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Abstract 

As semiconductor devices scale below 10 nm, the need for ultra-thin, high-quality gate 

dielectrics becomes increasingly critical to ensure performance and reliability. Atomic Layer 

Deposition (ALD) has emerged as a key enabling technique for fabricating conformal and 

uniform thin films with precise thickness control. This paper reviews the recent 

advancements in ALD processes, materials innovation, and integration strategies for gate 

dielectric applications, with a focus on discuss the current challenges and opportunities for 

future device scaling. 
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1. Introduction  

The semiconductor industry, driven by Moore's Law, has consistently pushed device 

dimensions towards the atomic scale. In this aggressive scaling regime, traditional SiO₂ gate 

dielectrics suffer from excessive leakage currents due to direct tunneling. Consequently, 

high-k materials such as HfO₂, ZrO₂, and Al₂O₃ deposited by Atomic Layer Deposition (ALD) 

have become pivotal. ALD provides atomically controlled layer-by-layer deposition, ensuring 

ultra-thin, pinhole-free films with excellent step coverage — essential for advanced FinFETs, 

Gate-All-Around (GAA) structures, and beyond. 

The core advantage of ALD is its self-limiting surface reactions, which decouple film 

thickness from process time and allow sub-nanometer precision. Unlike Chemical Vapor 

Deposition (CVD) or Physical Vapor Deposition (PVD), ALD achieves superior conformali ty 

even on high aspect ratio features, a necessity for three-dimensional (3D) architectures. As 

industry transitions to sub-5 nm nodes, the demands on ALD processes are not just for 

thickness control, but also for interface engineering, defect minimization, and material 

innovation. This paper explores the state-of-the-art ALD techniques for ultra-thin gate 

dielectrics, emphasizing the material challenges, process optimizations, and integration 

issues.  

 

2. Literature Review 

The role of ALD in gate dielectric fabrication. Kim et al. (2017) demonstrated that 

plasma-enhanced ALD (PEALD) of HfO₂ films significantly reduces interface state density 

compared to thermal ALD [1]. Similarly, Choi et al. (2018) investigated the use of Al₂O₃ as a 

passivation layer deposited by ALD to improve device reliability under high bias conditions 

[2]. These studies highlight the importance of deposition method variations in tailoring 

dielectric performance. 

In a 2019 study, Lee et al. compared ozone-based ALD and water-based ALD for ZrO₂ 

films, showing that ozone processing enhances the dielectric constant but introduces 

additional oxygen vacancies [3]. This points to a critical trade-off between material 

properties and process-induced defects. Meanwhile, Jeon et al. (2016) proposed multi-cycle 

ALD strategies to grow laminated high-k stacks that reduce leakage without sacrificing 
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capacitance [4]. 

 

Table 1: Comparison of ALD Processes for Gate Dielectrics 

 

Study Material ALD Type Precursor Key Results 

Kim et al. 

(2017) [1] 

HfO₂ PEALD HfCl₄ + O₂ 

plasma 

Reduced interface state density, bet-

ter electrical performance 

Choi et al. 

(2018) [2] 

Al₂O₃ Thermal 

ALD 

TMA + H₂O Enhanced reliability and bias stabil-

ity 

Lee et al. 

(2019) [3] 

ZrO₂ Ozone-

based ALD 

ZrCl₄ + O₃ Higher dielectric constant, slight in-

crease in oxygen vacancies 

Jeon et al. 

(2016) [4] 

HfO₂/Al₂O₃ 

stack 

Thermal 

ALD 

HfCl₄ + 

TMA + H₂O 

Reduced gate leakage, improved 

thermal stability 

 

 

3. Recent Process Innovations 

One major innovation has been the development of plasma-enhanced ALD (PEALD) 

and radical-enhanced ALD (REALD) processes. By introducing highly reactive species, these 

methods lower growth temperatures, crucial for backend-compatible device fabrication. 

Lower temperatures also mitigate interfacial diffusion between dielectric layers and 

underlying semiconductors, preserving sharp interfaces and minimizing defect states. 

Another significant advancement involves the use of new metal precursors, such as 

hafnium amidates and alkoxides, which offer improved thermal stability and reduced 

impurity incorporation. These precursors enable more efficient surface reactions, yielding 

films with superior electrical properties. Furthermore, research into spatial ALD (SALD) 

shows promise for high-throughput manufacturing without sacrificing film quality. 

Figure 1 presents a schematic comparison of thermal ALD vs. PEALD processes, 

emphasizing their differences in reaction mechanisms and resulting film characteristics.  
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Figure 1: Thermal ALD vs Plasma-Enhanced ALD Process Flow 

 

Atomic Layer Deposition (ALD) and Plasma-Enhanced Atomic Layer Deposition 

(PEALD) share the same fundamental cyclic process — alternating exposures of precursors 

and reactants to grow thin films in a self-limiting manner. However, they differ significantly 

in how the reactant phase interacts with the surface and the resulting film properties. 

In Thermal ALD, the surface reactions are driven purely by thermal energy. The 

process uses relatively mild oxidants like H₂O or O₃ to react with metal precursors (e.g., TMA 

for Al₂O₃, HfCl₄ for HfO₂). This method ensures excellent uniformity but requires relatively 
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higher temperatures (typically 200–400 °C) to activate chemical reactions. Thermal ALD 

often leads to better material purity but may be limited when dealing with temperature-

sensitive substrates. 

By contrast, PEALD introduces a plasma step during the reactant exposure phase. The 

plasma generates highly reactive species (radicals, ions) at low substrate temperatures (as 

low as 50–200 °C), enabling faster, more complete surface reactions. PEALD provides lower 

growth temperatures, denser films, improved stoichiometry, and better interface quality — 

but can introduce plasma-induced damage if not properly controlled. 

 

5. Integration Challenges and Future Prospects 

Despite ALD’s advantages, integration challenges remain, particularly in controlling 

interfacial layer growth during high-k deposition on silicon or germanium substrates. 

Unwanted formation of low-k SiO₂ interlayers can degrade overall capacitance and gate 

control. Advanced surface treatments, such as pre-deposition ozone annealing or plasma 

cleaning, are being explored to mitigate this issue. 

In addition, the scalability of ALD processes to accommodate new device architectures 

like 2D material-based FETs (e.g., MoS₂, WS₂) is a growing research focus. These novel 

semiconductors present unique surface chemistry challenges that necessitate adapted ALD 

chemistries and lower thermal budgets. Looking forward, atomic precision manufacturing 

and in-situ metrology during ALD cycles could offer game-changing improvements in film 

uniformity, process control, and device reliability, ushering in the next era of semiconductor 

innovation. 

 

6. Conclusion 

Atomic Layer Deposition has solidified its position as the technology of choice for 

fabricating ultra-thin, high-performance gate dielectrics in advanced semiconductor devices. 

Recent advancements in process innovations, material development, and integration 

strategies have enabled significant improvements in film quality, electrical performance, and 

device scalability. However, challenges related to interface control, defect management, and 

compatibility with emerging device structures remain active areas of research. Continued 
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efforts in refining ALD techniques will be vital to meet the demands of future technology 

nodes and beyond-CMOS paradigms. 
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