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Abstract 

Electrochemical Atomic Layer Deposition (E-ALD) is a promising technique for synthesizing high-

quality thin films and nanostructured materials. In this study, we explored the potential applications of 

Artificial Intelligence (AI) in E-ALD processes. We identified several ways in which AI can be utilized 

to improve the efficiency and accuracy of E-ALD processes, such as optimizing the process parameters, 

predicting material properties, monitoring the process in real-time, and ensuring quality control. Our 

findings demonstrate that AI can optimize the E-ALD process by identifying the optimal conditions for 

depositing thin films with specific properties. Furthermore, AI can predict the properties of the deposited 

materials based on the deposition conditions, allowing researchers to design and optimize new materials 

with tailored properties. Real-time monitoring using AI can improve the quality and uniformity of the 

deposited films, and reduce the need for post-deposition characterization. Finally, AI can be used for 

quality control by detecting defects or inconsistencies in the deposited films, leading to improvements in 

the final product. Our study highlights the potential of AI in E-ALD processes and provides insight into 

how AI can be used to optimize the synthesis of novel materials with tailored properties. The integration 

of AI in E-ALD processes can pave the way for the development of new materials for various applications, 

including energy storage and conversion, catalysis, and sensors. 

Keywords:  Artificial Intelligence, Electrochemical Atomic Layer Deposition, Materials, Nanotechnology, 

Optimization Thin Films, Synthesis 

___________________________________________________________________________

Introduction  

Fabrication of atomic-scale materials has 

become increasingly important in the fields 

of nanotechnology, catalysis, and 

electronics. The conventional method of 

achieving atomic-scale deposition is 

through vapor-phase atomic layer 

deposition (ALD) [1], [2]. However, this 

process has several drawbacks, including 

the use of unstable precursors which 

decompose yielding contaminated deposits. 

These limitations have led to the 

development of an alternative approach, 

known as electrochemical atomic layer 

deposition (e-ALD) [3]–[5]. 

The e-ALD method uses liquid-phase 

precursors and electrode potential 

manipulation to achieve atomic-scale 

deposition of metals such as copper (Cu) 

and cobalt (Co) [6], [7]. This technique 

allows for precise control of the deposition 

process, resulting in high-quality and 

uniform thin films. Unlike ALD, e-ALD 

uses electrochemistry to facilitate the 

deposition process. By applying a voltage 

to the electrode, the precursor molecules in 

solution are reduced, resulting in the 

deposition of a metal atom onto the 

electrode surface. 

https://researchberg.com/index.php/araic
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The e-ALD method offers several 

advantages over conventional ALD. For 

example, e-ALD is a simpler and more cost-

effective process that does not require high 

vacuum conditions. Additionally, the use of 

liquid-phase precursors in e-ALD 

eliminates the need for volatile and unstable 

precursor compounds, making the 

deposition process more reliable and 

predictable. Furthermore, e-ALD enables 

deposition onto non-planar surfaces and can 

produce thin films of metals that are 

difficult to achieve with conventional ALD 

methods.  

Underpotential deposition (UPD) is a 

technique used to deposit metal atoms onto 

a substrate surface with precise atomic level 

control over the deposition process [8]–

[11]. The metals Pb, Cu, Zn, and S have 

been studied for their ability to undergo 

UPD and create self-limiting layers on 

substrate surfaces. Pb is unique in that when 

it undergoes UPD, a monolayer of Pb oxide 

forms on the substrate surface, which acts 

as a barrier to further Pb deposition. Cu, Zn, 

and S also form monolayers on the substrate 

surface, allowing for precise atomic level 

control over the thickness of the deposited 

layer [12], [13]. These UPD techniques 

have been used in the fabrication of various 

electronic devices and in the development 

of electrocatalysts and photocatalysts for 

fuel cells and hydrogen production [14]–

[16]. 

E-ALD uses electrochemistry to initiate the 

surface reaction that results in the 

deposition of the atomic layer. The 

electrochemical reaction is initiated by 

applying a voltage to the substrate, which 

causes an electrochemical reaction to occur 

at the surface. This reaction results in the 

formation of a monolayer of the material on 

the substrate. The voltage is then turned off, 

and the substrate is exposed to a gas-phase 

reactant that reacts with the monolayer, 

resulting in the formation of a second 

monolayer. This process is repeated until 

the desired thickness of the film is achieved. 

The electrochemical reaction used in E-

ALD can be either anodic or cathodic. In 

anodic E-ALD, the substrate is oxidized, 

and the metal ions are reduced to form a 

monolayer of the material. In cathodic E-

ALD, the metal ions are oxidized, and the 

substrate is reduced to form a monolayer of 

the material. The choice of anodic or 

cathodic E-ALD depends on the material 

being deposited and the properties of the 

substrate. Electroless atomic layer 

deposition (ALD) is a highly effective 

technique for fabricating thin films onto 

resistive substrates. Unlike traditional 

ALD, which requires a conductive substrate 

to provide electrical contact for deposition, 

electroless ALD does not require an 

external power source. Instead, it uses a 

chemical reduction process to deposit 

material in a controlled, layer-by-layer 

manner. This makes it particularly well-

suited for coating non-conductive 

substrates, such as glass, ceramics, and 

polymers. One of the key benefits of 

electroless ALD is its versatility. It can be 

used to deposit a wide range of materials, 

including metals, oxides, nitrides, and 

sulfides. This makes it a valuable tool for a 

variety of applications, from 

microelectronics and energy storage to 

biomedical devices and catalysis. 

Additionally, electroless ALD can produce 

high-quality, uniform films with precise 

control over thickness and composition. 

https://researchberg.com/index.php/araic
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Another advantage of electroless ALD is its 

scalability. Because it does not require an 

external power source, it can be easily 

adapted to large-scale manufacturing 

processes. This makes it an attractive option 

for industries that require high-throughput 

production of thin films on resistive 

substrates [17]–[19]. 

Applications of Artificial Intelligence 

in E-ALD 

Process optimization:  

E-ALD (Electrochemical Atomic Layer 

Deposition) is a process that uses 

electrochemistry to deposit thin films of 

metals or metal oxides on a substrate. The 

process involves alternating anodic and 

cathodic reactions that occur on the 

substrate surface, leading to the formation 

of a thin film with atomic-level precision. 

The process has several advantages, 

including high deposition rate, uniformity, 

and precise control over the thickness of the 

deposited films. However, optimizing the 

E-ALD process is crucial to achieve the 

desired properties of the deposited films 

[20]–[23]. 

One critical parameter in optimizing the E-

ALD process is the choice of electrode 

material. The electrode material affects the 

reaction kinetics, the quality of the 

deposited films, and the overall process 

efficiency. The choice of electrode material 

depends on the nature of the substrate and 

the desired properties of the deposited 

films. For example, platinum electrodes are 

commonly used for depositing metals, 

while indium-tin-oxide electrodes are used 

for depositing metal oxides. Additionally, 

the surface morphology of the electrode can 

affect the adhesion and uniformity of the 

deposited films. Therefore, optimizing the 

surface morphology of the electrode is 

essential to achieve high-quality films. 

Another critical factor in optimizing the E-

ALD process is the choice of electrolyte 

solution. The electrolyte solution affects the 

reaction kinetics, the stability of the 

electrode material, and the quality of the 

deposited films. The choice of electrolyte 

solution depends on the type of electrode 

material, the substrate, and the desired 

properties of the deposited films. For 

example, for depositing metals, sulfuric 

acid or a mixture of sulfuric and phosphoric 

acid is commonly used. For depositing 

metal oxides, solutions containing metal 

salts such as titanium isopropoxide or 

aluminum tri-sec-butoxide are used. 

Additionally, the concentration of the 

electrolyte solution can affect the 

deposition rate and the uniformity of the 

deposited films. Therefore, optimizing the 

concentration of the electrolyte solution is 

crucial to achieve the desired properties of 

the deposited films. 

Artificial intelligence (AI) has the potential 

to revolutionize the optimization of E-ALD 

processes by analyzing and interpreting 

large amounts of data collected during the 

deposition process. The data can be used to 

train machine learning algorithms to 

identify the optimal conditions for 

depositing thin films with specific 

properties. Machine learning algorithms 

can analyze data from various sensors and 

feedback systems to identify patterns and 

correlations between the process variables 

and the properties of the deposited films. 

One example of how AI can optimize E-

ALD processes is through the use of 
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predictive modeling. Predictive models can 

be trained on data collected from previous 

E-ALD processes to predict the properties 

of the deposited films under specific 

process conditions. The models can be used 

to optimize the process parameters for 

depositing thin films with desired 

properties, such as thickness, composition, 

and morphology. Predictive models can 

also be used to identify the optimal 

conditions for depositing thin films with 

specific properties, such as high 

conductivity or optical transparency. 

Another example of how AI can optimize 

E-ALD processes is through the use of 

closed-loop control systems. Closed-loop 

control systems use real-time data collected 

from various sensors to adjust the process 

parameters in real-time to achieve the 

desired properties of the deposited films. 

The control systems can use machine 

learning algorithms to analyze the data and 

adjust the process parameters based on the 

feedback from the sensors. Closed-loop 

control systems can ensure consistent and 

high-quality deposition of thin films, even 

in complex and dynamic environments. 

Real-time monitoring:  

Monitoring the E-ALD process is essential 

to ensure the film's quality, thickness, and 

uniformity [24], [25]. There are several 

critical parameters that need to be 

monitored during the E-ALD process to 

achieve a high-quality thin film. The first 

parameter to monitor is the applied voltage. 

The applied voltage affects the deposition 

rate, and it needs to be controlled to ensure 

the desired thickness of the film. An applied 

voltage that is too high can lead to a non-

uniform film, while an applied voltage that 

is too low can result in a thin film. 

Therefore, it is essential to monitor the 

applied voltage continuously during the E-

ALD process to ensure it stays within the 

desired range. 

Another parameter that needs to be 

monitored is the substrate temperature. The 

substrate temperature plays a crucial role in 

the E-ALD process as it determines the 

film's quality and morphology. If the 

substrate temperature is too low, it can lead 

to a non-uniform film, while if it is too high, 

it can cause cracking or delamination of the 

film. Therefore, it is essential to monitor the 

substrate temperature during the E-ALD 

process continuously. Maintaining a 

constant and precise substrate temperature 

is critical to ensure the desired film 

thickness and quality. 

The third parameter that needs to be 

monitored during the E-ALD process is the 

precursor concentration. The precursor 

concentration affects the deposition rate 

and film quality. A low precursor 

concentration can lead to a thin film, while 

a high precursor concentration can cause a 

non-uniform film. Therefore, it is essential 

to monitor the precursor concentration 

continuously during the E-ALD process to 

ensure it stays within the desired range. 

Precursor concentration can be monitored 

by using spectroscopy techniques such as 

infrared or Raman spectroscopy [26], [27]. 

One way AI can be used to monitor the E-

ALD process is through machine learning 

algorithms [28], [29]. These algorithms can 

analyze data collected during the process, 

such as the applied voltage, substrate 

temperature, and precursor concentration, 

to identify patterns and predict the outcome 

of the deposition. This can help operators 

https://researchberg.com/index.php/araic


  

 

 

 

38 | P a g e  

 

A
p

p
licatio

n
s o

f A
rtificial In

tellig
en

ce in
 E

lectro
ch

em
ical A

to
m

ic L
ay

er D
ep

o
sitio

n
 (E

-A
L

D
) 

optimize the process parameters and 

achieve the desired film properties. 

Another way AI can be used in the E-ALD 

process is through computer vision 

techniques. Cameras can be installed in the 

deposition chamber to capture images of the 

substrate and deposited film. AI algorithms 

can then analyze these images to detect 

defects, such as cracks or delamination, and 

alert operators in real-time. This can help 

prevent further damage to the film and 

improve its quality. 

AI can be used to analyze data from various 

sensors and monitoring systems to detect 

any anomalies in the deposition process. 

For example, AI algorithms can analyze the 

precursor concentration, applied voltage, 

and substrate temperature data in real-time 

to identify any deviations from the desired 

values. This can alert the operator to take 

immediate corrective action to ensure the 

process remains within the desired 

parameters [30], [31]. 

Moreover, AI can be used to optimize the 

E-ALD process by predicting the optimal 

conditions for producing high-quality thin 

films. Machine learning algorithms can 

analyze large datasets of E-ALD process 

parameters and film properties to identify 

patterns and correlations. This can be used 

to develop predictive models that can 

optimize the E-ALD process for producing 

thin films with the desired properties. 

By using AI to monitor and optimize the E-

ALD process, it is possible to reduce the 

need for post-deposition characterization, 

as the process can be adjusted in real-time 

to ensure the desired film properties are 

achieved. This can save time and resources, 

as post-deposition characterization can be a 

time-consuming and expensive process. 

Additionally, the use of AI can improve the 

reproducibility of the E-ALD process, as it 

can help to ensure that the process is 

consistent from batch to batch. 

Prediction of material properties:  

AI can predict the properties of deposited 

materials based on the deposition 

conditions and other parameters. Machine 

learning algorithms can analyze data 

collected during the E-ALD process, such 

as the precursor concentration, applied 

voltage, and substrate temperature, to 

identify patterns and correlations with the 

properties of the deposited materials [32]. 

By training the algorithms on a dataset of 

known materials with their corresponding 

properties, AI can predict the properties of 

new materials based on the deposition 

conditions used to produce them. 

For example, if researchers want to design 

a material with high conductivity, they can 

input the desired conductivity into the AI 

algorithm and it will predict the deposition 

conditions necessary to produce a material 

with those properties. Similarly, if they 

want to design a material with high catalytic 

activity, they can input the desired catalytic 

activity into the algorithm, and it will 

predict the optimal deposition conditions to 

achieve those properties. 

AI predictions of material properties can 

greatly accelerate the development of new 

materials with specific properties. 

Traditional methods of materials 

development can be time-consuming and 

costly, involving trial and error 

experimentation. AI can streamline this 

process by predicting the optimal 
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deposition conditions to achieve specific 

material properties, reducing the need for 

extensive experimentation and trial-and-

error. 

Quality control:  

Quality control is an essential aspect of any 

manufacturing process [33], [34], and the 

same holds for E-ALD or Atomic Layer 

Deposition technology. E-ALD is a thin 

film deposition technique that enables the 

deposition of ultra-thin films of high-

quality materials. The process of E-ALD 

involves the deposition of thin films on 

substrates by sequentially exposing them to 

precursor gases. The deposited films need 

to meet certain standards and specifications 

to ensure their reproducibility and 

reliability. Quality control in E-ALD aims 

to verify the quality of the deposited films 

and ensure that they meet the required 

standards. Quality control checks the 

thickness, uniformity, and purity of the 

films, as well as their adhesion to the 

substrate [35], [36]. 

The reproducibility and reliability of E-

ALD films are critical in many applications, 

such as in the semiconductor industry, 

where the films' quality determines the 

device's performance. The slightest 

variation in the thickness, composition, or 

uniformity of the deposited films can 

significantly affect the device's 

performance. Quality control plays a 

crucial role in ensuring the reproducibility 

of the E-ALD films by monitoring the 

process parameters and the deposition 

conditions. Quality control also helps in 

identifying and correcting any process 

variations that may occur during the 

deposition process, thus ensuring the 

consistency of the films' quality. 

Quality control in E-ALD also helps to 

minimize the defects that may arise during 

the deposition process. Defects in the 

deposited films can significantly affect the 

films' functionality and performance. 

Quality control checks the deposited films 

for defects such as pinholes, cracks, and 

delamination. These defects can be caused 

by various factors, such as the deposition 

conditions, the substrate's surface quality, 

or the precursor gases' purity. Quality 

control helps in identifying and eliminating 

the defects by adjusting the deposition 

conditions or changing the precursor gases. 

In conclusion, quality control is an essential 

aspect of E-ALD, as it ensures the 

reproducibility and reliability of the 

deposited films. Quality control checks the 

deposited films for their thickness, 

uniformity, purity, and adhesion to the 

substrate. It also helps in minimizing 

defects that may arise during the deposition 

process. Quality control plays a crucial role 

in ensuring the quality of the films and their 

consistency, making E-ALD technology 

more reliable and trustworthy [37], [38]. 

AI can be used to monitor the quality of the 

deposited films in E-ALD. The data from 

various sensors such as surface roughness, 

thickness, composition, and crystal 

structure can be analyzed by AI algorithms 

to identify any anomalies in the data. The 

AI algorithms can use machine learning 

techniques to learn from the historical data 

and predict the quality of the deposited 

films in real-time. Any deviation from the 

expected quality can be detected by the AI 

algorithms, and the operators can be alerted 

to take corrective actions. The use of AI in 

quality control can reduce the risk of human 
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error and improve the accuracy of the 

monitoring process. 

Moreover, AI can also be used to optimize 

the deposition process in E-ALD. The AI 

algorithms can analyze the data from 

various sensors and identify the optimal 

values of the deposition parameters such as 

temperature, precursor concentration, and 

deposition time. The AI algorithms can use 

machine learning techniques to learn from 

the historical data and predict the quality of 

the deposited films for different 

combinations of deposition parameters. The 

operators can use the predictions to adjust 

the deposition parameters to achieve the 

desired quality of the deposited films. The 

use of AI in process optimization can 

reduce the time and cost required for the 

trial and error method of finding the optimal 

deposition parameters. 

Conclusion  

The E-ALD technique involves the use of 

electrochemical reactions to deposit thin 

films of a material onto a substrate. The 

process relies on the principles of Atomic 

Layer Deposition (ALD), which is a well-

established technique that involves the 

sequential deposition of atomic layers of a 

material onto a substrate using a self-

limiting surface reaction. 

AI has the potential to optimize E-ALD 

processes by analyzing data collected 

during the deposition process and using it to 

train machine learning algorithms to 

identify the optimal conditions for 

depositing thin films with specific 

properties. Predictive modeling and closed-

loop control systems are two examples of 

how AI can be used to optimize E-ALD 

processes. The use of AI in E-ALD 

processes can lead to more efficient, 

precise, and cost-effective thin film 

deposition with applications in various 

fields, including electronics, energy, and 

biomedicine. 

AI can greatly improve the E-ALD process 

by providing real-time monitoring and 

analysis. This can lead to more precise 

control of the deposition parameters and 

improved film quality and uniformity. As 

AI technology continues to advance, it is 

likely that it will become an essential tool in 

the E-ALD process and other thin-film 

deposition techniques. 

In the case of the E-ALD process, AI can 

predict the properties of deposited materials 

based on the deposition conditions and 

other parameters, helping researchers to 

design and optimize new materials with 

specific properties. 

the use of AI in quality control and process 

optimization can improve the quality and 

efficiency of the E-ALD process. The AI 

algorithms can analyze the data from 

various sensors and identify any anomalies 

in the data to ensure the reproducibility and 

consistency of the deposited films. The AI 

algorithms can also optimize the deposition 

process by identifying the optimal values of 

the deposition parameters, reducing the 

time and cost required for the trial and error 

method. The use of AI in E-ALD can 

contribute to the development of advanced 

materials with desirable properties for 

various applications. 

By combining E-ALD with artificial 

intelligence (AI), researchers can improve 

the efficiency and accuracy of the process. 

However, one of the primary challenges 
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that researchers face is the lack of training 

data. AI models require a large amount of 

data to train, and in the case of E-ALD, it 

can be challenging to obtain sufficient data 

due to the complexity of the process and the 

high cost of experimentation. To overcome 

this challenge, researchers may need to 

develop new strategies for data collection 

and processing, such as using simulation 

and modeling techniques. 

Another challenge associated with AI-

assisted E-ALD is interpretability. While 

AI can make accurate predictions and 

optimize the process, the underlying 

models are often considered "black boxes" 

that are difficult to interpret. This can make 

it challenging for researchers to understand 

the reasoning behind the decisions made by 

the AI and may limit the ability to make 

further improvements to the process. To 

address this challenge, researchers may 

need to develop new strategies for model 

interpretation, such as using visualization 

techniques to understand how the model 

makes predictions. 

AI models are typically trained on a specific 

set of data and conditions, which may limit 

their ability to adapt to changes in the 

process or new materials. This limited 

flexibility can be a challenge for researchers 

looking to use AI to optimize the E-ALD 

process for a broad range of materials. To 

address this challenge, researchers may 

need to develop new strategies for model 

transferability, such as using transfer 

learning techniques to adapt existing 

models to new materials or processes. In 

addition to these technical challenges, the 

implementation of AI in E-ALD may also 

be subject to regulatory challenges. The use 

of AI in the development of new materials 

may raise concerns about safety and 

reliability, which could impact the approval 

process for new materials. As a result, 

researchers may need to work closely with 

regulatory agencies to ensure that AI-

assisted E-ALD is safe and reliable, and 

meets all regulatory requirements.  
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