductor industry due to slow growth rates. Originally developed in the
1970s for thin-film electroluminescent displays, ALD has found broad use in semiconductor fabrication
over the last two decades. Key milestones include early 2000s: Adoption of ALD for high-k dielectrics
(e.g., HfO;) in CMOS gates, 2010s: Integration into FInFET and 3D NAND structures and particularly in
present day, essential for advanced node logic (5 nm, 3 nm), EUV masks, and atomic-scale
etch/deposition processes. Atomic Layer Deposition (ALD) has undergone a remarkable evolution from a
niche thin-film technique to a mainstream enabling technology in semiconductor manufacturing. Its
development is closely tied to the industry's aggressive miniaturization, 3D integration, and materials

innovation. Here’s a timeline-style overview of its key milestones and transitions.

4. Advantages of ALD in Semiconductor Fabrication
Semiconductor fabrication—also known as semiconductor manufacturing or semiconductor
processing—is the highly controlled, multi-step process used to create integrated circuits (ICs) or

microchips on semiconductor wafers, typically made of silicon.

This process enables the production of complex electronic devices like processors, memory
chips, sensors, and power devices found in everything from smartphones to satellites. Particularly,

atomic-scale thickness control, excellent conformality over complex topographies, superior uniformity
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across wafers, low defect density, scalability for sub-5 nm technology nodes. All these are advantages by

using ALD in fabrication of semiconductors in semiconductor industry point of view.
5. Future Outlook

ALD is poised to remain a cornerstone of advanced semiconductor manufacturing due to growing
demand for 3D integration and heterogeneous packaging, requirements of Gate-All-Around FETs and
CFETs and potential in quantum computing and neuromorphic devices. The future of ALD lies in multi-
functional coatings, atomic-level precision and cross disciplinary integration. As demands grow in
nanoelectronics, energy, and biomedical devices, ALD will remain at the forefront of enabling new
technologies, especially where control at the atomic scale is essential. This includes semiconducting
scaling and nodes, different emerging materials development, biomedical materials and their applications,
different materials required in energy storage purpose, for understanding the green energy materials
chemistry and many more. Ongoing research is focused on novel precursors and chemistries, integration
with in-situ monitoring and Al process control as well as hybrid ALD-CVD approaches for throughput-
speed balance. Atomic Layer Deposition (ALD) has evolved dramatically from a niche method to a
mainstream nanofabrication technique across industries, especially in semiconductors, energy, optics,
and biotechnology. Recent advances in ALD focus on improving throughput, expanding material

options, enhancing interface control, and enabling new device architectures.

6. Conclusion

Atomic Layer Deposition has transformed from a niche deposition method to a mainstream
technology essential for continued semiconductor scaling and innovation. Its precision, conformality, and
compatibility with 3D structures make it indispensable for next-generation device fabrication. Addressing
its limitations through novel reactor designs, advanced precursors, and process innovations will further

solidify its role in the semiconductor industry's future.
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