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Abstract  

Keywords: silver, metals, ultra-thin metallic films, nanoparticle films, chemical vapor-phase deposition, atomic layer 

deposition, conformal deposition, large-scale deposition. 

Among the noble metals, silver (Ag) presents the lowest electrical resistivity at low thickness, the highest 
reflectance from visible to infrared spectra and the lowest thermal conductivity. Consequently, it is used in a large 
range of applications, either as nanoparticle (NP) films, e.g. in devices based on localized surface plasmon resonance, 
or as continuous thin films for highly reflective optical mirrors or as infrared reflecting coatings. Although copper (Cu) 
is widely used in the field of microelectronics, Ag is a good candidate as a potential replacement of Cu for interconnects 
in integrated circuits (ICs) thanks to its lower residual stress and the absence of considerable increase of resistivity 
when downscaling. Among the non-line-of-sight vacuum deposition method, atomic layer deposition (ALD) is known 
for its ability to produce an accurate and precise thickness control giving uniform and conformal film growth thanks 
to the sequential and self-limiting surface reactions of precursors. However, the ALD of silver is still weakly understood, 
and the uniform deposition over large scale is often not demonstrated. It is also very challenging to obtain an ultra-
thin continuous Ag films due to the growth mechanism leading to islands films rather than continuous layer. 

 
One part of this thesis work is dedicated to take advantage of the nanoparticle morphology and overcome the 

challenge of the good control of the morphology of Ag nanostructures on large-scale surfaces by an understanding of 
the growth mechanism. The uniformity of the deposition of silver NPs by plasma-enhanced ALD (PE-ALD) is quantified 
in terms of film morphology as well as chemical composition and crystalline structure over an 8-inch surface area. 
After a careful investigation of the PE-ALD parameters and their impact on the Ag deposition, we prove the self-
saturated regime required for obtaining good control of the deposition and large-scale uniformity. An empirical model 
which explains the silver NPs growth mechanism correlated with the experimental results obtained is also proposed. 
This fine control of the Ag NP morphology opens the way for interesting applications requiring precise NP dimensions. 

 
The thesis also reports a new approach relying on an original two-step plasma-enhanced chemical vapor-phase 

deposition as an alternative process regime which might be more promising for obtaining the challenging continuous 
and highly conductive ultra-thin films deposition. After reviewing the influence of the deposition conditions, we prove 
that the first step provides a uniform new morphology made of compact Ag NPs that is usually not achieved at low 
thickness with CVD or ALD. Based on the experimental results obtained, a proposed model for the growth mechanism 
of this peculiar Ag morphology is discussed and suggests that the chemical reaction occurs not only on the surface but 
also in the gas phase. After the second step of plasma post-treatment of silver made of compact nanoparticles, the 
sintering of the Ag NPs enhances the electrical conductivity of silver films by increasing the connectivity between 
particles due to the presence of higher density of energetic radicals. This is highlighted by a rigorous investigation of 
the influence of the post-processing conditions on the film morphology and its electrical properties. Therefore, we 
manage to reach the electrical performances of silver films obtained by physical approaches, i.e. by achieving a critical 
thickness as low as 15 nm and an electrical conductivity of 3.9×105 S/cm for a 40-nm thick Ag film. The described 
method can also be extended to other noble metals, in particular copper and gold, for which the deposition using 
chemical vapor-based methods is a very active field. 

 
The two different processes developed in this work, i.e. standard PE-ALD and the novel two-step approach, 

are compared on complex substrates. The later path demonstrates a high film conformality on complex lateral high 
aspect ratio structures (LHAR with AR of 100), with better coverage than the one reported up to now for ALD of Ag. 
Moreover, the quasi-substrate-independency of silver films chemical-vapor phase deposited using both approaches 
confirms the weak influence of the underlayers known in the literature for Ag. On the other hand, we show that the 
study of the optical behavior of Ag films gives information about their morphology. Indeed, the presence of an 
absorbance visible peak is a signature of metallic NP morphology causing localized surface plasmon resonance. By 
following the film reflectivity spectrum of Ag NP films, a ‘continuous-like’ behavior understood by the Drude model is 
found at low wavelengths whereas higher wavelengths highlight a ‘particle-like’ behavior sticking to the oscillator 
model. This evolution of the optical properties is very similar for separated NPs using standard PE-ALD and film made 
of compact NPs obtained by the novel approach, except a stronger and broader absorbance peak typical for a film of 
aggregated NPs in the last case. On these compact NPs, a plasma post-processing gives strong increase of the infrared 
reflectance up to 97% and a strong decrease of near infrared transmittance as low as 3% for a 40-nm-thick film. Due 
to the wide ranges of applications of thin metal films, and the challenge to provide methods for conformal deposition, 
this work is interesting for the whole community of material scientists and could inspire many investigations.  
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Tp Precursor temperature (related to Ths) 
tpl Pulse time 2 of plasma 
tpost Time of post-treatment 
tpr Pulse time 1 of Ag precursor 
tpu1 Purge time 1 after Ag pulse 
tpu2 Purge time 2 after plasma pulse 
Ts Substrate temperature (related to Tch) 
W Opening width 
α’ Modified Auger parameter 
λ Mean free path  
ρ Resistivity 
σ Conductivity 
𝐸𝑎 Adsorption energy of the atoms 
𝛾 Surface energy or surface tension  
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General 

Introduction 
 

 

 

 

A brief introduction of the context and challenges of the thesis work is presented. The aim of the 

research and the objective are described. The PhD structure with an overview of the content of each 

chapter and the main conclusions is outlined.  
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Context  

Noble metals are transition metals presenting outstanding resistance to oxidation and 

corrosion even at high temperatures, which confers them their more noble character as compared to 

other metals. [1] In a more inclusive list, noble metals include coinage metals gold (Au), silver (Ag) and 

copper (Cu) as well as platinum group metals ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium 

(Os), iridium (Ir), platinum (Pt). [2] They present very good conduction of heat and electricity and have 

a higher melting point than usual metals, which justifies the interest in this type of material for making 

nanostructures. 

 

The downscaling of these materials to the nanometer scale size confers them specific and 

unique physico-chemical properties compared to those of larger sized particles and counter bulk 

materials. [3] The decrease in size of the nanoparticles leads to a large surface-to-volume ratio which 

plays a preponderant role in the properties involving exchanges at the interface between the object 

under consideration and its environment. The amount of atoms or molecules present at the surface 

increases with a decrease of the particle size. This higher amount of surface atoms creates more 

surface area and thus more surface energy which can potentially enhance the NPs materials reactivity 

from a chemical point of view, but also create the possibility to tune the optical, magnetic and 

conducting properties. [4] 

 

Nowadays, several applications in diversified areas of our daily life use these metallic 

nanomaterials, ranging from personal care commercial products in cosmetics, packaging for food, [5] 

to textiles [6] or integrated circuits of mobile phones. [7] This leads to the breakneck development of 

nanotechnologies. [8] Thanks to their low resistivity and high optical reflectance over a wide optical 

spectrum, the metallic thin films play also an important role in several technologies. In most 

applications, the control of the metallic film morphology represents a key factor in order to achieve 

either a continuous smooth film or discrete particles with well-controlled size. [9]  In a non-exhaustive 

way, we can mention applications for nanoparticles in heterogeneous catalysis with Pt and Pd 

nanoparticles being the mostly used, [10] in biology with Au NPs as fluorescent markers for imaging 

[11] or in medicine with the use of gold nanoparticles for the treatment of cancers, [12, 13] and 

applications for noble metal continuous films in microelectronics with Cu films as interconnects, [14] 

in optical sensors applications thanks to the apparition of surface plasmon resonance [15] or as 

anticorrosion, self-cleaning or anti-fouling smart coatings. [16] 

 

In particular, metallic silver nanometer-scale coatings are of great interest for a number of 

applications. Ag presents the lowest electrical resistivity (1.59 μΩ.cm), the highest reflectance from 

visible to infrared (IR) spectra as compared to other metals [17] and a plasmonic frequency being 

located in UV region (𝜆𝑝 = 140 nm [18]). It has a face-centered cubic (fcc) crystal structure, a density 

of 10.5 g/cm3 and a melting point of 962°C. In the fabrication of microelectronic devices, which include 

Dynamic Random-Access Memory (DRAM) capacitors, transistors, and back-end-of line (BEOL) 

interconnects, copper films are widely studied. However, in this field, silver is of particular interest 

due to its low electrical resistivity and low residual stress compared to Cu. Moreover, a downscaling 

to less than 100 nm is possible without a considerable increase in resistivity. [19] All these arguments 

impose Ag as a potential replacement of Cu for contacts and interconnects. Besides microelectronics 

field, its visible and infrared reflectivity make it a good choice for optical instruments including highly 

reflective mirrors [20] or optical coatings for lenses or windows. [21] In particular, the actual high 
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demand on the smart windows market in the field of automotive or smart buildings requires ultra-

thin coatings with specific optical and electrical properties. Optically transparent infrared reflective 

(IRR) or low-emissivity coatings play an important role in the heat management of glazing products by 

avoiding heat to be transferred to the interior. [22] Currently used IRR coatings involve several thin 

continuous silver layers embedded in a complex stack of metal oxide multilayers in order to achieve 

maximum reflection in the IR optical spectrum, while preserving high transmission in the visible range. 

Thanks to its chemical reactivity, Ag is also used as antibacterial surfaces and has been applied as 

coatings on particular medical devices such as indwelling catheters, wound dressings and stainless 

steel orthopaedic devices. [23] Ag has also been extensively examined in the form of nanoparticles 

(NPs) for their broad-spectrum antimicrobial activities in pharmaceutics, medicine, and dentistry 

fields. [3, 24] Owing to their plasmonic properties, Ag NPs are used in functional optical coatings [25, 

26] with applications in surface-enhanced Raman scattering (SERS), biosensing and plasmon circuitry, 

[27] coherent light sources, sensors and photovoltaic devices based on localized surface plasmon 

resonance (LSPR). [28]  

 

For commercial devices, [29, 30] applications of Ag both NPs and continuous thin films require 

good control of the morphology and chemical composition of the Ag layers on large-scale surfaces. 

Thin films based on Ag NPs are usually produced using a chemical approach, which is carried out in a 

wet environment using a reduction of metal ions in solution. It favors the formation of metal clusters 

or aggregates with well-controlled size. [31] Line-of-sight methods such as physical vapor deposition 

(PVD), including evaporation, sputtering, or laser ablation, [32] are commonly used for ultra-thin silver 

films deposition. These techniques exhibit the best quality of ultra-thin continuous films with high 

conductivity, i.e 1.02×105 S/cm by magnetron sputtering, [17] and a percolation threshold as low as 

11 nm by e-beam evaporation without the use of a wetting layer. [33] However, these methods do 

not allow conformal deposition on complex morphology structures which represents a crucial criterion 

in the microelectronics industry, where the miniaturization of semiconductor devices introduces 

complex three-dimensional structures with high aspect ratio.[2, 34] One of the main challenges is to 

be able to uniformly fill the metallic films into these structures. Non-line-of-sight vacuum deposition 

methods such as chemical vapor deposition (CVD), including thermal or plasma-enhanced CVD (PE-

CVD), [35, 36, 37, 38] allow a large-scale deposition of films on the substrate with complex geometries, 

such as structured or bent substrates. A very interesting CVD method is atomic layer deposition (ALD), 

including thermal or plasma-enhanced ALD (PE-ALD), which has demonstrated a very high control of 

the film thickness and morphology at the atomic level due to the use of self-limiting surface reactions. 

[39] Moreover, it leads to uniform and conformal films which are often needed for commercial 

applications. 

 

However, there are still challenges to reach when it comes to ALD of Ag. Although the ALD of 

Ag layers has been demonstrated, this method is still at an early stage owing to the tricky deposition 

conditions, that is, a narrow process window and the challenge involved in developing volatile and 

stable enough Ag precursor as well as efficient reducing agent. Moreover, the exact deposition 

mechanism of Ag is not yet fully understood. This could explain why ALD of Ag has only been 

investigated from 2007, [40] and why there are relatively few reference works in the literature. One 

major difficulty in producing ultra-thin continuous silver or other noble metals on oxide substrates is 

the formation of separated clusters due to the higher surface energy of metallic materials as compared 

to oxide surfaces. The deposition follows the islands growth mechanism and furthermore leads to an 

NP morphology rather than a continuous layer. [19, 40, 41] Therefore, non-electrically-conductive Ag 
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films are obtained for low thickness. [2] The reduction of the critical thickness of conductive films is 

one of the major research activities in the deposition of metal films, and several techniques have 

already been investigated but mainly for PVD methods (see [42] and [43] and references therein). The 

reduction of the critical thickness has been attempted for PE-ALD of silver through which the use of 

highly reactive species enables to work at low temperature at which diffusion of silver on the surface 

is strongly reduced and a critical thickness down to 22 nm has been reached. [41] Although PE-ALD 

usually gives a higher coverage with a lower critical thickness than thermal ALD, [40, 41, 44, 45] a 

critical thickness down to 9 nm was reported by thermal ALD using a specific co-reactant. [46] 

However, these two works are not reflecting the entire state-of-the art of Ag by ALD as they are 

isolated results. While ALD is the most promising technique for conformal deposition, the PE-ALD of 

Ag thin film suffers from the recombination of plasma species (radicals) on the surfaces, which 

prevents the growth deeper into lateral high aspect ratio structure. [2, 47] On the other hand, by 

means of the use of a wetting layer, only non-continuous films [48] with a slight enhancement of the 

coverage but still non-continuous morphology [19] were observed when chemical vapor-phase 

methods were engaged. A two-step approach consisting of the deposition of a metal-containing film 

subsequently reduced to a metallic state was proved for copper thin layers. [2, 47] However, this will 

be difficult to transfer to silver coatings, as Ag2O decomposes itself at moderate temperatures (around 

120°C in vacuum [273]). Although ALD is a surface-dependent technique, presenting chemical 

requirements for the self-limiting reactions behavior, the growth of silver is more complex than an 

ideal “layer-by-layer” deposition. Thus, when it comes to Ag NPs, there is still a lack of control of the 

nanostructure morphology on a large-scale surface area. [49] 

 

Aim of the research  

The thesis is dealing with chemical vapor-phase deposition of nanostructured silver layers. 

Three main challenges are expected to be addressed during the thesis. The first one deals with the 

growth of continuous metal thin films by a highly conformal and uniform deposition technique. The 

second one is related to the control of the morphology of nanostructured metal thin films. The last 

one is focused on understanding the growth mechanism of metal films in order to tailor adequately 

their physical properties. Therefore, the first objective is to achieve self-limiting ALD with a fine control 

of the morphology, mainly the size and shape of NPs, and chemical composition of the Ag 

nanostructures on large-scale surfaces. The second objective is to manage to reduce the critical 

thickness of continuous Ag layers in order to obtain conformal ultra-thin conductive and continuous 

Ag films. The mastering and understanding of the chemical vapor-phase deposition of silver films, 

either nanostructured or continuous, is highlighted. The tuneable functional properties, mainly optical 

and linked to film conformality, confirm the practical interest of the obtained thin films. 
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Outline of the thesis 

In the first chapter of this thesis, a description of the principle of chemical vapor-phase 

deposition is given by differentiating CVD from ALD. The growth mechanisms of metallic films on a 

substrate are reviewed.  These mechanisms are illustrated by a literature review on noble metals 

particle size distribution (PSD) which give reliable information about the diffusion processes. This 

overview is incremented by a more extensive state-of-the-art on silver film deposited by chemical 

vapor-phase methods in terms of film morphology and electrical properties. One of the main 

challenges in the deposition of metal films being the reduction of the critical thickness of conductive 

films, several solutions for improving the continuity of ultra-thin noble metal films are highlighted. The 

continuity of the metallic films can also be studied by their optical properties, which are thus 

presented and linked to theoretical models existing in the literature.  

 

Chapter 2 intends to first present the processing methods and experimental tools employed 

for depositing silver films as well as the substrates and precursors handled. The second part reports 

the characterization techniques used all along the thesis work. Among the structural and 

morphological investigation, in addition to the use of grazing incidence X-ray diffraction (GIXRD) for 

film crystallinity determination and atomic force microscopy (AFM) for film topography determination, 

a focus is made on two original analyses, i.e. silver thin films thickness measurement by energy-

dispersive X-ray spectroscopy (EDS) and film morphology characterization and quantification by 

scanning electron microscopy (SEM). The elemental and chemical composition is investigated by X-ray 

photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). 

Regarding the functional characterization, we use four-point probe measurement for the study of the 

electrical properties of the films, UV-Visible-NIR spectroscopy for determining the optical properties 

of the film and PillarHall© structures to investigate the film conformality. 

 

The next two chapters 3 and 4 discuss the Ag nanoparticle films obtained by standard plasma-

enhanced ALD. Chapter 3 investigates the deposition process development with the aim to prove the 

ALD self-saturated regime. The experimental results are quantitatively compared based on the film 

thickness evolution as a function the ALD parameters and the film thickness uniformity over a large 

surface area (8-inch substrate). As usually observed for most of ALD processes, the more relevant 

parameters are found to be the temperatures, both of the chamber to control the precursor 

decomposition on the substrate, and of the precursor to ensure a good control of its evaporation, the 

ALD sequence times (pulse and purge times of the precursors) in order to ensure a saturation of the 

substrate surface, the argon flows, both in the process lines to control the amount of precursor 

exposed into the chamber and in the plasma head to regulate the exposure of radicals created by the 

plasma, and finally the plasma conditions where reactive hydrogen radical species are found to be 

mandatory in order to obtain pure silver in metallic state. Chapter 4 presents in more details the 

correlation between the large-scale deposition depending on the process parameters and the growth 

mechanism of silver nanoparticles. A deeper investigation of the uniformity of the deposition is 

quantified in terms of film morphology using an original methodology. We report both the value at 

the center position and, more originally, the gradient over a 10 cm distance on the substrate. Relying 

on the dependence of the silver nanostructures on the deposition parameters, an empirical model is 

proposed with a view to understanding the Ag NP growth mechanism. The results suggest that the Ag 

thin films mainly evolve following a material transfer. Two potential mechanisms are in competition: 

the migration of the particles and their further coalescence through the Volmer−Weber growth mode 
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or a “surface Ostwald ripening”-like process. Under certain conditions, this last mechanism could 

explain the non-uniformity of the deposition. 

 

Chapter 5 demonstrates an alternative two-step process regime which is more promising for 

continuous ultra-thin silver film deposition. This process relies on a first pulsed plasma-enhanced CVD, 

giving a peculiar compact nanoparticle morphology that is usually not achieved at low thickness with 

CVD or ALD. A further plasma post-treatment sinters the compact NPs and forms a quasi-continuous 

and electrically conductive ultra-thin silver film. In order to understand the growth mechanism of 

silver compact films, the influence of the deposition parameters is investigated, and a proposed 

qualitative model is discussed. We observe that, by exposing the precursor during the plasma pulse, 

we can deposit a silver thin film made of dense and compact nanoparticles, by using mild plasma 

conditions, i.e. low RF power or high distance between the grid and the sample. Higher deposition 

temperatures and argon flows show to strongly improve the morphology and uniformity of the 

deposition. Based on these observations, the model highlights that, during the first deposition step, 

the precursor is exposed to the chamber also during the plasma pulse, thus making the reaction not 

only on the surface but also in the gas phase. The chapter ends with a deeper study on the post-

processing of this peculiar film morphology, resulting in a highly conductive ultra-thin film. The 

presence of higher density of energetic radicals is created by an increase of plasma power and 

prolonged plasma exposure time and leads to a higher degree of coalescence of the particles. 

 

In the last chapter 6, we compare the two different silver deposition processes, i.e. standard 

plasma-enhanced ALD versus two-step process, in terms of functional properties. The deposition on 

complex substrates using complex lateral high aspect ratio structures (LHAR) as well as the influence 

of the underlayer are presented in a first part. With the standard PE-ALD process, a poor film 

uniformity is obtained, due to the recombination of radical species with the walls of the trench. With 

the new two-step approach, we succeed in reaching a high conformality of the Ag deposited film on 

LHAR with better coverage than the one reported up to now for ALD of silver. Interestingly, for both 

processes, a weak influence of the underlayers is obtained. This represents a key factor for the 

synthesis of metal films in a broad range of applications requiring weakly-interacting film/substrate 

systems, e.g. in optoelectronic and catalytic devices. The second part of the chapter focuses on the 

influence of the silver film morphology on the optical properties in visible and near infrared ranges. 

The localized surface plasmon resonance absorbance peak is obtained as a first feature of Ag films 

made of NPs. The second one is the transition from high reflectance/low transmittance at low 

wavelength to low reflectance/high transmittance at higher wavelength. The same signature is 

obtained for the compact NP morphology synthetized by the novel two-step approach but in this case, 

an absorbance peak typical for a film of aggregated nanoparticles is highlighted. When a post-

processing is performed on this peculiar film morphology, a strong increase of IR reflectance and 

strong decrease of both NIR absorbance and transmittance are achieved.  

 

Finally, a last part focuses on concluding the thesis regarding the challenges described in this 

introduction. Future perspectives of this PhD work are presented and, based on preliminary 

experiments that have been performed and give encouraging results, potential applications of our Ag 

films are discussed. 
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Chapter 1 

State-of-the-art 

The thesis is dealing with chemical vapor-phase deposition of nanostructured metal layers 

and more precisely silver. Therefore, in this chapter, the first part is dedicated to explaining the 

general principles of the chemical vapor-phase deposition, i.e. by differentiating atomic layer 

deposition (ALD) from chemical vapor deposition (CVD). The parameters influencing the film’s growth 

rate are then highlighted. In a second part, we review the main underlying physical mechanisms taking 

place in the nucleation and growth of thin films of materials on solid surfaces by gas-phase deposition. 

The thin film growth modes, the atomistic processes and the material transfer mechanism via ripening 

occurring on the surface are presented. We illustrate this study by a literature review on noble-metal 

particle size distribution (PSD) which gives reliable information about the diffusion processes. In a third 

part, the different CVD techniques mainly used for Ag deposition are first described, and we then 

exhibit a general overview of the quite challenging Ag films deposition by this method. The state-of-

the-art of the ALD of silver, which is a more recent technique, is then reviewed. Based on data from 

the literature, both insights (CVD and ALD) of the results are outlined in terms of morphology and 

electrical properties. Since the major issue in depositing ultra-thin noble metals is the formation of 

separated clusters rather than continuous film, we bring to light solutions used by different synthesis 

methods to obtain continuous noble metal films that are potentially transferrable to ALD. We then 

focus the overview on Ag films deposited by different methods. Finally, we spotlight the optical 

properties of metal films as an indicator of the film morphology. 

 

 



 
 

 

  



11 
 

I.1. Principe of chemical vapor-phase synthesis  

I.1.1. Introduction  

Thin films based on metallic NPs, are usually produced by three different methods. [50] The 

first one is a chemical approach, which is carried out in a wet environment using a reduction of metal 

ions in solution (see section I.4.). It favors the formation of metal clusters or aggregates with well-

controlled size. [31] The second method is physical vapor deposition (PVD), including evaporation, 

sputtering or laser ablation. [32] The third method is chemical vapor deposition (CVD), including 

thermal or plasma CVD. [35, 38] As a non-line-of-sight vacuum deposition method, CVD enables a 

large-scale deposition of films on substrate with complex geometries, such as structured or bent 

substrates. A very interesting CVD method is atomic layer deposition (ALD), which has demonstrated 

a very high control of the film thickness and morphology at the atomic level due to the use of self-

limiting surface reactions. [39] Moreover, it leads to uniform and conformal growth, as shown in the 

first subsection. [1]  

I.1.2. Principle 

The aim of this part is to introduce the principle of chemical gas-phase synthesis of metallic 

films, including standard CVD and ALD.  

 
Figure 1: Schematic representation of the chemical reactions involved in (b) a conventional chemical vapor 
deposition process and (c) in the ALD process (two half-reactions realized in a cycling way). (a) Legend of the 
schemes. 
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Figure 2: Pulse sequence for (a) standard CVD and (b) standard thermal ALD process with two precursors. 

In a conventional chemical vapor deposition technique (Figure 1 (b)), the precursor and the 

reducing agent are exposed at the same time in the reactor, as shown in the pulse sequence in Figure 

2 (a). The type of growth is then mainly determined by the reactor conditions (temperature, reactor 

pressure, precursors partial pressure, etc.), which control the equilibrium between the gas phase and 

the solid phase. The film thickness is thus determined by the process duration. [51, 52] 

In the ALD (Figure 1 (c) and Figure 2 (b)), the precursor is first pulsed during tpulse,1 and is left 

for some time in order to react with the surface, then the left-over is purged during tpurge,1. In a second 

step, the reducing agent is exposed (tpulse,2) in order to react with the precursor condensed on the 

surface, and it is purged (tpurge,2), leaving a thin layer of metal atoms. Here the growth can be controlled 

by the cycling of precursor and reducing agent in a periodic way. These sequential self-limiting surface 

reactions of precursors enable not only a uniform and conformal film growth but also an accurate and 

precise thickness control. [1] 

The chemical reactions involved in the deposition of metal (M) take place as follows:  

CVD 

Global 

reaction 

𝑀+𝐼 − 𝑙𝑖𝑔𝑎𝑛𝑑 + 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑅𝑒𝑑 → 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑀0 + 𝑙𝑖𝑔𝑎𝑛𝑑 − 𝑅𝑒𝑑 

  

ALD 

½ reactions 

𝑀+𝐼 − 𝑙𝑖𝑔𝑎𝑛𝑑 + 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 → 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑀+𝐼 − 𝑙𝑖𝑔𝑎𝑛𝑑 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑀+𝐼 − 𝑙𝑖𝑔𝑎𝑛𝑑 + 𝑅𝑒𝑑 → 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑀0 + 𝑙𝑖𝑔𝑎𝑛𝑑 − 𝑅𝑒𝑑 

 

  The next section highlights the importance of the deposition parameters used for ALD process 

on the film growth per cycle or growth rate (GPC), focusing on the temperature, the pulse/purge 

length times and the number of ALD cycles. 

 

I.1.3. Parameters influencing the growth per cycle in ALD  

An essential result allowing to inform about the growth regime, and in particular whether the 

reaction is self-limited (ALD regime) or occurs in bulk (CVD regime), is the growth rate, measured by 

the “growth per cycle” (GPC), i.e. the amount of material deposited for each reaction cycle. This 
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quantity is either measured by the film thickness (GPC in units of nm.cycle-1) or by the mass of 

deposited material (GPC in units of g.m-2.cycle-1). In the ALD regime, the GPC is expected to be weakly 

dependent on the deposition conditions due to the self-limited surface reaction. In the CVD regime, 

the GPC is expected to strongly depend on parameters influencing the amount of precursor arriving 

on the substrate. 

I.1.3.1. Effect of the temperature on the GPC  

 
Figure 3: Influence of the deposition temperature on the growth per cycle, depicted as a function of the different 
regions (represented by the numbers). 

One of the main parameters influencing the deposition conditions is the deposition temperature, 

as it influences directly the rates of the chemical reactions (precursor with the surface, and reduction) 

and the mobility of the reactants on the surface. Thus, the ALD temperature plays a critical role in the 

process and influences the growth per cycle, as depicted in Figure 3. One can distinguish five different 

regions of the dependence of the GPC and the temperature [39, 53, 54, 55, 56, 57]: 

- At low temperature, either an increased GPC [2] or a decreased GPC [3] takes place.  

o the increased GPC [2] indicates that the reactions are not complete due to the limited 

reaction kinetics. It reveals also a slow reaction speed and that the time needed for 

the reaction to occur is longer than the time of one cycle; 

o the decreased GPC [3] indicates that the precursor species condensate physically on 

the substrate surface if the temperature is too low to maintain the precursor in the 

gas phase. 

- At high temperature, either an increased GPC [4] or a decreased GPC [5] takes place.  

o the increased GPC [4] indicates that the precursor molecule decomposes on the 

surface. This results in a higher growth rate than the saturated growth. 

o the decreased GPC [5] indicates that the precursor molecule desorbs or the sticking 

constant of the precursor decreases, the surface species reduces or the deposited 

material sublimates. 

- The temperature range [1] where we have saturation of the surface. This temperature range 

is called ALD window. In this regime, the GPC is controlled by the adsorbed species, either 

through steric hindrance of the ligands or by the number of available reactive surface sites, or 

by the reaction process, which might depend on the temperature. [39] It represents a key 

factor to determine if a process satisfies the requirement of ALD self-limiting reaction. 

At a specific deposition temperature, the main factor influencing the saturation of the surface reaction 

is the sequence times, i.e. the pulse and purge time length. 
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I.1.3.2. Effect of the sequence times on the GPC 

 
Figure 4: Influence of the sequence times, i.e. pulse time of the precursor and purge time after the precursor 
exposure, showing the saturation growth of ALD process. 

Figure 4 illustrates the typical saturation growth curves with influence of the pulse and purge 

times on the GPC. The pulse time needs to be long enough in order to saturate the surface and the 

purge time influences the type of deposition, with a too-short purge time leading to an excess 

precursor overlapping as some reactants remain in the reactor and thus to a CVD-type reaction. When 

proceeding to the optimization of the sequence times on the GPC, it is important to notice that, for 

each studied time, the other times are kept constant and need to be chosen in order to be sure to 

have a self-saturated regime.  

In general, the GPC increases with the pulse time (Figure 4 (a)) due to a preliminary under-

saturated regime and becomes constant under surface saturation. When it comes to purge time 

(Figure 4 (b)), for short times, the reactor is not completely purged, and some precursors might remain 

inside (CVD like) before reaching a plateau which ensure an efficient reduction reaction and efficient 

evacuation of non-reacted precursor potentially left in the reactor.  

 

I.1.3.3. Effect of the number of ALD cycles on the GPC 

 
Figure 5: Influence of the number of ALD cycles on the growth per cycle in different types of ALD growth regime: 
(a) linear growth, (b) substrate-enhanced growth (c) substrate-inhibited growth.  

 

The ALD film growth occurs successively on the substrate surface during the first cycles, on a surface 

containing both the deposited material and the substrate during the subsequent cycles and lastly on 

a surface composed exclusively of the deposited material (depending on the growth mode and the 

GPC). This leads to a variation of the surface chemical composition with the number of ALD cycles and 

hence, of the GPC. [39, 53] 
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In the saturated regime, each new ALD cycle is equivalent to the previous one in terms of the 

amount of deposited material, and a linear increase of the thickness is expected. [58] The GPC is thus 

an important parameter to help understanding the deposition regime and in particular the linear 

deposition regime. [39] During ALD growth regime, three cases can be distinguished based on how 

the GPC varies with the number of ALD cycles and for each, after a sufficient number of ALD cycles, 

the GPC is expected to reach a constant value, as depicted in Figure 5 [39, 53]: 

- The linear growth regime, where the GPC is constant as early as the first cycle, and in the 

steady state. This takes place for a process where the number of adsorption sites is constant, 

or a process where steric hindrance of the ligands of the adsorbed species governs saturation 

(Figure 5(a)); 

- The substrate-enhanced growth regime, where the GPC is greater than the steady state 

during the first ALD cycles. This occurs if the number of adsorption sites is higher on the 

substrate rather than on the deposited material (Figure 5 (b)); 

- The substrate-inhibited growth regime, where the GPC is lower than the steady state, during 

the first ALD cycles. This takes place due to a weaker number of adsorption sites on the 

substrate than on the deposited material. (Figure 5 (c)). This is the most common regime 

proceeding during ALD process where island growth occurs, as discussed in the next section 

below. 

 

 

I.2. Growth mechanisms of metals film by chemical vapor-phase synthesis 

ALD is a non-equilibrium process ruled by a competition between thermodynamics and 

kinetics which is at the origin of thin film growth from atoms synthetized from the gas phase. In this 

part, we are focusing on the thin film growth by chemical vapor phase methods, and more particularly, 

ALD extended to noble metals. The initial stage of thin film deposition includes the atoms arrival and 

accommodation on the surface (adsorption) and their migration all along the surface (diffusion). Then, 

their aggregation into adatom islands (nucleation and growth) takes place. [59] This is the object of 

sections I.2.2. and I.2.3. 

The growth of metals on oxide substrate starts with the formation of isolated island due to 

surface energies discrepancy between the material deposited and the substrate, as explained below.  

 

I.2.1. Thin film growth modes  

This part aims to describe the basic physical mechanisms involved in the nucleation and 

growth of thin films of materials on solid surfaces by vapor deposition.  

 

Under thermal equilibrium, the initial stage of film deposition occurs by one of the three 

growth mechanism models depicted in Figure 6, leading to different thin film morphologies. [60, 61] 

The occurrence of one of the growth modes rather than another is governed by the bond strength 

between atoms of the layer and the atom/substrate bond strength.  
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Figure 6: Schematic representation of the different thin film growth mechanism models. (a) Volmer-Weber 
model (island growth); (b) Frank-van der Merwe model (layer by layer growth and (c) Stranski-Krastanov model 
(layer plus island growth). Θ represents the overlayer coverage in monolayers (ML). 𝛾 refers to the surface 
energy: of the substrate (𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒), of the material (𝛾𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙) and of the interface between the substrate and 
the material (𝛾𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒). 

In the Volmer-Weber (VM) growth mode or island growth (Figure 6 (a)), three-dimensional 

growth occurs when the adatoms of the deposit have a strong affinity to each other rather than to the 

substrate. The nucleation of small clusters directly on the substrate surface which further coalesce, 

latter leads to a continuous film. It is often the case for metal films on insulators substrates. In the 

Frank-van der Merwe growth mode or layer by layer growth (Figure 6 (b), two-dimensional growth 

occurs when the adatoms of the deposit have a strong affinity to the substrate rather than to each 

other. An homogeneous film is formed prior to the growth of any subsequent layer. This is the case 

for metal/metal (e.g. Cu/Cu), metal/semiconductor (e.g. Fe/GaAs) and semiconductor/semiconductor 

(e.g. GaAs/GaAs) systems. The Stranski-Krastanov growth mode or layer plus island growth (Figure 6 

(c), is a mix of the first two models. This mixed model occurs when the initially two-dimensional growth 

switches into three-dimensional, after one or more monolayers. It takes place when further layer 

growth becomes energetically unfavorable and 3D islands form, that is the case for Ge/Si or In/Si 

systems. 

The occurrence of a growth mode rather than another and thus the film morphology may be 

understood qualitatively in terms of surface energy γ (or surface tension). [62] At thermal equilibrium, 

the driving force is the minimization of the surface free energy of the system film/substrate. When a 

material is deposited on a substrate, the model of growth depends on the energy balance between 

the surface energy of the substrate (γsubstrate), the one of the deposited material (γmaterial) and the 

interface energy between the two materials (γinterface). These free energies enter into their 

minimization. If γmaterial + γinterface> γsubstrate, the deposited material does not wet the substrate, 

the growth occurs by island nucleation (Figure 6 (a)). If γmaterial + γinterface< γsubstrate, the deposited 

material wets completely the substrate. Two possibilities occur, depending on the interface energy. If 

the initially two-dimensional growth becomes three-dimensional, Stranski-Krastanov growth occurs 

(Figure 6 (c)). On the other hand, if the growth remains two-dimensional, Frank-van der Merwe mode 

takes place (Figure 6 (b)). 

For the deposition of metal film on an oxide substrate, the same analogy can be used. The 

complete wetting of the oxide substrate by the metal, i.e. the formation of a continuous film, is only 

taking place when, at equilibrium: γmetal−oxide =  γoxide−ν − γmetal−ν , where γmetal−oxide is the 
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surface energy of the oxide/metal interface, γoxide−ν and γmetal−ν are the pure surface energies of 

the oxide substrate and the metal film, respectively, in vacuum. [19] The surface free energy of metals 

is usually larger than that of oxides, [63] thus the wetting of metal film on oxide substrate surface is 

only possible when the metal surface energy is lowered by minimizing its own surface area during 

growth, i.e. by forming nanoparticles in which atoms are closely packed together. This explains why 

the growth of metal on oxide substrate leads to island growth mode. By replacing the oxide substrate 

with a substrate exposing higher surface energy than the metal film, one could expect, in theory, the 

formation of a continuous metal film. The study of the wetting layer as a potential solution to obtain 

metallic ultra-thin films is exposed in section I.4.  

 

I.2.2. Atomistic processes on surfaces 

 
Figure 7: Schematic diagram of typical atomistic processes occurring during nucleation and growth on surfaces. 

The typical atomistic processes taking place during film growth are schematically illustrated in 

Figure 7. During nucleation and growth, three steps are differentiated: first the production of atomic 

species in the gas phase, then the transport through a carried medium of the species to the surface 

substrate and finally the condensation of these species onto the substrate directly or by chemical 

reaction. 

During chemical vapor phase deposition, the vapor containing the precursor atoms is 

deposited on the substrate surface. This creates single atoms on the substrate. According to the 

energy of the atoms and the location at which they collide with the substrate, the hitting atom can 

adsorb to it and becomes an adatom or re-evaporate (at higher temperature).  

The adsorption rate of the adatoms to the surface follows an Arrhenius-type of equation and 

is roughly proportional to 𝜈𝑎 . 𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇
) , where 𝜈𝑎 is the adsorption frequency, 𝐸𝑎 the adsorption 

energy of the atoms, kB the Boltzmann’s constant and T the substrate temperature. [64, 65, 66] 

For silver, 𝐸𝑎  of the atoms is in the range of 0.5-0.9 eV which is much lower than the binding 

energy of pairs of Ag atoms in free space of 1.65 eV. This explains why we have island growth (as 

proved in above section) during Ag growth and why the critical nucleus size is nearly always a single 

atom. The single Ag adatoms re-evaporate easily above room temperature (highly mobile due to low 

𝐸𝑎) while they form a stable nucleus growing by adatom capture in the case that they meet another 

adatom. [64] 

The formation of van der Waals bond with the surface atom is typical of physisorption whereas 

covalent or ionic bond with the surface atom is the signature of chemisorption. Due to the week 

intensity of the bond in physisorption, the atoms may migrate on the substrate (diffusion) and interact 
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with each other as well as with the surface atoms (interdiffusion). Adatoms may also meet other 

adatoms to form a dimer or attach to existing islands. Once adatoms are attached to an island, they 

may detach from the island edge or diffuse along the island edge. Deposition of adatoms on top of 

islands may also take place. [67] The single atoms diffusing over the surface may also nucleate of 

2D/3D clusters by binding of atoms, be captured by existing clusters or at special defect sites like kinks, 

vacancies or steps. [59, 60] The terrace-step-kink (TSK) model of a surface has been widely used to 

describe the atomistic processes of growth. [65]  

Overall, during the growth of the film, atoms from the precursor adsorb on the surface and 

rapidly diffuse hitting into each other and nucleate 2D islands. As adatoms are added, the islands 

continue to get bigger, but the system remains in a far-from-equilibrium state. (see [68] and 

references therein) In order to obtain an in-equilibrium system, the surface free energy is decreased 

by reducing the density of islands and thus increasing their size via ripening, as described in the sub-

section below. 

 

I.2.3. Material transfer mechanism via ripening  

Once the initial NPs have been formed, their growth continues through different mechanisms.  

Firstly, the growth from adatoms may occur by adding freshly deposited atoms either on the 

surface of the NPs or nearby them via adatoms diffusion towards the NPs. Secondly, the NPs may 

expand their size via merging process by meeting each other and combining. [66]  

The NPs growth may also take place by their own diffusion onto the surface. The material 

transfer from single atoms, section of cluster or entire cluster may cause the ripening of NPs. This 

material transfer may involve the competition between two potential mechanisms: Ostwald ripening 

(OR) or Smoluchowski ripening (SR), [69, 70] as depicted in Figure 8.  

 
Figure 8: Schematic illustration of ripening processes: (a) Smoluchowski ripening (SR) or particle migration and 
coalescence and (b) Ostwald ripening (OR) or atom migration. 

In the event of SR mechanism or particle migration and coalescence (Figure 8 (a)), smaller particles, 

which generally diffuse faster, [71] migrate onto the substrate surface and then coalesce with larger 

particles. [72] In this case, the whole NP diffuses onto the surface. The OR process or atom 

migration[73] (Figure 8 (b)) is defined as a process in which larger particles grow at the expense of 

smaller ones either by surface diffusion along the substrate or by vapor phase diffusion due to the 

difference in the chemical potentials between smaller and larger particles. [72, 74, 75] In this case, the 

atoms are diffusing from small NPS to larger ones. Several steps which are kinetically limited due to 

energy barriers must take place: detachment of atoms from small clusters, diffusion onto the 

substrate surface or via vapor phase, and then attachment to bigger NPs. [69, 76] These both ripening 

processes are driven by the minimization of the surface energy and support the formation of bigger 

NPs. 
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In the field of the ALD of noble-metal NPs, the synthesis of size-selected NPs presents a real topic 

of interest for applications in the field of microelectronics, since ALD enables atomic-level precision of 

material being deposited. However, there is a lack of understanding of the fundamental mechanisms 

leading to diffusion processes since the major part of these studies are dealing with the surface 

chemistry behind the deposition of the atoms on an oxide substrate. [49, 76] The study of the 

evolution of the NPs density and particle size distribution (PSD) leads to reliable information about the 

diffusion processes but this has been investigated to a less extent. [49, 76, 77] Consequently, the 

correlation between PSD and growth mechanisms leading to ALD of NPs is still under debate. [49, 76, 

77, 78, 79]  

The most common thermal ALD processes for noble metal deposition are O2-based processes. [52] 

The shape and size of the NPs of the noble metals are controlled by a growth mechanism based on 

the cyclic combustion of organic ligands and NP formation through metal aggregation. This is the case 

for Ru, Os, Rh, Pt, Pd and Ir, [49, 80]when oxygen is used as the co-reactant. This has been widely 

observed for the synthesis of Pt NPs by several groups. [76, 77] 

 

The conditions used for ALD processes influence the surface diffusion mechanisms. Indeed, in the 

study of Grillo et al. [81] the influence of the oxygen co-reactant partial pressure on the deposition of 

Pt has been investigated. At high O2 exposure, which is linked to the partial pressure and the pulse 

time, the combustion of the organic ligands remaining on the surface after Pt precursor chemisorption 

promotes Smoluchowski ripening by unpinning and displacing NPs, even at temperature not adequate 

for NPs mobility. The high oxygen partial pressure reduces also the aggregation of NPs at high 

exposure. Indeed, a broader clusters size distribution with less dense but bigger NPs are obtained at 

low partial pressure while smaller but more dense clusters leading to a spikier behavior of the PSD at 

high O2 partial pressure is achieved. In this case, a better pinning with a quick removal of the ligand 

leads to less mobile Pt NPs. In the work of Mackus et al. [82], a much larger PSD was found for the Pt 

thermal ALD process using O2 co-reactant while a narrow PSD shifted to greater sizes with ALD cycles 

was observed for Pd and Pt PE-ALD processes (using either hydrogen plasma or a three-step process 

with oxygen and hydrogen plasma). The explanation was a difference in mobilities of Pd or Pt atoms 

on the substrate. Their diffusion is limited in the case of thermal ALD of Pt because unreacted ligands 

are present on the substrate. Dendooven et al. [83] also observed differences in Pt deposition either 

using O2 or N2 plasma as a co-reactant. In the latter case, surface diffusion process seems to be 

suppressed inducing constant density whereas with plasma oxygen-based process, ripening of NPs 

due to atom or NPs mobility takes place promoting coalescence by increase of NPs size and decrease 

of their density. Solano et al. [84] noticed Ostwald ripening in different oxygen atmospheres and 

starting above 500°C in most cases. For Pt NPs with oxidized surfaces in a reductive environment, 

ripening was noticed at room temperature which seems to come from very mobile species (PtO or 

Pt2O3) created by the reduction of PtO2. Overall, for the combustion of organic ligands processes, the 

oxidizer partial pressure affects the surface chemistry as it is based on adsorption reaction, i.e. the 

amount of metal deposited and thus the average NP size. The choice of the co-reactant in the process 

also influence the catalytic properties of the deposited nanoparticles. 

 

The mobility plays also a role when it comes to the temperature used during deposition. Grillo et al. 

[76] shows that at low temperature, the mobility of the clusters on the surface is very dependent of 

their size and close to zero which gives a very narrow spiky peak in the PSD (see Figure 9) whereas at 
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higher temperature, the mobility of clusters is no longer size-dependent. In this case, even big NPs are 

moving on the surface and a quick coalescence of NPs explaining a broader PSD with the presence of 

a tail is observed (see Figure 9). These observations are in agreement with the work of Mackus et al. 

[77] during Pt ALD on oxides, where Pt NPs grow not only due to ALD surface reactions, but also 

through Ostwald ripening via volatile PtO2. Pt ALD in the works of Goulas et al. [78] and Sun et al. [79] 

support the features of high-temperature PSDs as well. The study of Van Bui et al. [49] for ALD of Pd 

NPs resulting in broad right-skewed PSD with a reduction in the NPs density with the number of cycles, 

is consistent with NPs sintering via Smoluchowski ripening.  

 

 
Figure 9: Schematic representation of the atomistic processes relevant to ALD of NPs and their effect on the 
shape of the PSD. From [76].  
 

The process temperature is also important in ALD of Ag films. Van den Bruele et al. [85] investigated 

the island growth regime and found that the surface island morphology is dependent on surface 

diffusion. The PSD shows a log-normal distribution with a decrease of density of island nuclei and an 

increase of islands size with increasing temperature. The Ag growth mechanism in the PE-ALD regime 

in terms of ripening has only been reported by Golrokhi et al. [29]. They prove the occurrence of 

surface Ostwald ripening by studying the NPs morphology while increasing ALD cycles. As the 

agglomeration takes place, they noticed a reduction of the NPs density, an increase of their size and 

gap between particles while the PSD started to broaden. Overall, the deposition temperature plays a 

critical role in the surface diffusion processes and a significant repercussion on the evolution of the 

shape of the PSD with the number of cycles. 

 

Outside the field of ALD, Smoluchowski ripening is said to occur for homoepitaxial growth of metal 

on metal (100) substrate. This is the case for Ag/Ag(100) system at 295K and Cu/Cu(100) at the same 

temperature. In contrast, Ostwald ripening occurs for Ag/Ag(111) at 295 K, for Cu/Cu(111) between 

300 and 355 K, and for Cu/Cu(100) at 343 K. (see [68] and references therein) 

Among the few works on the effect of plasma treatment on metallic NPs, Tang et al. [74] brought 

to light the fact that with plasma treatment, the Ag NPs deposited by the DC magnetron sputtering 

process started to aggregate and their size increased due to the Ostwald ripening process. This process 

was more pronounced for denser particle samples as bigger nanoparticles have been deposited. An 

article studying the influence of oxygen plasma treatment on the morphology of Ag film deposited via 

a metalorganic silver precursor demonstrated that highly covered film promoted the Ostwald ripening 

process and that oxygen plasma is an efficient way to tune the Ag nanoparticles. [86] 
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However, it remains some difficulties to clearly discriminate between OR and SR from PSD due to 

the fact that similar lognormal distribution can be found in both cases even if either the whole NPs or 

a single atom species participate to the growth mechanism. [87] Zhang et al. [87] differentiate the 

contribution of each mechanisms and found, by in situ electron microscopy study of Pt nanoparticles, 

that OR had a larger effect on the particle coarsening. [84] 

 

I.2.4. Conclusion  

In this section, thin film growth modes have been presented and the influence of the surface 

energy has been demonstrated. Several physical and chemical processes play a role in the noble metal 

growth mechanism by chemical vapor-phase method: the atoms arrival from the precursor and their 

adsorption, their diffusion engendering NPs formation and growth, and the creation of an in-

equilibrium system by decreasing the NPs surface energy via ripening processes. The substrate has 

also an influence on the diffusion process and represents an alternative route for continuous thin film 

deposition. This is the object of section I.4. Before that, the next part reviews the chemical vapor-

phase deposition of silver films. 

 

I.3. Chemical vapor-phase synthesis of silver films  

The aim of this part is to review the state-of-the-art (SoA) of Ag film by chemical vapor 

deposition and atomic layer deposition techniques. 

I.3.1. Chemical Vapor Deposition  

I.3.1.1. Introduction 

This section describes first the chemical vapor deposition (CVD) techniques mainly used for Ag 

deposition, with their pros and cons. A general overview of the SoA of CVD of Ag films in terms of 

morphology and electrical properties are then reviewed. 
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  Principle Advantages / Purpose Disadvantages / Requirements  

C
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V
D

 

Conventional  
CVD 

Chemical 
Vapor 

Deposition 

• Substrate placed in a reaction chamber and is heated to a high 
temperature. 

• A chemical carrier gas composed of the coating material passes 
around the part and deposits the coating metal or compound 
on the part surface through a chemical reaction from the vapor 
phase. 

• Avoid the line-of-sight. 

• High deposition rate. 

• Production of thick coating layers. 

• Requires high temperatures: 
increase process cost and 
limit use of 
compounds/substrates due 
to their thermal instability. 

• Precursors exhibiting high 
vapor pressure, high 
volatility and high thermal 
stability, reacting on a 
heated substrate at 
temperature low enough to 
avoid decomposition but 
high enough to provide the 
energy necessary for 
chemical reaction.  

MO-CVD 
Metal 

Organic 
CVD 

CVD processes using metalorganic precursor 
(attaching metal to organic compound that has a 
very high vapor pressure). 

• Use the property of high vapor pressure of precursor. 

• Evaporation and decomposition of the precursor at low 
temperature. 

• Increase in the reactivity of the precursors and allows high 
deposition rates to be obtained at low temperatures. 

• Contamination of deposit by 
carbon derived from the 
ligands. 

AP-CVD 
Atmospheric 

Pressure 
CVD 

CVD processes undergone at atmospheric pressure. • Lower equipment cost since use of simple experimental setup 
without the need of a vacuum system. 

• Use of precursors with moderately high vapor pressures. 

• High deposition rate, high throughput. 

• Poor uniformity. 

• Undesired contamination. 

• Gas flow dynamics difficult 
to control. 

LP-CVD 
Low 

Pressure 
CVD 

CVD processes undergone at sub-atmospheric 
pressure.  

• No carrier gases required. 

• Reduced pressures to reduce undesired gas-phase reactions and 
particle contamination: high purity material. 

• Lower reaction temperature than AP-CVD and less dependence on 
gas flow dynamics. 

• Improve film uniformity along substrates. 

• Lower deposition rate than 
AP-CVD (but reasonable). 

• Expensive cost. 

UHV-CVD 
Ultrahigh 
Vacuum 

CVD 

LP-CVD processes undergone at a very low pressure, 
i.e. below 10-8 Torr. 

DLI-CVD 
Direct Liquid 
Injection CVD 

• Precursors in a liquid state (liquid or solid dissolved in a suitable 
solvent). 

• Liquid solutions injected into a spray chamber by means of 
injectors.  

• Precursors transported to the substrate as in conventional CVD. 

• Suitable for the use of liquid or solid precursors. 

• Allows the utilization of low vapor pressure and thermally unstable 
chemical precursors. 

• High growth rates.  

• Requires precursor solubility 
in a solvent that does not 
decompose on the substrate 
surface during deposition. 

 

AA-CVD 
Aerosol 

Assisted CVD 

Involves producing a very fine mist of a liquid precursor (or a 
solution of the precursor) 

• Precursor first dissolved in a solvent. 

• Suitable for non-volatile precursors. 

• Enables high mass-transport rate of precursor to the substrate.  

• Does not require high precursor vapor pressure at room 
temperature or long-term thermal stability of the precursor at 
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Table 1: Chemical vapor deposition (CVD) methods used to deposit metallic films.[88, 89, 90, 91]  

• Solution passed through an aerosol generator where micron-
sized droplets are generated in an inert carrier gas and passed 
into a preheating zone where both the solvent and the 
precursor evaporate. 

• Gas flow reaches heated substrate surface where thermally 
induced reactions occurs to produce films 

elevated temperatures (allow transport of thermally sensitive 
compounds). 

• Higher deposition rates than conventional delivery method. 

• Reproducible deposition of binary materials. (operated under 
conditions where the precursor delivery rate and the composition 
of precursors in solution and droplets do not change with time) 

PE-CVD 
Plasma-

Enhanced 
CVD 

• CVD processes using plasmas in a vacuum to ionize and 
dissociate the chemical carrier gas, enhancing the chemical 
reaction and providing heat. 

• Operate at lower temperatures since chemical reactions in PECVD 
not ignited by heat, thus reducing stress/thermal expansion 
mismatch. 

• Better uniformity. 

• Improve deposition rates.  

• Suitable for both organic/inorganic precursors. 

• Desorption of by-products 
incomplete because of low 
temperature and gases 
(particularly hydrogen) 
remain as inclusion in the 
deposit. 

• Plasma damage. 

N
o

n
- 
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FA-CVD 
Flame 

Assisted CVD 

• Flame used as the heat source in an open atmosphere chamber 
to provide required energy to crack precursor species into 
fragments and subsequently forms the film upon the substrate.  

• Use of low hazard aqueous precursors, which are in many cases 
very soluble, and of relatively low toxicity (environmental impact). 

• A low-cost, relatively simple atmospheric pressure CVD technique.  

• Compatible with small volume, batch, and high-volume continuous 
coating processes. 

• Control of the flame 
temperature. 

• Poor film coverage. 

LI-CVD 
Laser-

induced CVD 

• Focused laser beam provides the localized heat source on the 
part.  

• The carrier gas undergoes a thermally induced chemical 
reaction, depositing the coating on the part. 

• Operates at lower temperature than thermal CVD, but with higher 
deposition rates.  

• Resulting chemical gas-phase reactions very specific, leading to 
highly pure film deposits 

• Generally difficult to remove 
light element impurities 
formed during the 
deposition. 

SFT-CVD 
Supercritical 

Fluid 
Transport 

CVD 

• CVD process in which precursors is dissolved in supercritical 
fluids. 

• Then solution, under high pressure, pass through a restrictor 
into a deposition chamber where rapid expansion of 
supercritical fluid causes vaporization of the solutes. 

• Vaporized precursor compounds then induced to react at or 
near the substrate surface to form a thin film 

• Suitable for non-volatile precursors. 

• If aerosols rather than vapors formed, aerosol particles smaller 
than those formed by nebulization of ordinary liquid solutions 

• Requires precursors 
solubility in common 
supercritical fluids (CO2, 
N2O). 

Powder flash 
evaporation 

MOCVD 

• Powder of precursor is kept at room temperature in an inert 
atmosphere during the deposition and steadily delivered by 
small portions into an evaporator.  

• Small beads of an inert material are added to the powder in 
order to dilute the mixture and make the slow powder delivery 
process more reliable.  

• Flash-evaporation of precursor from the beads' surface assures 
controlled and constant in-time composition of the precursor 
vapor. 

• Facilitates the use of temperature unstable precursors, more 
particularly suitable for use of precursors with a big difference in 
sublimation/evaporation temperatures. 

• Temperature required for 
evaporation precursor is at 
least equal to the 
decomposition temperature 
which generates product 
losses and poor yield. 

Powder feed 
method-CVD 

 

• Reagent powders is slowly fed and pneumatically transported 
by argon flow directly into the chemical vapor deposition 
furnace.  

• Allows lower vapor pressure materials to be used. 

• Because vaporizers are not used, the number of process 
parameters that must be controlled is greatly reduced.  

• Deposition rates are at least an order of magnitude greater than 
those achieved by reagent sublimation. 

• technological problem 
concerns the control of the 
powder feeding rate  

https://www.sciencedirect.com/topics/engineering/focused-laser-beam
https://www.sciencedirect.com/topics/engineering/high-deposition-rate
https://www.sciencedirect.com/topics/engineering/high-deposition-rate
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Technique Refs. 
General 
formula 

Ag precursor Solvant 
TDeposition 

(°C) 
TPrecursor 

(°C) 
Reagent  Resistivity (µΩ.cm)  

Thickness 
(nm) 

DLI-CVD 
Direct Liquid 
Injection CVD 

[92] Carbo. P add. 

 (n-Bu3P)2AgOOCC(CH3)CCH3H 

THF 152-402 152 - 

Max. 1500  
Post-treated: 15 

200-600 

(n-Bu3P)2AgOOC(CH2)C6H5 
Max. 2600  

Post treated: 550 
200-600 

[38] β-dik P add. Ag(fod)(PEt3) - 250-350 80 
H2 N.A. 

- 1.9-3 N.A. 

[36] 
β-dik Ag(hfac)(1,5-COD) ethanol, methanol 

or monoglyme 
150-400 220 

- 3 > 150 

Inorganic salt AgNO3 -  2 > 900 

[93] Carbo. AgOOCC(CH3)3 
Mesytilene 

diisopropylamine 
250  O2 

2-4 >200 
300 150 H2 

CVD 
Chemical Vapor 

Deposition 

[94] 

β-dik P add. Ag(fod)(PEt3) - > 230 80 - 1.92 N.A. 

β-dik 
Ag(hfac)(1,5-COD) 

- 
180-350 

80 - 
No film obtained 

Ag(hfac)(VTES) >180 1.83 720  

[95] β-dik 
Ag(hfac)(tmeda) 

- 
300-450 

65-75 
N2/H2O  

or H2 
N.A. 

Ag(hfac)(bipy)  N.A. N.A. 

[96] [a] Carbo. AgOOCC(CH3)3  - 250-510 250 - 2-4 1000-3000 

[97] β-dik P add. 
Ag(hfac)(PMe3) 

- 250-350 
80-100 - 6.5 1100 

Ag(hfac)(PEt3) 50-70 - N.A. 

[35] β-dik P add. 

Ag(hfac)(PMe3) 

- 

250-350 80-100 - 6.5 1100 

Ag(hfac)(PEt3) 250-350 50-70 - N.A. 

Ag(fod)(PMe3) 
300 

50-80 

Dry/wet H2 N.A. 

370-380 -  

Ag(fod)(PEt3) 
230-320 Dry/wet H2 2.6-2.8   2000 

 370-380 -   

[98] β-dik 

Ag(hfac)(VTES) - 160-280 30 - < 5 [d] 1000 

Ag(tfac)(VTES) 
No deposition performed 

Ag(fod)(VTES) 

[99] β-dik 

Ag(hfac)(BTMSA) - 150-250 30 
H2 

< 6.5 [d] N.A. 
- 

Ag(Ttfac)(BTMSA) 

No deposition performed Ag(Btfac)(BTMSA) 

Ag(fod)(BTMSA) 

[100] 
F Carbo. P add. Ag(OOCC2F5)(PMe3) 

- 
210-290 180 

- N.A. 
F Carbo. Ag(OOCC2F5) 270-350 240 

[101] β-dik Ag(hfac)C=NMe 
- 250-280 

80-90 
Dry/wet H2 

N.A. 
320 - 

[102] Carbo. P add. 
Ag{OOCC(CH3)3}(PMe3) 

- 180-200 160 - 

113 
67 

20 
58 

Ag{OOCC(CH3)3}(PEt3) N.A. 

[103] F Carbo. Ag(OOCC2F5) - 280 240 - N.A. 

[104] Carbo.  

Ag2(CH3CH2C(CH3)2COO)2 
No deposition performed 

Ag2(CH3CH2C(CH3)2COO)2(PMe3)2 

Ag2(CH3CH2C(CH3)2COO)2(PEt3)2 - 200-280 170 - N.A. 

[105] F Carbo. P add. Ag(OOCC2F5)(PMe3) -  165 - N.A. 
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Ag(OOCC3F7)(PMe3) 190-220°C 180 N.A. 

Ag(OOCC8F17)(PMe3) 160 N.A. 

[106] β-dik Ag(COD)(hfac) - 160-240 80-150 H2 N.A. 

[107] [b] 

Inorganic salt AgI - 
800-900 

- 
H2 N.A. 

< 700 H2/no H2 No film obtained 

F Carbo. Ag(OOCCF3) - 
600 

- 
H2 N.A. 

300-900 < 0.05 l/min ∞ N.A. 

Ag(PF) Ag[CF3CF=C(CF3)] 
- 

300-700 
- H2 N.A. 

 < 0.01 l/min No film obtained 

[108] [c] Inorganic salt AgF - 80-600 N.A. - N.A. 

[109] Ag(PF) [AgCF3CF=C(CF3)]4 - 275 110 - N.A. 

[110]** β-dik P add. Ag(fod)(PEt3) - 230-260 67 H2 N.A. 

[111] β-dik P add. 
Ag(hfac)(PMe3) 

 200-425 

20-50 

- No film obtained 

- 200-425 H2 N.A. 
Ag(hfac)(PMe3)2 

[112] β-dik 

Ag(hfac)(BTMSE) 
No deposition performed with:  

Ag(hfac)(BDMESA) 
Ag(hfac)(ATMS) 

- 180-220 80 - 1000 N.A. 

LI-CVD 
Laser-induced 

CVD 

- 80-220 80 - 1 N.A. 

[113]*** Carbo. Ag(OOCCH
3
) - 380 - - 200-6000 1000 

[114]*** Carbo. Ag(OOCCH
3
) - 380 - - N.A. 

PE-CVD 
Plasma-

Enhanced CVD 
[37] Ag(PF)  Ag[CF3CF=C(CF3)] - 120, 150 N.A. 

H2 < 2 [d] 
20-500 

- > 2×108 [d] 

AA-CVD 
Aerosol Assisted 

CVD 

[115]* 

β-dik P add. 

Ag(acac)(PPh3) 

THF 310 - - 

only faint transparent films 

Ag(dpm)(PPh3) only faint transparent films 

Ag(tfac) (PPh3) 7.04 32 

Ag(hfac) (PPh3) 569.16 30.6 

[Ag(fod)]3(PPh3)5 ∞ 16.7 

β-diketoim P 
add. 

Ag(hfacNhex)(PPh3) 3.245 29.5 

Ag(hfacNchex)(PPh3) 414.16 24.8 

[116] 

Carbo. 

Ag(OOCCH
3
) 

THF 310 - - 

No deposition performed 

Ag[OOCC(CH
3
)3] No film obtained 

Ag(OOCC6H2Me3) No deposition performed 

F Carbo. 

Ag(OOCC3F7) 3.78 9 

Ag(OOCC6F13) 37.7 26 

Ag(OOCC7F15) 5490000 22 

Carbo. P add. 

Ag(OOCCH3)(PMe3)2 48960000 28.8 

Ag{OOCC(CH3)3}(PMe3)2 458.64 27.3 

Ag(OOCC6H2Me3)(PMe3)2 ∞ 9.1 

Ag(OOCCH3)(PPh3)2 ∞ N.A. 

Ag{OOCC(CH3)3}(PPh3)2 ∞ 8 

Ag(OOCC6H2Me3)(PPh3)2 ∞ N.A. 

Ag(OOCCH3)(PPh3)3 ∞ N.A. 

F Carbo. P add. 
Ag(OOCC3F7)(PPh3)2 ∞ 6.5 

Ag(OOCC6F13)(PPh3)2 ∞ 9 
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Ag(OOCC7F15)(PPh3)2 ∞ 9.5 

[117] 

Carbo. 
 

Ag(OOCCH2CN)     
Ag(OOCH2C=CH)    

Ag(OOCH2C=CHCH2CH2]    
 Ag[OOCMe(H)C=C(Me)]       

Ag[OOCPh(H)C=CH]    

No deposition performed 

Carbo. P add. 

Ag[OOCH2C=CH(PPh3)2   

AgOOCCH2CN(PPh3)2     

THF 

300-546 

- - 

No film obtained 

Ag[OOCH2C=CHCH2CH2 (PPh3)2]   300 238 170 

AgOOCPh(H)C=CH(PPh3)2    200-398 Only ultra-thin film obtained 

Ag(OOC(Me)C=C(H)Me)(PPh3)2    300 268.8 168 

1,2-
bis(phenylthio) 

ethane add. 

AgOOCH2C=CHCH2CH2(PhSCH2CH2SPh)2    250-300 N.A. 89 

AgOOCMe(H)C=C(Me)(PhSCH2CH2SPh)2   Ethanol or methanol 200-348 N.A. 84 

[118] 
Aryloxide-

triphenylphosp
hine complexes 

Ag(OC6H2Cl3-2,4,6)(PPh3)2 

THF 

300-596 

- - 
poor quality of the films, 
resistivities not measured  

Ag{OC6H2(CH2NMe2)3-2,4,6}(PPh3)2 300 

[Ag(OC6H4Me-2)(PPh3)3].2-MeC6H4OH.C6H5CH3 250-398 

Ag(OC6H4Me-2)(PPh3)2]  
No deposition performed 

 [Ag(OPh)(PPh3)3].PhOH 

[119]* β-dik Ag(hfac)(SEt2) Toluene 120-300 65-85 - 2 N.A. 

FA-CVD 
Flame Assisted 

CVD 

[120]* Inorganic salt AgNO3 Water 300 - - N.A. 

[121]* Inorganic salt AgNO3 Water  300 - - N.A. 

[122]* Inorganic salt AgNO3 Water 
300 

- - 
8.1 250 

100 ∞ N.A. 

SFT-CVD 
Supercritical 

Fluid Transport 
CVD 

[123] 

Inorganic salt AgI Acetone 600 

N.A. - N.A. 
Ag triflate AgCF3SO3  

Diethyl ether 
600 

Table 2: Summary of achievements reported of the CVD of silver thin films 
* AP-CVD: Atmospheric Pressure CVD; **: UHV-CVD: Ultrahigh vacuum CVD; ***: Laser-Induced Thermal Decomposition; 
[a]: powder-flash evaporation; [b]: powder feed method; [c]: ion-pumped 12 in; [d]: critical thickness; 
N.A.: Not available; RT: room temperature; 
No deposition performed: No CVD was performed  either based on previous analyses (TGA, MS,…) or just not selected for the study; 
No film obtained: tentative of depositing Ag films failed;  
PF: perfluoro-1-methylpropenyl; THF: tetrahydrofuran; Et: ethyl; Me:  methyl; Bu: butyl; Carbo.: Carboxylates; F Carbo.: Fluorocarboxylates;  
Carbo. P add.: Carboxylates phosphine adducts; F Carbo. P add.: Fluorocarboxylates phosphine adducts; 
β-dik: β-diketonates; β-dik P add.: β-diketonates phosphine adducts; 
β -diketoim: β -diketoiminates; β-diketoim P add.: β -diketoiminates phosphine adducts. 
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I.3.1.2. Chemical vapor deposition methods for silver film deposition  

Table 1 summarizes the main chemical vapor deposition (CVD) processes investigated to 

deposit metallic films, more precisely the one used for Ag films. Conventional thermal CVD method 

requires to use precursors exhibiting high vapor pressure, high volatility and high thermal stability in 

order to react on a heated substrate at temperature low enough to avoid decomposition but high 

enough to provide the energy necessary for chemical reaction.  

One of the most important challenge associated with CVD of metal films is the insufficient 

volatility of several metal-containing compounds. To circumvent this aspect, metal organic CVD (MO-

CVD) is employed. Its particularity is due to the use of organometallic precursors, i.e. precursors 

containing one metal atom and several hydrocarbon bonds. These precursors have two main 

advantages: a high vapor pressure and an evaporation and decomposition at reduced temperatures. 

This increases the reactivity of the precursors and makes it possible to obtain high deposition rates at 

lower temperatures than classical CVD. However, in this case, contamination by non-metallic 

impurities remained the major issue, although the use of a reagent like H2 can reduce their amount. 

Playing with the working pressure may also improve the film quality: atmospheric pressure 

CVD (AP-CVD) causes undesired contamination level which may be reduced by diminishing the 

pressure using low pressure CVD (LP-CVD) or ultrahigh vacuum CVD (UHV-CVD), even though these 

two last methods engender lower deposition rate.  

Another way to improve the deposition process is to use an alternative way of transporting 

precursors by more sophisticated methods. Direct liquid injection CVD (DLI-CVD) uses precursor in a 

liquid state (liquid or solid dissolved in a suitable solvent) which is brought to the reactor in liquid form 

and is vaporized before being transported to the substrate as in conventional CVD. Aerosol assisted 

CVD (AA-CVD) is a variant of DLI-CVD, the main difference is that the precursor is sprayed in liquid 

form on the substrate and not vaporized in the chamber as in DLI-CVD. These two methods allow the 

use of low vapor pressure and thermally unstable chemical precursors while they require precursor 

solubility in a solvent.  

Plasma-enhanced CVD (PE-CVD) is also a promising method to produce pure metallic films. 

Using plasmas in a vacuum to ionize and dissociate the chemical carrier gas, it operates at reduced 

temperatures since chemical reactions are not ignited by heat. However, due to low temperature 

process, impurities coming from gases (particularly hydrogen) remain as inclusion in the deposit.  

In addition to these methods, non-classical CVD techniques have been also developed. Flame 

assisted CVD (FA-CVD) is an environmentally-friendly technique with the ability to use aqueous salts 

rather than organic precursors or solvents, where a flame provides the energy to ignite the chemical 

reaction at atmospheric pressure. The control of the flame temperature and the poor film coverage 

remain the major drawbacks. Laser-induced CVD (LI-CVD) operates at lower temperature than thermal 

CVD since a carrier gas undergoes a thermally induced chemical reaction by means of a focused laser 

beam which generally produce light element impurities during deposition and difficult to remove. 

Other exotic methods are employed to circumvent the necessity for high precursor vapor 

pressure and high thermal stability. This is the case of supercritical fluid transport CVD (SFT-CVD) 

which, though, requires precursors solubility in common supercritical fluids. Precursor transported by 

powder feed method CVD enables the low vapor pressure reactant powder transport directly into the 

chemical vapor deposition furnace, but the major problem concerns the control of the powder feeding 

rate. Precursor transported by powder flash evaporation MOCVD enables to work at reduced 

temperature and pressure to improve thermal stability of the precursor. It is well suitable for use of 

precursors with a big difference between sublimation and evaporation temperatures. However, the 
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temperature required for evaporating the precursor is at least equal to the decomposition 

temperature which generates product losses and poor yield.  

It is also possible to combine different techniques in order to obtain the combined merits of 

the respective techniques, e.g. DLI-MOCVD and AA-CVD/AP-CVD. 

 

I.3.1.3. Results for chemical vapor deposition of silver films 

Table 2 gives a general overview of the state-of-the-art of Ag films regarding the CVD 

techniques used, the selected Ag precursors (only the general formula and the precursor name are 

given in this table, the correspondence between general and structural formulae is given in Annex 1), 

the process conditions and the results obtained in terms of electrical properties. These electrical 

properties have been summarized in the plot of the resistivity as a function of the film thickness in 

Figure 10, when data are available in the publication. The morphologies of the obtained films are 

compared using SEM images in Figure 11. 

 

 
Figure 10: (a) Resistivity of silver films plotted as a function of the film thickness based on commonly used CVD 
techniques by various authors to grow Ag films  (see Table 2 for references and zoom in in (b). The green curve 
has been plotted as a reference for the Ag thin film deposited by magnetron sputtering, following the publication 
of Hauder et al. [17]. 
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Figure 11: Scanning electron micrographs of typical silver films obtained by CVD using different approaches: (a) 
FA-CVD [122]; (b) standard CVD [98]; (c) and (d) standard CVD [101] using (c) high temperature and no carrier 
gas and (d) low temperature in the presence of carrier gas; (e) LI-CVD [112]; (f) DLI-CVD [92]; (g) and (h) AA-CVD 
using different type of silver precursor (g) fluorocarboxylates [116]  and (h) β-diketoiminates phosphine adducts 
[115]. The references are indicated on the pictures, and the related conditions are reported in Table 2. 

In this part, we are focusing on Ag films obtained by CVD using Ag precursors and not on the 

study of the Ag compounds available and their potential use as Ag precursors for CVD. Indeed, this has 

already been the aim of several reviews (e.g. [2, 8, 124, 125, 126, 127]), and scientific articles (e.g. 

[128, 129, 130, 131, 132, 133, 134]), mainly focused on the chemical point of view. 

Several precursors have been investigated in order to obtain Ag thin films. Due to the 

requirement of CVD mentioned above, it is quite challenging to find a suitable Ag precursor exhibiting 

high vapor pressure and also reacting at low deposition temperature in order to form a high-purity 

films. For example, Ngo et al. [135] investigated 17 Ag complexes and none of them was suitable 

because of the ligands’ dissociation. Haase et al. [92] studied 15 Ag complexes and only one of them 

was appropriate for the CVD of silver.  

Based on Table 2, there is no general correlation between the deposition method and the film 

quality. As expected for a deposition at equilibrium, silver tends to form islands rather than a uniform 

film on oxide surface. This is due to the weak wettability of oxides by metals, and the high mobility of 

silver, even at low temperatures. An increase in film thickness promotes coalescence of these islands.  

This is the case for FA-CVD [120, 121, 122] using widely silver salts (AgNO3) which gives 

continuous conductive film (Figure 11 (a)) at high thicknesses, i.e. 250 nm-thick Ag film gives a 

resistivity of 8 µΩ.cm. [122] (Figure 10) This is also the case for standard CVD processes for which 

resistivities close to Ag bulk are obtained at very high thicknesses, [35, 96, 97, 98] e.g. 1.83 µΩ.cm for 

a 720-nm-thick Ag film [94] and high resistivities are obtained for thinner films, e.g. 110 µΩ.cm for 20 

nm [102] (Figure 10). Typical morphology of the films consists of continuous grains (Figure 11 (b)). The 

use of hydrogen as a reagent could enhance the deposition and reduce the processing temperature. 

[35, 99, 101] In the study of Yuan et al. [101], using simple thermal CVD, Ag films deposition were 

performed at 320°C (deposition at 250°C being inefficient) and a high level of contamination of carbon 

and oxygen were found. At 250°C, with the use of either dry or moist hydrogen as carrier gas, films 

had a shiny mirror-like appearance with no detectable impurities. SEM images reveal amorphous 

islands with diameter of 1 µm for high temperature with no carrier gas (Figure 11 (c)) and crystalline 

film with grain size of 0.2–0.4 µm for low temperature in the presence of hydrogen (Figure 11 (d)). 
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Using PE-CVD technique, Oehr et al. [37] proved that H2 is essential for the deposition of Ag, otherwise 

the films became polymeric. They found a resistivity lower than 2 µΩ.cm and greater than 2×108 

µΩ.cm, with and without H2, respectively. Although the Ag(PF) complex has been useful, growth rates 

have been relatively slow due to the modest vapor pressure of the complex. 

Itsuki et al. [112] compared thermal CVD versus LI-CVD using a β-diketonate silver complex 

[(BTMSE)Ag(hfac)]. The laser CVD results were far better than the thermal CVD ones. In addition to 

make deposition possible at lower temperature (80°C for LI-CVD vs. 200°C for thermal CVD), LI-CVD 

exhibits film resistivity of the order of 1 µΩ.cm with finer and more evenly distributed morphology 

(Figure 11 (e)) versus 1 mΩ.cm with unevenly distributed granular islands of silver for standard CVD 

process. The explanation was that photoactivation by the excimer laser confined the absorption to 

around 308 nm, so any species components present in the precursor did not affect the film purity. In 

another study Lu et al. [113] exposes film with high thickness and still very high resistivity, but it is 

difficult to extract a trend since this is a unique value and no set of data is available. 

Modifications such as DLI-MOCVD reduces the volatile requirements of precursors, allowing 

the use of less volatile non-fluorinated Ag precursors such as Ag carboxylates (due to a tendency to 

dimerize in the gas phase, thus making gas-phase transport quite difficult). [136] The work of 

Bahlawane et al. [36] confirmed that pure silver films may be produced using the metal-organic 

precursor Ag(hfac)COD in the presence of alcohols at low pressure (15 mbar). They observed an 

improvement of the growth rate and of the film quality in the presence of alcohols, which was 

attributed to the occurrence of a dehydrogenation reaction on the substrate surface. At thicknesses 

between 50–60 nm, resistivities of 3–6 µΩ.cm have been obtained using specific conditions. The 

resistivity decreases with the film thickness and a near bulk resistivity is reached at thickness higher 

than 150 nm. The reagent can also play an important role in DLI-CVD. In their study, Abourida et al. 

[93] obtained the best performances using Ag carboxylate either with medium hydrogen flow rate at 

high temperature or high oxygen flow rate at low temperatures, with a resistivity of 2–4 µΩ.cm for an 

Ag film of 300 nm. Gao et al. [38] used a β-diketonate [Ag(fod)(PEt3)] precursor and they found that 

Ag films have a higher conductivity at lower deposition temperature (less than 300°C), typically 1.9–3 

µΩ.cm. Their explanation is that the contamination level decreases with the decrease of temperature 

and at higher temperature (higher than 300°C), a poor connectivity between grains is obtained. 

However, contrary to the standard CVD process, the effect of the reagent gas (hydrogen) results in 

larger resistance but the reason for this change has not been clearly understood. An interesting result 

is also obtained by Haase et al. [92] using tri-nbutylphosphine silver carboxylate and giving a smooth 

structure with compact nanocrystallites (Figure 11 (f)). For a film thickness of 200–600 nm, a resistivity 

of 1.5 mΩ.cm is achieved and then reduced to 15 µΩ.cm by means of an air plasma treatment in open 

atmosphere which removes surface carbon impurity.  Another modification to reduce the volatility 

requirement of precursor is to use SFT-CVD but very few works for Ag films have been performed with 

this technique. [123] 

As seen in Figure 10, the thinner Ag films with the lower resistivities are obtained by AA-CVD 

technique. Even though it enables higher deposition rate than standard CVD, the technique is highly 

precursor dependent. Indeed, Edwards et al. [118] obtained very disappointing results with poor 

quality silver films using silver(I) aryloxide triphenylphosphine complexes. In two other studies of the 

same group, [116, 117] they found only 2 silver carboxylates out of 28 suitable as CVD precursors. 

Employing Ag(OOCC3F7) precursor, a resistivity as low as 3.8 µΩ.cm has been obtained for a silver film 
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thickness as low as 9 nm, which is by far better than Ag films obtained by PVD techniques. Even though 

the very rough surface and the presence of non-identified crystalline material was observed 

embedded into the film (Figure 11 (g)), EDXS analysis revealed the presence of carbon impurities but 

the absence of fluorine contaminants, contrary to the other fluorocarboxylates precursors 

investigated in this study. In another investigation, [115] working at atmospheric pressure and 

employing β-diketoiminates phosphine adduct as silver precursor [Ag(hfacNhex)(PPh3)], a 30-nm thick 

film exhibits a resistivity of 3.3 µΩ.cm. At low magnification, the film appears fairly uniform and 

smooth and at higher magnification, the film is made up from several layers of loosely packed spheres 

of silver. (Figure 11 (h))  

 

I.3.1.4. Conclusion  

We have given a broad overview on the current state-of-the-art of the CVD of silver films. No 

general correlation between the deposition method and the film quality have been extracted. In most 

cases, due to the growth mode of metals, Ag tends to form islands rather than a uniform film on oxide 

surface and the coalescence of the nanoparticles is promoted by an increase in film thickness. 

Employing Ag(OOCC3F7) precursor and AA-CVD, the lowest resistivity of 3.8 µΩ.cm has been obtained 

for a silver film thickness as low as 9 nm. [116] This method is however highly precursor dependent.   

Mixed ligand stabilized Ag(I) complexes containing either a fluorinated carboxylate or 

fluorinated and non-fluorinated β-diketonate have been widely synthesized and employed for the CVD 

of Ag. [137] They appear to be promising precursors since they combine criteria such as thermal 

stability, high vapor pressure and low sensitivity to light and air. Szlyk et al. [100] compared silver 

fluorocarboxylates precursors with and without phosphine and found that the phosphine containing 

complex can be evaporated at lower temperatures and also reacted at lower temperatures. The type 

of carboxylate group plays also a role on the morphology of deposited silver layers and the way of the 

grain packing on the substrate surface. [8] A special attention is paid to fluorinated β-diketonates 

coordinated with low molecular weight tertiary phosphines complexes, like Ag(hfac)(PEt3) or 

Ag(fod)(PEt3), the latter exposing the best volatility and stability of β-diketonates complexes. These 

precursors could be very effective as silver precursor in atomic layer deposition with gas injection 

thanks to their low melting point (45–46 and 26–28°C, respectively) giving high vapor pressure and 

allowing to work at lower deposition temperatures. 

 

I.3.2. Atomic Layer Deposition 

I.3.2.1. Introduction 

This section describes the SoA of the atomic layer deposition of silver thin films. It is first 

important to note that the ALD technique is a recent technique, mainly developed in the 1990’s and 

2000’s, and the ALD of silver has only been investigated from 2007, due to the lack of appropriate 

precursors. This novelty of the subject explains the relatively low number of reference works in the 

literature. 
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As a reminder (see section I.1.), the main characteristics of ALD as compared to other 

deposition techniques (physical or chemical) is the self-saturation of the involved surface reactions. 

This self-saturation can ensure a very high control over the thickness, and a highly conformal coating. 

The principle of ALD consists in sequentially separating the global chemical reaction into two half-

reactions, thus avoiding uncontrolled surface reaction that could occur when all reactants are 

available in the chamber. The half-reactions are kept separated by pulsing sequentially the first 

reactant (here the silver precursor) and the second reactant (here the reducing agent). 

Beyond the reaction conditions, the main parameters to be selected concern the first and 

second reactants, which are investigated in the two next sections for the ALD of silver films. After that, 

we review the SoA of ALD of silver films in terms of morphology and electrical properties. 

 

I.3.2.2. Choice of the silver precursor 

In the ALD process, one of the main parameters influencing the deposition, is the process 

temperature. The main characteristic temperatures appearing in the choice of precursor and ALD 

process are described in Table 3. 

 Label 

Precursor physical properties 

Decomposition temperature Td 

Boiling point temperature Tb 

Melting point temperature Tm 

Process conditions 

Precursor temperature Tp 

Substrate temperature Ts 

Table 3: Main characteristic temperatures for the choice of a metal precursor. 

As for CVD (see previous section), two types of injections may be performed for the precursor. 

For precursors with sufficiently high vapor pressure, a gas injection may be performed, i.e. the 

precursor is evaporated and transported by the carrier gas to the reaction chamber. In case the 

precursor has very low vapor pressure, the main technique relies on the dissolution of the precursor 

in a solvent, and then the direct injection of the liquid in the reaction chamber, with vaporization due 

to the lower pressure. This process is called direct liquid injection-atomic layer deposition (DLI-ALD). 

The three main criteria for the choice of a metal precursor for the ALD process with gas 

injection are: 

▪ Sufficient volatility in order to be evaporated towards the deposition chamber (Tm or Tb < 

Tp < Ts); 

▪ Absence of self-decomposition at the used deposition temperature (Ts < Td); 

▪ Sufficient reactivity towards surface groups formed by other precursors. 

The criteria are similar for the liquid injection, although in this case, the volatility is not relevant 

since the precursor is diluted in a solvent. 

The analysis of commercial silver precursors volatility has been performed by Kariniemi et al. 

[41] by means of thermogravimetry analysis (TGA), as described in Figure 12. From this analysis, the 

most promising silver precursor for ALD is Ag(fod)(PEt3). Other precursors with higher decomposition 
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temperature unfortunately exhibit a larger amount of residues, which shows their incomplete 

decomposition. 

 

Figure 12: Thermogravimetry analysis of commercial silver precursors envisioned for ALD. From [41]. 

Following this analysis, several precursors have been investigated for the ALD of silver films. 

As it is seen in the next section I.3.2.3., two types of ALD modes are distinguished depending on the 

reducing agent: plasma-enhanced ALD (PE-ALD) and thermal ALD (Th-ALD). The use of precursors is 

classified using these two modes in Table 4. As seen from the references, PE-ALD has been more widely 

investigated than Th-ALD. For the former, a gas injection is employed while for the latter, either gas 

or liquid injection is used, depending on the vapor pressure of the precursor.  

  
Ag precursor 

Name Formula Tm (°C) Tb (°C) Injection 

P
E-

A
LD

 

Niskanen et al. (2007) [40] Ag(piv)(PEt3) C11H25AgO2P n.a. n.a. 

gas 

Boysen et al. (2018) [138] 
Ag(NHC)(hmds) C17H40AgN3Si2 116 225 

Ag(fod)(PEt3) C16H25AgF7O2P 26 > 230 

Cleveland et al. (2012) [139] 

Kariniemi et al. (2011,2012) [41, 140] 

Prokes et al. (2012,2013,2014)  

[141, 142, 143, 144] 

Van den Bruele et al. (2015) [85] 

Amusan et al. (2016) [19] 

Caldwell et al. (2011) [145] 

Mameli et al. (2016) [146] 

Ko et al. (2015) [147] 

Compton et al. (2014) [148] 

Minjauw et al. (2017) [26] 

Th
-A

LD
 

Mäkelä et al. (2017) [45] Ag(fod)(PEt3) C16H25AgF7O2P n.a. n.a. gas 

Masango et al. (2014) [48] Ag(hfac)(PMe3) C8H10AgF6O2P 141 95(*) gas 

Devlin-Mullin et al. (2017) [149] 

Ag(hfac)(1,5-COD) C13H13AgF6O2 123 n.a. liquid Chalker et al. (2010) [44] 

Golrokhi et al. (2016,2017) [29, 46] 

Table 4: List of precursors used in ALD of silver, classified vs. the choice of the reduction mode for the ALD 
process, i.e. plasma-enhanced (PE) or thermal (Th) ALD (see section I.3.2.3). n.a.: not available. (*) Sublimation 
temperature.  
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I.3.2.3. Choice of the reducing agent 

The oxidation state in the silver precursors mentioned in the previous section is +1, which is 

the most common oxidation state of silver. In order to obtain metallic silver, a reducing agent is 

required to reduce the oxidation degree of Ag +1 to Ag 0. Several reducing agents have been proposed 

for the ALD of silver films, as described in Table 5. These reducing agents are classified in two types, 

as they may either be activated using a plasma in the plasma-enhanced ALD mode (PE-ALD), or they 

may be thermally activated in the thermal ALD mode (Th-ALD). 

  
Ag precursor Reducing agent 

Name Formula Name Formula 

P
E-

A
LD

 

Niskanen et al. (2007) [40] Ag(piv)(PEt3) C11H25AgO2P 

H2 plasma* 

Boysen et al. (2018) [138] 
Ag(NHC)(hmds) C17H40AgN3Si2 

Ag(fod)(PEt3) C16H25AgF7O2P 

Cleveland et al. (2012) [139] 

Kariniemi et al. (2011,2012)  

[41, 140] 

Prokes et al. (2012,2013,2014)  

[141, 142, 143, 144] 

Van den Bruele et al. (2015) [85] 

Amusan et al. (2016) [19] 

Caldwell et al. (2011) [145] 

Mameli et al. (2016) [146] 

Ko et al. (2015) [147] 

Compton et al. (2014) [148] 

Minjauw et al. (2017) [26] H2 or NH3 plasma* 

Th
-A

LD
 

Mäkelä et al. (2017) [45] Ag(fod)(PEt3) C16H25AgF7O2P Dimethylamine borane BH3(NHMe)2 

Masango et al. (2014) [48] Ag(hfac)(PMe3) C8H10AgF6O2P 

Formalin HCHO 

trimethylaluminum  

+ water 

(AlMe3)2  

+ H2O 

Devlin-Mullin et al. (2017) [149] 

Ag(hfac)(1,5-COD) C13H13AgF6O2 
Propan-1-ol CH3CH2CH2OH Chalker et al. (2010) [44] 

Golrokhi et al. (2016) [29] 

Golrokhi et al. (2017) [46] tertiary butyl hydrazine C4H12N2 

Table 5: List of reducing agents used in the ALD of silver, classified vs. the choice of ALD mode for the reduction 
process. *Diluted with inert gas (Ar or N2). 

It has been demonstrated that molecular hydrogen (H2) cannot directly act as a reducing agent 

for the mentioned silver precursors. [150] For this reason, it is necessary to activate hydrogen radicals 

(H•) by using a plasma source. In PE-ALD, two plasma configurations can be used, the direct plasma 

configuration, where the sample is directly inserted in the plasma chamber, or the remote plasma 

configuration, where the radicals are generated in a separate plasma chamber and transported to the 

sample using the gas flow. The plasma is ignited using only gases (hydrogen or oxygen), but it is more 

commonly ignited using inert gas (e.g. Ar) with dilute gas.  

In the thermal ALD configuration, the main challenge relies in finding a sufficiently strong 

reducing agent able to reduce silver at a temperature well below the decomposition temperature of 
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the precursor, and that has a sufficiently high vapor pressure in order to be vaporized at the same 

temperature. As already mentioned for CVD processes (see previous section), Ag precursor in the 

liquid state (dissolved into a solvent) may be used to overcome low vapor pressure and thermally 

unstable chemical precursors. This DLI-ALD has been used for Ag(hfac)(1,5-COD) precursor in several 

works. [29, 44, 46, 149] Several reducing agents have been attempted for Th-ALD. In DLI-ALD, propan-

1-ol is commonly used. [29, 44, 149] One study substitutes alcohol with tertiary butyl hydrazine which 

presents a more favorable reactivity due to its more acidic character (lower value of pKa). [46] 

Dimethylamine borane is another exotic reducing agent selected not only for its very low sublimation 

temperature (32°C in the study) enabling the use of various deposition temperature but also because 

it does not contain oxygen which making it attractive for noble metal deposition. [45] Besides alcohol, 

formalin has also been used as mild reducing agent thanks to its functional organic group and an 

alternative three-step Th-ALD process has also been reported using trimethylaluminum and water. 

[48] 

 

I.3.2.4. Film structure – electrical conduction correlation for atomic layer deposition of silver films 

In this part, the results obtained for ALD of Ag films are reviewed. The main goal is to 

demonstrate continuous (or at least connected) silver films with a finite electrical conduction, as 

compared to films made of disconnected nanoparticles that are insulating.  

Table 6 summarizes the main results using PE-ALD of silver in terms of film structure and 

electrical properties and the corresponding film morphologies are exposed in Figure 13 and Figure 14. 

Table 7 and Figure 15 exposes the results obtained for thermal ALD of Ag. As indicated by the 

references, the former method has been more widely studied than the latter. In both cases, the 

growth leads to an NP structure for low thickness but PE-ALD of Ag gives higher coverage and mainly 

continuous film with a lower critical thickness. [1, 2, 8, 54] Although ALD is a surface-dependent 

technique, which presents chemical requirements for the self-limiting reactions behavior, the growth 

of metals, and more specifically silver, is more complex than an ideal “layer-by-layer” deposition. As 

with most noble metals, the deposition occurs through cluster formation, referred to the islands or 

Volmer-Weber growth mode (see section I.2.). For Ag deposition, the detailed deposition mechanism 

is still weakly understood and leads to a lack of control of the nanostructure morphology over large 

scales. 

Indeed, SEM images show that most films grown by PE-ALD achieve a connected structure for 

sufficiently high thickness and is thus appropriate for investigating continuous silver films. We mainly 

observe two types of structures (Figure 13), either made of disconnected grains but forming a compact 

film, [40, 148] or made of flat interconnected islands. [19, 41, 85, 138, 139, 141, 142] These 

morphologies lead to electrically conductive films, except for the works of Compton et al., [148] Ko et 

al. [147] and Minjauw et al. [26] (Figure 14) which demonstrate nanoparticle Ag films due to the initial 

stage deposition of a few ALD cycles. However, the aim of these studies was to investigate applications 

of Ag NPs in plasmonic and photocatalysis. Most presented works use the remote plasma 

configuration where the ion bombardment remains low at the substrate level with an important rate 

of active radicals resulting from the dissociation of molecules (e.g. H from H2). [57, 151, 152] An 

exception is made for the work of Niskanen et al. [40] with the use of radical-enhanced atomic layer 

deposition (RE-ALD) where a deported plasma is used to avoid any direct contact between the plasma 
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and the substrate. Due to the higher mean free path of radicals compared to the charged particles of 

a plasma (which can be a source of defects), only the radicals will survive long enough to be still active 

on the substrate. [57, 151, 152] In both configurations (remote plasma or RE-ALD), plasma 

enhancement creates very reactive species also at low temperatures and ensures high quality films 

with a better removal of impurities combined with an improvement of the deposition rate, even at 

temperature where Th-ALD processes are not possible. [57, 151, 152] The nanoparticle morphology 

leading to insulating films is also observed in most cases by thermal ALD, [29, 44, 45, 48, 149] except 

for the study of Golrokhi et al. [46] when using tertiary butyl hydrazine (TBH) as reducing agent (Figure 

15 and Table 7).  

As mentioned before, due to the lack of appropriate Ag precursors and reducing agent, there 

are relatively few reference works in the literature and the ALD of Ag has only been investigated for 

the first time in 2007 by Niskanen et al. [40]. They used Ag(piv)(PEt3) and H2 plasma as a reducing 

agent. A conformal deposition but not on large surface area has been achieved with a high growth per 

cycle (0.12 nm/cycle) at 140°C but the quite-grainy films exposed significant impurity content (10 %at. 

of oxygen, 5 %at. of hydrogen, 4 %at. of phosphorus and 1 %at. of carbon). However, a 40-nm-thick 

film exhibited surprisingly a quite low resistivity of only 6 µΩ.cm. The mainly used deposition process 

employs Ag(fod)(PEt3) as silver precursor due to its high vapor pressure and good thermal stability 

(see section I.3.2.2.) combined with H2 plasma as a reducing agent. [19, 26, 85, 139, 141, 142, 143, 

144, 145, 146, 147, 148] The best results have been obtained by Kariniemi et al. [41] with a saturated 

growth at a temperature range of 120–140°C and a GPC of 0.03 nm/cycle, allowing larger area 

uniformity as compared to Niskanen et al. [40], even if the growth rate was lower. This low GPC was 

explained by the steric hindrance of Ag precursor molecules, which caused high distance between 

chemisorbed molecules. Despite a low amount of impurities (7% at. of hydrogen, 3% at. of oxygen, 3% 

at. carbon and less than 1% at. of phosphine, nitrogen and fluorine), the film exposed a critical 

thickness as low as 22 nm, corresponding to a resistivity of 6 µΩ.cm. Based on these promising results, 

several groups have used the same deposition process. [19, 26, 85, 139, 141, 142, 143, 144, 145, 146, 

147, 148] Although using the same chemistry, a large panel of resistivities have been obtained (see 

Table 6). However, a recent study demonstrated spatial APP-ALD (atmospheric pressure plasma- 

enhanced atomic layer deposition) of Ag(NHC)(hmds) and Ag(fod)(PEt3), both reduced by hydrogen 

plasma. [138] At 100°C, they obtained a higher deposition rate (0.036 nm/cycle vs. 0.014 nm/cycle) 

and a higher surface coverage showing some degree of coalescence after 1200 ALD cycles (85% vs. 

62%) using phosphine-free Ag precursor. The hypothesis given by the researchers was a higher 

reactivity of the carbene-based Ag precursor but further investigations regarding percolation 

thresholds and growth modes were planned. On the other hand, similar GPC values have been 

obtained in APP-ALD of Ag(fod)(PEt3) in the work of Mameli et al. (0.015 nm/cycle at 120°C) [146] 

whereas a higher GPC of 0.03 nm/cycle at 120°C has been obtained at low pressure process in [41]. 

This two times lower GPC is due to the growth in under-saturation regime caused by limitations of 

their spatial-ALD reactor configuration leading to inaccessibility of higher precursor exposures times. 

In another APP-ALD using the same precursor, by doing a statistical particle size distribution of Ag NPs 

grown at different deposition temperatures, Van den Bruele et al. [85] proved that the chamber 

temperature controls the islands size and density since it is a surface-diffusion dependent parameter: 

larger island size and a lower island density have been obtained at 120°C compared to 100°C, due to 

difference in GPC values. However, they also performed deposition at undersaturated regime as a 

function of the pulse times and obtained a varying GPC in the studied temperature range (100–120°C). 
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Very high number of ALD cycle (4500) were needed in order to obtain electrically continuous films 

with a quite high resistivity of 18 µΩ.cm. In the literature of Ag ALD, the study of the number of ALD 

cycles, which allows the coalescence and continued nucleation, controls the particle size distribution. 

The fingerprint is an increase of both the NP size, with irregular shapes, and the gap between islands, 

with a decrease of their density. [19, 29, 45, 48, 144, 146] However, the growth mechanism is still little 

understood at the initial stage of the film synthesis.   

Using the same silver precursor as Kariniemi, Minjauw et al. [26] have studied the influence 

of the reducing agent via PE-ALD using either H2 or NH3 plasma (Figure 14).  NH3* is giving smaller Ag 

NPs with higher densities by combining an enhanced nucleation with a six-times-larger growth rate as 

compared to H2* process (0.24 ± 0.03 nm/cycle vs. 0.04 ± 0.02 nm/cycle).The authors explained this 

result by a difference in reactive groups present on the surface after the plasma pulse. Stable and 

more reactive NHx surface groups produced after NH3-plasma pulse saturate the surface, whereas the 

surface is saturated by non-stable Ag–H surface groups after H2-plasma pulse. Therefore, after the 

next pulse of Ag precursor, more Ag(fod)(PEt3) molecules will react with NHx groups as compared to 

Ag–H groups. This explanation was highlighted by the high N concentration in the bulk for film grown 

with the NH3 process (7 %at. vs. 2% for H2 process).  Mäkelä et al. [45] used the same Ag precursor 

and dimethylamine borane (BH3-(NHMe2)) as co-reagent in Th-ALD at 110°C. They hypothesized that 

dimethylamine borane adsorbed on the surface converted to (Me2N-BH2)2 and H2, acted afterwards 

as reactive sites for Ag deposition in metallic state. They found a similar growth rate (0.03 nm/cycle) 

than the work of the same group using PE-ALD, [41] even if no linear increase of the film thickness vs 

ALD cycles was confirmed due to the formation of even more reducing species than dimethylamine 

borane itself when reacting with Ag on the surface (0.035 nm/cycle after 1500 ALD cycles). However, 

even after many ALD cycles (2500), the film was very granular and not continuous even if it exhibited 

a lower level of contamination (1.6 % at. of oxygen, 0.8 % at. of hydrogen, and 0.7 % at. carbon.) due 

to a better handling of the sample after deposition. This highlights the fact that, in this case, the 

growth leading to low deposition rate depends mainly on the Ag precursor used, i.e. Ag(fod)PEt3 in 

both thermal or plasma-enhanced ALD, and not the way it is adsorbed after dissociation of the 

phosphine adduct or molecularly. 

The influence of the reducing agent has also been studied with Th-ALD using other silver 

precursor. Masango et al. [48] used (Ag(hfac)(PMe3) combined with either formalin in an AB-type 

process (200°C) or trimethylaluminum (TMA) and H2O in an ABC-type process (at 110°C). With 

increasing number of ALD cycles, the ABC-type process leads to a nearly constant particle size with an 

increasing metal loading whereas the AB-type process provided small particles in addition to bigger 

ones. They explained this result by an enhancement of the adsorption of the Ag precursor by the 

presence of nucleation sites which have been created after several cycles for the three-step process. 

On the contrary, the two-step process presented a surface diffusion of small NPs which agglomerate 

to form bigger one and the researchers group explained the mixing in particles size by the need of a 

catalytic step. However, in both cases, a very poor growth per cycle (below 0.01 nm/cycle) has been 

obtained due to surface poisoning with hfac ligands. It was also mentioned that ABC-type process 

suited for low temperatures (110°C) while AB-type process was more suitable for high temperature 

processes (higher than 200°C). Indeed, at 100°C, the two-step process was impossible due to the high 

nucleation time needed to remove the adsorbed hfac ligand. 
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The work of Chalker et al. [44] was the first thermal study which have exploited in details the 

properties of the silver nanoparticles and they used sequential doses of Ag(hfac)(1,5-COD) and 

propan-1-ol to produce nanoparticle films of silver via a catalytic oxidative dehydrogenation of the 

metal precursor by the co-reactant. Just like Devlin-Mullin et al. [149], they used direct liquid injection 

ALD in order to enhance the transport of the low vapor pressure and insufficient thermal stable 

precursor. However, they did not prove the self-limiting character of the deposition (very narrow 

temperature window between 122 and 127°C) and achieved NPs rather than film morphology. 

Golrokhi et al. of the same group [46] managed to broaden the ALD window to lower temperatures 

(105–128°C) thanks to the use of tertiary butyl hydrazine (TBH) rather than propan-1-ol (123–128°C) 

[29] with quite similar growth rate (0.018 nm/cycle vs 0.016 nm/cycle). They obtained a better surface 

coverage and interconnection between particles, a larger NPs size and a wider ALD window (23°C) 

with TBH rather than alcohol (5°C). The different morphologies were explained by the authors to come 

from the enhanced decomposition of silver precursor and bonding of Ag layer with the substrate 

thanks to the reaction of hydrogen with the substrate in the case where TBH was used in contrast to 

the oxidative dehydrogenation catalyzed by Ag particles from the metal precursor.   

 
Ag precursor 

Reducing 
agent 

Structure 
Electrical properties 

Name Formula 
Resistivity 
(µΩ.cm) 

Thickness 
(nm) 

Niskanen et al. 
(2007) [40] 

Ag(piv)(PEt3) C11H25AgO2P 

H2 plasma 

rough thick film 6 40 

Boysen et al.  
(2018) [138]  

Ag(NHC)(hmds) C17H40AgN3Si2 
continuous 

percolated layer 
10 111  

Ag(fod)(PEt3) C16H25AgF7O2P 

nanoparticles insulating 

Cleveland et al. 
(2012) [139] 

coalesced mosaic-
like structure 

n.a. 58 

Kariniemi et al. 
(2011,2012)  

[41, 140] 

large grain, 
continuous film 

6 22 

Prokes et al. 
(2012,2013,2014)  

[141, 142, 143, 144] 

mosaic-like micro-
structures 

< 10 49 

Van den Bruele et al. 
(2015) [85] 

small islands, 
coalesced 
together 

18 50 

Amusan et al.  
(2016) [19] 

large islands, 
interconnected 

5.7 97 

Caldwell et al.  
(2011) [145] 

mosaic-tile n.a. 45 

Mameli et al.  
(2016) [146] 

continuous film n.a. 35 

Ko et al. (2015) [147] nanoparticles insulating 

Compton et al. 
(2014) [148] 

nanoparticles insulating 

Minjauw et al. 
(2017) [26] 

H2 or NH3 

plasma 
nanoparticles insulating 

Table 6: SoA of PE-ALD of silver in terms of film structure and electrical properties. The thickness corresponds to 
the film used for measuring the resistivity. n.a.: not available. 
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Figure 13: Scanning electron micrographs of typical silver films obtained by PE-ALD. The references are indicated 
on the pictures, and the related conditions are reported in Table 6. 

 

 

Figure 14: Scanning electron micrographs of Ag films obtained by PE-ALD using either NH3-plasma or H2-plasma 
as reducing agent. From [26]. 
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Ag precursor Reducing agent 

Structure 

Electrical 

properties 

Name Formula Name Formula 
Resistivity 

(µΩ.cm) 

Thickness 

(nm) 

Mäkelä et al.  

(2017) [45] 
Ag(fod)(PEt3) C16H25Ag F7O2P 

dimethylamine 

borane 
BH3(NHMe)2 NPs 

Insulating 

Masango et al.  

(2014) [48] 
Ag(hfac)(PMe3) C8H10Ag F6O2P 

formalin HCHO NPs 

TMA  

+ water 

(AlMe3)2  

+ H2O 
NPs 

Devlin-Mullin et al. 

(2017) [149] 

Ag(hfac)(1,5-COD) C13H13Ag F6O2 

propan-1-ol CH3CH2CH2OH 

NPs 

Chalker et al.  

(2010) [44] 
NPs 

Golrokhi et al.  

(2016) [29] 
NPs 

Golrokhi et al.  

(2017) [46] 

tertiary butyl 

hydrazine 
C4H12N2 

planar  

film-like 

morphology 

10 27 

Table 7: SoA of thermal ALD of silver in terms of structure and electrical properties. The thickness corresponds 
to the film used for measuring the resistivity. 

 
Figure 15: Scanning electron micrographs of typical Ag films by thermal ALD, including the proposed mechanism 
by Masango et al. [48]. The references are indicated on the pictures, and the related conditions are reported in 
Table 7.  

 

I.3.2.5. Conclusion  

According to the SoA, we have proven that there are still challenges to reach when it comes 

to ALD of Ag. The process represents a challenge by itself due to the need to find suitable Ag precursor 

and reducing agent. In addition, whether the synthesis is made by plasma-enhanced ALD or thermal 

ALD, the growth of the metallic film leads to a NP structure for low thickness due to the island growth 

mode of metals. Although PE-ALD usually gives a higher coverage with a lower critical thickness than 
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thermal ALD, we note that one thermal ALD route has shown fair results for the deposition of 

connected films. [46] Although this result has not been reproduced yet, the easiest processing 

conditions of thermal ALD as compared to PE-ALD presents several advantages that could be 

investigated in the future. Several recent works have successfully demonstrated the reduction of the 

critical thickness, down to 22 nm for PE-ALD performed at a low temperature, at which diffusion of 

silver on the surface is strongly reduced thanks to the presence of highly reactive radical species. [41] 

The most promising route towards silver continuous thin films by ALD remains the use of the precursor 

Ag(fod)(PEt3) with H2 plasma as reducing agent (i.e. PE-ALD). The critical thickness for continuous films 

using this path has been demonstrated to approach 20-30 nm, and the resistivity of these films can be 

as low as 6 µΩ.cm, against 1.6 µΩ.cm for bulk Ag and typically > 2.5 µΩ.cm for Ag thin films of thickness 

less than 50 nm obtained by sputtering. This PE-ALD approach have been reproduced by several 

groups and is thus the route that has been naturally chosen for this thesis work. 

 

I.4. Solutions for ultra-thin metallic film deposition 
 

As highlighted in section I.2, one major challenge in depositing ultra-thin continuous silver 

films or other noble metals on oxide substrates, is to find a solution to overcome the formation of 

separated clusters caused by the higher surface energy of metallic materials as compared to oxide 

surfaces. The deposition follows the Volmer-Weber growth mode and further leads to an NP 

morphology rather than a continuous layer. This has been demonstrated for Cu films [2, 14, 153, 154] 

and for Ag films. [19, 40, 41] However, studies on the ALD of metal Ag are much less common than 

those of Cu since the exact deposition mechanism is not yet fully understood. 

The reduction of the critical thickness of conductive films is one of the major research 

activities in the deposition of metal films, and several techniques have already been investigated, 

mainly for PVD methods (see [42] and [43] and references therein).  

 

I.4.1. Wetting layer 

In this section, we investigate the influence of the wetting layer on the morphology of noble 

metals in general deposited by ALD. We then focus the overview of Ag films deposited by different 

methods. Among the several works performed on the study of the influence of the sublayer, no clear 

trends could have been extracted. Therefore, we choose to expose case per case investigation and 

establish correlation between them when possible.  

 

I.4.1.1. Atomic layer deposition of noble metals  

It is well-known that ALD of noble metals displays nucleation difficulties for producing 

continuous thin layers. [2, 49] It is worth noting that reaction mechanisms during the nucleation differ 

from those during the steady-state growth. As shown previously, noble metal precursor reacts with 

the substrate only during the first ALD cycles (i.e. nucleation) and on the deposited material during 

the subsequent cycles, once the critical thickness has been reached. One way of reducing the island 
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formation in order to deposit ultra-thin continuous metallic film is to use a wetting layer, i.e. a layer 

with large surface energy on which the metal will grow as film rather than islands. Therefore, this 

parameter is a strong indication of the regime change during ALD deposition.  

For instance, Shrestha et al. [155] found a critical thickness of 15 nm when depositing Pt films 

and improved adhesion on oxidized silicon substrate as compared to bare Si. Before this threshold, 

the growth followed the Volmer-Weber growth mechanism and after, the classical layer-by-layer 

growth regime occurred. Choi et al. [156] proved that Ir deposition is highly affected by the sublayers 

during the first ALD cycles (first 150 cycles) with a poor nucleation and island growth of Ir on Si, SiO2 

and very thin TaN seed layers but smooth and uniform Ir film on 3-nm-thick TaN. However, when 

increasing the number of cycles (up to 300), the adsorbed Ir precursor acts as the seed layer for all 

substrates which leads to smooth and uniform Ir films on all the film substrates.  

For the investigation of the influence of the sublayer, we thus focus exclusively on the 

nucleation phase.  

 
Figure 16: Scanning electron micrographs showing the wetting layer influence on the morphology of noble metal 
films deposited by ALD. (a) and (b): Influence of the nature of the substrate (oxide vs. metal) (a) Cross section 
image of Cu film deposited on Ru coated SiO2/Si substrate (from [14]) and (b) Top views images of Pt films 
deposited on different metal-oxide substrates: ZrO2, Al2O3, TiO2 (from left to right) (from [9]). The indicated Pt 
film thicknesses were determined using optical absorption measurements on glass substrates. (c) Influence of 
the crystallinity of the substrate: Top views images of Ru deposited on anatase, amorphous and rutile TiO2 
substrates (from left to right) (from [157]).  

Nucleation delay of metallic films on inert substrate model has been elaborated by Puurunen 

et al. [158]. Except of this work, investigations to develop nucleation mechanism applicable to metal 

ALD using concepts established by other thin-film depositions like PVD, are very rare. [14] It is 

important to notice that, apart some exceptions, all the noble metals grown by ALD require an 

incubation period. [52] However, the incubation time may differ from one noble metal to another. For 

example, the small absorption coefficient of Ir film leading to a low nucleation density engenders a 

longer nucleation delay for Ir layer than other noble metals, e.g. Ru. [156] 
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Kim et al. [159] studied also the substrate-dependence for the ALD of Ru with O2 as reactant. 

The strong interaction between the Ru precursor and the metallic substrates (Au and Pt) lead to a 

negligible incubation time (10 cycles) bringing to a continuous smooth Ru layer, even at a film 

thickness of 1 nm. On the contrary, the weak interaction of Ru precursor with covalent bonds in TiN 

and SiO2 sublayers lead to a long incubation time (180 cycles on TiN) which was lower in Ru deposited 

on TiO2 (90 cycles). In this case, the ionicity of the substrate (examined in terms of electronegativity) 

played a significant role and may affect the adsorption of precursor molecules. Indeed, TiO2 has more 

ionic character than TiN and SiO2 since the difference in electronegativity of TiO2 is larger than that of 

TiN and SiO2. When comparing metal oxides substrates, Elam et al. [9] suggested different reactivity 

of the metal precursor for ALD of Pt using oxygen reagent. After 40 Pt ALD cycles, they obtained a 

quasi-continuous Pt film on ZrO2 sublayer (5 cycles), a high density of particles on Al2O3 surface (after 

30 cycles) while almost no Pt deposition on TiO2 surface after 80 cycles (see Figure 16 (b)). For the 

latter sublayer, they suggested a surface poisoning of residual ligands from Pt precursor to explain the 

absence of reactivity of Pt. 

Yim et al. [160] showed that the nucleation of Ru deposited by ALD with O2 as reactant was 

substrate-dependent. They developed a model which included mechanisms as surface diffusion of 

atoms and release and reabsorption of atoms by large islands. Different dielectric surfaces (thermally 

grown SiO2, NH3 plasma-treated SiO2, and CVD SiNx) have been tested and Ru nucleation was much 

enhanced on the nitride substrates while the overall nucleation kinetics followed a similar mechanism: 

a slow nucleation rate at initial stage becoming high during the second stage and at last a coalescence 

mechanism.  This enhanced nucleation was due to the higher density of adsorption sites for Ru 

precursor on nitride surfaces (1.2×1012 cm−2 on SiNx at 160 ALD cycles, and 2.3×1012 cm−2 on NH3 

plasma-nitrided SiO2 at 110 ALD cycles versus 5.7×1010 cm−2 on the SiO2 surface at 500 ALD cycles) 

although the mechanism of adsorption remains not clear. Indeed, the initial nucleation density of the 

noble metal is crucial for the formation of metallic films: a high nucleation density leads to a short 

nucleation delay and thus faster formation of a continuous film with a smoother surface as compared 

to low nucleation density. [80] 

The crystallinity of the sublayers plays also a critical role on the incubation delay and thus the 

morphology of the deposited metal. Kim et al. [157] observed a long incubation time for Ru deposited 

on amorphous and rutile TiO2 (approximately 330 and 100 cycle number  at 230°C and 250°C, 

respectively,) whereas a noticeably shorter incubation time was found on anatase TiO2 sublayers 

(∼260 and 70 cycle number at 230°C and 250°C, respectively). The explanation was the high catalytic 

activity of the anatase structured TiO2 which promoted the adsorption of the Ru precursor, lowering 

the nucleation delay leading to continuous Ru films rather than island-shape Ru grains before 

coalescence obtained for the amorphous and rutile TiO2. (see Figure 16 (c)). Kukli et al. [161] also 

found continuous and rougher Ru films on anatase (Ru thickness of 6.6 nm) as compared to 

amorphous TiO2 (Ru thickness of 5.0 nm) with rms roughness of 1.9 versus 0.32 nm, respectively, but 

less resistive (26–36 versus 30–70 µΩ.cm, respectively).  

 

The surface preparation is also a factor to consider when depositing material on a surface. 

Egorov et al. [162] proved that the growth rate of Ru is a strong function of the morphology of the 

substrate. The nucleation delay has been significantly reduced when NH3/Ar plasma pre-treatment 

have been performed on HfO2 surfaces. This further promoted the nucleation density and allowed to 

obtain continuous and smooth Ru ultra-thin films up to 2 nm. Wu et al. [163] obtained a poor-adhesive 
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Cu separated islands on Ta layer but an enhanced-quality film on Ru. A further improvement of the 

film quality has been obtained by performing an H2-plasma precleaning to remove the native oxide 

present on the surface of Ru, which was much more readily removed than that of Ta. [164] Indeed, 

as-deposited film presented a resistivity of 307 µΩ.cm which drastically decreased to 19 µΩ.cm after 

4 min plasma pre-treatment for a 20-nm thick Cu film, which was attributed to a reduction of 

interfacial O contamination. 

 

Several other factors affect also the nucleation delay for noble metal ALD deposition, like the 

deposition temperature, the selected metal precursor (e.g. RuCp2 and Ru(thd)3 for Ru deposition [165, 

166]) and reducing agent (e.g. air instead of O2 for Pt deposition [165, 167] or H2, NH3, O2 plasma for 

plasma-enhanced Pd ALD [168]) and ALD parameters (e.g. reducing agent and exposure time for Pd 

deposition [9]). As the object of this thesis work was not to study the influence of the wetting layer on 

these factors, the reader can refer to previous published results. [1, 2, 51, 52, 169, 170]  

Interestingly, Hagen et al. [14] did not observed nucleation delay for Cu PE-ALD (using H2 as 

reducing agent) on Si samples coated with tantalum nitride (TaN), carbon-doped oxide (CDO), and Ru. 

Alternately, after only some cycles, mainly for TaN and CDO, the island density was already very high 

and subsequently reduced during next cycles due to coalescence which described a lognormal 

distribution. The deposition on Ru surfaces was different due to lattice-matched substrate and a 

continuous film has been obtained while islands have been formed on Si/SiO2 surface (edge of the 

cross section sample) (see Figure 16 (a)). Similarly, Li et al. [153] have also revealed substrate to which 

the lattice of Cu matches well. Cu atoms ALD-deposited using molecular H2 as co-reactant performed 

on metallic surfaces such as Co and Ru, presented a strong surface-adherence and a slow diffusion 

leading to a low GPC. This was due to the fact that further reactions were inhibited because 

chemisorbed precursor blocked access to contiguous sites. This gave dense and smooth films which 

were continuous even for films as thin as four atomic layers. On the contrary, on oxide surfaces, Cu 

atoms showed a weak adherence with a rapid diffusion, giving rough films. In this case, an initial rapid 

GPC (close to one monolayer) was obtained, resulting from the agglomeration of Cu atoms and 

chemisorbed precursor to form larger Cu nuclei, and more reactive sites (most likely –OH groups) were 

available to react with Cu precursor. They also studied Cu growth on HF–ended Si surfaces leading to 

Si–H surfaces and proved that almost no deposition was obtained in this case, highlighting the 

importance of hydroxyl groups. The studies of Aaltonen et al. for the deposition of Ru [171] and Ir 

[172] proved also that OH–groups uniformly covering the surface enhanced the nucleation of the 

noble metal, while no sublayers used lead to non-uniform films with macroscopic defects. Ru ALD on 

Si–H, SiO2, and HfO2 surfaces studies by Park et al. [173] also confirms these results. Interestingly, 

Chaukulkar et al. [174] proved that hydroxyl groups are not required for plasma-enhanced Cu 

deposition on oxide substrate but the precursor chemisorption on the Al–O–Al bridges in the case of 

Al2O3 sublayer was the dominating mechanism.  

 

I.4.1.2. Particular case of silver   

In the case of Ag films, the use of a wetting layer has demonstrated strong improvement for 

the growth of ultra-thin continuous films only in particular cases (see detailed review in [2, 43]). 

Although good results were obtained in case of line-of-sight techniques, [32, 33, 42, 175, 176, 177, 

178, 179, 180, 181, 182] only non-continuous films [48] with potentially a slight enhancement of the 
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coverage but still non-continuous morphology [19] were observed when chemical vapor-phase 

methods were engaged.  

Ag deposition method Wetting layer Result Reference 

DC magnetron 
sputtering 

AZO critical thickness down to 10nm, AZO reduces islanding [175] 

Cu (1 nm) percolation thickness reduced from 6 nm to 3 nm [180] 

High-power impulse 
magnetron sputtering 

(HIPIMS) 
ZnO 

smoother coating surfaces, film density improved 
[176] 

RF magnetron 
sputtering 

Cu, ZnS, Ge 

for all, low surface roughness with no island formation 
Cu: improved reflectance (%R) in infra-red range 
Ge: very high %R 
ZnS: helps Ag to form smooth film, but deteriorates the 
optical performances 

[177] 

Evaporation 

α-Al2O3, Ti,  
O-rich ZnO 

α-Al2O3: poor wetting by Ag 
Ti: improved as compared to α-Al2O3 
O-rich ZnO: improved as compared to α-Al2O3 

[178] 

ZnO, SnO2 
Ag shows better coverage on ZnO than on SnO2, despite 
the larger roughness of ZnO 

[181] 

Thermal evaporation MoO3 continuous Ag film 10 nm thick [32] 

Electron beam 
evaporation 

Ge 
ultra-low critical thickness (down to 3 nm) and decreased 
roughness 

[33] 

Ge (1 nm) 
reduction of the Ag surface roughness down to 0.2 nm for 
a 10 nm-thick film 

[179] 

Thermal process SiO2, Si–H, Si–OH no deposition when absence of –OH groups [183] 

PE-ALD 
Co, Ni, Ti, TiN, 
Ti/TiN, SiO2, W 

among the tested surfaces, all except W give a similar 
result (critical thickness of 47 nm) 
Ag shows the poorest adhesion properties on W due to 
presence of WO3 native oxide 

[19] 

PE-ALD Si, MoO3/Mo, Mo 
native MoO3 blocks Ag coalescence, need to be removed 
by plasma pre-treatment 

[146] 

Th-ALD Al2O3 Al2O3 acts as seedlayer for Ag NPs by providing –OH groups [48] 

Table 8: Examples of wetting layers (list is non-exhaustive) investigated for the deposition of Ag thin films using 
various methods. 

Several materials have been suggested as wetting layers, in particular other metals (Ti, Ge, 
etc.), but also oxides (ZnO, Ta2O5, Nb2O5, TiO2, SnO2, GaOx, InOx, MgO, etc., or mixture of them), with 
ZnO as usually preferred material. Some examples of wetting layers investigated for the deposition of 
Ag thin films by various methods are presented in Table 8. Most of the works concern PVD (sputtering 
or evaporation), and only very few CVD or ALD due to the much more recent development of metal 
layers deposited by these techniques.  

The morphology of the surface also shows strong influence of the wetting of the Ag layer. Kato 

et al. [184]  have investigated the influence of the structure of ZnO and SnO2 underlayer on the 

electrical resistivity of sputtered Ag films. They showed a linear increase of the resistivity vs. roughness 

of the underlayer, with the curve for SnO2 shifted to higher resistivity as compared to ZnO. Moreover, 

the Ag film on SnO2 is less crystallized than on ZnO, showing that ZnO promoted the crystallization of 

Ag films and its reduced resistivity. 

Interestingly, Amusan et al. [19] have investigated several wetting layers using the same PE-

ALD process as the one investigated in this thesis work (i.e. PE-ALD with Ag(fod)(PEt3) as silver 

precursor and H2-based plasma). They demonstrated that Ag grows faster on metallic substrates (Co 

and Ni) which present high surface energy. Similar adhesion properties on Co, Ni, Ti, TiN, Ti/TiN and 

SiO2 with relatively smooth deposition have been obtained (see above Figure 13) while poor adhesion 

properties on W with quite rough deposition have been shown. The authors explained this result by 
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the presence of the low surface energy of the native tungsten oxide that could not be removed by a 

H2-plasma exposure prior to deposition. 

Mameli et al. [146] proved that the presence of native MoO3 on Mo blocked the coalescence 

of Ag. Therefore, it was necessary to remove it by a H2/N2 plasma pre-treatment which enhanced Ag 

wetting on the surface and reduced the nucleation delay observed on MoO3. A 15-nm thick Ag 

deposition exhibited a fully percolated film.  

Duan et al. [183] deposited Ag from Ag(hfac)(PMe3) precursor and thermal reduction on 

silicon-based substrates including silica, H–terminated Si(100), and OH–terminated (oxidized) Si(100). 

They proved the existence of preferential reaction sites for Ag growth. Basically, no deposition (few 

particles founded at defect sites) has been highlighted on Si–H substrates, proving that the surface 

was very inert to Ag precursor. However, on Si–OH and silica, similar morphology of Ag NPs has been 

formed showing that the O atoms of the hydroxyl groups played a critical role leading to attractive 

surfaces for Ag precursor. The importance of the –OH adsorption sites for the Ag precursor 

chemisorption has also been demonstrated in the work of Masango et al. [48] by using Al2O3 as a seed 

layer which provides hydroxyl groups. From these two works, different surface reaction mechanisms 

have been proposed based on the experimental results (mainly XPS). Duan et al. suggested that after 

Ag(hfac)(PMe3) deposition, a removal of the hfac ligand by forming hfacH group desorbing from the 

surface and let the Ag(PMe3) moiety on it. On the other hand, the chemical reactions of the same Ag 

precursor reacting on Al2O3 surfaces have been proposed by Masango et al. as followed:  

𝐴𝑙 − 𝑂∗ + (ℎ𝑓𝑎𝑐)𝐴𝑔(𝑃𝑀𝑒3) → 𝐴𝑙 − 𝑂 − 𝐴𝑔(ℎ𝑓𝑎𝑐)∗ + 𝑃𝑀𝑒3 

with the asterisks represent the surface species. 

After HCOH precursor exposure:  

𝐴𝑙 − 𝑂 − 𝐴𝑔(ℎ𝑓𝑎𝑐)∗ + 𝐻𝐶𝑂𝐻 →  𝐴𝑙 − 𝑂 − 𝐴𝑔 − 𝐻𝑥
∗ + 𝐻(ℎ𝑓𝑎𝑐) + 𝐶𝑂 + 0.5 (1 − 𝑥)𝐻2  

And in the linear regime:  

𝐴𝑙 − 𝑂 − 𝐴𝑔 − 𝐻∗ + (ℎ𝑓𝑎𝑐)𝐴𝑔(𝑃𝑀𝑒3) → 𝐴𝑙 − 𝑂 − 𝐴𝑔 − 𝐴𝑔(ℎ𝑓𝑎𝑐)∗ + 𝑃𝑀𝑒3 

𝐴𝑙 − 𝑂 − 𝐴𝑔 − 𝐴𝑔(ℎ𝑓𝑎𝑐)∗ + 𝐻𝐶𝑂𝐻 → 𝐴𝑙 − 𝑂 − 𝐴𝑔 − 𝐴𝑔 − 𝐻𝑥
∗ + 𝐻𝑓𝑎𝑐 + 𝐶𝑂 + 0.5(1 − 𝑥)𝐻2 

As we can see in this case, contrary to the work of Duan et al., it is the moiety Ag(hfac) which 

remains on the surface and the group PMe3 which is removed. This set of reactions was also suggested 

for the ALD of Pd. [185] Moreover, by using Ag(hfac)(1,5-COD) combined with propanol, Golrokhi et 

al. [29] affirms that the 1,5-COD ligand is weakly bonded to silver and easily dissociated when the 

precursor is volatilized. Therefore, the author assumes the chemisorption onto the surface of the 

Ag(hfac) intermediate and its reaction with the hydroxyl surface groups, as suggested by Masango et 

al. [48]. 

 

In order to provide a wide overview of the strategies for the deposition of ultra-thin metal 

films, we mention here three alternative routes that have been envisioned and could provide good 

opportunities for films deposited by ALD as well.  
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I.4.2. Two-step approach: Oxide deposition and further reduction to metal layer 

One way to circumvent the island growth of noble metal is to use a two-step approach 

consisting in the deposition of a metal-containing film subsequently reduced to a metallic state. Due 

to the much easier deposition of ultra-thin oxide films, this method may open to the deposition of 

ultra-thin metal films. This was proved mainly for copper thin layers. [2, 47] 

Dhakal et al. [47] have demonstrated ALD of ultra-thin Cu films on SiO2 by deposition of Ru-

doped Cu2O from [(nBu3P)2Cu(acac)] and O2, and subsequent reduction in formic acid (HCO2H) or CO. 

The reduction process with formic acid was performed at 110°C and allowed reduction of Cu2O films 

up to 4.7 nm- thick. The reduction process with CO was performed at 145°C and allowed reduction of 

Cu2O film up to 3 nm- thick.  

The same combination of Cu precursor and reduction agent for Cu2O deposition has been 

previously reported by Waechtler et al. on different substrates, including SiO2, TaN, and Ru. [186] On 

TaN, a linear two-dimensional growth was obtained whereas island growth with further coalescence 

and continuous film formation took place on SiO2. [187] This process has been then used in the work 

of the same author [188] to deposit Cu seed layer for electrochemical Cu deposition by further 

reduction of Cu2O in HCO2H between 110–120°C. A more effective reduction reaction has been found 

for Cu2O deposited on Ru (Cu2O thickness of 12 nm) rather than TaN (Cu2O thickness of 5 nm), due to 

a stronger activity with respect to formic acid decomposition for Ru.  

Li et al. [189] first deposited copper(I) nitride Cu3N by ALD at 160°C from [Cu(sBu-Me-amd)]2 

precursor and ammonia as reducing agent. Electrically continuous Cu layers as low as 0.8 nm-thick 

(about 3 monolayers) was then obtained by reduction of Cu3N film with molecular H2 gas. 

To our knowledge, this two-step method has however not been reported for silver films up to 

now. Indeed, this will be difficult to transfer to silver coatings, as Ag2O decomposes itself at moderate 

temperatures (around 120°C in vacuum [273]).  

I.4.3. Doping agent for silver films  

One alternative way to obtain smooth ultra-thin metal films is performed by doping. Al and Cu 

doping have demonstrated strong reduction of the Ag film roughness and critical thickness of films 

deposited by sputtering, [42, 43, 182, 190] although similar attempt has not yet been reported for ALD 

or CVD. 

By depositing a small amount of aluminum during the co-sputtering deposition of silver (around %4 

at. Al in Ag), Gu et al. [42] and Zhang et al. [182] have demonstrated that the resulting film was much 

smoother (see Figure 17) and presented a high resilience against dewetting. They could then obtain a 

critical thickness of 6 nm with a conductivity of 2.3×104 S/cm. The role of Al in suppressing the usual 

Volmer-Weber growth mode of Ag layers on oxide substrate was not fully understood, but could be 

related to the increase of nuclei density with larger energy of the Al–O bound as compared to the Ag–

O bound, and the resulting lower diffusion length of Al on the surface. 

Cu-doped Ag thin films showing a percolation threshold as low as 6 nm and a sheet resistance of 

14.1 Ω/□ have been obtained through magnetron sputtering by Huang et al. [190]. This was also 

attributed to an enhancement of the nuclei density caused by smaller diffusion distance of Cu atoms 

conducting to the immobilization of Cu atom on the substrate which finally suppressed the 3D cluster 

growth. 



48 
 

 
Figure 17: AFM images of (a) 3 nm pure Ag films, (b) 3 nm Al-doped Ag films, (c) 15 nm pure Ag films, and (d) 15 
nm Al-doped Ag films on SiO2/Si(100) substrates. From [42]. 

 

I.4.4. Plasma post-treatment of silver nanoparticles 

In order to make the deposit conductive and thus continuous, plasma post-treatment has 

been demonstrated for solution processed Ag nanoparticles, mainly for inkjet-printed process. [191, 

192, 193, 194] However, it is worth noting that the starting film is composed of compact nanoparticles, 

and not islands. Post-treatment of islands leads to even more separation, as discussed in the I.2.3. 

section. Interestingly, Ma et al. [195] used argon gas post-treatment to sinter Ag NPs of different 

diameters (23 nm and 77 nm with assumed thicknesses of 46 nm and 154 nm, respectively) 

synthetized by wet chemistry and investigated the plasma power and time effects on the morphology 

and electrical conductivity of Ag nanoparticle film. For 23 and 77 nm Ag NPs size, the lowest 

resistivities of the sintered film have been obtained with a plasma post-treatment of 900 W during 60 

min, respectively 5 times (8.73 µΩ.cm) and 12 times (18.7 µΩ.cm) higher than bulk Ag resistivity (1.59 

µΩ.cm). The morphology of the obtained films is exposed in Figure 18, both in top view and cross 

section. Morphologically continuous films and a densification of the uppermost layer are obtained in 

both cases after plasma processing.   
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Figure 18: SEM top view (a,b) and cross-section (c,d) of plasma sintered AgNP films after a plasma-post treatment 
of 900 W during 60 min performed on the 23 (left column) and 77 nm (right column) AgNP films. The scale bars 
are 100 nm. From [195] 

 

I.4.5. Conclusion 

In this section, alternative routes that have been envisioned for ultra-thin metal films 

deposition have been described and including the use of a wetting layer, the doping by another metal 

(e.g. Al, Cu) in order to enhance the interaction of the metal film with the oxide surface and the 

deposition of the metal oxide followed by a reduction step. Post-treatment processes also enhance 

the sintering of NPs, giving electrically continuous films, although not applicable for films made of 

discrete islands. These routes could provide good opportunities for metal films deposited by chemical 

gas-phase synthesis (CVD and ALD), more particularly Ag films which gives mainly nanoparticular films, 

as showed in the previous parts.  

 

I.5. Specific case of metal films optical properties  
 

I.5.1. Optical constants  

 
From a macroscopic point of view, the optical response of a metal can be described by the 

interaction between the solid represented by its dielectric function and the light represented by an 

electromagnetic wave. [196] The dielectric function ε thus appears as the relevant physical quantity 

to characterize the optical response of a material. This quantity is complex, i.e. it has both real and 

imaginary parts, defined as ε1 and ε2, respectively and depends on the frequency 𝜔. Therefore:  

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) (1) 

 

The refractive index 𝑛(𝜔) corresponds to the real part of the square root of the complex 

dielectric function while the extinction coefficient 𝐾(𝜔) corresponds to the imaginary part. The 

complex index of refraction �̂�(𝜔) is defined as: 

�̂�(𝜔) = 𝑛(𝜔) + 𝑖𝐾(𝜔)  ≡ √𝜀(𝜔) (2) 
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With 

√𝜀(𝜔) = 𝑅𝑒√𝜀(𝜔) + 𝑖𝐼𝑚√𝜀(𝜔) (3) 

At the interface between two media, the refractive index 𝑛 is linked to the reflection of the 

electric field, and the extinction coefficient 𝐾 to its absorption. [196] The reflectance of a thin film can 

be directly correlated with the values of 𝑛 and 𝐾. If we assume that the first medium is air (n1 = 1), the 

second medium a metal with a refractive index 𝑛 and an extinction coefficient 𝐾, the Fresnel’s 

equation [196] at the normal incidence gives the following expression for the reflectance 𝑅: 

𝑅 =
(𝑛 − 1)2 + 𝐾2

(𝑛 + 1)2 + 𝐾2
 (4) 

 

I.5.2. Theories of free and bound charge carriers 

The dielectric function can be calculated analytically in specific limiting cases. Based on 

equations of motion for the charge carriers, two classical models for the dielectric function are 

extracted: the Drude model (free electron) and the Lorentzian oscillator theory (bound electron). [196] 

I.5.2.1. Drude model or free charge carriers theory 

The objective of the Drude’s model is to explain the large variety of electrical and thermal 

properties observed for different metals by using the simple microscopic model of free electrons. In 

this model, metals are represented by a cloud of free electrons which are not bound to a particular 

atomic nucleus but are free to move through the metal lattice. [197] In the Drude (or free electron) 

model, the dielectric function can be directly calculated as follows [196]:  

𝜀 (𝜔) = 1 −
𝜔𝑝

2

𝜔2 + 2𝑖𝛾𝜔
 (5) 

where 𝜔𝑝 corresponds to the plasma frequency of the material (a constant for each material) and 𝛾 

the damping constant necessary to consider the damping of the electron’s movement. 

Figure 19 (a) illustrates the evolution of the real part and imaginary part of the dielectric 

function, based on equation (5).  In order to calculate 𝑛 and 𝐾, both the real part and the imaginary 

part must be extracted from the square root of equation (5). The results of this calculation are 

illustrated in Figure 19 (b).  

When 𝜔 <  𝜔𝑝, the real part 𝑛 is very weak with respect to 𝐾. According to Fresnel’s equation 

(4), when 𝑛 ≪  𝐾, a value of 1 is obtained for 𝑅, that corresponds to total reflection. This explains why 

a high reflectance is observed in the reflectivity spectrum of metals at high wavelength (Figure 19 (c)). 

On the contrary, in the region where  𝜔 >  𝜔𝑝, we have optical constants satisfying 𝑛 ≫  𝐾. If 𝑛 is 

close to 1, it results in a low reflectance and a high transmittance. Thus, at lower wavelength (higher 

frequency), the drop of the reflectance is obtained in the optical spectra for the different metals 

(Figure 19 (c)). When passing from high reflectance/low transmittance (𝜔 <  𝜔𝑝) to low 

reflectance/high transmittance (𝜔 >  𝜔𝑝), the plasmonic resonance where 𝜔 =  𝜔𝑝 takes place at the 

intersection of these two curves giving a certain absorbance. According to equation (4), 𝑛 and 𝐾 are 

very weak compared to 1 leading to almost no reflectance. This means that all the electrons oscillate 

in phase throughout the material propagation length. 
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Figure 19: Dielectric function (a) and optical constants (b) according to equation (5) (c) Normal incidence 
reflectance of silver (solid line), gold (dash), and copper(short dash) surfaces. From [196]. 
 

 

I.5.2.2. Lorentzian oscillator model or bound charge carriers theory 

In the Drude model, the electron-electron and electron-nucleus interactions are neglected 

and only the oscillation of the electron gas constituted by free electrons close to the Fermi level is 

taken into account.  The Lorentzian oscillator model was proposed to provide a more accurate 

prediction of the permittivity. This model includes the one of the bound charge carriers in the material 

through harmonic oscillators. [197] Using this theory, the dielectric function can be directly calculated 

as follows [196]:  

𝜀 (𝜔) = 1 +
𝜔𝑝

2

𝜔0
2 − 𝜔2 − 2𝑖𝛾𝜔 −

𝜔𝑝
2

3

 ≡ 1 +
𝜔𝑝

2

�̃�0
2 − 𝜔2 − 2𝑖𝛾𝜔

 (6) 

With �̃�0
2 = 𝜔0

2 −
𝜔𝑝

2

3
 

where 𝜔𝑝 corresponds to the plasma frequency of the material and 𝛾 the damping constant necessary 

to consider the damping of the electron’s movement, as for Drude’s theory. 𝜔0 is the resonance 

frequency and �̃�0
2 corresponds to the resonance frequency valid for the dielectric function. 

Figure 20 (a) illustrates the evolution of the real part and imaginary part of the dielectric 

function, based on equation (6).  In order to calculate 𝑛 and 𝐾, both the real part and the imaginary 

part must be extracted from the square root of equation (6). The results of this calculation are 

illustrated in Figure 20 (b).  

When 𝜔 <  �̃�0, contrary to Drude’s model, the real part 𝑛 tends to 1 while 𝐾 is very weak. 

According to Fresnel’s equation (4), this corresponds to an absence of reflection. Similarly, at high 

frequency 𝜔 >  �̃�0, we have optical constants satisfying 𝑛 ≫  𝐾 which results again in the absence of 

reflectance. Therefore, far from the plasmonic resonance where 𝜔 = �̃�0, the material is completely 

transparent and the refractive index 𝑛 is modified only close to the plasmonic resonance. 
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Figure 20: Dielectric function (a) and optical constants (b) according to equation (6). From [196]. 

 

I.5.2.3. Correlation between reflectivity spectrum and film morphology 
 

Information about the metallic films’ morphology can be obtained by studying their optical 

properties. For example, the continuity or the nanoparticular structure can be determined by studying 

the reflectance (%R) spectrum. [198] Figure 21 shows the evolution of the measured reflectivity 

spectra during the deposition process of Ag layer for discontinuous (Figure 21 (a)) and continuous 

(Figure 21 (b)) film and the corresponding SEM images (Figure 21 (b) and Figure 21 (d), respectively).  

For an ideal continuous film (simulation, dotted red curves), the signature is a high infrared 

reflectance increasing with the thickness, as a result of longer deposition time. The high %R and its 

increase with the wavelength is predictable by the Drude’s theory. In the case of discontinuous film, 

a reflectance peak is expected in the visible range due to the Drude model again followed by a drop 

at higher wavelength (Figure 21 (a)), understood by the oscillator theory. 

The explanation is that, in metals, for low wavelength/high frequency, when electrons, that 

have a proper speed, are excited by an electric field from incident light, they change their direction 

very quickly and are not moving over a long distance but oscillate over a small distance. On the 

contrary, for high wavelength/low frequency, the lower the frequency, the longer the path covered 

by the electrons.  

In the presence of a nanoparticle metallic film, there is a transition between low 

wavelength/high frequency and high wavelength/low frequency. At low wavelength/high frequency, 

the movement of electrons is included in a particle, their traveled distance being less than the size of 

the particle, the particle behaves as a bulk metal. This could be referred as a ‘continuous-like’ behavior 

and understood by the Drude model. The plasmonic frequency of silver being located in UV region (𝜆𝑝 

= 140 nm [18]), we are in the case where 𝜔 <  𝜔𝑝 which justified the high reflectance. (see section 

I.5.2.1.) At high wavelength/low frequency, the more the frequency will decrease, the more the 

path/distance traveled by the electrons will be long. In this case, the electrons are confined in a 

restricted space which corresponds to the dimension of the particle and the oscillation of the electrons 

polarizes the particles, as it is explained in the next subsection I.5.3. This particle then behaves not like 

a bulk metal but like an atom, with bound electrons. This could be referred as a ‘particle-like’ behavior 
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and understood by the oscillator model. This justifies the high transparency and low reflectance of the 

metal at high wavelength far from the plasmonic resonance frequency. (see section I.5.2.2.) 

By replacing the heterogeneous system (NP/ surrounding medium) by a homogeneous 

medium with an effective dielectric function, the Maxwell-Garnett theory quantitatively reproduces 

this transition from free electron model to bound electron model, [199] but this analysis goes beyond 

the scope of the thesis work. 

 
Figure 21: (a) and (c) Evolution of the measured reflectivity spectra during the deposition process of (a) 
discontinuous Ag layer and (c) continuous Ag layer with a growth mode influenced by AgOx coating prepared on 
the substrate before the deposition. The blue lines correspond to experimental data and the dotted red curves 
exhibit a simulation of the reflectivity of ideal continuous silver layer. (b) and (d) Corresponding scanning 
electron micrographs of ultra-thin silver layers corresponding to, respectively, spectra (a) and (d). From [198]. 

 

I.5.3. Specific case of metallic nanoparticles 

 
In the case of metallic nanoparticles, the interaction of the free electrons with the incident 

light leads to apparition of the localized surface plasmon resonance (LSPR). (Figure 22 (a)) When light 

irradiates a metallic particle, the oscillation of the electric field engenders the free electrons to 

oscillate coherently. Surface plasmons (SPs) are collective oscillations of a set of delocalized coherent 

electrons of a metal existing at the interface of two materials (metal-dielectric). This oscillation of the 

free electron induces an oscillating dipole inside a particle, that furthermore induces an electrical 

polarization of the particle. 

The result of the confinement of SP in a nanoparticle of size comparable to or smaller than 

the wavelength of light used to excite the plasmon is called localized surface plasmon (LSP). This is 

responsible of two effects: a local exaltation of the electric field close to the surface of the particle and 

a maximum absorbance peak at the plasmon resonance frequency.  

https://en.wikipedia.org/wiki/Light
https://en.wikipedia.org/wiki/Plasmon
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In the case of well-defined geometrical shaped and well-separated particles, the Mie theory 

predicts the LSPR peak at a well determined frequency which does not depend on the size and the 

shape of the particle but only on the type of material and the medium. [25] However, it was found in 

the literature that the LSPR optical response (spectral position, intensity and width of the absorbance 

peak) depends on the morphology of the nanoparticle and the covered area. [25] As shown in (Figure 

22 (b)), a red-shift of LSPR peak in the absorbance spectrum is generally observed with the increasing 

size of Ag particles. Several theoretical and experimental works have been performed on metallic 

particles of different shape in order to find the optimum Ag nanoparticles’ morphology to enhance 

the sensitivity of the plasmon resonance response. The option to modulate the LSPR response 

presents a huge interest for a lot of application, including surface-enhanced Raman spectroscopy or 

other optical effects where localized plasmons are used.  

 
Figure 22: (a) Schematic of the interaction of an electric field from incident light on a metallic nanoparticle. (b) 
Extinction (absorbance) spectrum of Ag nanocubes of different edge length where LSPR peak of the nanocubes 
red-shifts with the increased of edge length. From [25].  

 

I.5.4. Conclusion 

 In this part, we have seen that the optical behavior of thin metallic films can be understood 

by two theories. The first one is related to the free charge carriers theory or Drude model. It is used 

to explain the ‘continuous like’ optical behavior of the nanoparticle film at low wavelength translated 

by a high reflectance and a low transmittance. This model is also used to explain these features in the 

infrared region spectra of an ideal continuous film as well as the reflectance decrease in the UV/visible 

range. The second theory is the bound charge carriers or oscillator model. It describes the ‘particle-

like’ behavior of the nanoparticle film at higher wavelength exhibiting low reflectance and high 

transmittance. We have also shown the optical response of the specific metallic nanoparticle with the 

apparition of a localized surface plasmon resonance (LSPR) leading to a maximum absorbance peak at 

the plasmon resonance frequency of the metal which depends on the nanoparticle morphology, i.e. 

size and shape. 
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I.6. Conclusion  

In this first chapter, we have described the principle of chemical vapor-phase deposition 

techniques by differentiating CVD from ALD. As non-line-of-sight depositions, these methods enable 

a uniform and conformal film growth on substrate with complex geometries. More specifically, ALD 

has demonstrated an accurate and precise thickness control due to the use of sequential self-limiting 

surface reactions of precursors. In order to determine if a process satisfies the requirement of ALD 

self-limiting reaction, the impact on the GPC of the synthesis temperatures, the sequences times of 

the precursors (pulse and purge times) and the number of ALD cycles needs to be controlled. The aim 

is to find a constant GPC that does not depend on these parameters. 

The growth of metals on oxide substrates by chemical vapor depositions starts with the 

formation of isolated island due to surface energies discrepancy between the material deposited and 

the substrate. This is the result of Volmer-Weber type growth. The atomistic processes taking place 

on surfaces are the interaction of the metal precursor molecules on the substrate surface, the surface 

diffusion of the atoms leading to the formation of NPs and their further growth via ripening. The study 

of the evolution of the NPs density and particle size distribution (PSD) has shown reliable information 

about the diffusion processes but this has been investigated to a less extent. Consequently, the 

correlation between PSD and growth mechanisms leading to ALD of NPs is still under debate. 

We have reviewed the state-of-the-art of chemical gas-phase processing of silver films for 

which the major challenge is to find a suitable metal precursor combining a high thermal stability, a 

high vapor pressure and a high volatility. The main goal was to demonstrate continuous (or at least 

connected) silver films with a finite electrical conduction, as compared to films made of disconnected 

nanoparticles that are insulating. When it comes to the CVD of silver films, one of the most important 

challenge is the insufficient volatility of several metal-containing compound and several techniques 

have been developed to circumvent this aspect. Due to the Volmer-Weber mode, Ag islands are 

obtained at low film thickness and their coalescence is promoted with increasing thickness. No direct 

correlation between the deposition method and the film quality has been extracted. The different 

techniques used are very precursor-dependent. The most promising Ag precursors appeared to be 

mixed ligand stabilized Ag(I) complexes containing either a fluorinated carboxylate or fluorinated and 

non-fluorinated β-diketonate. The best volatility and stability of β-diketonate complexes have been 

obtained for fluorinated β-diketonates coordinated with low molecular weight tertiary phosphines 

complexes and particularly Ag(fod)(PEt3). Due to recent development of the ALD technique and the 

lack of appropriate Ag precursors, the ALD of silvers films has been only investigated from 2007 and 

thus quite few investigations are available in the literature. Moreover, ALD of metal nanoparticles, 

and in particular silver, is still weakly understood. Using this method, we have highlighted two types 

of ALD processes depending on the reducing agent, i.e. plasma-enhanced ALD (PE-ALD) and thermal 

ALD (Th-ALD). We have seen that it was quite challenging to obtain continuous Ag films in both cases, 

also due the islands growth of metals, and non-electrically-conductive Ag films are obtained for low 

thickness. Among the different works, we have shown that PE-ALD gives higher coverage with a lower 

critical thickness as compared to thermal processes due to the presence of highly reactive species 

enabling to work at lower temperatures at which the diffusion of Ag is decreased. In these conditions, 

the most promising result have been obtained with the use of high vapor pressure Ag(fod)(PEt3) 

precursor exhibiting a low melting point of 26–28°C. This PE-ALD approach have been also reproduced 

by several groups.  
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Consequently, the route that has been naturally chosen for this thesis work towards silver 

continuous thin films by ALD is the use of the precursor Ag(fod)(PEt3) with H2 plasma as reducing 

agent (i.e. PE-ALD). 

On the other hand, the reduction of the critical thickness of conductive films remains one of 

the major research activities in the deposition of metal films, and we have demonstrated that several 

techniques have already been investigated for this purpose, mainly for PVD methods. For atomic layer 

deposited noble metal, the influence of the wetting layer exhibits a large panel of results and no clear 

trends could have been extracted due to the high number of parameters needed to be taken into 

account, e.g. the wetting layer crystallinity, the surface preparation, the deposition temperature, the 

metal precursor and reducing agent… When it comes to Ag, although a strong improvement for the 

growth of ultra-thin Ag continuous films have been obtained with line-of-sight techniques, only non-

continuous films or a slight enhancement of the coverage but still non-continuous morphology were 

noticed when chemical gas-phase synthesis were used. In such conditions, we have seen that the 

surface hydroxyl groups are mandatory for Ag precursor adsorption. The other alternative routes that 

have been envisioned for ultra-thin metal films deposition seems to be relatively hard to be 

transferred to Ag, due to its much more noble character as compared to other noble metals, leading 

to non-stable Ag complexes. 

At last, we have also highlighted that the investigation of the optical properties is a powerful 

method to get information about the morphology of the metallic films. One signature of films made 

of separated metal island is the presence of localized surface plasmon resonance absorbance peak in 

the visible region. The other feature is the transition from a ‘continuous like’ optical behavior at low 

wavelengths, understood by Drude’s model and highlighted by a high reflectance/low transmittance, 

to the ‘particle-like’ behavior at higher wavelengths, understood by the oscillator model and 

highlighted by a low reflectance/high transmittance. For an ideal continuous film, the signatures are 

a high reflectance and a low transmittance in the infrared region spectra while a decrease reflectance 

in the UV/visible range. 
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Chapter 2  
Experimental methods 

In this chapter, we intend to describe the experimental techniques which are used all along 

this thesis work. The first part presents the deposition methods and experimental tools employed as 

well as the substrates and precursors handled for the synthesis of silver thin films. The second part is 

dedicated to reference the characterization techniques used to investigate the structural, 

morphological, chemical and physical properties of the grown thin films. A brief description of the 

principle and the main characteristics of each, as well as the experimental parameters used, are 

presented.1  

 

 

 

 

 
Some results of the chapter are taken from the publications: 
 
 S. Wack, P. Lunca Popa, N. Adjeroud, J. Guillot, B. R. Pistillo, R. Leturcq, Large-Scale Deposition and 
Growth Mechanism of Silver Nanoparticles by Plasma-Enhanced Atomic Layer Deposition, J. Phys. 
Chem. C, 2019, 123, 44, 27196-27206. 
 
J. Crêpellière, K. Menguelti, S. Wack, O. Bouton, M. Gérard, P. Lunca Popa, B. R. Pistillo, R. Leturcq, M. 
Michel, Spray Deposition of Silver Nanowires on Large Area Substrates for Transparent Electrodes, 
ACS Appl. Nano Mater., 2021, 4, 2, 1126–1135. 
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II.1. Atomic layer deposition reactor and film growth 

II.1.1. Atomic layer deposition reactor  

II.1.1.1. Plasma-enhanced atomic layer deposition of silver films 

 
Figure 23: (a) Photography of the ALD TFS 200 system from Beneq. (b) Simplified scheme of the Beneq TFS 200 
ALD system with the remote plasma and the hot source HS500 with open boat for the precursor and (c) Top 
view scheme of the reactor showing the cross-flow precursor delivery system. 

The experiments for the deposition of silver layers have been performed on a Beneq TFS 200 

atomic layer deposition (ALD) system, equipped with an open-boat hot source HS500 for the silver 

precursor and the remote plasma option (Ar/H2 plasma). A photography and a simplified scheme of 

the reactor is shown in Figure 23. 

The substrate is placed in the reactor of the ALD, which is heated by heating resistors placed 

in the chamber to control its temperature (Tch). The chamber temperature Tch is measured close to the 

reactor and is assumed to be representative of the sample. The substrate temperature (Ts) depends 

directly on the chamber temperature but is not controlled independently nor monitored. (see Figure 

23 (b)). The silver precursor is loaded into an open quartz boat and heated using the HS500 precursor 

cell at the temperature Ths. The precursor temperature (Tp) depends directly on the hot source 

temperature but is not directly controlled. By punctual in-situ measurements, we have observed that 

Tp is systematically 0 to 10°C above Ths, and Ts systematically 5 to 15°C above Tch. However, these 

differences, related to the geometries of the parts, the gas flows or the plasma ignition, may change 

from one process to the other, and for this reason only Ths and Tch are reported in the following studies. 

Moreover, the exposure of the precursor is regulated by the process argon flow (Arpr) and a gas valve. 

In the default position, the valve drives the flow directly to the reactor. When it is activated (during 

the precursor pulse time tpr), the valve drives the flow to the hot source, which carries the precursor 

into the reactor. 

 



61 
 

For film deposition, we have used a remote capacitively coupled plasma (radio frequency (RF), 

13.56 MHz) placed on top of the reactor. A grid serves as a ground electrode and defines the plasma 

chamber, allowing radical flows into the reactor. In order to promote the glow discharge ignition, a 

mix of argon (Arpl) and hydrogen (H2pl) is injected. This mixture flows continuously to avoid deposition 

of the Ag precursor in the plasma head. We have checked that no reaction occurs between the 

precursor and molecular hydrogen when the plasma is turned off. ALD tool gas lines are equipped 

with Ar and H2 purifier cartridges from Entegris. Both Ar, used as precursor carrier and process gas, 

and H2 gases used during the process are respectively Alphagaz 1 and Arcal Prime from Air Liquide. 

Their flows are controlled using mass flow controllers. The plasma post-treatment was performed in 

the same reactor using a continuous plasma with glow discharges fed with a mix of hydrogen and 

argon. Some tests have also been performed using argon only. In this thesis work, two configurations 

of plasma post-processing have been tested. The first one is the remote or indirect plasma, the same 

as the one used for film deposition. In this case, the presence of the grid leads to a decrease of flux 

and energy of the ions towards the substrate but also to a somewhat reduced radical density flowing 

into the reactor. In order to enhance the efficiency of the plasma by promoting not only the hydrogen 

radical’s density but also the ionic species, we have also studied the effect of removing the grid and 

thus creating a direct contact with the active plasma. The two configurations of plasma are named 

arbitrary along the thesis as “direct post-treatment” for post-treatment performed in the absence of 

the grid and “indirect or remote post-treatment” for post-treatment performed in the presence of the 

grid. It is worth mentioning that the denomination used during this thesis work is in agreement with 

the one employed previously by Kariniemi et al. [41]. However, in some other publications, [57, 152] 

the use of a capacitive discharge and thus of the reactor Beneq TFS 200, is classified as direct plasma 

even in the presence of the grid between the polarized electrode and the substrate.  

Other parameters such as the reactor pressure or the plasma bias voltage are not directly 

controlled by the process, but are direct consequences of the parameters mentioned above. They 

have been recorded but are not discussed in the thesis. They then do not appear along the thesis. 

All the terminology used in the previous paragraphs is summarized in Table 9.  

Symbol Designation Units 

Arpl Argon flow in the plasma head sccm 

Arpr Argon flow in the process lines (from the precursor boat to the reactor) sccm 

H2pl Hydrogen flow in the plasma head sccm 

Pdep RF plasma power during deposition W 

Ppost RF plasma power during post-treatment W 

Tch ALD chamber temperature °C 

Ths Hot source temperature (for the precursor evaporation) °C 

Tp Precursor temperature (related to Ths) °C 

Ts Substrate temperature (related to Tch) °C 

d Distance between grid electrode and substrate cm 

Table 9: Experimental parameters terminology used for the deposition performed with Beneq TFS 200 
equipment.  

The reactor of the TFS 200 enables deposition on samples up to 200 mm in diameter (8 inches) 

and up to few mm in thickness. The scheme top view of the reactor (Figure 23 (c)) shows the geometry 

of the silver precursor flow from the inlet part to the outlet part. We note that, in the plasma 

configuration, the maximum sample thickness is determined by the distance d of the plasma ground 

electrode (grid electrode) to the substrate, which can be adjusted.  
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II.1.1.2. Thermal atomic layer deposition of oxides and nitrides 

 
Figure 24: Drawing of the Beneq TFS 200 ALD deposition chamber in the planar reactor configuration, showing 
the gas inlet (in red), the gas outlet (in blue), the heated zone (in pink) and the delimitation of the reaction 
chamber (in green). 

The thin oxide films investigated during the thesis were deposited using the same Beneq TFS 

200 equipment as the one used for silver deposition, but in its planar configuration. A wide range of 

chemical precursors is indifferently applied, going from gas to low vapor pressure liquid or solid 

precursors (inorganic and organic). Depositions are carried out from room temperature (20°C) and up 

to 450°C. The planar reactor accepts samples up to 2 mm thick. Figure 24 shows a drawing of the 

chamber in the planar reactor configuration, along with the gas inlet and outlet. When depositions of 

oxides and nitrides were performed on thicker samples (e.g. 2.1 mm-thick flat glass), a higher reactor 

(“3D reactor”) or directly the reactor in the plasma configuration were rather used.  

 

II.1.2. Selected Ag precursor and reducing agent 

Following the state-of-the-art in section I. , it appears that the most favorable precursor and 

reducing agent in order to obtain continuous silver thin films are respectively (2,2-dimethyl-

6,6,7,7,8,8,8-heptafluorooctane-3,5-dionato)silver(I)-triethyl-phosphine (Ag(fod)(PEt3)) and H2 

plasma. For this reason, these are the conditions that have been chosen for developing Ag thin films 

in the thesis. The silver precursor Ag(fod)(PEt3) was provided by Strem Chemicals, Inc. (ref. 47-3025) 

with minimum 98% purity. 

In order to investigate the weight loss of the Ag precursor vs. temperature, we perform 

thermogravimetry analysis (TGA) and differential thermal analysis (DTA) is used to study the phase 

transition of the precursor, as shown in Figure 25.  The test was carried out with 69.425 mg of Ag 

precursor, heated up to 400°C at a heating rate of 1°C/min using a Netzsch STA 409PC thermobalance. 

The signals clearly show first the melting of the precursor at about 25-30°C (expected 26°C).Then, 

the precursor is thermally stable at least up to 230°C and a small amount of residues is left, meaning 

that it evaporates itself a large part of the compound.  
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Figure 25: Thermogravimetry analysis of the precursor Ag(fod)(PEt3) (semi-developed formula on top of the 
graph). Both the thermogravimetry signal (TGA), representing the mass loss during the temperature ramp, and 
the differential thermal analysis signal (DTA), showing phase transition of the precursor, are shown. 

II.1.3. Distinction of the ALD-based processes  

During the completion of the thesis, we use two different processing methods for depositing 

silver films. The two methods differ by the pulse sequence used during the ALD process. In order to 

explicitly describe the difference, we schematically reproduce in Figure 26 the pulse sequence for 

standard thermal ALD process (Figure 26 (a)) and for the standard PE-ALD process (Figure 26 (b)). In 

both standard processes, the pulse for the first precursor and for either the second precursor or the 

plasma are separated in time by purges where only non-reacting gas is injected. This enables a good 

separation of the two surface reactions occurring during the standard ALD processes. In the two-step 

process described in Figure 26 (c), the first step consists in continuously exposing the precursor and 

pulsing repeatedly the plasma source. This process is called pulsed PE-CVD. We see in the thesis that 

this first step provides a film made of compact silver particles. During the second step, the precursor 

is stopped, and a plasma post-processing is performed. Although this process deviates from the ideal 

ALD case, we will see that it is strongly beneficial for producing ultra-thin conducting films. Moreover, 

with the view to avoid the apparent finite depth treated by the post-processing step, which is expected 

since the post-treatment is a surface processing step, we develop a processing in which both two-step 

processing and plasma post-processing are gathered in one step called “super-cycle”. 
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Figure 26: Pulse sequence for several types of ALD processes. (a) Standard thermal ALD process with two 
precursors. (b) Standard plasma enhanced ALD (PE-ALD) process with one precursor and a plasma source. (c) 
Two-step pulsed-PECVD process developed during the thesis for the deposition of continuous silver thin films. 

 

II.1.4. Substrates 

During this thesis work, different substrates, flat or 3 dimensions, have been used for the 

development of Ag nanostructures. The choice of substrates was made according to the type of 

characterizations to be carried out but also motivated by the future functional applications and for 

the study of the influence of the sublayer on the morphology of Ag films. It is also worth mentioning 

that all substrates covered with different underlayers used in the following parts (II.1.4.3 and II.1.4.4.) 

were exposed to air before Ag deposition. The main reasons are that either their synthesis has been 

performed with other deposition techniques (wet chemistry for ZnO nanorods) or because the reactor 

was opened and vacuum cutted between their synthesis and the deposition of Ag in order to have the 

same experimental conditions for the metal deposition. 
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II.1.4.1. Silicon wafer 

The depositions have been performed on 200 mm diameter silicon substrate with electronic grade 

(from Siegert Wafer), oriented according to the (100) plane ± 0.5°, with a resistivity 1-100 Ω.cm and 

with p-type (boron) doping. Their thicknesses are 725 ± 25 µm and the silica native oxide is 2-3 nm-

thick.  Single crystal silicon (100) is the reference substrate used for the majority of growths. It is 

conductive and enables all spectrometric techniques involving charged particles (XPS, SEM, SIMS) to 

be performed without serious charge accumulation problems on the substrate. 

The face on which the deposits are made is single side "mirror polished" so as not to disturb the 

growth of the deposits during the process. The surface of these substrates is covered by a native 

amorphous SiO2 layer (typically 1 to 3 nm thick). These substrates have high grade (in particular 

concerning the number of particles) and did not require specific cleaning prior to deposition. However, 

before deposition, an Ar/H2 plasma of 1 min have been performed in order to remove organic 

compounds deposited during the handling of the sample. 

In order to investigate the uniformity of the deposition on the substrates in the reactor, the 

position on the substrate is marked versus the distance from the inlet of the precursors in the reactor, 

as shown in Figure 27. The uniformity in the lateral direction (i.e. perpendicular to the precursor flow) 

has been shown to be very good, as demonstrated by the quantitative analyses determined regarding 

several morphological criteria deduced by the study of the SEM micrographs (Figure 27 (b-c) and see 

explanation of image treatment in section II.2.2.3.) . For this reason, no specific investigation along 

this direction was performed. The principle of the uniformity measurement is explained in more 

details in Section II.2.2.4. 
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Figure 27: (a) Picture of a 200 mm substrate showing the labelling used for marking the position of the substrate 
(grey squares are due to presence of small samples during deposition) and the labelling used for the comparison 
between transverse and longitudinal direction variation. (b) Quantitative analyses performed for the comparison 
between longitudinal (in orange) and transverse (in blue) direction variation for (b1) the EDS equivalent 
thickness, (b2) average diameter of Ag NPs, (b3) coverage, (b4) morphological thickness, (b5) aspect ratio and 
(b6) density of NPs. (c) Scanning Electron Micrographs of Ag thin films deposited on silicon at different positions 
on the substrate regarding the longitudinal direction (in orange) and the transverse direction (in blue). The scale 
bars represent 500 nm. 

The substrates listed in the next sub-sections have been placed on top of the silicon wafer, 

hence the presence of grey squares in Figure 27. 
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II.1.4.2. Glass  

The glass substrates are 2.1 mm thick flat glass pieces from Guardian (clear glass). Bottom side 

(tin side) was selected for the Ag deposition. The glass has been previously washed with brushes and 

DI water. The pieces are further cleaned using the following protocol: 

1) 5 min. in acetone with ultrasounds; 

2) 5 min. in isopropanol with ultrasounds; 

3) 5 min. in DI water with ultrasounds; 

4) Drying under N2 flow. 

Two other different cleaning procedures have also been investigated using different solvents: 

acetone/ethanol without ultrasounds and only water with ultrasounds.  Figure 28 shows the influence 

of the cleaning protocols on the surface wettability by means of water contact angle (WCA) analysis 

measured within the first five minutes avec the cleaning. A high WCA of 35 ± 3° was found for cleaning 

with only acetone/ethanol procedure versus 7 ± 1° for washing with only water and ultrasounds 

protocol and lower than 5° for the acetone/isopropanol/water with ultrasounds cleaning procedure. 

This proves that, after the two last approaches, the glass substrate is highly hydrophilic, and the 

advantage of the last procedure was the removal of the residual organic compounds and forms 

sufficient hydroxyl –OH groups on the surface to react with the precursors in the reactions caused by 

the ALD method. That is the reason why the Acetone/Isopropanol/water protocol has been chosen. 

 
Figure 28: Water contact angle on glass surface cleaned by three protocols: acetone/ethanol without 
ultrasounds (in red), acetone/isopropanol/water with ultrasounds (in blue) and water only with ultrasounds (in 
green).  From [200]. 

For the deposition on glass substrates, square pieces of glass with lateral dimension from 2.5 to 10 

cm are placed on the Si substrate at various positions, labelled with the same convention as in Figure 

27. As glass is an insulating substrate, it was used for measuring the resistivity of the Ag films deposited 

on top of it, in order to get rid of the leakage current influence in the case where conducting substrate 

is used. 
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II.1.4.3. Oxides 

All the oxides layers have been deposited via ALD process on silicon and/or glass substrate 

presented in previous subsection. Table 10 describes the precursor used for the deposition of ZnO, Al-

doped ZnO (AZO), Al2O3, TiO2, SnO2, HfO2 materials as well as the ALD sequences. All oxide depositions 

use basic sequences alternating two precursors, the metal precursor and H2O as the oxidant. For Al-

doped ZnO, the goal was to introduce a small amount of Al in the ZnO matrix. For this purpose, the 

sequence uses a super cycle, with a certain number of ZnO cycles using DEZ and H2O, separated by a 

single Al2O3 cycles, using TMA and H2O. The consequence of this process is the deposition of Al-doped 

ZnO with a given percentage of Al doping of 3 % (30 cycles of ZnO, 1 cycle of Al2O3). This supercycle is 

then repeated in order to increase the deposited thickness. 

Material Precursors Cycle description 

ZnO 
Diethylzinc (DEZ) 

Water (H2O) 

1. DEZ pulse 150 ms 

2. Purge 10 s 

3. H2O pulse 200 ms 

4. Purge 10 s 

Al2O3 
Trimethylaluminum (TMA) 

Water (H2O) 

1. TMA pulse 100 ms 

2. Purge 10 s 

3. H2O pulse 100 ms 

4. Purge 10 s 

Al-doped 

ZnO (AZO) 

Diethylzinc (DEZ) 

Trimethylaluminum (TMA) 

Water (H2O) 

30:1  

ZnO:Al2O3  

Table 10: Description of the precursors and ALD cycle sequences used for each deposited material. Each cycle is 
repeated a given number of times in order to obtain the appropriate thickness. For AZO, the sequence is 
composed of a supercycle alternating a given number of ZnO cycles and one Al2O3 cycle. 

 

II.1.4.4. High aspect ratio substrates  

High aspect ratio substrates have been used to study the conformality of Ag deposition and 

the influence of high rms roughness sublayers on the morphology of Ag films. 

 

Zinc oxide nanorods 

The synthesis of zinc oxide nanorods (ZnO NRs) has been performed via hydrothermal growth 

method since the solution phase synthesis of NRs was carried out in aqueous solution (water). The 

procedure follows the one performed in the work of Caicedo et al., except that we did not use 

polyethylene glycol was not used. [201] Briefly, the substrates were ZnO thick film (around 110 nm) 

deposited on Si/SiO2 wafers using ALD, as presented in the previous section. Substrates were placed 

face down in a flask containing 100 mL de-ionised (DI) water (the face where film is grown is touching 

the water). The water was heated to 70⁰C. 1 mL of 1M zinc chloride (ZnCl2) and 1mL 1M of Hexamethyl-

tetramine (HMTA) was added and the temperature of the solution was increased to 85⁰C. It is to be 

noted that the solution was not stirred at any point during the growth. After 30 min, heating was 

turned off and the substrates were removed from the flask. They were washed with DI water and let 

dry naturally in air.  
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Lateral and vertical high aspect ratio structures 

 

 

Figure 29: (a) Photography of the PillarHall® Test Chips. (b) and (c) Schematic illustration of the opening width 
(w), lateral gap width (l) and gap height (h) used to specify different lateral high-aspect ratio test structures in 
the PillarHall® Test Chips in (b) top view and (c) cross-section view. (d) SEM cross-section image of the vertical 
high-aspect ratio (VHAR) array test structures (with Al2O3 deposition on top). 

 

Lateral- and vertical-high-aspect-ratio (LHAR, VHAR) trenches are PillarHall® Test Chips (4th 

generation advanced LHAR4-series test chips) fabricated in VTT Technical Research Centre of Finland 

(Figure 29). The main test structure area consists of 10 LHAR test structures. Each LHAR chip consists 

of several lateral structures, where the roof is formed by an easily removable, pillar-supported silicon 

membrane and each individual LHAR test structure has a different “opening width (w)” and a gap 

lateral width (l), as shown in Figure 29. The aspect ratio, which is the depth to width ratio, has been 

determined for the structure as the ratio of lateral gap width (l) over the gap height h (h of a constant 

value of 500 nm). The combination of h with l gives aspect ratios in the range 2:1 to 10045:1. The 

principle of the conformality measurements using these structures is described in the next section. 

The main test structure area contains also vertical high-aspect-ratio (VHAR) test structure array as 

shown in Figure 29 (c). 
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II.2. Techniques for film characterization 

The aim of this part is not to explain in detail the principles inherent to each technique, but to 

reference the tools used for the characterization of our films, describing briefly the principle and the 

main characteristics of each, as well as the parameters used. Table 11 provides an overview of the 

characterization techniques used along this thesis work and which are explained more deeply in the 

following sub-sections. We distinguish structural and morphological characterization from 

elemental/chemical composition characterization and functionalization characterization. A particular 

attention is paid to the measurement of the thickness, more particularly by energy dispersive 

spectroscopy (EDS). 

 

Characterization 

type 

Characterization  

technique 
Information 

Structural and 

morphological 

Grazing incidence X-ray 

diffraction (GIXRD) 

- Crystallinity information  

- Crystallite size determination 

X-ray Reflectivity (XRR) 

- Thickness determination  

- Interface and surface roughness 

- Layer density 

Scanning Electron 

Microscopy (SEM) 

- Topographical and morphological 

determination (sampled depth 1-2 nm) 

- Thickness determination using cross section 

Atomic Force Microscopy 

(AFM) 

- Topographical determination 

- Root-mean-square roughness determination 

Energy dispersive X-ray 

Spectroscopy (EDS) 
- Thickness determination 

Profilometry - Thickness determination 

Ellipsometry 

- Thickness determination  

- Optical constants (refractive index n, extinction 

coefficient k) determination 

Water contact angle (WCA) 
- Contact angle determination 

- Wettability evaluation 

Elemental and 

chemical 

composition 

X-ray Photoelectron 

Spectroscopy (XPS) 

- Analysis of the surface chemical composition 

(sampled depth 10-12 nm) 

- Ion beam etching for depth analysis 

Time-of-Flight Secondary Ion 

Mass Spectrometry  

(ToF-SIMS) 

- Surface elemental and molecular analysis 

(sampled depth 1-2 nm) 

- Determination of the molecular structure 

- Ion beam etching for depth analysis 

Functional 

characterization 

Four-point probe 
- Electrical properties (electrical conductivity, 

mean free path) determination  

UV-Visible-NIR spectroscopy 

- Optical properties (transmittance, reflectance, 

absorbance) determination  

- Photocatalytic properties 

PillarHall© structures - Conformality determination 

Antibacterial properties - Antibacterial activity  

Table 11: Summary of the techniques used for film characterization and the information extracted from each 
technique used in the thesis work.  
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II.2.1. Elemental & chemical composition characterization 

II.2.1.1. X-ray Photoelectron Spectroscopy (XPS) 

The elemental and chemical composition of the samples has been investigated by X-ray 

photoelectron spectroscopy (XPS), on a Kratos Axis Ultra DLD system. The depth of analysis is much 

smaller than in the case of EDX analysis, around a few nanometers, which makes it possible to be 

extremely sensitive to the surface state of the sample studied. The sensitivity of the technique is of 

the order of the atomic percentage. 

Basically, the surface sample is irradiated with a monochromatic Al Kα X-ray source (hν = 

1486.7 eV) operating at 150W. If the X-ray photon has sufficient energy, it is absorbed by an atom on 

the surface and the electron, whose binding energy is less than the incident X-ray energy ℎ𝜐, is ejected 

as a photoelectron with a kinetic energy 𝐸𝑘𝑖𝑛. The detection is done by quantifying this kinetic energy 

and the number of electrons re-emitted from the analysis surface. Since the energy of a photon at a 

particular wavelength is known, the ejected photoelectron will have a binding energy 𝐸𝐵 that can be 

calculated according to the relation 𝐸𝐵 = ℎ𝑣 − 𝐸𝑘𝑖𝑛 − 𝑊 where 𝐸𝑘𝑖𝑛  is the measured kinetic energy, 

h𝜐 the incident X-ray energy, 𝐸𝐵 the electron binding energy and 𝑊 the working function of the 

element. Therefore, by detecting and measuring the energy of this electron, which is unique for each 

chemical element, the composition of the sample can be determined according to the spectrum of 

electron intensity as a function of the measured energy. 

An etching of the surface has been carried out with an Ar+ ion beam operating at 2 kV to 

remove surface contamination. High-resolution (HR) Ag photoelectron (Ag 3d) and Auger (Ag MNN) 

spectra were acquired on a surface analysis of 300 × 700 µm2 with a pass energy of 20 eV and a 0.05 

eV step size. The quantification of the elemental composition of the samples is based on the survey 

spectra and acquired with a pass energy of 160 eV and a 1 eV step size. As there is almost no difference 

in the Ag 3d peak shape and position for silver in metallic Ag(0) and oxidized Ag(I) and Ag(II) forms, 

the Ag M4N4,5N4,5 Auger line (calibrated at 357.6 eV) and Ag 3d5/2 photoelectron line were used to 

determine the silver chemical state from the modified Auger parameter (α’). Casa XPS software 

(2.3.15) was used for quantifications and peak analysis. 

 

II.2.1.2. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

The elemental and chemical composition of the samples has been investigated by time-of-

flight secondary ion mass spectroscopy (TOF-SIMS) in positive and negative mode of ions, on a system 

from ION-TOF GmbH fitted with a bismuth liquid metal ion gun delivering Bin
q+ bismuth cluster ions.  

The principle of secondary ion mass spectrometry (SIMS) consists in a bombardment by a 

focused beam of primary ion (bismuth cluster ions, Bi3
+), which irradiates the surface of the sample 

inducing the desorption/ionization of secondary ions. The latter is then separated according to the 

mass-to-charge ratio (m/z) in the time-of-flight (ToF) analyzer. The mass spectra obtained represent 

the intensity (number of secondary ions detected) as a function of the mass-to-charge ratio (m/z). 
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II.2.2. Structural & morphological characterization 

II.2.2.1. X-ray diffraction (XRD)  

The X-ray diffraction (XRD) consists in diffracting the monochromatic incident beam incident 

from the tube onto the different crystal planes of the grains that make up the material. The X-ray 

beams produced by the tube are sent to the sample in which they are deflected by the atoms. These 

diffracted beams interfere with each other, leading to the production of an intense signal in specific 

areas of space. This signal is collected by the detector and plotted as a curve (diffractogram) that has 

peaks at specific angles of diffraction. The position of these peaks represents the signature of the 

arrangement of the atoms inside a crystal (distance between intracrystalline planes). The Bragg's law, 

defined as (2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆) (where 𝑑ℎ𝑘𝑙  is the distance lattice plane (hkl), 𝜃 is the Bragg diffraction 

angle (°) and 𝜆 is the source wavelength, relates the angles at which peaks are observed and the 

distances between atomic planes. In the 𝜃 − 2𝜃 geometry, only lattice planes (hkl) that are oriented 

parallel to the surface plane can contribute to Bragg diffraction. However, for thin films, a large 

fraction of the diffractogram in 𝜃 − 2𝜃 geometry comes from the substrate due to the X-ray 

penetration depth.  

During the thesis work, as we study thin films deposition, we have performed grazing 

incidence XRD (GIXRD) at an angle of 0.5°, which is preferred to increase the thin-films diffraction and 

probe almost all diffractions planes of the polycrystalline thin films. We have used a Bruker D8 

Discover diffractometer with a monochromatic Cu Kα radiation of 0.1542 nm operating at 40 kV and 

40 mA in parallel beam configuration. The angle scanning has been typically performed between 20-

80° and we have used a scanning step of 0.02°. The software DIFFRAC.EVA has been used for data 

treatment.  

The crystallite sizes have been determined by the analysis of the peak width using first a 

pseudo-Voigt (PV) fitting function of the XRD diffractogram. [202, 203] This function is a linear 

combination of lorentzian (L) and gaussian (G) functions with a coefficient η: 

𝑷𝑽 = 𝜼𝑳 + (𝟏 − 𝜼)𝑮 

In the literature, it has been experimentally verified that a lorentzian function describes 

approximately the crystallite-size broadening while a gaussian function describes better the 

microstrain broadening. [202, 204] The integral breadth contribution of lorentzian (𝜷𝑳) to the integral 

breadth of the peak (𝜷, which is the ratio of the peak area over the peak maximum intensity) have 

been calculated by the empirical formula [203]:  

𝜷𝑳 = (𝟎. 𝟎𝟏𝟕𝟒𝟕𝟓 + 𝟏. 𝟓𝟎𝟎𝟒𝟖𝟒𝜼 − 𝟎. 𝟓𝟑𝟒𝟏𝟓𝟔𝜼𝟐) 𝜷 

The pseudo-Voigt fitting of our diffractogram is very closed to the lorentzian fitting (see Figure 30), 

then the major contribution of the XRD peaks comes from the crystallite size and the microstrain 

contribution can be neglected. 

Since the function is assumed to be a pure Lorentzian, η=1, therefore: 

𝜷𝑳 = (𝟎. 𝟎𝟏𝟕𝟒𝟕𝟓 + 𝟏. 𝟓𝟎𝟎𝟒𝟖𝟒 − 𝟎. 𝟓𝟑𝟒𝟏𝟓𝟔) 𝜷 
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The crystallite size L have then been extracted (by taking into account the contribution of the 

instrumental error) [203]: 

〈𝑳〉𝑽=𝑲𝝀/(𝜷𝑳𝐜𝐨𝐬𝜽) 

Where 〈𝑳〉𝑽 is the volume-weighted average crystallite size, 𝑲 is a constant ≈ 0.9, 𝝀 is the X-ray source 

wavelength and 𝜽 the Bragg angle diffraction peak. 

 
Figure 30: (a) Diffractogram of Ag thin films fitted with pseudo Voigt (in red) or Lorentz (in blue) function and 
zoom in in (b). 
 

II.2.2.2. Specular X-ray Reflectivity (XRR) 
 

 
Figure 31: Schematic representation of an XRR spectra and information which can be extracted from it. 

X-ray Reflectivity (XRR) can be used to measure the thicknesses of a film, but also gives access 

to the density and roughness (interface and surface) of layers or multilayers with high precision, 

regardless of the crystallinity of each layer (single crystal, polycrystalline or amorphous). This 

technique is based on the reflection of a monochromatic X-ray beam, sent to the surface of the sample 



74 
 

with a grazing angle θ. In reflectivity experiments, the X-ray reflection of a sample is measured around 

the critical angle. This occurs around grazing incidence angles. The electromagnetic X-ray, when it 

changes of medium, undergoes, like any electromagnetic wave, reflection and refraction phenomena, 

due to differences in optical index between the different media, which can be analyzed from the 

classical theory. 

For incident angles lower than the critical angle, the beam is totally reflected on the material: 

it is from this that the density of the material is determined. This corresponds to the edge in Figure 

31, which also gives information about the porosity of the material. For incident angles above the 

critical angle, at every interface where the electron density changes, and thus the refractive index of 

the material changes, a part of the X-ray beam is reflected. The interference of theses partially 

reflected X-ray beams, coming from the film surface and film-substrate interface, creates the 

oscillation pattern observed in the reflectivity curves (Figure 31). This pattern is composed of fringes, 

for which the period depends on the difference in optical path between two waves and thus on the 

optical thickness of the thin layer and its index: the lower the film thickness, the larger the period. 

When the surface roughness of the film is increasing, it leads to a decrease of the intensity of the 

reflected beam. Thus, the decay gives an information on the roughness of the top interface of the 

sample (Figure 31). However, for very rough surface, the thickness determination becomes impossible 

since the decrease of the intensity masks the oscillation pattern. The advantage of XRR in the film 

thickness determination is that it is an absolute measurement which directly gives the thickness of the 

layer. No prior knowledge or assumptions about the optical properties of the films are required, unlike 

optical ellipsometry. In addition, no reference samples or standards are needed, either. 

We have used the PANalytical X’Pert ProMPD equipment and the knife edge collimator tool, 

which reduced the footprint of the beam, has been used to avoid inhomogeneity problem of the film. 

The angle scanning has been typically performed between 0.2 and 8° and we have used a scanning 

step of 0.01°. GenX 2.4.9 software has been used for fitting of the data. 

 

II.2.2.3. Atomic Force Microscopy (AFM) 

Atomic Force Microscopy (AFM) measurements have been performed on a commercial AFM 

Innova from Bruker in tapping mode. Topography was acquired by keeping the amplitude of the first 

resonant mode of the cantilever constant and recording the Z-piezo displacement. The AFM tip used 

was an OPUS 160AC-NA (Mikromasch, Bulgaria) with a typical first resonance frequency of 300 kHz, a 

cantilever stiffness of 26 N/m and a radius of curvature of 7nm. The surface topography of the sample 

is determined with a very high resolution less than 1 nm in depth. The tip radius (few nanometers) 

and the scan method set the lateral resolution. When the tapping mode is used, the surface is probed 

with a sharp tip attached to a cantilever. The system oscillates the cantilever at a frequency close to 

its resonance. The feedback loops is controlled by the reflection of a laser on the cantilever into a 

photodetector. When the surface of the sample is scanned by the tip, the topography of the samples 

is determined by the amplitude variation of the laser reflection. A scanner 512 × 512 pixel resolution, 

and a 0.25 Hz scan rate was used to measure the surface roughness average Sq. The AFM scans have 

been performed over 1 × 1 µm2 areas. Data treatment has been analyzed with Gwyddion software. 
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II.2.2.4. Scanning Electron Microscopy (SEM) and image treatment 

The films have been imaged using a Scanning Electron Microscopy (SEM) on a FEI Helios 

NanoLab 650. It is a high-resolution imaging technique based on the electron-matter interaction. It 

enables the imaging of structures of nanometric size down to 10 nm. Basically, an electron beam 

produced by a cathode (electron probe) is projected onto the sample to be analyzed. The interaction 

between this electron beam and the sample generates low-energy secondary electrons (most 

common SEM mode used), which are accelerated towards a secondary electron detector that 

amplifies the signal. It is thus possible, by scanning the beam over the sample, to obtain a map of the 

scanned area. This phenomenon takes place in a vacuum in order to avoid both the oxidation of the 

source and the deceleration and deviation of the electrons by collision with molecules in air. 

Electromagnetic lenses focus the electron beam, which enables a high resolution to be obtained. The 

images obtained give access to topography and morphology information. Most imaging of deposition 

performed on silicon substrate have been performed with a voltage of 10 kV and a current 100 pA 

while 2kV and 25pA parameters have been mainly used for non-conductive depositions and the ones 

deposited on glass substrates. In order to avoid charging effect, carbon tape was sometimes used for 

highly resistive samples.  

Based on the images recorded, different morphological parameters have been measured by 

means of Image J software. 

- The Ag NP size corresponds to the equivalent diameter of the Ag NPs; 

- The coverage percentage is the areas occupied by the Ag nanoparticles, calculated by the 

difference between the total sampled area and the void area; 

- The density corresponds to the number of nanoparticles by unit of surface, here per µm2. 

 

The very small or not easy to distinguish Ag islands have been analyzed by measuring manually 

the different parameters over 100 nanoparticles. The related average and standard deviation values 

could have been then extracted and used as error bars in the following plots. 

The well-separated Ag islands have been analyzed automatically using the ImageJ software. First, 

the scale of the image is fixed in order to establish the relation between the distance in pixels and the 

unit of length (typically we obtained a scale in pixels/nm). We applied the Gaussian blur function which 

is a plug-in filter using convolution with a Gaussian function for smoothing. At this stage, it is necessary 

to find a compromise between removing the background noise and keeping the sharpness of the 

image, this by playing on the sigma (radius in scaled units), i.e. the standard deviation sigma of the 

Gaussian. Typically, the radius was fixed to 2 nm. Figure 32 exposes SEM micrograph of Ag depositions 

and image treatment using or not this filter. A smoothing of the image with well-defined particles is 

obtained with the Gaussian blur function (Figure 32 (c)) as compared to blurred ones without (Figure 

32 (b)).  

Then, we have had to convert the image in 8-bit (256 shades of grey) in order to apply a threshold. 

This latter allows us to separate objects from each other according to their greyscale intensity, or 

objects with background noise. For that, we used the “Default” automatic threshold technique which 

has been recognized as the best one after testing several other techniques available in the software. 

This technique has been justified by comparing the measure of Ag NPs manually and automatically. 

Finally, after having selected a zone to study (referred as mask), the “analyze particles” function have 
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been used. This analysis gives automatically: the count of particles in the selected zone, the total area, 

the average particle size and the percentage area. For the last criteria, we chose to not exclude the 

particles on edges in order to obtain the real area occupied by Ag islands. The Ag NPs diameter have 

been extracted by assuming circular nanoparticles (𝐴 = 𝜋𝑟2). Three different zones were 

systematically measured so that the average value and standard deviation (error bars in the following 

plots) are used to statistical analysis. 

 
Figure 32: (a) Scanning electron micrograph of Ag nanoparticles deposited on silicon substrate. (b) and (c) Image 
treatments of the SEM micrograph in (a) without using Gaussian blur in (b) and using Gaussian blur with a radius 
of 2 nm showing the smoothing of the image in (c).  

 

The effective thickness has been determined by energy dispersive spectroscopy (EDS), and 

corresponds to the quantity of deposited silver on the surface. The next sub-section II.2.3. is dedicated 

to the principle of the EDS measurement. Combining results of image treatment and equivalent 

thickness determination, the following morphological criteria have been determined:  

- The morphological thickness corresponds to the vertical thickness or height of Ag islands, 

determined by the ratio of the EDS equivalent thickness over the coverage; 

- The aspect ratio corresponds to the ratio of the Ag NP size and the morphological thickness 

or in other words, to the lateral growth over the vertical one. 
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II.2.2.5. Principle of the measurement of uniformity of the deposition 

 

Figure 33: (a) Picture of a 200 mm Si substrate showing the labelling used for marking the position on the 

substrate. (b) and (c) Principle of the original quantification of the uniformity demonstrated on a specific 

example: (b) Plot of the EDS equivalent thickness for different Ag precursor pulse times tpr as a function of the 

distance from the inlet and the linear fit associated. (c) Plot of the EDS thickness at the center (black curves) and 

the associated gradient (red curves) as a function of the investigated parameter (here, the Ag precursor pulse 

time). 

Most of the published research on ALD Ag films have investigated the influence of the deposition 

parameters on the film morphology at a given position, but the overall uniformity of the deposition is 

not often demonstrated quantitatively. [26, 41, 45, 48]  During this thesis work, we have used an 

original methodology of quantifying the uniformity of the deposition regarding different 

morphological quantities by measuring them at 5 points, equally spaced on a 200 mm (8 inches) wafer 

along the gas flow in the reactor (Figure 33 (a)). The value at the center and the gradient of the 

quantities are calculated using a linear fit of each quantity as a function of the distance from the inlet. 

From the linear fit 𝑦 = 𝑎 + 𝑏 ∗ 𝑥 (Figure 33 (b)), the slope 𝑏 corresponds to the gradient of the value, 

while the value at the center is given by 𝑦 = 𝑎 + 𝑏 ∗ 10 𝑐𝑚. Finally, the gradient 𝑏 and 𝑦 values have 

been plotted as a function of the investigated parameter (Figure 33 (c)). Both the absolute value of 

the gradient (related to the deposition uniformity) and its sign (important for the growth mechanism 

analysis) are extracted. 
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II.2.2.6. Water contact angle (WCA) 

 
Figure 34: Principle of the water contact angle showing the tangent line (in pink) from the contact point along 
the liquid-vapor interface in the droplet profile applied my means of a microsyringe. In this case, the surface is 
hydrophilic. 

The wettability of a surface, i.e. the ability of a liquid to maintain contact with a solid surface, 

is characterized and quantified by the value of the water contact angle 𝜃. When 𝜃 = 0°, the liquid 

spreads completely on the solid surface in the form of a film, the wetting is total. When 𝜃 = 180°, the 

wetting is zero. When 0° < 𝜃 < 180°, the wetting is partial and the surface is wetting or hydrophilic for 

𝜃 < 90° and non-wetting or hydrophobic for 𝜃 > 90°. 

Using a microsyringe, a drop of ultrapure distilled water is applied on the test sample. The 

contact angle is defined as the angle formed by the intersection of the liquid-solid interface and the 

liquid-vapor interface. It is geometrically acquired by applying a tangent line from the contact point 

along the liquid-vapor interface in the droplet profile. This angle is then measured from a photography 

taken with the camera of the instrument. (Figure 34) The water contact angle measurements have 

been done with Technex Theta 200 instrument. The experiments were performed with a drop volume 

of water of 2 μL and an experiment time of 5 s. 

 

II.2.2.7. Ellipsometer 

Variable Angle Spectroscopic Ellipsometry (VASE) is a non-destructive optical measurement 

technique for measuring properties of thin films. A polarized beam of light is reflected off a sample at 

a given angle of incidence and the change in polarization state induced by the sample is measured. 

This measurement is presented in terms of the ellipsometric parameters Δ and Ψ. To extract 

information such as thicknesses and optical constants (refractive index n, extinction coefficient k), a 

model must be built to fit the optical data. The thicknesses of the various metal oxides and metal 

nitride films (see section II.1.4.) were estimated from a mathematical model of Cauchy type, for flat 

and homogeneous films deposited on silicon disks. The VASE M2000V J. A. Woollam ellipsometer has 

been used. Spectra are acquired at 3 different angles of incidence (65°, 70°, 75°), from 370 to 1000 

nm (390 wavelengths) with a 1s acquisition time in high accuracy mode. Spectroscopic data have been 

treated with CompleteEASE software from J. A. Woollam.  
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II.2.2.8. Profilometer 

 
Figure 35: A step height profile over a scratch made by a metal tweezer across the Ag film. 

The Ag film thickness has been first measured using P-7 Stylus Profiler instrument. A diamond tip with 

a scan speed of  50 µm/s, a sampling rate of 200 Hz and an applied force of 2 mg comes into physical 

contact with the surface to be measured and moves perpendicularly on either side of the step height 

which has been previously created by performing a scratch on the film using a metal tweezer. The 

height variation is then recorded with the help of profiler 7.45 software program. It is then possible to 

measure the difference in height and thus to deduce the thickness of the deposited film. (Figure 35). 

The thickness has been averaged over five measurements along the scratch and the error bars 

correspond to the standard deviation. We note that this measurement provides the maximum 

topographical thickness of the films, not taking into account surface roughness or non-continuity of 

the film. This method thus always leads to an overestimate of the real average thickness.  

 

This technique differs from techniques relying in the measurement of the deposited mass, divided 

by the density of the deposited materials, such as the quartz microbalance (QCM) or the electron 

dispersion X-ray spectroscopy (EDS) techniques. We note that the latter technique requires an 

assumption on the density of the ideal material. Since the density of real materials is usually lower 

than the ideal material, these methods always lead to an underestimate of the thickness. EDS 

thickness determination of Ag films have been studied more deeply and presented in the following 

sub-section. 
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II.2.3. Thickness measurement of silver thin films by electron dispersion X-ray spectroscopy  

II.2.3.1. Principle of the electron dispersion X-ray spectroscopy measurement  

 
Figure 36: (a) Principle of the effective thickness measurement using energy dispersive X-ray spectroscopy, (b) 
and (c) Effect of the film coverage on the effective film thickness determination by EDS measurements, where t 
is the effective film thickness, x the film coverage, t/x the nanoparticle height, and 𝑘𝐴𝑔  the ratio of the X-ray 

intensity of a thin film of silver deposited on a substrate and the X-ray intensity of Ag as a bulk. 

The principle of EDS for extracting the thickness is not usual. The electron beam interacts 

with the material up to a given depth. When electrons interact with the atoms in the material, they 

emit X-rays at a well-defined energy corresponding to the electronic transitions of the material. For a 

thin film deposited on a substrate, the interaction volume covers both the film and part of the 

substrate (Figure 36 (a)). The relative intensity of the signal coming from the film material vs. the 

substrate material can be related to the thickness of the film. However, an accurate determination 

requires a simulation. By comparing the intensity of the experimental signals coming from Ag (the 

film) and from Si (the substrate) to the one given vs. the thickness in the simulation, we extract the 

thickness of the film.  

For Ag films deposited on silicon substrate, Xmax 50 mm2 equipment from Oxford 

Instrument and connected to the above cited SEM has been used and the data have been analyzed 

by means of INCA software. For Ag films deposited on other substrates (glass, oxides), Quanta 200 

10 mm2 equipment from EDAX Inc. connected to FEI Quanta FEG 200 SEM have been used and the 

data have been analyzed via GENESIS software. The X-ray signal is measured with the sample 

perpendicular to the electron beam (tilt of 0°), with the X-ray detector at a take-off angle of 35° and 

with an electron energy of 10 keV. Indeed, at energy higher than 10 keV, the measurement is less 

sensitive to the low thickness of the film since thin film stops only weakly the electron. In the 

inverse, at lower energy than 10 keV, the measurement is less sensitive to high thickness. Moreover, 

it is needed to use an electron energy higher than the energy of characteristic X-ray of Ag Lα (2.894 

keV) in order to detect Ag. Since we have studied Ag film of thickness ranging from 5 to 100 nm, for 

EDS measurements, we choose an intermediate value of the electron energy of 10 keV.  
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II.2.3.2.  Simulation  

Method  

The thickness determination follows the electron probe microanalysis (EPMA) method, [205] 

as already demonstrated for Ag thin films deposited by ALD. [41] We have performed the extraction 

by comparing the values of the experimental k-ratio of Ag LIII lines, i.e. the ratio between the X-ray 

intensity measured on the sample and the X-ray intensity of a reference bulk material of the same 

element, with the one obtained by Monte-Carlo simulations, following the method described in [206, 

207].  This method has demonstrated reliable thickness values as compared to Rutherford 

backscattering spectroscopy and quartz crystal microbalance within 5 %, even for film thickness below 

10 nm. [208, 209] The Monte-Carlo simulations have been performed with the CASINO software 

(version 2.5.1), [210] using the Mott cross section obtained by interpolation, which has shown to be 

most accurate for metal thin films, [208, 210] the Casnati effective section ionization and the Joy and 

Luo ionization potential (see [211]).  

We have assumed a uniform Ag film with the same density as the bulk, i.e. 10.5 g/cm3. The 

resulting value of the thickness, called EDS equivalent thickness, corresponds thus to the amount of 

material deposited on the surface, rather than the height of the nanoparticles. [205, 212] For 

nanoparticle film, this effective thickness depends on the size and shape of the nanoparticles formed 

and in particular the film coverage. In the event of a continuous film (coverage x = 1), it is directly the 

thickness of the film. In the case of a nanoparticle film (coverage x < 1), we measure an effective 

thickness corresponding to the same amount of material distributed as a continuous film on the 

substrate. 

 

Error bars related to the film thickness determination 

For continuous film, the error bars are linked to the non-uniformity of the deposition and 

determined by the variation of EDS thickness of close points at the same position, typically 1 nm, and 

by a systematic error of the method evaluated to be of maximum 5%. [209] For nanoparticle films, it 

is also needed to add the film coverage uncertainty (up to 7%) due to the nanoparticle morphology 

with a coverage less than 100%, depending on the coverage value. The main error for nanoparticles 

comes from the fact that, when the electron beam interacts with the surface, it directly hits Ag 

nanoparticles and Si substrate, whereas in the case of continuous film, it directly hits Ag exclusively 

and then the Si substrate through the Ag material. For this reason, the intensity of the X-ray is 

different, and the quantification biased. We have studied this phenomenon using simulations (Figure 

36 (b) and (c)). We assume that the normalized X-ray intensity (the k-ratio) of a nanoparticle film, 

𝑘𝐴𝑔
𝑒𝑓𝑓(𝑥, 𝑡), is simply the weighted average between the k-ratio of an Ag film with thickness t/x, and 

the k-ratio of Si (see Equation in Figure 36 (b)). The results obtained as a function of effective film 

thickness are shown in Figure 36 (c). This figure shows that, by assuming that coverage x = 1, i.e. 

assuming 𝑘𝐴𝑔
𝑒𝑓𝑓(𝑥, 𝑡) = 𝑘𝐴𝑔(𝑡), we overestimate the thickness of the film, something that has 

generally been done in previous works based on film thickness determination by EDS. [41] For 

example, if we assume a total coverage of the film (x = 1), and the real coverage is x = 0.5, we 

overestimate the thickness by 10% (for film thinner than 30 nm). To reduce this overestimation, it is 

necessary to directly correlate the coverage of the film and a calibration deduced by simulation. 

Therefore, a correction factor of 0.9 must be applied for a coverage of 50%, which is the average 
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coverage value obtained in our investigation. Typically, if we work with nanoparticle film with a 

coverage 0.4 < x < 0.6. We have performed calibration by simulation for different coverage (x = 0.4, 

0.5, 0.6, 1) with the film thickness 0 < t ≤ 30. We have based our thickness determination on the 

calibration x = 0.5 and have used the calibration x = 0.4 and x = 0.6 to assess the thickness error, which 

is estimated to be less than 3% for film thinner than 30 nm. 

 

Influence of the sublayer in the simulation 

 
Figure 37: k-ratio of Ag extracted from simulation performed on different sublayers (Al2O3, ZnO, Si and glass) as 
a function of the Ag film thickness. 

 

In order to study the influence of the sublayers on the k-ratio of Ag, we have simulated Ag 

films deposited on different kind of sublayers, i.e. Al2O3-coated Si, ZnO-coated Si, Si and glass. The 

composition of glass substrate used on the simulations is based on experimental EDX measurements 

by taking an average of the atomic percentage (%at.) of three measurements for each element: 

27.27%at Si; 56.35 %.at O; 10.06%at. Na; 1.95%at. Mg; 3.18%at. Ca; 0.35%at. Al; 0.83%at. C. As seen 

in Figure 37, kAg is independent on the sublayers. Therefore, we need to base the Ag thickness 

determination on the k-ratio of this element only, without taking into account the k-ratios of the 

elements of the sublayers. For sake of simplicity, Ag on Si simulation is used as a model for thickness 

determination. We note that, during experimental measurements, we need to integrate all element 

present both in the film and the substrate, otherwise we under/overestimate one element compared 

to another. 

 

II.2.3.3. Comparison with other thickness measurement methods 

Two different techniques, profilometer and EDS, were used to compare the data of films 

deposited as a function of the number of cycles, as shown in Figure 38(a,b). The thickness dependence 

on the number of cycles was linearly fitted; the slope, i.e. the growth per cycle (GPC), and the intercept 

on the y-axis (thickness offset) were then extracted. The GPC are compared in Figure 38(c). It clearly 

shows the overestimate of the thickness measurement by the profilometer. Interestingly, the GPC 

obtained by EDS is similar to the one published in [140], which is obtained by the same method. 

Therefore, this method is preferably used along the thesis work. 
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Figure 38: Thickness of Ag films obtained by ALD for different number of cycles and at different positions as 
compared to the inlet of the reactor, measured (a) using a profilometer and (b) using the EDS technique 
described here. (c) Comparison of the growth per cycle (GPC), obtained by a linear fit of the curves in panels (a) 
and (b). 

A third thickness measurement method using XRR has also been performed and the 

preliminary results are shown in Figure 39. A 40-nm-thick silver film made of compact silver 

nanoparticles (Figure 39 (a)) has been measured and the experimental data were fitted using a model 

made of a single silver layer. As we can see in Figure 39 (b), this model does not match correctly with 

the experimental results. Therefore, a more complicated model had to be used. An hypothetical model 

including a double silver layer of different density has been tested and showed a better fitting with 

the experimental data (Figure 39 (c)). This model includes a first bottom silver layer made of less dense 

nanoparticle film and a top layer of more dense and rougher film which could be in agreement with 

the non-uniform film morphology presented in Figure 39 (a). However, even if this model matches 

well with the experimental data, it is certainly not the only one and a deeper investigation of a model 

which matches well with a film made of NPs is needed to draw a solid conclusion. That is the reason 

why we are not using this method for the rest of the thesis work.  
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Figure 39: (a) Scanning electron micrographs in top view and cross section (inset) of a 40-nm-thick silver films 
deposited on Si (with native oxide). The scale bars represent 500 nm. (b-c) XRR spectra (in blue) corresponding 
to the analysis of the sample in (a) and fitted with a model (in red) (a) of a single silver layer and (c) of a double 
layer of silver of different density. 

 

II.2.4. Functional characterization 

II.2.4.1. Four-point probe resistivity measurement and mean free path determination 

This method consists in placing four points on the surface of the layer to be characterized by aligning 

them and taking care to separate them by an equidistant value from each other. The sheet resistance 

is then measured by using in-line four-point-probe system from Jandel (probe spacing 1 mm, probe 

diameter 100 µm) by passing a current 𝐼 sent by a generator through the outside two points of the 

probe and measuring the voltage across the inside two points.  

For a thin film (film thickness much below the probe spacing distance between points), the sheet 

resistance 𝑅𝑠 is then given by the relation: 

𝑅𝑠 =
𝜋

ln(2)
∗  

𝑈

𝐼
 with 

𝜋

ln(2)
= 4.53, therefore R𝑠 = 4.53 ∗

𝑈

𝐼
   

 

The sheet resistance of the films has been measured on films deposited on glass substrates in order 

to avoid artifacts that could come from parallel conduction from the substrate. The error bars were 

determined by the standard deviation of the values of sheet resistance measured at five different 

positions on the glass samples. 

 

The resistivity 𝜌 is then calculated using the EDS thickness 𝑡 measured on the same glass substrate:  

𝜌 = 𝑅𝑠 ∗ 𝑡 

And the conductivity 𝜎 is given by: 

𝜎 =
1

𝜌
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The mean free path (MFP) of free electrons 𝜆 is given by the relation [17]:  

𝜌0

𝜌
= 1 −

3𝜆

8𝑡
   

where 𝜌0 is the bulk resistivity (1.8 µΩ.cm), 𝜌 the film resistivity and 𝑡 the film thickness. 

 

By plotting 𝜌0/𝜌 as a function of 1/𝑡, the slope 𝑏 can be extracted and used to determine the MFP 

by the relation:  

𝜆 =
8 ∗ 𝑏

−3
 

 

II.2.4.2. UV/Visible spectroscopy 

 
Figure 40: (a) Interaction of light with a solid. (b) and (c) Principle of the measurements with an integration 
sphere for (b) total transmittance measurement and (c) total reflectance measurement. 

Upon interaction of electromagnetic radiation with a sample surface, the beam may undergo 

reflection, transmission, diffusion (due to scattering), or absorption, as shown in Figure 40 (a). The 

respective likelihood of these outcomes depends on the incident beam's angle of incidence with the 

solid. UV/Vis spectroscopy enables to measure the different percentages of light reflected, 

transmitted or absorbed by the sample. However, using a standard UV/Vis spectrometer with 

conventional detector arrangement, light is lost before it reaches the detector, resulting in significant 

photometric errors. The use of an integrating sphere thus permits to collect all the light which has 

passed through the sample. 

For measuring transmittance of a solid sample, total transmittance, i.e. specular and diffuse 

transmittance must be considered. For that, the sample is placed in front of the sphere at the 

transmission port and the light passes through into the sphere (Figure 40 (b)). For measuring total 

reflectance, the sample is placed at the back of the sphere and the light is reflected back off the sample 

and collected by the sphere (Figure 40 (c)).  
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Optical transmittance %T and optical reflectance %R of the films used in the thesis work have 

been deposited on glass substrate and measured on a Perkin Elmer Lambda 1050 spectrophotometer 

in the wavelength range from 250 to 2500 nm, using a step of 5 nm. The beam is incident on the film 

side at 0° normal incidence for transmission measurements and 8° for reflection acquisition. The 

absorbance %A of the film has been deduced from %T and %R using the relation %𝐴 =  100% −

(%𝑅 + %𝑇). 

The spectrophotometer enables two measurements configuration:  

1. 150 mm integrating sphere equipped with photomultiplier (UV-VIS) and InGaAs (NIR) 

detectors 

2.  Total Absolute Measurement System (TAMS) equipped with 49 mm integrating spheres and 

Si (UV-VIS) and InGaAs (NIR) detectors.  

 
Figure 41: Optical properties (reflectance, transmittance and absorbance) of a continuous Ag films using the two 
different configurations available on the spectrophotometer: TAMS and 150 mm integrating sphere. 

In both configurations, the set-up uses an integrating sphere. The diameter of the sphere is 

the surface area of the ports which is equate to a certain percentage of the internal reflective surface. 

The higher the diameter, the greater the precision. The advantage of using TAMS configuration is that 

it enables automatic measurements at different incident beam angles while the sphere diameter is 

smaller than the 150 mm integrating sphere meaning that only a fraction of diffuse 

reflectance/transmittance is measured. However, as seen in Figure 41 for the optical measurements 

of a sample with both configurations of the spectrometer, same results have been obtained in both 

cases, which means that the diffuse light part is negligible compared to the specular one.  
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II.2.4.3. Conformality measurements  

As already mentioned in section II.1.4., PillarHall® Test Chips have been used as a substrate to 

study the conformality of the deposition, mostly in lateral high-aspect ratio structures. Figure 42 

illustrates the analysis concept.  

 

 
Figure 42: Schematic illustration of top view (left column) and cross section view (right column) of lateral high-
aspect ratio test structures in the PillarHall® Test Chips analysis concept (a) before thin film deposition, (b) after 
thin film deposition and (c) after peeling off the top silicon membrane roof.  

After the depositions process, the top membrane of the trench has been peeled with scotch 

tape (Figure 42 (c)). The penetration depth of the deposit into the cavity has been measured either by 

optical microscopy (Figure 43 (a)) or by scanning electron microscopy imaging (Figure 43 (b)). In order 

to quantify the degree of conformality, thickness profiles of the Ag film (determined by EDS) deposited 

into the 3D structures have been determined. 
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Figure 43: Penetration depth determination principle: (a) Top-view optical microscopy image of Ag deposited in 
LHAR structure (AR of 100) and (b) Top-view scanning electron micrograph of Ag deposited in LHAR structure 
(AR of 10048). In both images, the membrane has been peeled off, allowing thickness line scans to be recorded. 

 

II.3. Conclusion  
 

All along the thesis work, for the silver deposition, the Beneq TFS 200 reactor is used. We 

employ (Ag(fod)(PEt3)) as silver precursor and H2 plasma as reducing agent. We use two different ALD-

based process types, i.e. a standard PE-ALD process and a two-step deposition with a first pulsed PE-

CVD followed by a plasma post-treatment. For the structural and morphological investigation, in 

addition to the commonly used methods for crystallinity determination (GIXRD) and film topography 

determination (AFM), we focus on more original analyses, i.e. silver thin films thickness measurement 

by EDS and film morphology characterization and quantification through the study of SEM images. The 

elemental and chemical composition is investigated by the standard methods XPS and ToF-SIMS. In 

order to check the functional properties of Ag films, electrical conduction is determined by four-point 

probe measurement while the optical properties are investigated by UV-Visible-NIR spectroscopy. 

Uncommonly and originally, lateral high aspect ratio structures from PillarHall© technology are 

employed for film conformality investigation. 
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Chapter 3  
Development of the silver film 

deposition process 

This first chapter of results is meant to describe the development of Ag film deposited by 

standard PE-ALD. We study the influence of the ALD parameters (temperatures, argon flows, plasma 

conditions and sequence times) by assuming groups of parameters which are independent from each 

other. We further quantitatively compare the experimental results based on the film thickness 

evolution and its uniformity over a large surface area (8-inch silicon wafer). We see that a preliminary 

investigation highlights a deficiency of the precursor injection system, creating a leak and continuous 

exposure of Ag precursor. This is upgraded through modification of the geometry of the gas-valving 

system, producing a strong improvement of the uniformity of the deposition. Following the fixation of 

this issue, we prove the self-saturated regime as a function of the ALD parameters. We see that 

reactive hydrogen radical species are mandatory in order to obtain pure silver in metallic state. For 

film thickness below 60 nm, PE-ALD of Ag leads to the expected separated island morphology on the 

substrate. Under selected parameters and reducing temperatures, quasi-continuous layers are 

obtained. However, depositions made at such low temperatures are strongly non-reproducible due to 

the non-appropriate evaporation conditions of the Ag precursor.2 

 

 

 

 
This chapter is based on the publication S. Wack, P. Lunca Popa, N. Adjeroud, J. Guillot, B. R. Pistillo, 
R. Leturcq, Large-Scale Deposition and Growth Mechanism of Silver Nanoparticles by Plasma-
Enhanced Atomic Layer Deposition, J. Phys. Chem. C, 2019, 123, 44, 27196-27206. 
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III.1. Strategy of optimization 
 

In this chapter, we focus on the optimization of the silver deposition conditions depending on the 

ALD parameters. Due to the high number of ALD parameters, we have first simplified the statistical 

design of experiments by assuming different categories of parameters which have an influence on a 

common mechanism. We also make the hypothesis that each subset of parameters will be 

independent of another subset. These parameters are roughly classified into three categories:  

1. Parameters influencing the injected amount of Ag precursor: mainly the hot source 

temperature (Ths), Ar process flow (Arpr) for carrying the precursor to the reactor, and the 

precursor pulse time (tpr);  

2. Parameters influencing the reaction of the precursor on the surface: mainly the chamber 

temperature (Tch) and the precursor pulse time (tpr);  

3. Parameters influencing the reduction reaction of the precursor: mainly the chamber 

temperature (Tch), the plasma Ar and H2 flows (Arpl and H2pl), the RF plasma power (Pdep), the 

distance between the grid-substrate (d) and the plasma pulse time (tpl).  

 

The studied parameters with their symbols, designations and units are reminded in Table 12. 

Although this chapter is focusing on the ALD process and is also used in chapter 4, the knowledge of 

the influence of each parameter has influenced the development of the two-step approach, both the 

precursor exposure and the post-treatment processing, as it is presented in chapter 5. 

Symbol Designation Units 

Arpl Argon flow in the plasma head sccm 

Arpr Argon flow in the process lines (from the precursor boat to the reactor) sccm 

H2pl Hydrogen flow in the plasma head sccm 

Pdep RF plasma power during deposition W 

Ppost RF plasma power during post-treatment W 

Tch ALD chamber temperature °C 

Ths Hot source temperature (for the precursor evaporation) °C 

Tp Precursor temperature (related to Ths) °C 

Ts Substrate temperature (related to Tch) °C 

d Distance between grid electrode and substrate cm 

tpost Time of post-treatment s 

tpr Pulse time 1 of Ag precursor s 

tpl Pulse time 2 of plasma s 

tpu1 Purge time 1 after Ag pulse s 

tpu2 Purge time 2 after plasma pulse s 

Table 12: List of ALD parameters studied for the optimization of the processes. 

III.2. Preliminary investigation of the plasma-enhanced atomic layer deposition of 

silver 

The first step of optimization of our Ag deposition has been based on the more promising PE-

ALD of Ag giving continuous silver films (see I. Background) i.e. the one developed by Kariniemi et al. 

[41]. They used Ag(fod)PEt3 and plasma H2 precursors and the same Beneq TFS 200 ALD-reactor. They 

found an ALD-type saturated growth at deposition temperatures of 120-140°C. The other parameters 

are reported in Table 13. 

 



93 
 

Tch Ths H2pl Pdep Arpr Arpl tpr tpu1 tpl tpu2 d 
Reactor 
pressure 

(°C)  (°C) (sccm) (W)  (sccm)  (sccm)  (s)  (s)  (s)  (s) (cm)  (mbar) 

120-150 106 20 100 170 140 1-4 5 3-5 3 4 5-8 

Table 13: Parameters used in the work of Kariniemi et al. [41] which are used as reference in the thesis work. 

Therefore, we have used the default parameters described in Table 14 as a basis and then 

have reoptimized them in order to obtain the best film quality. As a reminder, for our process, the 

reactor pressure is not directly controlled but is a direct consequence of the parameters mentioned 

above. On the other hand, the Ar flow in the chamber, Arch, is only relevant for setting the average 

pressure in the chamber (controls that the chamber is at an overpressure as compared to the reactor) 

and was not directly influencing the deposition. 

Tch Ths H2pl Pdep Arpr Arpl Arch tpr tpu1 tpl tpu2 d 
Reactor 
pressure 

(°C)  (°C) (sccm) (W) (sccm)  (sccm) (sccm)  (s)  (s)  (s)  (s) (cm)  (mbar) 

140 100 20 100 170 140 100 5 2 7 2 1-4 3 

Table 14: Default parameters used for the preliminary investigation of the relevant parameters. 

The experimental results are first quantitatively compared based on the thickness evolution 

as a function the ALD parameters (Table 15) and the aim is to prove an ALD saturated regime. An 

added criterion is the film thickness uniformity which enable us to judge if this regime is controlled all 

along the Si wafer.  

Quantity Usual units Measurement method Comment 

Topographical film thickness nm Profilometer Upper limit for the real film thickness 

Film thickness uniformity % Profilometer  

Table 15: Quantities compared during the experiments for the quantitative comparison of the results obtained 
during the first screening of the ALD parameters. 

During this preliminary investigation of the PE-ALD of silver, we have observed a leak of the 

precursor occurred during the purging process, leading to precursor exposure also during the plasma 

pulse (see scheme in Figure 44 (a)). In the usual ALD cycle, the precursor must be exposed during a 

limited pulse time, after which it is purged using an inert gas before the second reactant (plasma) is 

exposed (see scheme in Figure 44 (b)). In order to solve the deficiency of the exposure of the silver 

precursor into the reactor, a major upgrade of the precursor injection system through modification of 

the geometry of the gas-valving system has been performed. One of the major consequences of this 

upgrade was the strong improvement of the uniformity of the deposition. The graph presented in 

Figure 44 (c) shows the thickness variation as a function of the position on the silicon substrate 

(measured from the inlet of the reactor) and the photos related to two silver depositions performed 

for constant ALD parameters before and after upgrade of the precursor injection system. We can see 

that, before the upgrade, we had a very non-uniform process. This is confirmed by the apparition of a 

halo on the silicon wafer. However, after having upgraded the gas-valving system, the deposition is 

more uniform in terms of thickness and more homogeneous. This observation proves the efficiency of 

the new upgraded process. This is the object of section III.3.  

However, interesting results have been obtained before the upgrade with the continuous 

exposure of the precursor. Firstly, it enables us to study the more relevant ALD parameters as 

preliminary results (section III.2.), i.e. the temperatures of both the chamber Tch and the hot source 

Ths as well as the Ar flows used both in the process lines Arpr and in the plasma head Arpl. Secondly, a 

remarkable new morphology made of highly covering compact Ag nanoparticles has been obtained in 
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some specific parts of the wafer, under non-appropriate conditions, even for ultra-thin layers. We 

report in chapter 5, results observed both before and after the upgrade, since the leak observed with 

the defective configuration has a weak influence on the conditions of the new process. Indeed, the 

development of the two-step approach has been inspired by some results obtained for deposition 

performed with the continuous exposure of the precursor and the pulse only of the plasma. Thirdly, 

the parameters obtained during the preliminary investigation of the PE-ALD of silver represent the 

ground of both processes, standard PE-ALD (chapters 3 and 4) and the new two-step approach 

(chapter 5). 

 
Figure 44: Comparison of different silver depositions before and after the upgrade of the precursor injection 
system. (a-b) Schemes representing the precursor flow to reactor correlated to the plasma pulse as a function 
of the deposition time (a) before upgrade and (b) after upgrade. (c) Thickness comparison of two silver 
depositions made at different periods, before upgrade (in red) and after upgrade (in blue), vs. the position on 
the Si substrate compared to the inlet and correlated to the photos of the Si 8’’ wafer after silver deposition. 

 

III.2.1. Influence of the chamber temperature Tch 

One of the main parameters influencing the deposition conditions is the chamber 

temperature Tch, as it influences directly the rates of the chemical reactions (precursor with the 

surface, and reduction) and the mobility of the reactants on the surface. Figure 45 shows the thickness 

as a function of the chamber temperature (Figure 45 (a)), and as a function of the position on the 

substrate (Figure 45 (b)) in order to investigate the uniformity of the deposition. The results obtained 
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are directly correlated with the I.1.3.1. section of the background. Indeed, we observe a plateau of 

the thickness vs. temperature from about 100 to 140°C, which corresponds to an optimum deposition, 

i.e. the ALD window. The deposition rate decreases at lower temperature than 100°C due the 

suppression of the reaction of the precursor with the surface, and eventually re-condensation of the 

precursor at the inlet of the reactor, since the reactor temperature becomes lower than the precursor 

evaporation temperature. This last point may also explain the strong non-uniformity of the deposition. 

At temperature higher than 140°C, the deposition starts to become strongly non-uniform with a 

thicker deposition on the inlet and a thinner deposition on the outlet. This behavior may be due to 

the decomposition of the precursor directly at the inlet, and lower amount arriving at the outlet.  

From this analysis, we determine an optimum chamber temperature range between 100 and 

140°C, with the best uniformity obtained between 100 et 110°C (variation less than 30% over 10 cm). 

 
Figure 45: Preliminary investigation of the optimized temperatures. (a) and (b) Influence of the chamber 
temperature Tch on the topographical thickness of Ag films deposited on Si at different position, plotted (a) as a 
function of the chamber temperature Tch and (b) as a function of the positions on the Si substrate from the inlet. 
The used parameters are the default parameters described in Table 14, except for tpl = 3 s. Deposition for 800 
cycles. (c) Influence of the hot source temperature Ths on the topographical thickness vs positions on the Si 
substrate from the inlet. The chamber temperature is kept at 140°C. 

 

III.2.2. Influence of the hot source temperature Ths 

The hot source temperature, Ths influences the amount of precursor exposed into the reactor 

as it is linked to the evaporation rate of the precursor. For the test of the hot source temperature Ths, 

the Tch was set to 140°C in order to keep a sufficiently high gradient of temperature from the precursor 
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boat to the reactor, and thus avoiding spurious effect that could be related to re-condensation of the 

precursor before the reactor. We have nevertheless observed that, for a chamber temperature of 

110°C or lower, a gradient of minimum 10°C between the hot source and the chamber is providing 

optimum deposition parameters. Figure 45 (c) shows the influence of the hot source temperature on 

the deposited thickness. This parameter is critical in the used configuration as a lowering of the 

temperature to 90°C resulted in parts of the substrate with no deposition, while an increase to 110°C 

showed a decrease of the uniformity. For this reason, the optimum hot source temperature is set to 

100°C at Tch of 140°C. Reducing further the temperature is moreover a challenge since it requires to 

reduce the precursor temperature, which is not favored for appropriate evaporation conditions.  

 

III.2.3. Influence of the argon flows: Arpr and Arpl 

Figure 46 shows the influence of the Ar flows used in the process lines Arpr and in the plasma head 

Arpl, on the deposited thickness performed at Tch of 140°C and Ths of 110°C.  

The Ar process flow Arpr is expected to influence the amount of precursor carried to the reactor. 

This parameter mainly influences the deposition rate closer to the inlet, while almost no influence is 

observed close to the outlet (Figure 46 (a)). This observation may be explained by two different 

deposition regimes vs. the position, a CVD-type of deposition (i.e. not self-limited) close to the inlet, 

and an ALD-type of deposition close to the outlet. We however see in the next section that this 

parameter has a stronger influence at a lower chamber temperature. 

The Ar flow in the plasma head Arpl is expected to influence the amount of radicals arriving on the 

substrate for the reduction reaction. (Figure 46 (b)) shows the influence of this parameter on the 

deposited thickness. The deposited thickness is significantly lower at the lowest flow (70 sccm), which 

is attributed to a reduced number of hydrogen radicals able to reach the substrate. Above 140 sccm, 

no further evolution is observed, and the flow seems sufficient in order to ensure a saturation of the 

substrate surface with H radicals. 

 
Figure 46: Preliminary investigation of the Ar flows: Influence of (a) the Ar process flow Arpr at a constant Ar 
plasma flow of 140 sccm and (b) the Ar plasma flow Arpl at a constant Ar process flow of 170 sccm on the 
topographical thickness as a function of the positions on the Si substrate from the inlet. 
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III.2.4. Selected sets of experiments 

Following previous screening of the main parameters influencing the deposition conditions, five 

sets of parameters have been selected and more carefully investigated here in terms of deposition 

regime and functional properties of conducting films. These sets of parameters are summarized in 

Table 16. The three parameters that have been varied during this investigation are: 

- The chamber temperature Tch, which influences the first precursor decomposition on the 

substrate (first half-reaction of the ALD process); 

- The process argon flow Arpr, which mainly influences the amount of precursor exposed into 

the chamber; 

- The argon flow in the plasma head Arpl, which influences the exposure of radicals created 

by the plasma. 

 Tch Ths H2pl P Arpr Arpl Arch tpr tpu1 tpl tpu2 

 (°C) (°C) (sccm) (W) (sccm) (sccm) (sccm) (s) (s) (s) (s) 

Set 1 140 100 20 100 170 140 100 5 2 3 2 

Set 2 140 100 20 100 300 140 100 5 2 3 2 

Set 3 110 100 20 100 170 140 100 5 2 3 2 

Set 4 110 100 20 100 300 140 100 5 2 3 2 

Set 5 110 100 20 100 300 300 100 5 2 3 2 

Table 16: Main parameters used for the five selected sets. 

In order to investigate the GPC, we have performed several depositions varying the number 

of cycles, from 400 to 1800. The GPC based on the maximum topographical thickness (GPCt) 

determined by profilometer measurement is investigated in this part. Figure 47 shows the plot of the 

topographical thickness as function of number of cycles for the five sets of parameters investigated 

here.  

We observe in these graphs a major impact of the chamber temperature.  

At Tch of 140°C, the thickness first increases as a function of the number of cycles from 400 to 

800 cycles, and then saturates at positions close to the outlet of the reactor (position 15 cm). This 

effect is enhanced at lower Arpr flow (Figure 47 (a)) than higher Arpr flow (Figure 47  (b)). Moreover, 

the uniformity along the sample (i.e. thickness variation from the inlet to the outlet) strongly increases 

with the number of cycles. This behavior may be explained by a reaction driven by the decomposition 

of the precursor rather than a surface reaction at the inlet of the reactor, and/or an etching of the 

deposited film by the plasma close to outlet. It is however not the favored regime for a controlled 

deposition of thick films.  

At a chamber temperature of 110°C, we observe a monotonic increase of the thickness as a 

function of the number of cycles, and this increase is uniform along the sample. This monotonic 

increase has been tested up to 2400 cycles in Figure 47 (e). This behavior is a strong indication of a 

deposition driven by surface reactions, as expected for ALD (see Background section I.1.3.3.) 
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Figure 47: Topographical thickness as a function of the number of deposition cycles for the five identified sets 
of optimized parameters (Tch in red, Arpr in blue, Arpl in purple). The ALD parameters used for each set are 
described in Table 16.  

In order to further compare the deposition regimes obtained at 110°C, we have fitted the 

dependence of the thickness as a function of number of cycles by a linear fit and extracted the slope, 

i.e. GPC. The results of the fit are represented in Figure 48. Due to the strong non-uniformity of the 

deposition at a position of 5 cm from the inlet, we have excluded the experimental data for the fit. 

The GPC varies from 0.04 to 0.07 nm/cycle, for the different gas flows. First, we note that this value is 

larger than the one reported by the literature, which is 0.03 nm/cycle. [41] We note however than the 

thickness measurement in our case, based on topographical thickness measured by profilometry, 

differs from most of the methods reported (based on electron dispersion X-ray spectroscopy (EDS) or 

quartz microbalance (QCM)), which rely rather on the total mass deposited, divided by the expected 

density of the material. The two methods differ strongly for non-uniform films, as it is obviously the 

case for the silver films, and in case the density of the films does not correspond to pure silver. That is 

the reason why EDS equivalent thickness is used in the optimization of the deposition parameters in 

the following sections III.3. 

The influence of the flows on the GPC is remarkable closer to the inlet of the reactor, with an 

increased GPC with increasing Ar plasma flow, and a decreasing GPC with increasing Ar process flow 

(Figure 48). This behavior shows that the reactions are not fully self-limited as expected for ALD. This 

effect is however reduced closer to the outlet of the reactor, pointing out to a non-optimum reactor 

geometry. 
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Figure 48: Growth per cycle GPC (from the topographical thickness determined by profilometry) as a function of 
the positions on the Si substrate from the inlet for the three sets of depositions performed at a chamber 
temperature Tch of 110°C. 

At a chamber temperature of 110°C, quasi-continuous silver films have been observed under 

specific ALD conditions. Figure 49 shows typical SEM images comparing the different Ar flows (process 

and plasma) used. We observe that quasi-continuous films are obtained only with Arpr = 300 sccm and 

Arpl = 140 sccm at Tch of 110°C (Figure 49 (b)) whereas nanoparticle film morphology is produced at Tch 

of 140°C (Figure 49 (d)). Moreover, a critical thickness, above which the films are conductive, of about 

60 nm is obtained for films deposited at Tch = 110°C with Arpr = 170 sccm and Arpl = 140 sccm, leading 

to a conductivity of 5.19×103 S/cm. This critical thickness increases with the Ar flow, with a value close 

to 110 nm for Arpr = 300 sccm and giving a conductivity of 3.95×103 S/cm. The critical thickness is even 

higher for films deposited at higher temperature of 140°C with a value of 2.93×103 S/cm for a 133 nm-

thick film. This effect might be related to the faster migration of the precursor on the substrate at 

higher temperature, with an island-limited growth. Indeed, during the deposition of metal films on 

oxide layers, the formation of disconnected particles is usually observed, and is believed to be due to 

the migration of metal atoms on the surface allowing them to form clusters, which is their most stable 

state. At low temperature, the migration is reduced and we expect a better coverage of the deposition, 

as it is the case as shown in Figure 49 (a-c) compared to Figure 49 (d). 

Nevertheless, depositions performed at Tch of 110°C were non reproducible. The main reasons 

are the challenging control of the ALD parameters at this low temperature and the non-optimum 

parameters used for the process leading to reactions not fully self-limited, as expected for ALD. 

Indeed, when decreasing Tch, we also have to decrease the temperature of the Ag precursor in the hot 

source leading to problem of evaporation of precursor but at the same time, we also have to avoid 

the re-condensation of the precursor at the inlet of the reactor, since the reactor temperature 

becomes closer to the precursor evaporation temperature. 
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Figure 49: Scanning electron micrograph of typical results Ag films deposited at Tch = 110°C for 800 cycles (a) for 
Arpr = 170 sccm and Arpl = 140 sccm, (b) for Arpr = 300 sccm and Arpl = 140 sccm, (c) for Arpr = 300 sccm and Arpl = 
300 sccm and (d) at Tch = 140°C for 800 cycles for Arpr = 170 sccm and Arpl = 140 sccm. The images are taken at 
the center of the substrate (10 cm from inlet). The scale bars represent 500 nm. 

III.2.5. Conclusion 

In this part, a preliminary investigation has been performed in order to understand the 

influence of the ALD growth parameters. The most critical parameter is the chamber temperature, 

with a process window lying between 100 and 140°C. The hot source temperature, which controls the 

evaporation of the precursor, was also investigated, and it needs to be at least 10°C lower than the 

chamber temperature in order to avoid condensation of the precursor on the reactor. Other 

parameters, such as gas flows were also investigated and optimized. Under specific conditions, quasi-

continuous films have been obtained. However, problem of reproducibility of the depositions due to 

the limited control of ALD parameters have been highlighted. 

 

Following this previous investigation of the main parameters influencing the deposition 

conditions, a fine optimization of the deposition parameters have been then performed. In this next 

sub-section, we more focus on the analysis of the results for thin films and, as explained in the II. 

Experimental methods section, we mainly use the EDS film thickness and not profilometer anymore 

since it is a more reliable method for thickness determination. 

 

III.3. Optimization of the plasma-enhanced atomic layer deposition of silver 

Following the fixation of the issue linked to the leakage of precursor, the full set of deposition 

parameters needed to be optimized again in order to obtain the highest uniformity. The ALD 

parameters, i.e. the sequence times, plasma conditions and temperatures, have been investigated in 

the range of values described in Table 17 below and the detailed experimental plans for each 

parameters are given in the dedicated sections. 

Parameters Symbol Units Range 

Pulse time 1 of Ag precursor tpr s 0, 1, 5, 10 

Pulse time 2 of plasma tpl s 0, 1, 3, 5, 10 

Purge time 1 after Ag pulse tpu1 s 2, 5, 10, 20 

Purge time 2 after plasma pulse tpu2 s 2, 5, 10 

Distance substrate-grid d cm 1, 2, 4 

RF plasma power Pdep W 50, 100 

Chamber temperature at Ths = 100°C Tch °C 120, 130, 140, 150, 160 

Chamber temperature at Ths = 90°C Tch °C 100, 110, 120, 140 

Table 17: List of ALD parameters and investigated range studied for the optimization of the standard PE-ALD 
process. 
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The experimental results are first quantitatively compared by using the EDS equivalent film 

thickness corresponding to the quantity of material deposited and the film thickness uniformity over 

a large surface area (8-inch substrate). The measurable quantities are described in Table 18.  

Quantity Usual units Measurement method Comment 

Equivalent film thickness nm EDS Quantity of material deposited 

Film thickness uniformity % EDS  

Table 18: Quantities compared for the quantitative comparison of the results obtained during the fine 
optimization of the ALD parameters. 

 

III.3.1. Optimization of the pulse and purge times  

We give in Table 19 the list of ALD parameters studied in order to optimize the pulse and purge 

times needed for silver deposition process and the optimum values obtained. In these different 

studies, it is important to notice that, for each studied time, the other times were kept constant and 

have been chosen in order to be sure to have a self-saturated regime. The times have been optimized 

at Tch = 130°C / Ths = 100°C. 

 

Parameters Symbol Units Range Optimum 

Pulse time 1 of Ag precursor tpr s 0, 1, 5, 10 5 

Pulse time 2 of plasma tpl s 0, 1, 3, 5, 10 3 

Purge time 1 after Ag pulse tpu1 s 2, 5, 10, 20 5 

Purge time 2 after plasma pulse tpu2 s 2, 5, 10 10 

Table 19: List of ALD parameters studied for the optimization of the pulse and purge times needed for the silver 
deposition process.  

 

III.3.1.1. Silver precursor and plasma pulse times: tpr and tpl 

ALD is defined to be based on sequential and self-limited surface reactions of precursors. The 

aim of the study is thus to find a precursor dose as low as possible to save time and money but as high 

as needed for saturation of the surface. 

Figure 50 illustrates the influence of the silver precursor exposure time and plasma pulse time 

on the deposited thickness. The plot of the silver films thickness as a function of the silver precursor 

pulse time for the different positions all along the silicon wafer (Figure 50 (a)) shows that, for silver 

precursor pulse time shorter than 5 s, the thickness increases with the pulse time and then, it reaches 

a plateau from 5  s to 10 s. This plateau is typical of a saturated growth and a proof that the surface is 

saturated by the precursor, as exposed in the background section (I.1.3.2.). Moreover, we see that at 

5 s of silver pulse time, the deposition is more uniform in terms of thickness. This is observed in Figure 

50 (b): below 5 s, we have an under-saturated regime with a very low silver thickness deposited and 

above tpr = 5 s, we are in the ALD regime with self-saturated reaction and higher thickness. Since the 

value of the thickness with 5 s and 10 s of silver pulse time is similar, 5 s is found to be the optimum 

silver precursor exposure time.  
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The same analysis was performed for the plasma pulse time, as seen in Figure 50 (c) and  

Figure 50 (d). The plasma pulse time influences the number of radicals arriving on the substrate for 

the reduction reaction. The plot of the thickness of silver films as a function of the plasma pulse time 

for the different positions all along the silicon wafer (Figure 50 (c)) shows that for plasma pulse times 

shorter than 3 s, the thickness increases with the pulse time and then, it reaches a plateau from 3 s to 

10 s. It appears also that 3 s plasma pulse time favors a more uniform film deposition. Figure 50 (d) 

highlights the fact that 3 s seems sufficient in order to ensure a saturation of the substrate surface. In 

conclusion, 3 s is found to be the optimum plasma pulse time.  

 
Figure 50: (a) and (b) Influence of the silver precursor pulse time on the thickness of the silver films determined 
by EDS vs. (a) the studied parameter (silver precursor pulse time) and (b) the position on the Si substrate 
compared to the inlet. (c) and (d) Influence of the plasma pulse time on the thickness of the silver films 
determined by EDS vs. (c) the studied parameter (plasma pulse time) and (d) the position on the Si substrate 
compared to the inlet. The chamber temperature is kept at 130°C and the hot source temperature at 100°C.   

 

III.3.1.2. Purge times after Ag precursor and plasma pulses: tpu1 and tpu2 

The purge time is expected to have an influence on the type of deposition, leading to CVD-

type with an excess precursor overlapping as some reactants remain in the reactor when the time is 

too short, or a waste of time and eventual thermal desorption when it is too long.  

Figure 51 shows the influence of the purge times after the silver precursor pulse and after the 

plasma pulse on the deposited thickness.   
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As seen on the plot of the thickness as a function of the purge time after Ag precursor pulse 

for the different positions all along the wafer (Figure 51(a)), the thickness reaches a plateau from 5 s 

to 20 s: 5 s seems to be sufficient for evacuating the non-reacted silver precursor. This is confirmed by 

the better uniformity of the deposition at this purge time. Figure 51 (b) highlights the bad precursor 

elimination illustrated by a higher deposition thickness below 5 s and a similar and constant one for 

depositions performed above 5 s. To conclude, 5 s is found to be the optimum purge time after pulse 

of silver precursor. 

The same study was performed for the purge time after the plasma pulse as shown in Figure 

51 (c) and Figure 51 (d). The higher deposited thickness for short purge time after plasma pulse (below 

5s) indicates possible remaining H radicals in the reactor when the next precursor exposure is 

performed. Even if 5 s seems already sufficient, as confirmed by the uniformity of the deposited 

thickness, 10 s was chosen for the purge time after plasma pulse in order to ensure efficient reduction 

reaction and efficient evacuation of non-reacted silver precursor potentially let in the reactor. 

 
Figure 51: (a) and (b) Influence of the purge time after Ag precursor pulse tpu1 on the thickness of the silver films 
determined by EDS vs. (a) the studied parameter (tpu1) and (b) the position on the Si substrate compared to the 
inlet. 
(c) and (d) Influence of the purge time after plasma pulse tpu2 on the thickness of the silver films determined by 
EDS vs. (a) the studied parameter (tpu2) and (b) the position on the Si substrate compared to the inlet. The 
chamber temperature is kept at 130°C and the hot source temperature at 100°C.   
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III.3.2. Influence of the plasma conditions 
 

III.3.2.1. Nature of the plasma gas and plasma ignition   

A first study has been performed to evaluate the influence of the hydrogen flow in the plasma 

head (H2pl) and the use of the RF plasma power (Table 20). It has been demonstrated that molecular 

hydrogen (H2) cannot directly act as a reducing agent for the mentioned silver precursors. [150] For 

this reason, it is necessary to activate hydrogen radicals (H•) by using a plasma source. 

 

Quasi no deposition or very small NPs have been obtained in the absence of plasma (RF power 

set to zero), either with or without hydrogen flow (argon only), which means that reactive species 

created by the plasma source are mandatory in order to reduce Ag precursor and make the reaction 

happen. The depositions performed in the presence of plasma give more uniform films when a mix of 

H2 and Ar is used rather than Ar alone. (Figure 52)  
 

 H2pl / Arpl Arpl 

Plasma power ON 
Influence of H2 and Ar in the plasma head:  

Ar and H radicals 
Influence of only Ar in the plasma head:  

Ar radicals 

Plasma power OFF 
Test of precursor decomposition  

under H2 atmosphere 
Test of thermal decomposition  

of the precursor 

Table 20: Summary of the study on the influence of the hydrogen/argon flow in the plasma head (Arpl/H2pl) and 
the use of the RF plasma power. 

 
Figure 52: Influence of the gas flows in the plasma head: Arpl and H2pl (in black) or only Arpl (in red) on the 
topographical thickness of Ag films deposited on Si at different position from inlet. 

We have performed XPS analyses in order to study the influence of the nature of the plasma, 

i.e. H2/Ar gas versus Ar gas only. Figure 53 exposes the corresponding elemental composition of the 

samples. The spectra were acquired before and after argon sputtering (280 s) in order to determine 

the elemental composition in the first nanometers (10 nm) of the deposit.  

For Ag film deposited with Ar/H2 plasma, we observe the usual contaminants (carbon and 

oxygen) on the surface of samples exposed to air and the presence of Si may be attributed to the 

silicon and SiO2 from the substrate due to the morphology made of islands (Figure 53 (c)). In both 

cases, fluorine and phosphorus suggest the presence of unreacted precursor on the particle surface, 

which also leads to additional carbon and oxygen amounts. However, a much lower Ag amount and 

higher contamination of carbon, fluorine and phosphorus are detected for layers deposited with Ar 
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plasma only. This suggests a higher quantity of remaining silver precursor on the surface and a less 

efficient reduction reaction by the Ar radicals created by means of plasma as compared to H radicals. 

 

After etching, for Ar/H2 plasma deposited film, we notice the almost complete decomposition 

of the silver precursor and the removal of surface contaminants suggested by the lower amount of 

carbon, oxygen, fluorine and phosphorus. Using only Ar plasma, the creation of poorly reactive Ar 

species generates a high level of carbon even in the bulk. The decrease of fluorine amount and the 

high increase of carbon might come from a better removal of inorganic species like fluorine than 

organic ones, and might be also due to the redeposition of carbon after etching of the precursor. 

 
Figure 53: (a) and (b) Elemental composition (in at.%) of Ag thin films synthetized with (a) Ar/H2 plasma and (b) 
Ar plasma on silicon substrate measured by XPS before (etching time 0 s) and after 280 s of Ar sputtering. (c) 
and (d) Scanning electron micrographs corresponding to Ag thin films deposited with (c) Ar/H2 plasma and (d) 
Ar plasma. The values on the images refer to the thickness of the films determined by EDS and the scale bars 
represent 500 nm.  
 

In addition to the study of the elemental composition of Ag thin films, the XPS spectra have 

been further investigated to determine the chemical state of Ag. According to the literature dealing 

with XPS of Ag [213, 214]:  

- Ag 3d region has well separated spin-orbit components (Ag 3d5/2- Ag 3d3/2 splitting Δmetal = 

6.0 eV); 

- Peaks have asymmetric peak shape for metal; 

- Loss features are observed to higher binding energy side of each spin-orbit component 

for Ag metal. This energy loss corresponds to the plasmonic resonance. Indeed, the 

oscillation of electrons in metal under an electromagnetic field has a natural frequency of 

oscillation (the plasma frequency). In silver, this frequency corresponds to a wavelength 

of 320-350 nm which corresponds to an energy of 3.5-4 eV. In the XPS spectrum, this 
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resonance creates a satellite peak separated from the main peak of 3.5-4 eV. The surface 

plasmon has a lower energy than the volume plasmon, which may explain a peak shift; 

[214] 

- Small binding energy shifts for compounds, such as oxides, are present and Ag 3d peaks 

are broaden with respect to metal peaks.  

 

As there is almost no difference in the Ag 3d peak shape and position for silver in metallic Ag(0) and 

oxidized Ag(I) and Ag(II) forms, the Ag M4N4,5N4,5 Auger line (calibrated at 357.6 eV) and Ag 3d5/2 

photoelectron line were used to determine the silver chemical state from the modified Auger 

parameter (α’). [215] It is particularly effective in identifying the majority phases, as this parameter is 

insensitive to the variation of the peak positions due to charge phenomena. [216]  We performed this 

study in order to check whether Ag is in a metallic state, i.e. in the oxidation state 0 (see Table 21). 

Indeed, the Auger parameter is effective to differentiate the metal form Ag (0) from the oxidized forms 

but non-effective for identifying other oxidation states. [217] However, the small BE and Auger 

parameter shifts reported in the literature as well as the inconsistencies between authors make it 

difficult to determine the exact oxidation state of silver. [215, 217, 218, 219, 220, 221] 

 
Oxidation number Compound Modified Auger parameter ɑ’ (eV) 

Ag (0) Ag 726.0-726.4 

Ag (I) Ag2O 724.3-724.5 

Ag (II) AgO 723.5-724.8 

Table 21: Modified Auger parameter ɑ’ of silver for different compounds, from [222]. 

Consequently, in order to determine the oxidation state of silver, three key parameters have been 

investigated:  

1. The presence of a loss feature in the XPS binding energy (BE) spectra, i.e. in the high resolution 

(HR) Ag 3d peak; 

2. The shape of the Auger peak, i.e. the Ag MNN peak; 

3. The value of the modified Auger parameter α’ which is calculated taking into account the 

maximum value of Ag 3d photoelectron peak (Ag 3d5/2) and Auger Ag M4N4,5N4,5 peak.  

 

In Figure 54, HR Ag 3d spectra of the two different samples are reported and each of them are 

compared with the Ag reference spectrum. The spectra were recorded at the surface level (t=0) and 

after an etching time of 280 s. In both cases, i.e. for Ag deposited with Ar/H2 plasma and Ar plasma 

only, the observation of a similar asymmetric Ag 3d peak shape of the samples to Ag foil reference 

(red lines) suggests the presence of Ag in metallic state. The presence of loss features is well 

observable in the spectra corresponding to Ag deposited with Ar/H2 plasma and matches very well 

with the silver reference after Ar sputtering (slight shift for as-deposited film due to surface 

contamination). For layers deposited without H2 plasma, this satellite feature is almost absent. 

Moreover, in this case, we observe a shift as well as a broaden of Ag 3d peaks (highlighted in the zoom 

in of Ag 3d5/2) with respect to metal peaks, which will be highlighted by the calculation of the Auger 

parameter in the following part. These observations highlight that, in addition to metallic contribution 

linked to the line shape of the spectra, the contribution of silver oxide is higher for film deposition in 

the presence of Ar plasma only. This also suggests that hydrogen radicals created by the plasma are 

much more reactive to reduce the silver precursor in metallic state. 
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Figure 54: High resolution Ag 3d spectra of Ag thin films synthetized with (a) Ar/H2 plasma and (b) Ar plasma. 
Each spectrum, compared with the Ag reference (red line), was recorded at t=0 (in blue) and after 280s of Ar 
sputtering (in green). A zoom of the satellite feature and the Ag 3d5/2 is also provided in both cases.  
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The shape of the Auger Ag MNN peaks (Figure 55) matches well the previous observations. Even if 

the intensity of the background for as-deposited films is higher due to surface contamination in both 

cases, we observe a much higher background intensity for Ag films synthetized with the presence of 

Ar plasma only. This suggests the existence of a higher amount of contaminant materials on the 

surface potentially explained by the presence of higher amount of unreacted monomer through higher 

amount of carbon for these films. In addition, the presence of a much more distorted peak for films 

deposited without H2 plasma fits well with the higher contribution of silver oxidized phase in this case, 

in addition to Ag metal.  

 
Figure 55: High resolution Ag MNN spectra of Ag thin films synthetized with (a) Ar/H2 plasma and (b) Ar plasma. 
Each spectrum, compared with the Ag reference (red line), was recorded at t=0 (in blue) and after 280s of Ar 
sputtering (in green). 

 

Finally, the third parameter investigated and calculated is the modified Auger parameter α’. Figure 

56 presents all α’ values calculated for the samples discussed above. When compared with the data 

from literature presented in Table 21, the low Auger parameter before sputtering is an indication of 

the remaining precursor, surface contamination or the oxidized silver surface for the as-deposited 

film. In the bulk, after 280 s of Ar etching, values closer to the Ag foil metallic reference are obtained 

for the two different depositions. However, Ag layer synthetized under the presence of Ar plasma 

alone presents a lower value of Auger parameter and the Ar/H2 plasma enhances the metallic nature 

of Ag highlighted by a α’ closer to the Ag foil reference. This highlights again the enhanced reduction 

reaction of silver precursor thanks to hydrogen species. 
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Figure 56: Modified Auger parameter (ɑ’) of Ag thin films synthetized with Ar/H2 plasma (black square) or Ar 
plasma (red disks) for different etching times (0 and 280). The blue line corresponds to a reference Ag foil 
(oxidation state of 0). The error bars correspond to the experimental error linked to the spectra acquisition step 
size. 

The main conclusion of the chemical investigation is that the presence of H2 in the plasma is 

needed to enhance the reduction reaction of silver precursor molecule by lowering mainly the carbon 

amount in the film through the creation of high hydrogen radical reactive species compared to less 

reactive Ar radicals. 

III.3.2.2. Distance d grid-substrate and RF plasma power Pdep 

The ALD parameters studied in order to optimize the plasma conditions needed for the silver 

deposition process are the distance substrate-grid d and the RF plasma power Pdep, as exposed in 

Table 22. 

Parameters Symbol Units Range Optimum 

Distance substrate-grid d cm 1, 2, 4 * 

RF plasma power Pdep W 50, 100 * 

Table 22: List of ALD parameters studied for the optimization of the plasma conditions needed for the silver 
deposition process. *: these two parameters need to be correlated in order to have the same efficiency of the 
plasma source. 

In order to have the same efficiency of the plasma source, it is obvious to correlate d and Pdep. 

They influence the quantity of radicals arriving on the substrate and needed for the reduction reaction 

of the precursor. Moreover, the grid is used as a bottom electrode and defines the plasma chamber.  

Figure 57 illustrates the influence of the substrate-grid distance on the thickness of the silver 

films as a function of the position on the silicon substrate compared to the inlet for two RF plasma 

power values. For both RF plasma power Pdep, it appears that the grid-substrate distance d has a very 

slight influence on the deposition thickness. Indeed, at a Pdep of 50 W, the thickness varies between 6 

and 10 nm. We notice the same weak influence at a Pdep of 100 W (variation between 8 and 11 nm). 

As a conclusion, the grid-substrate distance correlated to the RF plasma power are not parameters as 

significant as expected, but we decided to keep d = 1 cm and Pdep = 100 W to generate a large enough 

amount of radicals. These conditions presumably favor a uniform cross-flow between the lateral flow 

of the Ag precursor and the vertical flow of H radicals. 
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Figure 57: Influence of the distance d between the plasma grid and the substrate on the thickness of the silver 
films determined by EDS vs. the position on the Si substrate compared to the inlet for two different RF plasma 
power Pdep 50 W and 100 W. The chamber temperature is kept at 130°C and the hot source temperature at 
100°C.    

III.3.3. Influence of the chamber and hot source temperatures: Tch and Ths 

The chamber temperature Tch directly affects the number and type of reactive sites present 

on a surface and then the preferred reaction mechanism that occurs. During the deposition of metal 

films on oxide layers, as mentioned before, a high temperature engenders a formation of 

disconnected particles while a lower temperature, due to the reduction of the migration of metal 

atoms on the surface, is expected to lead to a more compact film. In order to investigate that, we have 

performed an optimization of the chamber temperature at two different hot source temperatures Ths, 

90 and 100°C, with the aim to decrease the chamber temperature by decreasing the one of the hot 

source. Table 23 gives the list of ALD parameters studied in order to optimize Tch at two hot source 

temperatures needed for the silver deposition process and the optimum values obtained. 

Parameters Symbol Units Range Optimum 

Tch at Ths = 100°C Tch °C 120, 130, 140, 150, 160 130 

Tch at Ths = 90°C Tch °C 100, 110, 120, 140 110 

Table 23: List of ALD parameters studied for the optimization of the chamber temperature needed for the silver 
deposition process. 

III.3.3.1. Optimization of the chamber temperature Tch for the hot source Ths of 100°C  

During the preliminary investigation of the PE-ALD of silver, exposed in previous section III.2., 

we have found a process window ranging from 100 to 140°C for the chamber temperature. Based on 

that, we have focused our study in a temperature range from 120 to 160°C with a fine variation of the 

temperature. 
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Figure 58: Influence of the chamber temperature Tch on the EDS thickness of Ag films deposited on Si at different 
position, plotted (a) as a function of the chamber temperature Tch and (b) as a function of the positions on the 
Si substrate from the inlet. The hot source temperature is kept at 100°C and the deposition corresponds to 400 
ALD cycles. 

Figure 58 shows that the EDS thickness is highly dependent on the chamber temperature. A 

better film uniformity (variation of less than 15% over 15 cm) has been obtained at a chamber 

temperature of 130°C. This temperature was determined as the optimum one for the chamber 

deposition temperature at a hot source temperature of 100°C. 

At this optimum temperature, we have studied the thickness as a function of the number of 

deposition cycles, from 200 to 1800 (Figure 59). 

 
Figure 59: Influence of the number of ALD cycles on the EDS thickness of Ag films deposited on Si at different 
position, plotted (a) as a function of the number of cycles and (b) as a function of the positions on the Si substrate 
from the inlet. The studies were performed at the optimum temperatures Tch = 130°C/Ths = 100°C. 

The thickness increases linearly with the number of deposition cycles but then presents a 

strong non-uniformity after 600 ALD cycles. This is probably due to a saturation of the precursor on 

the surface, maybe caused by its non-constant exposure in the reactor. Another explanation may be 

the decrease of the hot source fill level. [223] We have then extracted the GPC for cycles below 600, 

due to the non-linear behavior. The GPC varies slightly from 0.015 to 0.0225 nm/cycle as a function of 

the position all along the wafer which proves the uniform self-saturated ALD regime. 
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Figure 60 (a) to (d) shows the corresponding SEM images of silver thin films deposited after 

varying the number of deposition cycles from 200 to 800 at temperatures Tch = 130°C/Ths = 100°C. As 

we can see, after 200 cycles, the film is made of small and spaced nanoparticles and when we increase 

the number of cycles, the particles begin to get bigger and closer. A more detailed investigation of the 

nanoparticle morphology with a quantitative analysis is made in the next chapter 4. 

 
Figure 60: Scanning Electron Micrographs of Ag thin films deposited on silicon  at the center of the substrate (10 
cm from inlet) after a varying number of cycles (a) 200 cycles, (b) 400 cycles, (c) 600 cycles and (d) 800 cycles. 
The values on the images refer to the thickness of the films determined by EDS and the scale bars represent 500 
nm. The studies were performed at the optimum temperatures Tch = 130°C/Ths = 100°C. 

 

III.3.3.2. Optimization of the chamber temperature Tch for the hot source Ths of 90°C  

We have performed the same study of the optimal chamber temperature at a hot source 

temperature of 90°C. We have reduced this temperature compared to the previous study with the 

aim to avoid the migration of Ag atoms on the surface and obtain a more continuous film, as explained 

during the preliminary investigation in section III.2.1. 

 

Figure 61 shows that the optimum chamber temperature seems to be 120°C since it presents 

a better uniformity at a hot source temperature of 90°C. However, as seen on the SEM images of silver 

films presented in Figure 62, we notice a better coverage and a more continuous film at a chamber 

temperature of 110°C instead of 120°C for a hot source temperature of 90°C. 

 
Figure 61: Influence of the chamber temperature Tch on the EDS thickness of Ag films deposited on Si at different 
position, plotted (a) as a function of the chamber temperature Tch and (b) as a function of the positions on the 
Si substrate from the inlet. The hot source temperature is kept at 90°C and the deposition corresponds to 400 
ALD cycles. 
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Figure 62: Scanning electron micrographs of silver films deposited on Si (with native oxide) after 400 ALD cycles 
at (a) Tch = 120°C/ Ths = 90°C and (b) Tch = 110°C/ Ths = 90°C measured at the same position on the wafer. The 
values on the images refer to the thickness of the films determined by EDS and the scale bars represent 500 nm.  

At 110°C, we have studied the thickness as a function of the number of deposition cycles, from 

200 to 600 (Figure 63). We observe a monotonic increase of the thickness as a function of the number 

of cycles, and this increase is uniform along the sample. This behavior is a strong indication of a 

deposition driven by surface reactions, as expected for ALD. Regarding the GPC, it varies from 0.065 

to 0.040 nm/cycle. The GPC is remarkably higher at the inlet of the reactor and decreases when the 

distance from inlet increases. This GPC dependence on the distance on the wafer may be explained 

by a non-optimum reactor geometry. 

 
Figure 63: Influence of the number of ALD cycles on the EDS thickness of Ag films deposited on Si at different 
position, plotted (a) as a function of the number of cycles and (b) as a function of the positions on the Si substrate 
from the inlet. The studies were performed at the optimum temperatures Tch = 110°C/Ths = 90°C. 

 
Figure 64: Scanning Electron Micrographs of Ag thin films deposited on silicon at the center of the substrate (10 
cm from inlet) after a varying number of cycles (a) 200 cycles, (b) 400 cycles and (c) 600 cycles. The values on 
the images refer to the thickness of the films determined by EDS and the scale bars represent 500 nm. The 
studies were performed at the optimum temperatures Tch = 110°C/Ths = 90°C. 
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Figure 64 (a) to (c) illustrates the SEM images of silver thin films deposited after varying the 

number of deposition cycles from 200 to 600 at temperatures Tch = 110°C/Ths = 90°C. Already after 200 

ALD cycles, the morphology of the film is made of dense islands and the film becomes more continuous 

when the deposition cycle number increases. 

  

III.3.3.3. Comparison of the two couples of temperatures Tch / Ths in terms of morphology and 

electrical properties 

When comparing the two couples of temperatures Tch = 130°C / Ths = 100°C and Tch = 110°C / 

Ths = 90°C deposited at the same number of ALD cycles (Figure 60 (c) and Figure 64 (c), respectively), 

we see that the deposition performed at higher temperatures reveals a film made of nanoparticles 

which are separated, contrary to the film deposited at lower temperatures which is more uniform and 

dense. This observation confirms that the lower temperatures favored the formation of a more 

continuous film. 

Regarding the electrical properties, for depositions performed at higher temperatures Tch = 

130°C/ Ths = 100°C [1], the silver films show electrical conductivity after 1800 cycles, but the value is 

very week, 2.46×10-5 S/cm for a thickness of 47 nm. This is due to the presence of nanoparticles which 

only begin to coalesce at very high number of ALD cycles at this high temperature. 

If we decrease the temperatures, Tch = 110°C/ Ths = 90°C, we succeeded in improving the value 

of the critical thickness. Unfortunately, the conductivity is still very low, 7.12×10-2 S/cm for a silver film 

of 22 nm. In contrast to the deposition made at higher hot source temperature, the percolation 

phenomenon does not occur in the same way with the number of cycles since the migration of the 

silver atoms is different. However, here again, as for section III.2.4., problem of non-reproducibility 

has been observed.  
 

III.3.4. Conclusion 

We have seen that the couple of temperatures Tch = 110°C/ Ths = 90°C gives quasi-continuous 

films but with a very low conductivity. Moreover, the deposition made at such low temperature are 

strongly non-reproducible, which we attribute to a difficult precursor evaporation and exposure for 

such a low hot source temperature. At Tch = 130°C / Ths = 100°C, a very high number of ALD cycles is 

needed to give continuous and conductive films. In optimum conditions, the Ag precursor pulse length 

tpr is 5 s, while the hydrogen plasma pulse tpl is 3 s. The purge length after the metal precursor tpu1 is 5 

s and after the plasma exposure tpu2 is 10 s. These parameters are then used in order to more carefully 

investigate and demonstrate the large-scale uniform deposition of Ag NPs. Moreover, a more detailed 

study of the growth mechanism based on the particle morphology is presented in chapter 4. The 

optimum parameters are given in Table 24 and are then used in the future experiments, except if 

define otherwise in the caption of the figures. 

 
 
 
 
 

 
[1] 

Here we point out that the chamber temperature used in the preliminary investigation of the ALD parameters cannot be directly compared to the chamber 

temperature used in this section due to a change in the position of the temperature sensor between each set of experiments. We evaluate the difference in 
temperature between the current set of experiment and the one reported in the previous part to about 20°C 
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Tch Ths H2pl P Arpr Arpl Arch tpr tpu1 tpl tpu2 d Reactor pressure 

(°C)  (°C) (sccm) (W) (sccm)  (sccm) (sccm)  (s)  (s)  (s)  (s) (cm)  (mbar) 

130 100 20 100 300 300 100 5 5 3 10 1 3 

Table 24: Optimum parameters used for the study of the large-scale uniform deposition of Ag NPs in the next 
sections. 

III.4. Conclusion  

In this chapter, the standard PE-ALD parameters and their impact on Ag film thickness and 

conductivity have been screened. We have confirmed the state-of-the-art of Ag ALD-deposited on 

oxide surfaces with the obtention of Ag films made of discrete islands for thickness lower than typically 

60 nm. Due to a deficiency of the precursor injection system, a first upgrade through modification of 

the geometry of the gas-valving precursor injection system has been performed and enabled a strong 

improvement of the deposition uniformity. In a preliminary investigation, we have shown that the 

deposition temperatures, argon flows, plasma conditions and sequence times had a strong impact on 

the synthesis of Ag films. The study has been achieved by following the film thickness uniformity over 

a large surface area (8-inch substrate) with the aim to obtain an ALD self-saturated regime. The 

deposition temperature plays the more critical role on the film thickness uniformity and gives an 

optimum temperature range from 100°C to 140°C. In order to avoid condensation of the precursor, 

the Ag precursor temperature needs to be at least 10°C lower than the one of the chamber. The argon 

flows, both in the plasma head and in the process lines, had a stronger influence at lower 

temperatures due to the more challenging control of the ALD parameters. We have also seen that, 

under selected parameters and reduced temperatures, interesting transformation of the morphology, 

with more dense islands have been obtained. But, due to the non-appropriate evaporation conditions 

of the Ag precursor depositions made at such low temperatures, the depositions were strongly non-

reproducible. A following fine development based on these preliminary results highlighted that the 

ALD sequence times played a major role in order to ensure a saturation of the substrate surface. The 

optimum ALD sequence times was found to be 5s/5s/3s/10s and a deviation of the times conducts to 

a decrease of film thickness uniformity. More precisely, this led to a CVD-like deposition when the 

purge times were too low and an under-saturated regime when the pulse times were not high enough. 

We have also proved that reactive hydrogen radical species created by the plasma are mandatory in 

order to obtain pure silver in metallic state. A film made of separated nanoparticles have been 

obtained at a chamber temperature of 130°C and a hot source temperature of 110°C and low electrical 

conduction was obtained for quite thick films (conductivity of 2.46×10-5 S/cm for a thickness of 47 

nm). We have also confirmed that reducing the chamber temperature from 130°C to 110°C leads to 

an interesting transformation of the morphology, with the formation of continuous and slightly 

conductive Ag thin films, probably due to the reduced migration of the metal atoms on the surface. 

The obtained resistivity for a film of 20 nm is however very high (10 Ω·cm or conductivity of  

7.12×10-2 S/cm), which is not matching with electrical properties required in the microelectronics field. 

Moreover, reducing further the temperature is a challenge since it requires to reduce the precursor 

temperature, which is not favored for appropriate evaporation conditions and lack of reproducibility 

has been highlighted.  

Based on the above process optimization, the next chapter 4 focuses on Ag nanoparticle films 

and expose the large-scale deposition and understanding of the growth mechanism using standard 

PE-ALD process.  
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Chapter 4  

Large-scale deposition and growth 

mechanism of silver nanoparticles by 

plasma-enhanced atomic layer 

deposition 

In the previous chapter 3, a detailed screening of the ALD parameters have been performed. In 

this chapter, based on the optimized parameters, the uniformity of the deposition is investigated over a 

large surface area (8-inch substrate) in order to understand the underlying growth mechanism of silver 

films. Silver nanoparticles are of strong interest for plasmonic applications, which require a very good 

control of the size and shape of the particles. Most of the published research has investigated the influence 

of the deposition parameters on the film morphology at a given position, and the overall uniformity of the 

deposition is not often demonstrated quantitatively. Here we demonstrate that the full analysis of the 

morphology and the uniformity gradient provides more information than the more commonly investigated 

average thickness alone. This uniformity is quantified using different morphological criteria, i.e. 

morphological and EDS film thickness, size, density and aspect ratio of Ag NPs as well as film coverage, both 

at the center position of an 8-inch substrate and, more originally, the gradient over a 10 cm distance on 

the substrate. To the same end, the elemental composition and crystalline structure is determined. We 

also prove that the silver nanostructures can be tailored by the deposition parameters. For Ag deposition, 

the literature highlights that the exact deposition mechanism is not yet fully understood and leads to a lack 

of control of the nanostructure morphology on a large scale. In this part, in order to better understand the 

growth mechanism of Ag NPs, more detailed studies are undertaken within the first deposition stages (first 

800 ALD cycles). An empirical model is finally proposed and directly compared with the experimental 

results with a view to understanding the Ag NP growth mechanism. 4 

 

 
This chapter is based on the publication S. Wack, P. Lunca Popa, N. Adjeroud, J. Guillot, B. R. Pistillo, 
R. Leturcq, Large-Scale Deposition and Growth Mechanism of Silver Nanoparticles by Plasma-
Enhanced Atomic Layer Deposition, J. Phys. Chem. C, 2019, 123, 44, 27196-27206. 
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IV.1. Demonstration of the large-scale uniform deposition of silver nanoparticles 

Most of the published research have investigated the influence of the deposition parameters 

on the film morphology at a given position, but the overall uniformity of the deposition is not often 

demonstrated quantitatively. [26, 41, 45, 48] Here we analyze in detail the uniformity of the 

deposition in terms of deposition thickness, but also in terms of film morphology, in order to 

understand the deposition mechanisms and provide recipes for a higher control of the morphology. 

As exposed in chapter 2, section II.2.2.3., the quantitative analyses have thus been performed 

with respect to the following morphological criteria determined by SEM image treatment or direct 

measurements:  

- EDS equivalent thickness  

- Ag NPs size 

- Coverage percentage 

- Density 

- Morphological thickness  

- Aspect ratio 

 

The film quantitative analyses correspond to the longitudinal variation (i.e. in the precursor 

flow direction). We not consider the transverse variation (i.e. perpendicular to the precursor flow) 

since it showed a maximum variation of 5% for the thickness of the film and the nanoparticle diameter, 

independent of the deposition conditions. (see Figure 27 in chapter 2) 

 

Based on these quantitative studies, we have used the method presented in chapter 2, section 

II.2.2.5. in order to quantify the uniformity of the Ag deposition. Basically, we have plotted the value 

at the center of the wafer and the gradient of the quantities as a function of the investigated 

parameter. We base our study on the results obtained in the optimization of the deposition 

parameters part (III.3.). Table 25 reminds the parameters that have been used for all the experiments 

presented in this chapter, except if defined otherwise in the captions of the figures. 

 

Tch Ths H2pl P Arpr Arpl Arch tpr tpu1 tpl tpu2 d 
Reactor 
pressure 

(°C)  (°C) (sccm) (W) (sccm)  (sccm) (sccm)  (s)  (s)  (s)  (s) (cm)  (mbar) 

130 100 20 100 300 300 100 5 5 3 10 1-4 3 

Table 25: Optimum parameters used for the study of the large-scale uniform deposition of Ag NPs. 

IV.1.1. Influence of the precursors pulse and purge times on the uniformity of the deposition 

The goal of this part is to investigate the influence of the precursors pulse and purge times on the 

uniformity of the morphology of the silver film and use this information for investigating the 

deposition mechanism. 

 

IV.1.1.1. Influence of the pulse times  

Figure 65 illustrates the influence of the Ag precursor exposure time tpr and Figure 66 the one of the 

plasma pulse time tpl on the quantitative morphological parameters determined by SEM image 

treatment. Regarding the EDS thickness, as already demonstrated in chapter 3, the substrate surface 

is saturated by the precursors after 5 s of Ag precursor exposure (Figure 65 (a)) and 3 s of plasma 
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exposure (Figure 66 (a)). This is highlighted by the presence of a plateau in both cases, typical of a 

saturated growth. Here, we confirm that these precursors pulse times favor a more uniform film 

deposition. A negative gradient, i.e. thicker film at the inlet rather than the outlet, but close to zero in 

both cases have been obtained. The morphological thickness follows the same trend than the EDS 

equivalent thickness when increasing tpl  (Figure 66 (d)), even in terms of uniformity. For silver 

precursor exposure, it is both the morphological thickness ((Figure 65 (d)) and film coverage (Figure 

65 (c)) which increases as the EDS thickness, with a more uniform film for higher exposure time and a 

saturated regime after 3 s of exposure leading to a constant aspect ratio (taking into account the error 

bars in Figure 65 (e)). The plot of the NP size at the center and gradient as a function of the silver 

precursor pulse time tpr  (Figure 65 (b)) shows that not only the thickness but also the nanoparticle size 

is highly dependent on the silver precursor pulse time. Here we see that an exposure time shorter 

than 5 s strongly favors a smaller particle diameter, which confirms the under-saturated regime; after 

saturation, the nanoparticles become larger and more uniform in size. The exponential decrease of 

the density of Ag NPs (Figure 65 (f)) agrees the average NP diameter variation: a more uniform and 

less dense film is obtained due to the increase in size of the NPs and their sintering. When it comes to 

the influence of the plasma pulse time tpl, on the NP size, more surprisingly, the nanoparticles become 

larger with longer pulse times, with no apparent saturation (Figure 66 (b)): between 3 ≤ tpl ≤ 10 s, there 

is a very slight variation of EDS thickness (less than 10%), i.e. the quantity of material, but a significant 

one in particle diameter (almost 45%). The expansion of the aspect ratio (Figure 66 (e)) and film 

coverage (Figure 66 (c))  follows the one of the particle size which means that flat NPs are produced. 

The NP density on the surface decreases with the increasing tpl (Figure 66 (f)). As discussed later 

(section IV.2.3.), these trends might be caused by a ripening process, due to the longer exposure of 

the film to the plasma.  [29, 74, 86]  
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Figure 65: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the silver precursor pulse time tpr. For each 
case, we have plotted the average value at the center of the studied parameter (black) and the gradient 
associated (red). The values have been taken on the whole Si wafer from inlet to outlet in order to check the 
uniformity of the silver deposition.   



122 
 

 

Figure 66: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the plasma pulse time tpl. For each case, we 
have plotted the average value at the center of the studied parameter (black) and the gradient associated (red). 
The values have been taken on the whole Si wafer from inlet to outlet in order to check the uniformity of the 
silver deposition.   
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IV.1.1.2. Influence of the purge times 

The purge times influence the type of deposition: ALD or CVD regime. Figure 67 and Figure 68 show 

the influence of, respectively, the purge time tpu1 after silver precursor pulse and the purge time tpu2 

after plasma pulse, on the quantitative morphological parameters extracted from image treatment.  

 

The EDS equivalent thickness variation confirms that a 5-s purge time after Ag pulse (Figure 67 (a)) 

and a 10-s purge time after plasma pulse (Figure 68 (a)) favors a more uniform film deposition, 

highlighted by a positive gradient closer to zero even if the film is thicker at the outlet. At higher tpu1, 

a thinner and much less uniform film is obtained due to the probable thermal desorption occurring. 

The coverage remains constant from tpu1 of 5 s (Figure 67 (c)) and tpu2 of 2 s Figure 68 (c)) to higher 

purge times and more uniform at the optimum purge time. These two features lead to a morphological 

thickness following the one determined by EDS (Figure 67 (d) and Figure 68 (d)). NP size decreases 

when the purge time increases for tpu1 > 5s and tpu2 > 2s. The Ag deposition is less and less uniform in 

terms of NP size when both tpu1 ((Figure 67 (b)) and tpu2 (Figure 68 (b)) increase, as the gradient is much 

and much far from 0 and its positive sign suggests bigger particles at the outlet position at each purge 

time. This degradation of the uniformity with the purge time is also seen through the evolution of the 

NP density (Figure 67 (f) and Figure 68 (f)). The negative gradient suggests also less dense particle at 

the outlet independently of the purge time. The correlation between the morphological thickness (or 

particle height) and particle diameter leads to an aspect ratio with no specific variation as function of 

the times for tpu1 (Figure 67 (e)) and a decrease of the value for tpu2 (Figure 68 (e)). In both cases, the 

aspect ratio fluctuates between 1.6 and 2.2 and approaching 2, i.e. close to half-spherical particles, 

which is also consistent with the Volmer-Weber growth mechanism. This half-spherical morphology 

of the particles is seen in the inset of Figure 68 (e). For time shorter than 2 s, the higher EDS and 

morphological thicknesses and the slightly lower film coverage can be explained by the fact that the 

reactor is not completely purged, and some precursors, i.e. non-reactive Ag precursor and/or 

hydrogen radicals might remain inside (CVD like) after both tpu1 and tpu2.  
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Figure 67: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the purge times tpu1 after silver precursor pulse. 
For each case, we have plotted the average value at the center of the studied parameter (black) and the gradient 
associated (red). The values have been taken on the whole Si wafer from inlet to outlet in order to check the 
uniformity of the silver deposition.   
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Figure 68: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the purge times tpu2 after plasma pulse. For 
each case, we have plotted the average value at the center of the studied parameter (black) and the gradient 
associated (red). The values have been taken on the whole Si wafer from inlet to outlet in order to check the 
uniformity of the silver deposition. The inset in (e) is a cross-section scanning electron micrograph of a typical 
sample with an aspect ratio approaching 2, showing the half-spherical morphology of the particles and the scale 
bar represents 1 µm.   
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IV.1.2. Influence of the number of atomic layer deposition cycles  

The uniform deposition of Ag by ALD on a large scale is often not demonstrated, despite 

requirements in many commercial applications. [26, 48] To the best of our knowledge, there is only 

one report [45] inspecting the uniformity of the deposition with a quantitative criterion, over a wider 

surface area (4 cm), but this was restricted to the deposited thickness. Here, we extend this analysis 

up to 10 cm and to other morphological and structural parameters (see section II.2.2.4.). 

 

In the saturated regime, each new ALD cycle is equivalent to the previous one in terms of the 

amount of deposited material, and a linear increase of the thickness is expected. [58] The growth per 

cycle (GPC) is thus an important parameter to help understand the deposition regime and in particular, 

the linear deposition regime. [39]  

 

In order to investigate the uniformity in terms of film morphology, after performing several 

depositions varying the number of cycles and based on the study of the SEM micrographs, we have 

plotted the morphological criterion at the center and the gradient as a function of the number of 

cycles (Figure 69). The analyses have been carried out on films deposited under saturated growth 

conditions, as exposed in chapter 3, section III.3.  

 

From 200 to 600 cycles, a monotonic increase of the EDS thickness as a function of the number of 

cycles is observed along the sample (i.e. thickness variation from the inlet to the outlet). This behavior 

is a strong indication of a deposition process driven by surface reactions, as expected for ALD. 

However, after 600 cycles, the thickness is less uniform with a positive gradient. One explanation for 

this may be the effect of the migration of the atoms from the inlet to the outlet part of the substrate. 

The non-linear growth and film non-uniformity in ALD have already been noticed in other works. [223, 

224] Similar analyses have been performed on the NP size, film coverage, morphological thickness, 

aspect ratio and density (Figure 69 (b) to (f) and see Figure 27 in chapter 2 for longitudinal direction). 

The NP size and morphological thickness show a sharp increase as for the EDS thickness, which leads 

to an increased aspect ratio. A less abrupt positive slope is observed for the film coverage. The 

nanoparticles density decreases exponentially suggesting the sintering of the Ag NPs. All these 

observations agree with the island growth or Volmer-Weber mode, as seen in the next sections. 

Regarding the uniformity of the depositions, the NP size gradient follows the same trend as the one 

of the EDS thickness. The film coverage gradient also increases which explains that the morphological 

thickness is much more uniform as a function of the number of cycles. The density is strongly non-

uniform for 200 cycles and becomes much more uniform which is related to the merging of the NPs. 

Overall, the quantitative analyses show that a variation of between 5 and 20% over 10 cm is obtained 

depending on the morphological parameters in these conditions. This shows the very good uniformity 

achieved with optimally set parameters. 

 

In order to further compare the deposition regimes achieved, the thickness dependence on the 

number of cycles is linearly fitted up to 600 cycles, which is the limit of the sample saturating surface 

reaction; the slope, i.e. the growth per cycle (GPC), and the intercept on the y-axis (thickness offset) 

is then extracted. The results are presented in Figure 70. The GPC fluctuates between 0.014 and 0.020 

nm/cycle as a function of the position all along the wafer but remains close to the experimental error 

bars. The average value of 0.017 ± 0.004 nm/cycle is 1.8 times lower than that obtained previously 
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using the same precursors. [41] This discrepancy is not surprising given the challenging control of the 

deposition conditions of Ag by ALD. Considering the spacing between face-centered cubic (fcc) Ag(111) 

planes of 0.236 nm, the GPC value suggests the deposition of less than one monolayer of Ag atoms in 

each cycle. [26] For the future analysis, we focus our study on 400 ALD cycles in order to be well within 

the saturated surface reaction regime. 

 

 
Figure 69: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the number of ALD cycles. For each case, we 
have plotted the average value at the center of the studied parameter (black) and the gradient associated (red). 
The values have been taken on the whole Si wafer from inlet to outlet in order to check the uniformity of the 
silver deposition.   
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Figure 70: Plot of the growth per cycle rate (in black) and the offset (in blue) of the silver deposition processes 
for different positions on the Si substrate from the inlet. 

 

IV.1.3. Influence of the temperature and the plasma conditions on the uniformity of the 

deposition 

In this section, we analyze the influence of the substrate temperature and the plasma conditions, 

both having a strong influence on the reaction efficiency. However, in an ideal ALD regime, both 

parameters should not significantly alter the deposition within a range usually called the “process 

window”, i.e. range of temperature and/or plasma conditions where the ALD regime is achieved. Here, 

we demonstrate that the full analysis of the morphology and the gradients provides more information 

than the more commonly investigated average thickness alone (presented in section III.3.). 

 

The chamber temperature directly influences the rates of the chemical reactions (precursor with 

the surface, and reduction) and the mobility of the reactants on the surface. This parameter is also 

important for the process window where self-limiting growth occurs. The influence of the chamber 

temperature on the nanoparticle morphology is described in Figure 71. 
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Figure 71: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the temperature of the chamber. For each 
case, we have plotted the average value at the center of the studied parameter (black) and the gradient 
associated (red). The values have been taken on the whole Si wafer from inlet to outlet in order to check the 
uniformity of the silver deposition.   

Figure 71 (a) shows that the EDS equivalent thickness of Ag films depends on the chamber 

temperature being below 130°C, and is then constant up to 160°C. However, at temperatures beyond 

140°C, the deposition starts to become non-uniform, with a thicker deposition at the inlet and a 

thinner deposition at the outlet (negative gradient). This behavior may be due to the early 

decomposition of the precursor directly at the inlet, and lower amount arriving at the outlet. A 

negative gradient is also observed at a temperature lower than 130°C, probably due to the re-
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condensation of the precursor at the inlet, since the reactor temperature becomes closer to the 

precursor evaporation temperature (see II. Experimental section). The analysis of the large-scale 

deposition, and in particular the gradient of the thickness, is thus useful here as it demonstrates the 

lower effective process window between 130-140°C, which is not anticipated by investigating the 

average thickness alone. 

After doing a statistical particle size distribution of Ag NPs grown at different deposition 

temperatures, Van den Bruele et al. [85] proved that the chamber temperature controls the islands’ 

size and their density, since it is a surface-diffusion dependent parameter. In the present case, the 

nanoparticle morphology (size and density) is also highly dependent on the chamber temperature 

(Figure 71  (b-f)). We however point out that the NP morphology is uniform only in the process window 

of 130-140°C, and the gradient of thickness outside the process window strongly influences the NP 

size. Indeed, outside this process window, the NP size shows a negative gradient (smaller particles 

towards the outlet) and the density a positive gradient (larger density towards the outlet). Both 

observations are consistent with a larger deposition rate at the inlet, as shown in next section, and 

make a direct correlation of the morphology with the temperature difficult.  

 

One of the main parameters that we identify as critical for obtaining a uniform deposition is 

the “plasma density”. In order to investigate the influence of the plasma conditions, we have varied 

both the RF power Pdep and the distance d between the grid and the substrate and then plotted the 

value of the quantitative parameter at the center and the associated gradient as a function of the 

plasma conditions (Figure 72).  

The EDS equivalent thickness is slightly impacted by a change of the plasma conditions, as 

shown by the variation from 8 to 10 nm in Figure 72 (a)). However, as suggested by the gradient closer 

to 0, the best uniformity is obtained at higher power of 100 W and smaller distance of 1 cm. In these 

conditions, more uniform film made of bigger nanoparticles combined with higher morphological 

thickness (or particle height) are obtained (Figure 72 (b) and Figure 72 (d)) which leads to an aspect 

ratio close to 2, i.e. to half-spherical particle (Figure 72 (e)) and a uniform half-covering film (Figure 72 

(c)). The particle density shows also the better uniformity (Figure 72 (f)) when high RF plasma power 

and low distance substrate-grid are used. Lowering Pdep or increasing d leads to a much less uniform 

film regarding the morphological criteria. This means that the maximum quantity of radicals arriving 

on the substrate and a reduced travelling distance give the higher plasma efficiency needed for the 

reduction reaction of the precursor. These conditions presumably also favor a uniform cross-flow 

between the lateral flow of silver precursor and the vertical flow of hydrogen radicals.  
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Figure 72: Plot of the quantitative parameter (a) EDS thickness, (b) NP size, (c) coverage in percentage, (d) 
morphological thickness, (e) aspect ratio and (f) density of NP vs. the plasma conditions. For each case, we have 
plotted the average value at the center of the studied parameter (black) and the gradient associated (red). The 
values have been taken on the whole Si wafer from inlet to outlet in order to check the uniformity of the silver 
deposition.   

 

So far, we have demonstrated how the ALD of silver nanoparticles follow the saturated regime 

required for obtaining good control of the deposition and large-scale uniformity. We have shown that 

appropriate pulse and purge times produce films with less than 5% gradient of the thickness and NP 

size over 10 cm length.  
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IV.1.4. Uniformity at the atomic scale 

Here we also analyze the elemental composition and the crystalline structure of the film at different 

positions on the wafer in order to prove the uniformity of the structure at the atomic scale.  

 

IV.1.4.1. Film composition 

XPS analyses were used for investigating one important signature of the chemical reaction, namely 

the uniformity of the film’s final composition. The spectra were acquired before and after argon 

sputtering (280 s) in order to determine the elemental composition in the first nanometers (10 first 

nm for as-deposited) of the deposit and in the bulk (after 280 s of etching). Figure 73 presents the 

survey spectra for as-deposited Ag film (Figure 73 (a)) and after Ar sputtering (Figure 73 (b)) and Figure 

74 (a-b), the corresponding elemental composition. 

 

 
Figure 73: XPS survey spectra of Ag films deposited at three different positions on the Si substrate from the inlet 
(5 cm in red, 10 cm in blue and 15 cm in green), (a) as-deposited and (b) after 280 s of argon sputtering.  
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Figure 74: (a) and (b) Elemental composition (in at.%) of Ag films deposited at three different positions on the Si 
substrate from the inlet (a) as-deposited and (b) after 280 s of argon sputtering. (c) to (e) Scanning electron 
micrographs corresponding to the three positions from the inlet (c) 5 cm, (d) 10 cm and (e) 15 cm. The values 
on the images refer to the thickness of the films determined by EDS and the scale bars represent 500 nm.  
 

On the surface, before the sputtering, carbon and oxygen are contaminants usually observed by XPS 

on the surface of samples exposed to air. The presence of fluorine and phosphorus can be attributed 

to the unreacted precursor after the last ALD cycle. The F 1s contribution at around 688 eV (see survey 

spectra in Figure 73) corresponds to organic fluorine and not to metal fluorides that should be present 

at a lower binding energy. This also leads to additional carbon and oxygen amounts. The granular film 

structure and its small thickness (see Figure 74 (c) to (e)) enable the detection of the silicon and SiO2 

from the substrate.  

From the line shape of the Si 2s peak, the formation of silicide is not observed. Consequently, the 

Ag / Si ratio are altered by the different morphologies of the film in various positions of the samples 

in the reactor (from the inlet (5 cm) to the outlet (15 cm), see Figure 74 (c) to (e)). Indeed, even if the 

Ag equivalent film thickness remains constant, the island sizes and the coverage increase by 8.4% and 

5.5%, respectively, whereas the density of particles on the surface decreases by 18.8%. The difference 

in the percentage of the Ag amount may also be attributed to the presence of less surface 

contamination in the outlet part, which is directly linked to the gas flow in the reactor. 

In contrast to the analysis before etching, which shows a large non-uniform surface contamination, 

the elemental composition of the samples after etching is almost independent of the position in the 

reactor and suggests a good uniformity of the reaction in the reactor (Figure 74 (b)). In all cases, the 

lack of phosphorus confirms the potential Ag-P bond breakage. The low amount of oxygen, carbon 

and fluorine after etching also confirms the almost complete decomposition of the silver precursor. 
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The slight variations of Ag and Si contents between 5 cm and 15 cm might be correlated with a slight 

change in the film morphology.  

 

In Figure 75, HR Ag 3d spectra of samples at three different positions from the inlet, are reported. 

Furthermore, each sample are compared with the Ag reference spectrum. The spectra were recorded 

at the surface level (t=0) and after an etching time of 280 s. The presence of loss features combined 

with the asymmetric peak shape in all spectra confirms the presence of Ag as metal, as required from 

the literature (see section III.3.2.1). The presence of less surface contamination and thus higher 

amount of Ag in the outlet part leads to results closer to the silver reference.  
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Figure 75: High resolution Ag 3d spectra of samples at different positions from the inlet (a) 5 cm, (b) 10 cm and 
(c) 15 cm, respectively. Each spectrum, compared with the Ag reference (red line), was recorded at t=0 (in blue) 
and 280 s (in green) of etching. 
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In Figure 76,  all Auger Ag MNN peaks show a shape similar to that one of the Ag reference (red line) 

which suggests the presence of Ag in metallic state. The slight difference relies on the intensity of the 

background which is higher for the spectra recorded at the surface due to surface contamination. 

 
Figure 76: Auger Ag MNN spectra of samples at different positions from the inlet (a) 5 cm, (b) 10 cm and (c) 15 
cm, respectively. Each spectrum, compared with the Ag reference (red line), recorded at t=0 (in blue) and 280 s 
(in green) of etching. 
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Finally, the third parameter investigated and calculated is the modified Auger parameter α’ which 

is calculated taking into account the maximum value of Ag 3d photoelectron peak and Auger Ag 

M4N4,5N4,5 peak.  

Figure 77 presents all α’ values calculated for the samples discussed above. When compared with 

the data from literature (see chapter 3, Table 21), the modified Auger parameter values suggest that 

silver in the films is mainly in the metallic state in all the samples. The slight increase of the modified 

Auger parameter after sputtering is characteristic of the presence of a low amount of silver oxide on 

pristine surfaces (black) and removed with argon etching (red).    

 
Figure 77: Modified Auger parameter (α’) of Ag for different points on the wafer (distance from the inlet): as- 
deposited in black and after 280 s of etching in red. The blue line corresponds to a reference Ag foil. The error 
bars correspond to the experimental error linked to the spectra acquisition step size. 

 

In order to better understand the decomposition of the precursor on the substrate and the origin 

of the remaining impurities after the ALD reaction, we have performed ToF-SIMS analysis of a 

representative film on Si substrate at three different positions from gas inlet. The spectra recorded in 

the positive and negative modes, are shown in Figure 78. The results are compared to the silver 

precursor (chemical formula shown in the inset). We note here that the observed fragments result 

from recombination of ions and are not directly representative of the molecules present in the 

samples. 
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Figure 78: ToF-SIMS spectrogram (intensity as a function the atomic mass m/z) measured (a) in the positive 
mode (only positive ions are collected) and (b) in the negative mode (only negative ions are collected), at three 
positions from inlet (5 cm in red, 10 cm in blue and 15 cm in green) as well as for the silver precursor Ag(fod)(PEt3) 
(in magenta, chemical formula in the inset). 

The main fragments observed in the precursor spectrogram in positive mode (Figure 78 (a)) 

are AgPC6H15
+ and PC6H16

+, which are directly associated with the chemical formula of the precursor. 

The absence of the contribution of the entire molecule suggests that it is easily fragmented due to the 

destructive analysis method used. For the films, the main observation is first, the strong decrease of 

these ions, AgPC6H15
+ decreasing with the increased distance from the inlet and second, an increase 

of silver in the form of several clusters (Ag+, Ag2
+, Ag3

+, Ag4
+, Ag5

+ and Ag7
+). These observations are a 

strong indication of the reduction reaction giving pure silver films, as proved with previous XPS 

analyses. This is also confirmed in the negative mode (Figure 78(b)), where C4O2F7
- and C3F7

- are 
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fragments observed in the monomer spectrum while their strong decrease is exposed for Ag films with 

the increased distance from the inlet. The presence of anions Cl- and AgCl2- in the Ag deposition 

spectrum confirms that it is coming from contamination of the ALD reactor since they are not present 

in the monomer spectrum. This contamination decreased with the distance from the inlet to the outlet 

of the substrate. XPS results did not highlight the presence of chlorine since, on the surface, the 

amount was close to the limit of detection of the analysis and absent after Ar sputtering. Organic 

fluorine and not metal fluorides found in XPS analyses is also confirmed by ToF-SIMS measurement.   

 

IV.1.4.2. Crystalline structure 

 
Figure 79: (a) X-ray diffraction spectrogram of 20 nm-thick Ag thin film deposited on silicon substrate at three 
positions in the reactor, close to the inlet, at the center and close to the outlet. (b) Crystallite size extracted from 
(111), (200), (220) and (311) diffraction peaks at three positions in the reactor, close to the inlet, at the center 
and close to the outlet. 

 

The XRD diffractogram (Figure 79 (a)) shows that the films consist of polycrystalline face centered 

cubic (fcc) silver (𝐹𝑚3̅𝑚) (JCPDS 04-0783) and exhibit (111), (200), (220) and (311) reflections for the 

three different positions in the reactor. No signature of other phases, such as silver oxide, are 

observed. The presence of all peaks for the three positions proves that the crystallinity of the films is 

independent of the position in the reactor. The crystallite size for the four diffraction peaks (Figure 79 

(b)) decreases very slightly from the inlet to the outlet, independently of the diffraction plans. This 

decrease is interesting as it shows that, despite the good uniformity in terms of thickness and NP size, 

the microscopic crystalline structure is affected by the position. 

 

IV.2. Discussion of a proposed model for the growth mechanism of silver 

nanoparticles 

Up to now, we have demonstrated that uniform Ag NPs film are produced on a large-scale using PE-

ALD in the saturated regime. The uniformity has been analyzed in terms of morphology, growth rate, 

elemental composition and crystal structure, with less than 5% variation of the thickness and NP size 

over 10 cm length. We also pointed out that the averaged morphological quantities alone do not 

provide a full criterion for a perfect control of the deposition. The gradient of these quantities is a 

major criterion for choosing an accurate parameter. By analyzing this gradient, we have observed that 
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several mechanisms influence the deposition uniformity, and we have suggested that material 

transfer via precursor migration or ripening process might play an important role. In the following 

part, we analyze in more details the growth mechanism in order to confirm these hypotheses. 
 

IV.2.1. Morphology and crystal structure as a function of the number of atomic layer 

deposition cycles 

In the literature, the study of the number of ALD cycles, which enables the coalescence and 

continued nucleation, controls the particle size distribution. The fingerprint is an increase of both the 

NP size, with irregular shapes, and the gap between islands, with a decrease of their density. [19, 29, 

45, 48, 144, 146] However, the growth mechanism is still little understood at the initial stage of the 

film synthesis.  

SEM micrographs were carried out on thin silver films deposited after varying the number of 

deposition cycles from 200 to 800 in order to investigate the growth mechanism. The analysis at a 

lower number of cycles did not enable a reliable analysis using SEM. All positions along the wafer have 

been studied and the results are comparable due to the high uniform deposition. For the sake of 

clarity, only the center position (10 cm from inlet) is presented here (based on Figure 69), and the 

related SEM micrographs are shown in Figure 80.  

 

 
Figure 80: Scanning Electron Micrographs of Ag thin films deposited on silicon at the center of the substrate (10 
cm from inlet) used in order to investigate the growth mechanism after a varying number of cycles (a) 200 cycles, 
(b) 400 cycles, (c) 600 cycles and (d) 800 cycles. The values on the images refer to the thickness of the films 
determined by EDS and the scale bars represent 500 nm. The studies were performed at the optimum 
temperatures Tch = 130°C/Ths = 100°C. 

 
After 200 cycles, the film morphology is characterized by small and spaced nanoparticles. These 

particles get bigger, closer, and increasingly irregular in shape with increasing numbers of cycles. In 

order to quantify these observations, the influence of the number of cycles on different morphological 

parameters is examined in Figure 81. Ag NPs begin to coalesce at a critical thickness of 62 nm, but 

since we are focusing on tailoring Ag NPs, the data are not relevant here. The EDS equivalent thickness, 

the NP size and the morphological thickness increase linearly with the number of cycles (Figure 81 (a), 

(b) and (d)), something that is attributed to usual island growth. According to the literature, silver films 

present an island morphology before growing into a film. [19, 29, 48, 85] This is known as the Volmer-

Weber growth mechanism: due to the high surface energy of metals (1.25 J/m2 for silver [225]), the 

atoms have a strong affinity with each other instead of adhering to the substrate (0.75 J/m2 for SiO2/Si 

[226]). The experimental observations in Figure 81 strongly suggest that the growth occurs following 

the Volmer-Weber growth mode. Both NP diameter (Figure 81 (b)) and morphological thickness 

(Figure 81 (d)) increase, leading to the expansion of the aspect ratio (Figure 81 (f)). This proves the 
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anisotropic growth on vertical and lateral directions, with a flattened shape favored since the ratio is 

larger than one. The coverage shows a weaker linear increase (Figure 81 ((c)), which could also be 

attributed to this mechanism. This is however contradicted by the exponential decrease of the 

nanoparticle density with the number of cycles (Figure 81 (g)), presumably related to the merging of 

the NPs. The rms roughness (Figure 81 (e)) increases exponentially as a function of the ALD cycles and 

is directly associated to the NP size trend.  

 
Figure 81: Influence of the number of cycles on (a) the EDS equivalent thickness, (b) the nanoparticle size, (c) 
the coverage, (d) the morphological thickness (vertical thickness), (e) the rms roughness determined by AFM, (f) 
the aspect ratio, (g) the density and (h) the crystallite size extracted from (111), (200), (220) and (311) diffraction 
peaks. 
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Finally, the crystallite size behavior was analyzed. A linear increase of the grain size with the number 

of cycles is observed (Figure 81 (h)). This implies that a better crystallization takes place during growth, 

showing a clear redistribution of the atoms rather than a simple condensation of crystallites. 

Moreover, the XRD diffractogram exposed in Figure 82, proves that the films consist of polycrystalline 

face centered cubic (fcc) silver (𝐹𝑚3̅𝑚) (JCPDS 04-0783) and exhibit (111), (200), (220) and (311) 

reflections.  

 

 
Figure 82: X-ray diffraction spectrogram of Ag thin film deposited on silicon substrate at four different numbers 
of cycles (200,400, 600 and 800) 

 

IV.2.2. Growth model for the deposition of silver nanoparticles  

At the end of the first analysis, it is possible to conclude that the observed trends are not consistent 

with a single growth mechanism. In order to give a global picture of the deposition mechanism, we 

compare the results with a simple empirical model for the growth of a nanoparticle on a surface. We 

assume four main mechanisms involved for the deposition of silver atoms on the surface:  

1. reaction and deposition on top of a silver nanoparticle already adsorbed on the surface; 

2. reaction and deposition on the triple point, i.e. interface between substrate, deposited silver and 

gas;  

3. reaction directly on the substrate (nucleation); 

4. transfer of material between particles, either through migration, coalescence, or Ostwald 

ripening. 

These mechanisms are illustrated in Figure 83 and the table summarizes how the main 

morphological parameters are expected to evolve as a function of the involved mechanism. Finally, it 

is possible compare these evolutions with the experimental results obtained in Figure 81. 
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Figure 83: Scheme representing the different attachment mechanisms of a nanoparticle on a surface and the 
associated table summarizing the evolution of the nanoparticle size, the EDS equivalent film thickness, the 
coverage, the height of the NP, the rms roughness, the aspect ratio, the nanoparticle density regarding the 
simplistic model and comparison with the experimental results. 

Interestingly, the combination of top deposition (1), side deposition (2) and material transfer (4) is 

the minimal combination that reproduces the experimental results. Surface nucleation (3) is excluded 

by the exponential decrease of the particle density. After this exclusion, we note that top deposition 

(1) is required for explaining the increase of morphological thickness and rms roughness. The side 

deposition (2) is required for explaining the coverage increase. The material transfer (4) is required for 

explaining the exponential decrease of particle density while the coverage shows a weak linear 

increase, i.e. we do not observe the simple merging of particles with increasing size. 

 

IV.2.3. Analysis of the material transfer mechanism 
 

As exposed in section I.2.3., the material transfer (mechanism 4) involves the competition 

between two potential mechanisms: Ostwald ripening (OR) or particle migration and eventual 

coalescence (Smoluchowski ripening - SR). [69, 70]  

In order to further investigate this mechanism, we have performed a plasma post-treatment on 

deposited NPs, with the same plasma conditions as those used for the deposition. Figure 84 (a) and 

Figure 84 (b) show SEM pictures of the particles before and after post-treatment, and the histograms 

of particle sizes are presented in Figure 84 (c) and Figure 84 (d). The observation of an increase of the 

NP size and a decrease of the NP density after plasma treatment is in line with the work done by Duan 

et al. [86] where the author strongly suggests an OR process. Moreover, point out that this mechanism 

is also consistent with the observation made on the influence of the plasma pulse time exhibited in 

previous sections. In Figure 66 (b), the continuous increase of the particle size with plasma pulse time 

is observed, even with a saturation of the deposition thickness (EDS equivalent thickness). This is full 

consistent with the study of Tang et al. [74] who observe a t1/3 dependence between nanoparticle 

diameter and plasma post-treatment time which indicates an Ostwald ripening process. In addition, 

the dependence of the Ag NPs morphology with the number of ALD cycles where we observed an 
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increase of both the NP size, with irregular shapes, and the gap between islands, with a decrease of 

their density (Figure 80, Figure 81) fits the results of the previous published work of Golrokhi et al. 

[29] and the occurrence of material transfer via OR. Lastly, Ostwald ripening can take place either by 

surface diffusion along the substrate or by vapor phase diffusion. For our experiments, if this process 

occurred by vapor phase diffusion, the hypothesis would be bigger NPs in the outlet part of the wafer 

than in the inlet part. We observe a uniform deposition, consequently the surface diffusion along the 

substrate seems to be favored as it is expected to have a shorter range.  

 

 
Figure 84: (a-b) Scanning electron micrographs of Ag thin films (a) as-deposited after 100 cycles and (b) after 
plasma post-treatment for 5 min. The EDS equivalent thickness is 4 nm in both cases, and the scale bare is 500 
nm. (c-d) Particle size distribution histograms of Ag thin films (c) as-deposited and (d) after plasma post-
treatment. Black line curves are lognormal fit.  

 

IV.3. Conclusion 

This chapter has presented in more details the correlation between the large-scale deposition 

depending on the ALD process parameters and the growth mechanism of silver nanoparticles. A 

deeper investigation of the uniformity of the deposition has been quantified in terms of film 

morphology using an original methodology. We have reported both the value at the center position 

of an 8-inch silicon wafer and more originally, the gradient over a 10 cm distance on the substrate of 

different morphological criteria, i.e. morphological and EDS film thickness, Ag NPs size, density and 

aspect ratio and film coverage. We have demonstrated that this method gives more indications than 

the more commonly investigated average thickness alone. More precisely, we have found a limited 

process temperature window ranging from 130 to 140 °C, which is not anticipated by investigating the 

deposition rate alone. In this ALD window, less than 5% gradient of the thickness and NP size over  
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10 cm length have been obtained under appropriate pulse and purge times. The most efficient 

reduction reaction of the Ag precursor by hydrogen radical species was found with a high amount of 

reactive species and a reduced travelling distance. The completeness of the reduction reaction has 

also been demonstrated by chemical analyses which have shown an atomic scale uniformity and a film 

deposition made of polycrystalline pure metallic silver with a low amount of impurities. We have 

investigated the Ag growth mechanism by changing the number of ALD cycles within the first 800 

cycles and studied more criterion, i.e. by adding the film roughness and its crystallinity. We have 

observed a linear increase of the EDS equivalent thickness, the Ag NP size, the morphological thickness 

and the films coverage with increasing ALD cycles which is fully consistent with the well-known 

Volmer-Weber growth mechanism occurring for metal film on oxide surfaces. This leads to an 

anisotropic growth on vertical and lateral directions, with an Ag NPs flattened shape favored, and the 

grain size has suggested a better crystallization taking place during growth. The exponential decrease 

of the nanoparticle density is however a signature of the merging of the particles and suggests that 

the observed trends were not consistent with a single growth mechanism. An empirical model has 

been established on four growth mechanisms taking place during the nucleation of a film on a 

substrate deposited by chemical vapor-phase method. The minimal combination that reproduces the 

experimental results was the reaction and deposition, on top of a silver nanoparticle already adsorbed 

on the surface, on the triple point (interface between the substrate, deposited silver and gas) and 

material transfer. But the material transfer mechanism dominates the NP morphology with a decrease 

of the roughness as the signature. We have shown that this material transfer mechanism mainly 

occurred during the plasma pulse, allowing us to tune the NP size while keeping the average thickness 

constant. Similar behavior has been found in the literature and have suggested ‘surface Oswald 

ripening’ like process, but a deeper investigation is still needed regarding this material transfer. 
 

 

 

 



 
 

 

 



147 
 

  Chapter 5  

Two-step approach for chemical 

vapor-phase deposition of ultra-thin 

conductive silver films 

As reported in previous part, the deposition of silver films using the standard PE-ALD 

process did not demonstrate continuous ultra-thin silver films (i.e. continuous films with thickness 

below 20 nm). Here we demonstrate an alternative process regime which might be more promising 

for continuous ultra-thin films deposition. 

In this chapter, the proof of concept of the novel approach is first demonstrated by presenting 

the principle of the Ag deposition and the electrical properties of the resulting film. This processing 

relies on a two-step process divided in, first, a chemical vapor-phase deposition giving almost 

insulating compact nanoparticle morphology and, second, a plasma post-treatment which sinters the 

nanoparticles and forms a quasi-continuous ultra-thin conductive silver film. By means of its chemical 

composition and crystallographic properties, we prove, in the second section, that the first product is 

already silver in metallic state with some Ag precursor remaining on the surface, even if it is electrically 

non-conductive. In the third section, we investigate the deposition parameters which allow us to 

obtain a compact NPs morphology in order to understand the occurring growth mechanism. Based on 

the obtained results, we discuss about a proposed qualitative model for the growth mechanism of Ag 

compact films. The last section is dedicated to a deeper study of the parameters used for hydrogen-

based plasma post-treatment of Ag films made of compact nanoparticles and their influence on the 

film morphology and electrical properties. 5 

 

 
This chapter is based on the publication S. Wack, P. Lunca Popa, N. Adjeroud, C. Vergne, R. Leturcq, 
Two-Step Approach for Conformal Chemical Vapor-Phase Deposition of Ultra-Thin Conductive Silver 
Films, ACS Appl. Mater. Interfaces, 2020, 12, 32, 36329–36338. 
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V.1. Proof of concept of the new two-step approach 

V.1.1. Principle and morphological properties 

The two-step approach is based on the standard PE-ALD processing using the same silver precursor 

and H2-based plasma reducing agent, in conditions similar to the ones demonstrated for standard PE-

ALD regime (see Figure 85 (a)). 

In order to obtain a conducting ultra-thin film, the main challenge is to obtain a dense and compact 

deposit. Both standard ALD and CVD rely on the reaction of the precursor with the surface, leading to 

a non-conducting island morphology (Figure 85 (c)), due to specific Volmer-Weber growth mechanism, 

as exposed in previous chapter. Electrical conduction is achieved only after the coalescence, 

characterized usually by high critical thickness. In order to circumvent this morphology, we have used 

a modified processing condition in order to favor gas-phase reaction before the surface reaction (see 

Figure 85 (b)). This is usually avoided in the ALD or CVD of thin film as it leads to a lack of control over 

the thickness and to deposition of nanoparticles. This regime has been referred to forced “pulsed-PE-

CVD”.  

 
Figure 85: (a) and (b) Pulse sequence for (a) standard PE-ALD processing characterized by a surface reaction and 
(b) Two-step pulsed PE-CVD processing developed during the thesis for the deposition of percolated silver thin 
films. (c) to (e) Scanning Electron Micrograph of Ag thin films on glass substrates corresponding to (c) standard 
PE-ALD processing for an EDS film thickness of 19 ± 1 nm; (d) and (e) Two-step pulsed PE-CVD processing with 
(d) as-deposited and (e) post-treated films. The EDS equivalent thickness is 24 ± 2 nm in both cases. The values 
shown in the middle of the images correspond to the sheet resistance of the Ag layer.  

This peculiar pulsed-PE-CVD regime was achieved by continuously exposing the metal-organic 

silver precursor in the reactor, while keeping the pulsed hydrogen-based plasma sequence from PE-

ALD (Figure 85 (b)). This has been discovered with the deficient precursor injection system, as already 
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explained in chapter 3. The as-deposited film (Figure 85 (d)) is made of compact silver-based 

nanoparticles with a surface coverage close to 100 % that is usually not achieved at low thickness with 

CVD or ALD methods. The as-deposited film has a high sheet resistance (6 ± 5 MΩ/□) for the film in 

Figure 85 (d)), which we attribute to remaining precursor on the surface of the nanoparticles, as it is 

discussed in section V.4.  

Figure 86 exposes the influence of the number of cycles on the thickness of the Ag film. As 

highlighted by the linear fit, the layer thickness is controlled in the new processing conditions by 

changing the number of deposition cycles. A thicker deposition is however obtained at the inlet 

probably due to the early decomposition of the precursor directly at the inlet, and lower amount 

arriving at the outlet. This process leads to a typical growth rate of 0.065 ± 0.02 nm/cycle. 

 
Figure 86: Influence of the number of cycles on the EDS thickness of Ag films deposited on Si at different position 
from the inlet. 

In order to make the deposit conductive, a second step of post-treatment (PT) is performed, as 

already demonstrated for solution processed Ag nanoparticles, as exposed in I.4.4. Background. After 

a hydrogen-based plasma PT, the compact nanoparticles sinter and form a quasi-continuous ultra-thin 

silver film with a low sheet resistance (6 ± 1 Ω/□) for the film in Figure 85 (e)). This decrease of the 

sheet resistance by six orders of magnitude is remarkable, as previous reports for silver thin layers 

obtained by gas-phase synthesis suggest that post-processing steps usually increase the sheet 

resistance of silver films due to the dewetting effect. [227] This difference might be attributed to the 

very peculiar morphology of the as-deposited film.  

The morphological properties of the Ag films have been investigated in Figure 87. As exposed above, 

as-deposited film is made of compact silver-based nanoparticles with a surface coverage close to 100 

%, which sinter and form a quasi-continuous ultra-thin silver film after PT. However, a 40-nm-thick Ag 

as-deposited film presents a high rms roughness (Figure 87 (a)) which is slightly reduced after plasma 

post-treatment but still remains important (Figure 87 (b)). SEM cross-section has been performed on 

Ag film deposited on Si substrate, and as seen in Figure 87 (c), it demonstrates that the film is rather 

composed of multiple layers of particles. 
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Figure 87: Morphological properties of Ag thin films. (a) and (b) Atomic Force Micrographs of Ag thin films on 
silicon substrates (a) as-deposited and (b) post-treated films. The EDS equivalent thickness is 40 ± 2 nm in both 
cases. The values shown in the middle of the images corresponds to the rms roughness of the Ag layer. (c) 
Scanning electron micrographs cross-section of as-deposited Ag thin film on silicon substrate. The value shown 
in the middle of the image corresponds to the EDS equivalent thickness of the Ag layer.  

V.1.2. Electrical properties 
 

V.1.2.1. Critical thickness  

Owning its lowest bulk resistivity among the metals, Ag appears as a promising candidate for the 

replacement of aluminum or copper as interconnects in microelectronics. [17, 38] The small-scale 

devices used here impose the synthesis of highly uniform and conformal conductive films with low 

critical thickness as a crucial criterion. The effect of the plasma post-treatment processing on the 

electrical properties of the silver layers was furthermore investigated. The plot of the sheet resistance 

Rs as a function of the silver thickness is depicted in Figure 88.  

 

Figure 88: Sheet resistance as a function of EDS equivalent thickness of Ag thin films on glass substrates. The 
data have been referred for the as-deposited (red triangle symbols) and post-treated (black square symbols) 
films. The blue spots have been obtained by a standard ALD process, following our previous work presented in 
chapter 4. The green curve has been plotted as a reference for Ag thin film synthetized by magnetron sputtering, 
following the publication of Hauder et al. [17] 
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The as-deposited silver films (triangle symbols) present a very high sheet resistance, almost 

independent of the thickness. The PT strongly reduces this sheet resistance (square symbols), that 

becomes thickness-dependent, as expected for a uniformly conductive film. Those results match well 

with the precursor removal of on the surface after PT and its presence for as-deposited films, which is 

highlighted by chemical analyzes in the next sections. The critical thickness (above which the deposits 

are conducting) is lower than 15 ± 1 nm, for which the sheet resistance reaches a value of 1.2 ± 0.1 

kΩ/□ after post-treatment. This is very close to the state-of-the-art values for sputter-deposited thin 

films for the same thickness (green curve [17]) and well below the 63 ± 5 nm (value in grey circles) for 

standard PE-ALD process using the same conditions as the one used in this work. It is also lower than 

22 nm, the lowest value for PE-ALD reported by Kariniemi et al. [41].  

 

We have also investigated the uniformity of the electrical properties of the coatings on 10 cm x 10 

cm flat glass substrate. An average value of the sheet resistance of 3.5 ± 1.4 Ω/□, i.e. with a standard 

deviation of 40 % over the full sample, confirms the large-scale efficiency of the deposition performed 

in a standard non-optimized reactor with a diameter of 200 mm. 

 

 

V.1.2.2. Mean free path  

 

Figure 89: Plot of ρ0/ρ as a function of the inverse of the film thickness 1/t in order to deduce the mean free 
path of electrons 𝜆. 

The resulting electrical resistivity after plasma PT fits well to the scaling equation exposed in chapter 

2:  

𝜌0

𝜌
= 1 −

3𝜆

8𝑡
  

 

As seen in Figure 89, 𝜆 is equal to  26 ± 2nm , which is very close to the 31 nm found for sputtered Ag 

films, based on the work of Hauder et al. [17]. This means that the conductivity is limited by the surface 

scattering rather than the grain boundaries and it proves the good quality of the film. The error of the 

fit (R2 = 0.82) is related to the fact that we assume a continuous film whereas the morphology presents 

some gaps.   
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V.2. Chemical composition and crystallographic properties 

The chemical and crystallographic properties of the Ag films have been investigated in order 

to follow the evolution after deposition and after post-treatment.  

V.2.1. Film composition 

Figure 90 presents the survey spectra for as-deposited (Figure 90 (a)) and post-treated Ag film 

(Figure 90 (b)) and Figure 91 ((a) and (b), the corresponding elemental composition. 

 
Figure 90: XPS survey spectra of (a) as-deposited and (b) post-treated Ag thin films. Each spectrum was recorded 
at t=0 (in red) and after Ar sputtering (two different times, t= 140 s in blue and t= 280 s in green). 
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Figure 91: (a) and (b) Elemental composition (in at.%) of Ag thin films synthetized on silicon substrate using the 
new process (EDS equivalent thickness of 26 ± 2 nm) measured by XPS before (etching time 0 s) and after Ar 
sputtering (two different etching times, 140 and 280 s). (a) As-deposited and (b) post-treated Ag thin films. (c) 
and (d) Scanning electron micrographs of the corresponding 26-nm-thick (c) as-deposited and (d) post-treated 
Ag thin films. The scale bars represent 500 nm. 

For the as-deposited film (Figure 91 (a)), the presence of usual contaminants (carbon and oxygen) 

on the surface of samples exposed to air is observed. Fluorine and phosphorus suggest the presence 

of unreacted precursor on the particle surface, which also leads to additional carbon and oxygen 

amounts, and explains the high sheet resistance of the as-deposited film. Due to the small thickness 

of the film (26 ± 2 nm), the presence of Si could be attributed to the silicon and SiO2 from the substrate. 

The amount is however close to the detection limit of XPS which is in line with the compact film 

morphology (see Figure 91 (c) or Figure 85 (d) ). After 140s of etching, one might observe the removal 

of surface contaminants and unreacted precursor. The almost complete decomposition of the silver 

precursor is proven by the low amount of carbon, oxygen, fluorine and phosphorus (last two elements 

are close to the detection limit of XPS). The Ag atomic percentage is thus elevated. After 280s, the 

interface between the silicon substrate and the deposit is reached since we observe that the Ag 

amount diminishes whereas the silicon and oxygen amounts increase.  

After post-treatment (Figure 91 (b)), the surface contaminants (carbon and oxygen) and the 

unreacted precursor (fluorine and phosphorus) observed before argon sputtering are still present. 

However, fluorine content is strongly reduced as compared to the film before post-treatment. The 

high O amount on the surface might indicate partial oxidation of silver or presence of OH groups at 

the surface, as the film is exposed to air after post-treatment. The non-100%-covering film structure 

evidencing the presence of gaps (see Figure 91 (d) or Figure 85 (e) ) and its small thickness (EDS 

equivalent thickness of 26 ± 2 nm) enable the detection of the silicon and SiO2 from the substrate. 
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After 140s etching, the surface contaminants and the unreacted precursor are removed. Then the 

film-substrate interface is reached.  

As presented in previous chapter 3 for standard PE-ALD, we have investigated the three satellites 

in order to discriminate the metallic oxidation state of silver to the oxidation phase. 

Firstly, the presence of the resonance plasmon peak in all HR Ag 3d spectra (Figure 92) confirms 

the presence of Ag as metal for as-deposited and post-treated films. However, when comparing the 

satellite peak characteristic of the metallic phase for as-deposited and post-treated Ag films, we 

observe that its intensity is lower after plasma post-treatment, on the surface. In this case, even if the 

main contribution of Ag is metallic, a part is also attributed to oxidized Ag. This could explain the 

increase of oxygen in the elemental composition.  

 
Figure 92: High resolution Ag 3d spectra of (a) as-deposited and (b) post-treated Ag thin films. Each spectrum, 
compared with the Ag reference (red line), was recorded at t=0 (in blue) and after Ar sputtering (two different 
times, t= 140 s in green and t= 280 s in grey) 

This oxidation of the surface for post-treated film is also confirmed by the form of the Auger peak 

(Figure 93). Indeed, we observe a slightly distorted spectrum for HR Ag MNN (left part). However, in 

all cases, metallic Ag is obtained after etching. 
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Figure 93:  High resolution Ag MNN spectra of (a) as-deposited and (b) post-treated Ag thin films. Each spectrum, 
compared with the Ag reference (red line), was recorded at t=0 (in blue) and after Ar sputtering (two different 
times, t= 140 s in green and t= 280 s in grey) 

The third signature is the value of the modified Auger parameter ɑ’ (Figure 94). The lower Auger 

parameter before sputtering is an indication of the remaining precursor for the as-deposited film, or 

the oxidized silver surface for post-treated film. In the bulk (after 140 and 280s Ar etching), the as-

deposited film is already made of metallic silver nanoparticles, even if it is non-electrically conductive, 

proving that a first reduction reaction occurred before the production of the particles. The plasma 

post-treatment slightly enhances the metallic nature of Ag, which, along with a lower amount of 

fluorine in the elemental analysis, highlights the removal of unreacted precursor on the particle 

surface.  

 
Figure 94: Modified Auger parameter (ɑ’) of Ag for different etching times for as-deposited (red squares) and 
post-treated (black disks) layers. The blue line corresponds to a reference Ag foil. The error bars correspond to 
the experimental error linked to the spectra acquisition step size. 
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Another hypothesis to explain the increase of oxygen content in post-treated films could be that 

the remaining unreacted Ag precursor present on the surface before post-treatment, prevents Ag 

from oxidation while after PT, the surface is “more metallic” (less precursor residues) thus more easily 

oxidizable. The HR C1s peak presented in Figure 95 confirms this hypothesis by the presence of the 

precursor on the surface before plasma post-treatment through the existence of C-F2 and C-F3 groups 

which are absent after post-treatment. 

 
Figure 95: High resolution of C 1s peak of Ag thin film measured by XPS on the surface (t=0 s of Ar sputtering) 
for (a) as-deposited (in red) and (b) post-treated (in blue) Ag thin films. Deconvolution of C 1s peak has been 
performed neglecting the presence of C-CF2/C-CF3 (situated between C-(C,H) and C-O) as well as C-F (same 
position as O=C-O) 

ToF-SIMS analyzes have been also performed in order to understand which part of the precursor 

is remaining to validate this hypothesis. (Figure 96)  

The strong decrease of AgPC6H15
+ and PC6H16

+ fragments combined with the increase of silver 

in the form of several clusters (Ag+, Ag2
+, Ag3

+, Ag4
+, Ag5

+ and Ag7
+) confirms the reduction reaction 

giving pure silver films. However, in the negative mode, the presence of C4O2F7
- and C3F7

- highlights the 

remaining Ag precursor on the surface. Based on the fragments PO2
-, PO3

- and PO2F2
- , one hypothesis 

could be that the phosphine group has been removed or oxidized during deposition, and fluorine 

group is remaining. On the other hand, the presence of anions Cl- and AgCl2- in the Ag deposition 

spectra confirms that it is coming from contamination of the deposition reactor since they are not 

present in the monomer spectrum. 
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Figure 96: ToF-SIMS spectrogram (intensity as a function the atomic mass m/z) measured (a) in the positive 
mode (only positive ions are collected) and (b) in the negative mode (only negative ions are collected) for as-
deposited Ag (without plasma post-treatment) as well as for the silver precursor Ag(fod)(PEt3) (in magenta, 
chemical formula in the inset). 
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V.2.2. Crystalline structure 
 

 
Figure 97: (a) X-ray diffraction spectrogram of Ag thin films synthetized on silicon substrate (EDS equivalent 
thickness of 61 ± 3 nm) corresponding to as-deposited (in red) and post-treated (in black) films. (b) Crystallite 
size extracted from (111), (200), (220) and (311) diffraction peaks in (a) of as-deposited (in red) and post-treated 
(in black) films. 

 

The XRD diffractogram (Figure 97 (a)) shows that the as-deposited film already consists of 

polycrystalline face centered cubic (fcc) silver (𝐹𝑚3̅𝑚) (JCPDS 04-0783) and exhibits (111), (200), 

(220) and (311) typical reflections. No signature of other phases, such as silver oxide, are observed. 

The microscopic crystalline structure is slightly affected by the plasma post-treatment. Indeed, the 

main difference between the two products remains in the crystallite size, as determined by the 

analysis of the peak width using a Lorentzian fitting function and the Debye–Scherrer equation [203, 

204] (Figure 97 (b)). It increases for post-treated film, with a preferential growth in the (111) direction.  

 

Until now, we have shown that the as-deposited film made of compact NPs exhibited poor electrical 

conductivity due to the presence of remaining unreacted Ag precursor on the surface. By sintering the 

compact NPs, the PT removes the remaining precursor and confers competing electrical properties to 

sputter-deposited thin films.     

In the next sections, we describe the main parameters influencing the new processing conditions, 

both for the deposition of compact nanoparticles as well as for the post-treatment. The main 

difference as compared to the standard PE-ALD process is the continuous exposure of the precursor 

during the plasma pulse. The cycling only requires two steps, (i) a first step where the precursor reacts 

with the substrate without the need of plasma (section V.3.), and (ii) a second step with a plasma 

pulse, during which the precursor is still exposed, but react both with the plasma and the substrate 

(section V.4.). 

The main criterion for validating the process is the morphology of the resulting film, which must be 

made of a compact film of nanoparticles (see Figure 85 (d)) rather than isolated islands as observed 

for the standard PE-ALD process (see Figure 85 (c)). The uniformity of this morphology is also an 

important criterion. For the films after post-processing, the important criterion is the conductivity of 

the film. 
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V.3. Investigation of the deposition parameters in order to understand the growth 

mechanism 
 

V.3.1. Influence of the deposition parameters with continuous silver precursor exposure 

We have investigated the deposition conditions in order to obtain a uniform new morphology 

made of compact nanoparticles. The investigated parameters and their range of investigation are 

described in Table 26. We first study the influence of these parameters on the deposition and then 

propose a model for the growth mechanism of Ag compact films. 

Parameters Symbol Units Range Optimum 

Chamber temperature Tch °C 130, 150 150 

Hot source temperature Ths °C 100, 130 130 

Argon flow in the plasma head Arpl sccm 100, 300 300 

Argon flow in the process lines  Arpr sccm 100, 300 300 

Argon flow in the chamber Arch sccm - 100 

Hydrogen flow in the plasma head H2pl sccm  - 20 

Pulse time 1 of Ag precursor tpr s Constant constant 

Pulse time 2 of plasma tpl s 0, 1, 3, 5, 10 3 

Purge time 1 after Ag pulse tpu1 s Constant constant 

Purge time 2 after plasma pulse tpu2 s 0, 1, 10, 50, 100 10 

Distance substrate-grid d cm 1, 2.5, 4 2.5 

RF plasma power Pdep W 20, 50, 100 50* 

Table 26: List of experimental parameters and investigated studied for the optimization of the first step of the 
two-step processing. For the study, we focus on the five parameters written in red. The other parameters are 
fixed and based on the previous results, except if defined otherwise in the caption of the figure. *: these two 
parameters need to be correlated in order to have the same efficiency of the plasma source. 

 

V.3.1.1 Influence of the plasma conditions: RF plasma power Pdep and distance grid-substrate d 

One of the main parameters that we identified as critical for obtaining a uniform deposition 

of a film with the new morphology is the “plasma density”, which is influenced by the RF power, the 

distance between the grid and the substrate, the Ar flows. 

The SEM images of the film obtained in different conditions and at variable RF plasma powers 

is shown at two position in Figure 98. At high RF power of 100 W (Figure 98 (a)), the morphology in 

the middle of the wafer (10 cm) is very similar to the standard ALD process. At a RF power of 50 W 

(Figure 98 (b) and (d)), the morphology at 5 cm is the expected one for the new process, while the 

result at 10 cm is still disconnected islands. At the lowest RF plasma power of 20 W (Figure 98 (d)), the 

morphology of compact nanoparticles is observed at both positions on the wafer. It is clear that the 

lower RF power favors the morphology with compact nanoparticles. We note that, in the absence of 

plasma (RF power set to zero), no deposition occurs, as demonstrated previously for standard PE-ALD 

in chapter 3. The plasma is thus still important in order to make the precursor react with the surface. 

We note as well that the lowest RF plasma power achievable in our system strongly depends on the 

history of the reactor, as in certain conditions powers lower than 50 W give strong fluctuations of the 

plasma conditions, and no deposition. 
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Figure 98: Scanning Electron Micrographs of films deposited at various RF power Pdep for 3 different conditions 
and at two positions on the wafer (5 cm and 10 cm, as indicated on the images). (a-b) distance grid-substrate d 
= 1 cm, with RF plasma power of (a) 100 W and (b) 50 W. (c-d) distance grid-substrate d = 4 cm, with RF plasma 
power of (c) 50 W and (d) 20 W. The other deposition parameters are the optimum ones exposed in Table 26 
for 400 cycles, except Tch = 130°C and Ths = 100°C. The scale bars correspond to 500 nm. 

In the remote plasma conditions used during the processing, another parameter influencing 

the concentration of radicals interacting with the sample surface is the distance between the grid and 

the sample. Two distances have been investigated, 1 cm and 4 cm, as shown in Figure 99. The larger 

plasma distance seems to favor a more compact film as compared to the lower plasma distance, which 

seems to lead to separated islands. We note however that, in both case for the RF plasma power of 

50 W, compact nanoparticles are mainly obtained at the inlet, and islands are still observed in the 

center. The influence of the plasma distance is thus not as important as the one of the RF plasma 

power. 

 
Figure 99: Scanning Electron Micrographs of films deposited at various distances d between the grid and the 
substrate of (a) 1 cm and (b) 4 cm, and at two positions on the wafer (5 cm and 10 cm, as indicated on the 
images). The RF plasma power is fixed at 50 W. The other deposition parameters are the optimum ones exposed 
in Table 26 for 400 cycles, except Tch = 130°C and Ths = 100°C. The scale bars correspond to 500 nm. 

The conclusion of this part is that the new morphology is first due to the continuous exposure 

of the silver precursor during the plasma pulse, but also that mild plasma conditions are required. The 

mild plasma conditions are obtained by using low RF power or high distance between the grid and the 

sample. Optimum conditions then achieve a deposition of ultra-thin compact film made of Ag 

nanoparticles over the entire 200 mm wafer, as shown in Figure 100. 
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Figure 100: (a) Optical image of the 200 mm Si substrate (black squares are due to presence of small samples 
during deposition) and (b-f) Scanning Electron Micrographs of the film obtained at different positions on the Si 
200 mm wafer substrate in the new processing conditions. Distance from the inlet of the reactor: (b) 5 cm, (c) 
7.5 cm, (d) 10 cm, (e) 12.5 cm and (f) 15 cm. Deposition parameters are the optimum ones exposed in Table 26 
for 400 cycles. The scale bars correspond to 500 nm. 

 

V.3.1.2. Influence of the chamber and hot source temperatures: Tch and Ths 

 
Figure 101: Optical images (left) and scanning electron micrographs (right) at different positions on the 200 mm 
Si wafer as compared to the inlet of the reactor, indicated above the images. The deposition temperatures are 
(a) Tch = 130°C and Ths = 110°C, (a) Tch = 150°C and Ths = 110°C and (c) Tch = 150°C and Ths = 130°C. The other 
deposition parameters are the optimum ones exposed in Table 26 for 400 cycles. The inlet of the reactor is 
indicated by the pink arrow. The scale bars correspond to 500 nm. The darker squares on the Si wafer mark the 
positions of glass samples used for electrical measurements.  

The chamber temperature Tch controls the substrate temperature which influences directly 

the rates of the chemical reactions (precursor with the surface, and reduction) and the mobility of the 

reactants on the surface and the hot source temperature, Ths influences the amount of precursor 

exposed in the reactor as it is linked to the evaporation rate of the precursor. 
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The couple of temperatures Tch/Ths plays a critical role on the uniformity of the deposition. 

Figure 101 shows images of the wafer and SEM pictures for three different temperature conditions. 

The best uniformity is obtained when both the precursor and the chamber temperatures are increased 

to Tch 150°C/ Ths 130°C, see Figure 101 (c). An increase of the chamber temperature alone (Figure 101 

(b)) does not show a significant improvement as compared to the deposition performed at lower 

temperature (Figure 101 (a)). A proposed explanation is given in the next section. 

V.3.1.3. Influence of the plasma pulse time and purge time after the plasma pulse: tpl and tpu2 

We have investigated the influence of the plasma pulse time and of the purge time between 

the plasma pulses on the uniformity of the morphology of the silver film. The plasma pulse time is 

responsible of the creation of the hydrogen radicals and during the purge time, Ag precursor fills the 

reactor. 

In all cases presented here, the obtained morphology is a compact film of nanoparticles. 

However, Figure 102 already shows that the pulse and purge times strongly impact the uniformity of 

the film, i.e. by changing the observed color on the wafer. The color is related to the thickness, but 

also to the morphology, i.e. a yellowish color is obtained for compact NPs whereas a silver color is 

produced for separated islands. Indeed, for a given plasma pulse time tpl, the purge time tpu2 does not 

change a lot the uniformity of the deposition. In contrast, a change of tpl at a constant tpu2, gives a very 

high uniformity variation. The best uniformity is obtained for a pulse time as short as 3 s but a too 

short tpl gives reduced deposition. Figure 103 highlights that the uniformity variation is directly 

correlated to a change in film morphology. A higher plasma pulse time gives two different 

morphologies, compact NPs at the left side of the 200mm Si wafer and islands on the right side 

whereas 3s-pulse gives compact NPs all along the substrate. 
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Figure 102: Optical images of 200 mm wafer after deposition of 400 cycles of silver using the continuous 
exposure of Ag precursor and before the plasma post-processing step (black squares are due to presence of 
small samples during deposition). The change of color of the surface is directly correlated with the change of the 
film thickness and morphology. The other deposition parameters are the optimum ones exposed in Table 26 for 
400 cycles. 

 
Figure 103: Influence of the plasma pulse time tpl (a) 10 s and (b) 3 s at a given purge time (tpu2 = 10 s), on the 
uniformity of the deposition. Optical images (left) and scanning electron micrographs (right) at different 
positions on the 200 mm Si wafer as compared to the inlet of the reactor, indicated above the images. The other 
deposition parameters are the optimum ones exposed in Table 26 for 400 cycles. The scale bars correspond to 
500 nm. The darker squares on the Si wafer mark the positions of glass samples used for electrical 
measurements. 
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V.3.1.4. Influence of the argon flows: Arpr and Arpl 

The flow of carrier gas, i.e. the Ar process flow Arpr is expected to influence the amount of 

precursor carried to the reactor. As seen on the optical images of the Si wafer and SEM images in 

Figure 104, a low Ar process flow leads to a strong non-uniformity both of the thickness (color of the 

wafer in the optical image and EDS thickness) and the film morphology: a thicker film made of close 

NPs at the inlet and disconnected islands which decrease in coverage from the center to the outlet. 

However, when increasing Arpr, even if a variation of the thickness of 50% is observed, the film is made 

of compact NPs all along the 200 mm substrate.  

 
Figure 104: Influence of the Ar process flow Arpr (a) 100 sccm and (b) 300 sccm on the uniformity of the 

deposition. Optical images (left) and scanning electron micrographs (right) at different positions on the 200 mm 

Si wafer as compared to the inlet of the reactor, indicated above the images. The other deposition parameters 

are the optimum ones exposed in Table 26 for 400 cycles. The scale bars correspond to 500 nm. The darker 

squares on the Si wafer mark the positions of glass samples used for electrical measurements. 

The Ar flow in the plasma head Arpl, is expected to influence the amount of radicals arriving 

on the substrate for the reduction reaction. For Ar plasma flow, as shown in Figure 105, we observe 

the same compact NPs morphology and good uniformity for the two sets of measurements. However, 

the thickness is different with a thick film obtained for higher Arpl flow. 

 
Figure 105: Influence of the Ar plasma flow Arpl (a) 100 sccm and (b) 300 sccm on the uniformity of the deposition. 
Optical images (left) and scanning electron micrographs (right) at different positions on the 200 mm Si wafer as 
compared to the inlet of the reactor, indicated above the images. The other deposition parameters are the 
optimum ones exposed in Table 26 for 400 cycles. The scale bars correspond to 500 nm. The darker squares on 
the Si wafer mark the positions of glass samples used for electrical measurements. 
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V.3.2. Discussion of a proposed model for the growth mechanism of silver compact films 

We have established an hypothesis regarding the new process giving Ag compact NPs 

speculating that we not only have a surface reaction but also a gas-phase reaction. In order to validate 

this hypothesis, the previous results have been used to create a model for the growth mechanism, as 

illustrated in Figure 106.   

 

Based on these results obtained regarding the influence of the plasma conditions, we give an 

hypothesis on the role of the plasma conditions (Figure 106 (a)). It is obvious from previous analysis 

that mild plasma conditions favor the deposition of the new morphology (compact nanoparticles) as 

compared to the morphology already identified in the standard PE-ALD process (disconnected 

islands). We make an hypothesis on the deposition mechanism that may explain this observation. Here 

we speculate that the new morphology is obtained due to the reaction of the silver precursors with 

radicals in the gas phase, rather than on the substrate surface as expected for the standard ALD 

process. The non-uniform deposition from the inlet to the outlet of the reactor may be explained by 

the cross-flow of the gas carrying the precursor (from the inlet to the outlet) and the flow of gas 

carrying the radicals (vertically from the top to the substrate surface). Then it is easy to understand 

that the new morphology is obtained more favorably at the inlet rather than at the outlet. In case of 

strong plasma conditions, this mechanism consumes the total amount of incoming precursor at the 

inlet. This has been demonstrated by performing a continuous deposition with both the precursor and 

the plasma activated continuously, i.e. in a chemical vapor deposition (CVD mode). In this case, 

deposition occurs only at the inlet. With a continuous precursor flow and the pulsed plasma (process 

investigated here), the mechanism alternates between the CVD mode at the inlet, and the ALD mode 

at the outlet, since the precursor reaches the outlet only when the plasma is off. This could explain 

why the compact nanoparticles are observed at the inlet, and that the morphology at the outlet is 

close to the one observed for the standard ALD. At last, with mild plasma conditions, the radicals only 

activate the precursor without consuming it fully at the inlet, and the activated precursor can then 

cover the full surface with the new compact morphology. 

During the purge time, we have only the continuous exposure of the Ag precursor which gets 

into the reactor and start to fill it, but no chemical reaction is taking place (Figure 106 (a)). When the 

plasma pulse is activated, the Ag precursor continues to be exposed but at the same time, the radicals 

created by the plasma arrive at the top (Figure 106 (b)). When tpl is too short, we have a gas-phase 

reaction but no film deposition on the substrate since we do not have a reducing agent to react with 

the adsorbed Ag precursor. On the contrary, when tpl is too long, we have enough hydrogen radicals 

for reacting with the silver precursor and thus a gas-phase reaction only takes place at the inlet of the 

wafer because it stops the precursor arrival and prevent it to reach the outlet. Consequently, at the 

outlet, we have a surface reaction since the precursor adsorbed on the surface is reduced by the H2 

plasma. This explains why we observed compact NPs at the inlet versus disconnected islands at the 

outlet. Finally, at optimum plasma pulse time, there is not enough H2 plasma to react with the 

adsorbed Ag precursor in such a way that only a gas-phase reaction can take place in all position of 

the wafer and compact NPs are obtained. We used this model in order to understand the other 

parameters. 
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The other parameter that influences the growth mechanism is the temperatures, both of the 

chamber and the hot source (Figure 106 (c)). Tch controls the substrate temperature and thus the 

chemical reactions: the surface reaction and the reduction reaction. Ths controls the injected amount 

of precursor and the evaporation rate: when Ths increases, the propagation speed of precursor 

increases too. When Ths is higher than Tch, we observe a condensation of the Ag precursor in the 

precursor driving line and thus no film deposition. A higher Tch than Ths is needed. At the standard 

temperatures Tch 130°C/ Ths 110°C, we observe the same effect than the one when using a too long 

plasma pulse time: gas-phase reaction at the inlet part and surface reaction at the outlet. When 

increasing Tch to 150°C while keeping Ths at 110°C, we observe the same non-uniformity. The primordial 

criterion to explain the change of morphology and uniformity is thus the hot source temperature. 

When it is increased to 130°C, the precursor flow increases too and we obtained the best film 

uniformity and a gas-phase reaction occurring on the entire substrate surface, giving compact NPs.  

The Ar process flow controls the precursor exposure and is thus directly correlated with the 

effect of Ths: the higher the Ar process flow Arpr, the more the precursor amount exposed, leading to 

a uniform gas phase reaction (Figure 106 (d)). A too-low Arpr causes a gas-phase reaction only at the 

inlet and a surface reaction at the outlet. For the Ar plasma flow Arpl (Figure 106 (e)), the morphology 

and uniformity remain constant but a difference in thickness is noticed. We need an equilibrium where 

enough Arpl is injected in order to obtain enough hydrogen radicals arrival in the reactor and a better 

reaction efficiency.  

 



168 
 

 
Figure 106: Schemes representing the influence on the Ag deposition morphology of (a) plasma density based 
on Figure 98 and Figure 99  (b) purge time tpu2 after plasma pulse based on Figure 102 and Figure 103, (c) plasma 
pulse time tpl based on Figure 102 and Figure 103, (d) couple of temperatures Tch/Ths based on Figure 101, (e) Ar 
process flow Arpr based on Figure 104 and (f) Ar plasma flow Arpl based on Figure 105. 
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V.3.3. Conclusion 

This part has been dedicated to the investigation of the deposition parameters for obtaining a thin 

compact silver film which represents the first stage of the two-step approach. We have first observed 

that, by exposing the precursor during the plasma pulse, a silver thin film made of dense and compact 

nanoparticles is deposited by using mild plasma conditions, i.e. low RF power or high distance between 

the grid and the sample. Higher deposition temperatures and Ar flows have shown to strongly improve 

the morphology and uniformity of the deposition. 

Based on the experimental results, we have proposed a model for the growth mechanism of Ag 

compact films. This model highlights that, during the first deposition step which consists of a modified 

PE-ALD process, the precursor is exposed into the chamber also during the plasma pulse, thus making 

the reaction not only on the surface but also in the gas phase. 

The as-deposited films are however weakly conductive. The second step consisting of a further 

plasma post-treatment in order to sinter the particles, resulting in a highly conductive ultra-thin film, 

is the object of the next section. 

 

V.4. Investigation of the post-processing of silver films made of compact 

nanoparticles 

As explained in the principle of the two-step process (section V.1.1.), the post-treatment step 

is required in order to provide films with high conductivity by merging the particle and form a 

percolated film (Figure 85 (e)). This post-treatment step involves hydrogen plasma treatment during 

a given period, without precursor exposure and the parameters that have been investigated are 

described in Table 27.  

Parameters Symbol Units Range 

H2 flow in the plasma head H2pl sccm 0, 20, 40 

Ar flow in the plasma head Arpl sccm 140, 300 

Ar process flow Arpr sccm 50, 300 

Time of post-treatment tpost s 60-2430 

Distance substrate-grid d cm 1, 4 * 

RF plasma power Ppost W 100, 150, 200, 250 

Table 27: List of parameters studied for the optimization of the plasma-post treatment process. * in the direct 
post-treatment configuration, the grid has been removed. 

As presented in chapter 2, it is important to note that, for plasma post-processing, we have 

used a remote capacitively coupled plasma (RF, 13.56 MHz) placed on top of the reactor. A grid serves 

as a ground electrode and defines the plasma chamber. This leads to a decrease of flux and energy of 

the ions towards the substrate but also to a somewhat reduced radical density flowing into the 

reactor. In order to enhance the efficiency of the plasma by promoting the hydrogen radical’s density, 

we have also studied the effect of removing the grid and thus creating a direct contact with the active 

plasma. These two configurations, named arbitrary “direct PT” for PT performed in the absence of the 

grid and “indirect PT” for PT performed in the presence of the grid, are indicated systematically as the 

results are presented. 
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V.4.1 Influence of the post-processing on the morphology 

 
Figure 107: Scanning electron micrographs of silver films deposited on Si (with native oxide) at Tch = 110°C before 
(a) and after (b-g) 600 s of plasma post-treatment done with the presence of the grid (indirect PT) at d = 1 cm, 
Arpl = 300 sccm and Arpr = 300 sccm and showing different morphologies regarding the studied parameters (H2pl  
flow plasma head and plasma power Ppost): (a) as-deposited silver film, (b) for H2pl =  20 sccm/ Ppost = 100 W, (c) 
for H2pl =  20 sccm/ Ppost = 150 W, (d) for H2pl =  20 sccm/ Ppost = 200 W, (e) for H2pl =  40 sccm/ Ppost = 100 W, (f) 
for H2pl =  40 sccm/ Ppost = 150 W and (g) for H2pl =  40 sccm/ Ppost = 200 W. The values present on the images refer 
to the thickness of the films determined by EDS. The scale bars correspond to 500 nm.  

In this part, we study the influence of the different plasma post-treatment conditions exposed 

in Table 27 on the morphology of the silver films, with the aim to obtain a continuous film.  

Figure 107 reveals the scanning electron micrographs of silver films deposited on Si and post-

treated under different H2 flow injected in the plasma head H2pl and RF plasma power Ppost.  After 

silver deposition, the film is made of dense and compact nanoparticles (Figure 107 (a)). When we apply 

a hydrogen-based plasma post-processing, the particles sinter together, giving more continuous Ag 

films in all the cases studied and a gentle decrease of the rms roughness from 5.23 ± 0.24 nm for as-

deposited film to 4.44 ± 0.23 nm after 600 s of PT performed at 100 W is observed (Figure 107 (b)). 

On the other hand, slight changes in the morphology are noticed as a function of the ratio between 

hydrogen flow and plasma power. At Ppost of 100 W and 150 W, the increase of H2pl from 20 sccm 

(Figure 107 (b) and Figure 107 (c), respectively) to 40 sccm (Figure 107 (e) and Figure 107 (f), 

respectively) leads to a lower degree of coalescence of the particles whereas at 200 W, a higher degree 

of coalescence is obtained for the highest H2pl (Figure 107 (g)). At 20 sccm of H2pl, increasing Ppost leads 
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to less sintered nanoparticles (Figure 107 (b-d) but at 40 sccm of H2pl, the highest plasma power gives 

the most percolated film (Figure 107 (g)). Both hydrogen flow and plasma power are responsible of 

the density of the bombardment of energetic hydrogen radicals on the substrate. In order to obtain 

the highest degree of coalescence of the particles, a post-treatment with an optimum ratio of plasma 

power/hydrogen flow is needed to promote enough hydrogen radical’s density while preventing film 

dewetting.  

Figure 108 reveals the scanning electron micrographs of silver films deposited on Si and post-

treated in the presence of H2 flow injected in the plasma head H2pl under different argon flows 

Arpr/Arpl (300 sccm/300 sccm and 50 sccm/140 sccm). The morphology of films post-treated in the 

absence of H2pl, i.e. using argon-based post-processing are also shown. 

 
Figure 108: Scanning electron micrographs of silver films deposited on Si (with native oxide) at Tch = 110°C before 
(a) and after (b-j) plasma post-treatment done with the presence of the grid (indirect PT) at d = 1 cm, Ppost = 100 
W, at different duration of post-processing tpost: (b-e-h) 60 s, (c-f-i) 300s and (d-g-j) 600 s. The post-treatment 
have been performed in the presence of 20 sccm of H2 flow (b-g) either with (b-d) Arpr = 300 sccm / Arpl  = 300 
sccm or (e-g) Arpr = 50 sccm / Arpl  = 140 sccm and in the absence of H2pl (h to j). The value on the image (a) refers 
to the EDS thickness of the films. The scale bars represent 500 nm. 
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The role of the chemical nature of the plasma gas, and thus the nature of the radicals created 

by the glow discharge, has been tested by comparing post-processing performed under Ar/H2 vs. 

under Ar flows injected in the plasma head in Figure 108 (b-d) and Figure 108 (h-j), respectively. Higher 

degree of coalescence is obtained using hydrogen-based plasma as compared to argon-based plasma. 

This observation is independent of the plasma post treatment duration time tpost. The explanation is 

the higher reactivity of H radicals as compared to Ar radicals. 

Due to the geometry of the reactor, i.e. the cross-flow delivery system of the argon carrier gas 

Arpr coming from the inlet to the outlet and the flow of argon Arpl carrying the radicals vertically from 

the top to the substrate surface, the amount of radicals hydrogen radicals arriving on the substrate is 

then impacted. When comparing high Arpl of 300 sccm in Figure 108 (b-d) to lower one of 140 sccm in 

Figure 108 (e-g), no obvious differences in film morphology are extracted, even at larger tpost. It is 

important to note that the Arpr has been fixed in order to not disturb the gas symbiosis. As a conclusion, 

the Ar flow used during post-processing is a parameter not as important as expected.  

The distance d between the grid and the substrate also plays a role on the hydrogen radicals 

density flowing into the reactor and their energy. The higher the distance, the less dense and less 

energetic hydrogen radicals when arriving on the surface. When comparing  two films presenting 

roughly the same initial morphology and thickness but post-treated with the grid placed at two 

different distances (Figure 109), we see that morphology of the film post-treated with the lower d 

(Figure 109 (b)),  presents a mosaic-like structure and a higher degree of coalescence as compared to 

higher d ((Figure 109 (d)). The plasma is thus more efficient when the grid is placed close to the 

substrate, promoting a higher amount of reactive species. The next study exposes post-treatments 

performed in the direct mode, i.e. in the absence of the grid in order to enhance the efficiency of the 

plasma. 

 
Figure 109: Scanning electron micrographs of silver films deposited on Si (with native oxide) before (a and c) and 
after (b and d) plasma post-treatment done at Ppost = 100 W during tpost = 600 s under 20 sccm of H2 flow, Arpl = 
300 sccm, Arpr = 300 sccm with the presence of the grid (indirect PT) placed at (b) d = 1 cm and (d) d = 4 cm from 
the substrate. 

Figure 110 shows the scanning electron micrographs of silver films deposited on Si after a fine 

tuning of the time of plasma post-treatment tpost. The 17-nm-thick as-deposited Ag film is made of 
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compact film morphology composed of multiple layers of particles (Figure 110 (a)) which partially 

merge after 5 s of post-processing (Figure 110 (b)). Then, the film coverage decreases with the 

increased tpost leading to the presence of gaps and a mosaic-like structure (Figure 110 (c-d)). As shown 

in the cross-section images, prolonged plasma exposure time generates the spreading of the film on 

the substrate (Figure 110 (d)) and after the final post-treatment exposed in Figure 110 (e), the layer 

dewetting is taking place due to the high efficiency of the active species of the plasma.  

 
Figure 110: Scanning electron micrographs in top view and cross section (inset) of a 17-nm-thick silver films 
deposited on Si (with native oxide) at Tch = 140°C before (a) and after (b-e) plasma post-treatment done at Ppost 

= 100 W, Arpl = 300 sccm and Arpr = 300 sccm under 20 sccm of H2 flow in the plasma head without the grid 
(direct PT) and showing different morphologies regarding the studied parameter (time of post-treatment tpost): 
(a) as-deposited silver film, (b) tpost = 5 s, (c) tpost = 10 s, (d) tpost = 1230 s and (e) tpost = 2430 s (1230 s at Ppost = 100 
W + 1230 s at Ppost = 100 W). The value on the image (a) refers to the EDS thickness of the films. The scale bars 
represent 500 nm for the top view images and 200 nm for the cross views. 

V.4.2. Influence of the post-processing on the electrical properties  

In this subsection, we study the effect of both the plasma post-treatment processing power 

(Ppost) and its duration (tpost) on the electrical properties of the silver films as they are the more 

significant parameters to judge  the efficiency of the post-processing and have the higher influence on 

the film morphology. 

V.4.2.1. RF plasma power Ppost of plasma post-treatment 

Figure 111 presents the dependence of the sheet resistance of silver films on the RF plasma 

power Ppost used during post-treatment. The as-deposited silver film presents a very high sheet 

resistance (or very low electrical conductivity) due to the presence of unreacted silver precursor and 

lack of connection between particles, as already mentioned in previous section. Increased plasma 

power yields to more energetic radicals’ bombardment thus the film sheet resistance decreases with 

the RF plasma power, demonstrating a sheet resistance of 9.23×101 Ω/□ (conductivity of 2.85×103 

S/cm) for a 20-nm- thick silver film. This conclusion is in agreement with the study of the films’ 
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morphology and it demonstrates that the post-processing power improves the electrical conductivity 

of silver films by increasing the connectivity between particles. 

 
Figure 111: Influence of the RF plasma power Ppost used during 600 s of post-processing on the sheet resistance 
of a 20-nm-thick Ag film deposited on glass substrate at Tch = 130°C with the presence of the grid (indirect PT) at 
d = 4 cm, Arpl = 300 sccm and Arpr =300 sccm under 20 sccm of H2 flow in the plasma head and corresponding 
scanning electron micrographs showing different morphologies regarding the studied parameter (RF plasma 
power Ppost): from left to right: as-deposited silver film and for Ppost = 100 W,  Ppost = 150 W,  Ppost = 200 W and 
Ppost = 250 W. The scale bars correspond to 500 nm. 

By applying a post-treatment in the absence of the grid, i.e. in the direct PT configuration, on 

a 40-nm-thick Ag film, the initial sheet resistance of 2.75×107 Ω/□  (conductivity of 9.10 mS/cm) 

decreases drastically to 15 Ω/□ (conductivity of 1.67×104 S/cm) already after 50 W performed during 

10 min. This proves the higher efficiency of the post-treatment in this configuration.   

V.4.2.2. Time of plasma post-treatment tpost 

We have tried to find a correlation between the film morphology and the electrical properties 

of Ag film with a fine tuning of the plasma post-treatment time tpost with the more efficient 

configuration, i.e. in the absence of the grid (direct PT). The plot of the sheet resistance as a function 

of tpost exposed in Figure 112 highlights the presence of different regimes. In the first regime (tpost  < 5 

s, green region), a sharp decrease of  the sheet resistance by severale orders of magnitude is observe 

while the film morphology remaines the same as for as-deposited film and made of well-defined 

compact nanoparticles. This change in electrical properties is probably due to the removal of the Ag 

precursor from the surface, as already proved by the chemical analyses in section V.2.. After that, in 

the second regime (5 s < tpost  < 30 s, blue region), the sheed resistance still decreases but at much 

lower rates. This corresponds to the transition from compact NPs to partial sintering of the NPs. In the 

third regime (tpost  > 30 s, pink region), a total sintering of the NPs gives a stable sheet resistance. After 

this plateau, we observe no more variation of the Rs but only a decrease of the film coverage.  
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Figure 112: Influence of the plasma post-treatment time tpost (direct PT) at Arpl = 300 sccm and Arpr = 300 sccm 
under 20 sccm of H2 flow in the plasma head on the sheet resistance of a 40-nm-thick Ag film deposited on glass 
substrate with different colored zones corresponding to different regimes and Scanning electron micrographs 
outlined with the corresponding colored zones of the graph (from left to right): red outline: as-deposited film, 
green outline: tpost = 5s / Ppost = 100 W, blue outline: tpost = 20 s / Ppost = 100 W, pink outline:  tpost = 1230 s / Ppost = 
100 W, black outline: tpost = 1230 s / Ppost = 100 W + tpost = 1200 s / Ppost = 150 W + tpost = 5400 s / Ppost = 200 W + 
tpost = 3600 s / Ppost = 250 W. The scale bars of SEM images represent 500 nm. 

V.4.2.3. Supplementary results  

As supplementary results, when Ag depositions have been performed in the absence of 

hydrogen flow in the plasma head (H2pl set to 0 sccm), i.e. only in the presence of argon bombardment, 

we interestingly obtained the compact NPs morphology. However, the films were totally insulating, 

even after the hydrogen-based plasma post-processing. This is in agreement with the explanation of 

higher reactivity of H radicals as compared to Ar radicals. 

In previous section, we have demonstrated the principle of the deposition of ultra-thin Ag 

films made of compact nanoparticles, and the post-processing step in order to merge the particle for 

producing a conductive film. An important conclusion is the apparent finite depth treated by the post-

processing step, which is expected since the post-treatment is a surface processing step. 

In order to provide films with arbitrary thicknesses using this two-steps processing (deposition 

of compact nanoparticles followed by a post-processing step), we have proposed a processing scheme 

involving both steps in a super-cycle, as described in Table 28. The number of cycles N1 = 20 is 

evaluated for a deposition of 1 nm thick film, and the number N2 enables us to investigate various 

thicknesses. 
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Step Time Repetitions 

1 Precursor pulse t1 = 10 s 
N1 = 20 

N2 = 10, 20 
2 Plasma + precursor pulse t2 = 3 s 

3 Purge t3 = 20 s 
1 

4 Plasma post-treatment t4 = 1 min 

Table 28: Description of the super-cycles used for the deposition of Ag thin films. 

For both depositions, the morphology is a compact silver film. We however observe a non-

uniformity in the center of the wafer, where the film is thinner and still has the morphology of the 

films without post-treatment. We point out that the super-cycle was not fully optimized, in particular 

concerning the periodicity of the post-treatment. This non-uniformity might also be due to non-

uniformity of the plasma in the chamber. 

Regarding the electrical properties obtained by the super-cycle, we manage to reach a critical 

thickness as low as 25 ± 1 nm giving a conductivity of 1.41×104 S/cm (sheet resistance of 29 Ω/□) with 

the 10x20 super-cycle process and 50 ± 1 nm for the 20x20 super-cycle process giving a conductivity 

of 1.32×105 S/cm (sheet resistance of 1.5 Ω/□). The conductivity observed with this new processing 

scheme is close to the one demonstrated in previous section for the two-step process after plasma 

post-treatment. Nevertheless, no real improvement has been obtained. We note however that the 

process sequence has not been fully optimized, in particular concerning the periodicity of the super-

cycle (value of N2) and the post-treatment time (1 min) which have been estimated from assumptions 

on the deposition process with continuous precursor exposure and the post-treatment tests.  

 

V.4.3. Conclusion 

The investigation of the hydrogen-based post-processing parameters performed on Ag films 

made of compact nanoparticles has been achieved regarding their influence on both the film 

morphology and the electrical properties. The sintering of the silver nanoparticles enhances the 

electrical conductivity of silver films by increasing the connectivity between particles. The plasma 

parameters (RF plasma power Ppost and time of plasma post-treatment tpost) highlight the presence of 

higher density of energetic radicals created by an increase of plasma power and prolonged plasma 

exposure time. This leads to a higher degree of coalescence of the particles. 

 

V.5. Conclusion 

In this chapter, we have exposed a new process based on a two-step approach, which 

represents the most promising alternative to obtain ultra-thin continuous Ag films. We have optimized 

the deposition parameters and tried to understand the growth mechanism depending on these 

parameters. 

We have first observed that, by exposing the precursor during the plasma pulse, i.e. by pulsed 

plasma-enhanced CVD, we deposit a silver thin film made of dense and compact nanoparticles, due to 

reaction occurring not only on the surface but also in the gas phase. This morphology is very 

interesting as it allows us to demonstrate an ultra-thin percolated film. The as-deposited films are 

however weakly conductive, with resistivity larger than 10 Ω·cm, most probably due the weak 

electrical connections between particles. However, a major issue that has been encountered during 
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the investigation of the deposition parameters is the lack of long-term reproducibility of the Ag 

deposition among different process session. This lack or reproducibility seems to be related to changes 

of the deposition reactor after changing the configuration and/or making the maintenance of the 

system. The origin of this lack of reproducibility is not yet fully understood. However, it does not seem 

to affect the plasma conditions, as the post-treatment conditions did not show such strong changes. 

Then, the observed change is mostly attributed to the silver precursor exposure. Several hypotheses 

can be mentioned, including variation of the silver precursor quality, small leakages induced by the 

change of configuration and/or the maintenance of the tool, or modification of the reactor after a 

large number of depositions. A real process optimization would then require a better control of the 

precursor exposure.  

Through the investigation of the process parameters and the results obtained in terms of 

uniformity of the peculiar compact NPs morphology, a qualitative model of growth has been built. This 

morphology was obtained with mild plasma conditions and continuous Ag precursor exposure. It was 

also found that, a longer plasma pulse time, the use of higher temperatures as well as higher argon 

flows both in the process and in the plasma head, favor the uniformity of the compact NPs 

morphology. The explanation given by the qualitative model was that the reaction of the silver 

precursors with hydrogen radicals is taking place in the gas phase rather than on the substrate surface. 

This reaction is thus responsible of the obtention of the peculiar compact NPs. 

 A second breakthrough result presented here is the demonstration that a plasma post-

treatment performed on the peculiar compact NPs morphology, sinters the nanoparticles, resulting in 

a highly conductive ultra-thin film. A quasi-continuous conducting coating with resistivity and critical 

thickness close to the values obtained by line-of-sight deposition techniques has been obtained, i.e. 

15 nm and a sheet resistance of 1.6 Ω/□ for a 40 nm-thin film, corresponding to a resistivity of 6.4 

µΩ.cm. A better unreacted-precursor removal and an enhancement of the metallic nature of 

polycrystalline Ag have also been proved after post-treatment. By studying the plasma post-

processing parameters, a higher density of the bombardment of energetic hydrogen radicals on the 

substrate has shown to lead to a higher degree of merger of the particles. This was dependent on the 

RF plasma power, hydrogen plasma flow, plasma exposure time as well as distance between the grid 

and the substrate and an optimum ratio of RF plasma power/hydrogen flow is needed to favor enough 

H radicals and avoid dewetting of Ag film. Moreover, the plasma exposure time was shown to 

influence the electrical properties of the films and different regimes correlated with the film 

morphology have been found. A sharp decrease of the film resistivity by several orders of magnitude 

while keeping the compact but well-defined NPs morphology has been first obtained and explained 

by a removal of the unreacted precursor from the surface. The partial merger of the particles leads to 

still a decrease of the film resistivity but at much lower rate and the total sintering gives a stable value 

of the film resistivity. 

Finally, a processing scheme including both the deposition and plasma post-treatment in an 

optimized way (super-cycle) has been presented. The preliminary results demonstrated highly 

conductive films deposited on large scale using this method, although further process optimizations 

are needed for over-passing the results obtained by the standard two-step processing. 

Due to the very encouraging results and the potential use of Ag films deposited by the novel 

approach in a broad range application, in the following chapter, we compare the standard PE-ALD 

process and this new two-step processing regarding their functional properties. 
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Chapter 6  

Comparison of the two different 

silver deposition processes 

In the fabrication of microelectronic devices, which include Dynamic Random-Access Memory (DRAM) 

capacitors, transistors, and back-end-of line (BEOL) interconnects, copper films are widely studied. However, in 

this field, silver is of particular interest due to its low electrical resistivity and low residual stress compared to 

Cu. Moreover, a downscaling to less than 100 nm is possible without a considerable increase in resistivity. [19] 

All these arguments impose Ag as a potential replacement of Cu for contacts and interconnects. Besides 

microelectronics field, its visible and infrared reflectivity make it a good choice for optical instruments including 

mirrors and lenses. It has a strong plasmonic effect which makes it effective for plasmonic devices including 

sensors. Its chemical reactivity is used in catalysis and antibacterial surfaces. More and more of these 

applications require a conformal growth of ultra-thin silver layers, which represents a challenge for most 

deposition methods. Silver requires also to be deposited not only on silicon substrate but also on conducting 

and insulating oxides, [9] or on high aspect ratio structures for diverse applications. For the optical functional 

devices, a concrete example is low-emissivity windows used in automotive or smart buildings, where transparent 

conductive oxides (TCOs) are added as index matching optical layers to the stack made of TCO/Ag/TCO. For silver 

to be most effectively used in these applications, it is necessary to maintain a high degree of control over the 

morphology of the final deposition and to be able to ensure an extremely pure layer, independently of the 

sublayer. [228] In this chapter, a direct comparison of the standard PE-ALD processes and the new two-step 

approach for Ag deposition is made. The deposition on complex substrates using complex lateral high aspect 

ratio structures (LHAR) as well as the influence of the underlayer are presented in a first part. For the latter, in 

addition to study oxides exhibiting different surface energies, the differences between the underlayers are also 

investigated in terms of surface wettability which was quantified by the value of the water contact angle (WCA), 

and correlated to the surface hydroxyl groups density. As already exposed in the state-of-the-art, the optical 

properties of Ag films are highly dependent on their morphology. The second part of the chapter thus focuses 

on the influence of the silver film morphology on the optical properties. Therefore, we first see how the 

nanostructures affect the optical behavior in visible and near infrared ranges. Then, the following subsection is 

dedicated to silver films deposited by the two-step approach. We show the optical properties both before post-

treatment processing leading to Ag compact nanoparticles and after PT giving highly covering percolated films. 

We see how the plasma post-processing duration affects the optical properties of the deposited Ag films.6 

 
This chapter is based on the publication S. Wack, P. Lunca Popa, N. Adjeroud, C. Vergne, R. Leturcq, 
Two-Step Approach for Conformal Chemical Vapor-Phase Deposition of Ultra-Thin Conductive Silver 
Films, ACS Appl. Mater. Interfaces, 2020, 12, 32, 36329–36338. 
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VI.1. Comparison of the two different processes on complex substrates 
 

VI.1.1. Conformality 

The need in the field of microelectronics is the miniaturization of semiconductor devices 

which introduces more complex 3D geometries with complex shapes. One of the main challenges is 

to be able to fill silver in these 3D shapes. As expressed in the motivation of the chapter, the deposition 

of silver has been performed by line-of-sight methods such as PVD. It gives the best quality of ultrathin 

film, i.e. with highest conductivity, in particular for film with critical thickness lower than 20 nm (see 

chapter 5). However, it remains some issues with the uniformity and conformality on non-flat 

substrates (Figure 113 (a)). Ag is also deposited by non-line-of-sight techniques such as chemical 

vapor-phase deposition (CVD/ALD). These techniques enable the growth of uniform and conformal 

films in 3D structures with complex shapes (Figure 113 (b)), even if they usually produce non-

electrically conductive ultra-thin films (for thickness below 20-50 nm) due to the islands growth mode. 

For this purpose, we have investigated the conformal synthesis of Ag thin films on 3D 

structures with lateral high aspect ratio (LHAR) from PillarHall® technology, already used for this 

purpose in several works. [34, 229, 230, 231, 232, 233] (see II.1. Experimental section). While ALD is 

the most promising technique for conformal deposition, the PE-ALD of Ag thin film suffers from the 

recombination of plasma species (radicals) on the surfaces, which prevents the growth deeper into 

such structure. [2, 47, 229]  

The same LHAR structure with high aspect ratio (AR of 100) has been used as substrate for 

silver films deposition using two different processes: our new approach after post-processing step 

(Figure 113 (c-e)) and standard PE-ALD (Figure 113 ((f-h)). We demonstrate in Figure 113 (c-e) that we 

manage to produce Ag thin layers extremely conformal on top, bottom and at the back of an LHAR 

with an AR of 100. In contrast, the Ag film synthetized with standard PE-ALD process show poor 

uniformity at the entrance of the trench and we observe no film deposition at the back of the cavity 

(Figure 113 (h)). It is probably due to the limited lifetime of hydrogen radicals required by the PE-ALD. 

The morphology of the Ag percolated film on the sidewalls of a micro via hole is very uniform 

even in the lateral directions (Figure 114 (a) and (b)), making the process a good candidate for 

conducting interconnects in microelectronics. [234] At last, we exhibit the conformal deposition on 

silicon pillars (Figure 114 (c)), which is of interest for optical nanoantennas [235] and thanks to the 

pillars’ high surface to volume ratios, applications as optical biosensing may be aimed. [236, 237] The 

analysis of conformality has been performed on such kind of structures (lateral, sidewall or pillars) for 

mainly platinum-group metals. [232, 238, 239] However, to the best of our knowledge, this is the first 

time for Ag films since usually only vertical structures are studied. [29, 139, 140] We present Ag 

deposited in vertical structures in Figure 115. For the two different processes, we have calculated the 

step coverage, i.e. the ratio of the film thickness at the bottom of the trench to the one at the top of 

the structure. [34] We succeeded in reaching a step coverage of 97% with our new approach against 

72% for the standard PE-ALD process, which proves again the better conformality with the two-step 

process. In the literature, it was found that the film thickness, the density and size of the grains reduce 

with the penetration depth, leading to quasi no deposition at the bottom of the trench for Ag 

deposited by PE-ALD. [139, 140] However, higher AR have been studied (60, 33 and 8) and they 

explained that by the hydrogen radicals recombination during the plasma pulse, an insufficient Ag 

precursor exposure and complex flow dynamics associated with an aspect ratio that changes with 
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each PE-ALD cycle. [139] In our case, we did not go in depth in the study of vertical structures since 

LHAR features expose already results well beyond the state-of-the-art of Ag conformal deposition.  

 

 
Figure 113: (a) and (b) Schemes of an expected thin film deposition on a lateral high aspect ratio structure by (a) 
line-of-sight technique and (b) non-line-of-sight technique. (c) to (e) Scanning Electron Micrographs (cross 
sections) of post-treated Ag thin layers deposited on LHAR structure (AR of 100) by pulsed-PECVD using our 
novel approach: (c) Low magnification SEM cross section, (d-e) High magnification SEM cross-sections of the 
structure shown in (c), taken (d) at the entrance and (e) at the back of the LHAR structure. (f) to (h) Scanning 
Electron Micrographs (cross sections) of Ag thin films obtained on LHAR structure (AR of 100) by standard PE-
ALD process on (f) the same structure as (c) with a zoom in of the entrance (g) and back (h) of the cavity. 
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Figure 114: (a) and (b) Scanning Electron Micrographs (cross sections) of post-treated Ag thin films grown on the 
sidewalls of a micro via hole (zoom in (b)). (c) SEM image of Ag thin layer after PT deposited on silicon pillars. 

 

 
Figure 115: Scanning Electron Micrographs (cross sections) of Ag films deposited on vertical structure with an 
aspect ratio of 4 by (a) standard PE-ALD process (zoom of the bottom of the trench on the left) and (b) two-step 
process after post treatment (zoom of the bottom of the trench on the right). 

In order to quantify the degree of conformality, thickness profiles of Ag film deposited into a “quasi-

infinite trench” with a high AR of 10000 (opening width w of 100 µm, lateral gap width l of 5000 µm 

and gap height h of 500 nm) have been plotted to get rid of the depth effect [229, 230] (Figure 116 

(a)). The thickness (determined by EDS) and the penetration depth have been measured after 

removing the top membrane of the LHAR structure (see II.2. Experimental section). The profiles show 

that standard PE-ALD process follows an exponential decrease, 𝑡 = 𝐴𝑒−𝑥/𝐵. This is explained by the 
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recombination of hydrogen radicals on the surfaces. [2] In contrast to this result, the Ag thin layer 

formed by the new approach follows the thin film solution of the diffusion law equation, 𝑡 = 𝐴𝑒−𝑥2/𝐵, 

characterized by the presence of a plateau up to a penetration depth of 5 µm (AR = 10), followed by 

an exponential decrease. This behavior may be explained by deposition limited by the diffusion of 

precursors into the structure. [240] For both as-deposited and post-treated films, our novel approach 

gives a thickness variation of less than 10% for AR up to 12, and less than 50% for AR up to 40. This is 

4 to 5 times larger than those measured for the standard PE-ALD method (10% variation for AR < 3 

and 50 % for AR < 8).  

 

The SEM images of Ag as-deposited and post-treated films and the ones of PE-ALD deposited in 

LHAR at different penetration depth are exposed in Figure 116 (b-g) and Figure 116 (h-j), respectively. 

We manage to deposit connected Ag films deeply into the trench using our two-step approach. The 

main morphological characteristics of the film, i.e. compact particles for the as-deposited film, and the 

merged particles after the post-treatment, are both preserved deep into the structure, showing that 

both steps are used efficiently in high aspect ratio structures. The layers remain connected until a 

penetration depth of 9 µm, after which the thickness becomes lower than the critical thickness (see 

chapter 5), with film morphology becoming disconnected. This value covers largely the requirements 

of the current microelectronic applications. In contrast, Ag deposited by standard PE-ALD shows a 

decrease of the NPs size and their coverage with the increase of the penetration depth. This is due to 

the H radicals’ recombination with the walls of the trench and their inability to reach the back. We 

point out that the plasma post-treatment used for the two-step process seems to be more effective 

than the PE-ALD process in reaching structures with large aspect ratio, despite the fact that the plasma 

conditions are similar. This difference may be due to different doses used in the two processes, since 

the post-treatment is applied once during a long time, while the PE-ALD process is using multiple short 

plasma pulses, which may enable a better diffusion of the plasma species into the trench. But the 

involved mechanism and required species may also be very different in both processes. 
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Figure 116: (a) Thickness profiles measured on a LHAR structure with an AR of 10000 (w of 100 µm, l of 5000 µm 
and h of 500 nm) of Ag films deposited with standard PE-ALD process (blue) and with our novel approach before 
(red) and after (black) plasma post-treatment. The thickness has been measured by EDS after removing the top 
membrane of the LHAR structure. The fits are an exponential dependence for the standard PE-ALD method, and 
a diffusion law for the novel approach (see main text). (b-j): Scanning Electron Micrographs (top view) of Ag thin 
films (b-g) deposited by the two-step process (b-d) before and (e-g) after post-treatment step and (h-j) deposited 
by standard PE-ALD process. All Ag films have been synthetized in the same structure as (a) at a penetration 
depth (PD) of (b-e-h) 0, (c-f-i) 9 and (d-g-j) 20 µm. The values on the middle of the images correspond to the EDS 
equivalent thickness of the Ag layer. The scale bars represent 400 nm. 
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As seen previously, with standard PE-ALD process, we observe the inefficiency of the plasma 

deeply in the trench due to H radicals which recombine with the walls of the trench and no H radicals 

are efficient in the bottom of the trench. However, it remains one question: what gives the efficiency 

of the PT until the bottom of the trench in the two-step process, in other words, what avoids the 

radical’s recombination and what enhances the radical’s penetration depth during the plasma post-

treatment?  

In order to try to answer to this question, we have performed the same Ag deposition in LHAR 

structure and then tested two different kind of plasma post-treatment. The first one is an indirect or 

remote PT, i.e. the remote plasma configuration where we keep the grid which serves as a ground 

electrode and defines the plasma chamber. This allows the elimination of all ionic species before their 

arrival on the substrate and let only radical flows in the reactor. (see the experimental methods in 

chapter 2) The second one is a direct PT where we removed the grid.  In this case, the substrate holder 

acts as a ground electrode which leads to a superior plasma chamber (10 cm) as compared to remote 

plasma as well as the presence of all ionic species in addition to radical species. Figure 117 exposes 

the obtained results.  

The direct PT gives a slightly better reduction reaction with a more channel-like network 

(Figure 117 b) as compared to indirect PT (Figure 117 c) but in both cases, we have a good effect of 

the PT very deep into the trench. However, it is quite tricky to quantify the efficiency of the PT as a 

function of the PD since, even without post-treatment (Figure 117 (a)) the deeper you go into the 

trench, the more nanoparticulate the film, since it becomes much thinner. Overall, the penetration 

depth of the post-treatment is equivalent for both direct and indirect PT, it is not only the fact to have 

a direct PT which avoids the radical’s recombination by creating radicals on-site of the trench.  

Maybe the limitation of radical’s penetration is directly correlated with the plasma pulse time. 

Indeed, in our standard PE-ALD process, we used a very short plasma pulse time (3 s) which may be 

too short to have the diffusion of the radicals into the total depth of the trench, contrary to longer 

time used during the post-treatment of the two-step approach. By using Monte Carlo simulation for 

investigate the influence of surface recombination of radicals during PE-ALD, Knoops et al. [241] 

proved that a longer plasma exposure time must be employed in order to achieve conformal 

deposition in this recombination limited regime for PE-ALD of alumina. It was also confirmed by 

Dendooven et al. [242] However, the deposition of conformal film made of well-separated Ag NPs was 

not the aim of this PhD thesis since thermal-ALD already exhibits good achievements. [44, 48]  
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Figure 117: Scanning Electron Micrographs (top view) of Ag thin films deposited by the two-step process (a) 
before post-treatment (first line) and  (b) after post-treatment step with direct post-treatment using Ppost = 
100W, tpost = 30 s and (c) after post-treatment step with indirect post-treatment using Ppost = 150W, tpost = 10 min 
in LHAR structure with AR of 100 at different penetration depth (PD). The values on the middle of the images 
correspond to the EDS equivalent thickness of the Ag layer. The scale bars represent 400 nm.  

 

VI.1.2. Influence of the underlayer 

Up to now, the previous investigation has been performed either on oxidized silicon wafer or 

cleaned glass substrates, depending on the analyses performed. In this section, we extend the 

investigation to other materials with the aim to highlight the quasi substrate-independency of silver 

films chemical-vapor phase deposited using both standard ALD and our two-step approach. This 

represents a key factor for the synthesis of metal films in a broad range of applications requiring 

weakly-interacting film/substrate systems, e.g. in optoelectronic and catalytic devices. [243] 

In the background section of chapter 2, we have shown that silver films have been reported 

to have a nanocrystalline morphology and potentially uncoalesced and nanoparticulated 

morphologies at early stages of the growth before growing into a film. This is explained by the Volmer 

Weber growth mode which occurs since the adatoms have a strong affinity with each other instead of 

with the substrate, due to the high surface energy of metals. Based on that, as mentioned before (see 

chapter 1 section I.4.), underlayers have been used to reduce the migration of silver atoms in order to 

form a continuous film. Contrary to line-of-sight techniques which demonstrate a strong improvement 

for the growth of ultra-thin Ag continuous films, among the few studies dealing with the substrate 

influence on silver deposited by ALD, [19, 48, 146] only non-continuous films [48] with potentially a 

slight enhancement of the coverage but still non-continuous morphology [19] were observed. 

Researchers have studied underlayers exhibiting either higher surface energy than Ag itself (nickel, 

cobalt, tungsten, titanium, molybdenum), or lower one with oxide (e.g. Al2O3, SiO2) and nitride (e.g. 

TiN). [19, 146] The aim of our investigation is thus to confirm and try to explain the weak influence of 
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the underlayers known in the literature for obtaining ultra-thin silver films by ALD, by supplementing 

the study with a higher number of oxides of different surface energies but also of different roughness 

(from 0.05 nm up to 86 nm) and of different morphology and crystallinity (amorphous vs 

polycrystalline). In addition, the differences between the underlayers are also investigated in terms of 

surface wettability which is quantified by the value of the water contact angle (WCA) and correlated 

to the surface hydroxyl groups density.  

As already exposed in chapter 1, according to the work of Duan et al. on the thermal CVD of 

Ag, [183] both the morphology of the films deposited, and the efficiency of the deposition depend on 

the type of substrate and surface chemical functionality used to react with the precursor. Therefore, 

we have performed preliminary studies by testing different surface preparation of silicon substrate 

(pre-treatment by UV/O3, plasma-activated O2 or HF-etching, washing with the cleaning procedure of 

chapter 1 section I.1.4.2.) with a view of removing organic species present at the substrate surface or 

in order to change the surface chemical functionality of a ZnO underlayer (terminated either with H2O 

pulse or DEZ pulse giving respectively Zn–OH or Zn–H termination). However, no clear conclusions 

could have been extracted, probably because the substrates were exposed to air prior to subsequent 

Ag deposition on top of those. This is explained by the fact that we did not have the option to perform 

in-situ characterization but only ex-situ ones.  

 

Mameli et al. [146] found a better Ag wetting on H2/N2 plasma pre-treated molybdenum 

substrate as compared to non-pre-treated one presenting a native MoO3.The explanation was a 

removal of the low surface energy native Mo oxide on the surface which blocks the Ag coalescence 

(see section I.4.1.2.). Based on this work, we have also studied the effect of an in-situ H2-plasma pre-

treatment of silicon substrate in order to remove the native oxide SiO2 before Ag deposition. However, 

no influence has been noticed when compared with non-pre-treated substrates. That is the reason 

why, in this study, we are not using this pre-treatment prior to Ag deposition on top of the subsequent 

substrates covered with different underlayers, and also in order to not deteriorate them. It is also 

worth mentioning that all substrates covered with different underlayers used in the following parts 

were exposed to air before Ag deposition. The main reasons are that, for some of the underlayers, 

their synthesis has been performed with other deposition techniques (wet chemistry for ZnO 

nanorods) and because the reactor was opened between their synthesis and the deposition of Ag in 

order to have the same experimental conditions for the metal deposition. It is also worth mentioning 

that only the glass substrates have been cleaned using the protocol presented in chapter 1 section 

I.1.4.2.  

 

VI.1.2.1. Properties of the underlayer 

As already mentioned in section I.2.1., by replacing the substrate with another one exposing 

higher surface energy than the deposited material, one could expect, in theory, the formation of a 

continuous metal film. We have selected underlayers with different surface energies coated on silicon 

substrate. Table 29 shows the theoretical value of the surface energy of the different underlayers used 

for the investigation. However, the surface energy is not a direct measure of the wettability as the 

former depends also on the physical condition of the surface, e.g. its crystalline structure, surface 

roughness or the amount of adsorbed impurities. [244] Therefore, the wettability of the surface, i.e. 

the ability of a liquid to maintain contact with a solid surface, has been characterized and quantified 

by the value of the water contact angle (WCA) and summarized in Table 30 in addition to the 

https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Solid
https://en.wikipedia.org/wiki/Surface
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experimental conditions of synthesis for each underlayer and their morphological properties (rms 

roughness, crystallinity). Figure 118 shows the corresponding SEM and AFM images. 

Underlayer Theoretical surface energy (J/m2) Reference 

ZnO (100) 1.6 [245] 

Ag 1.25 [225] 

α-Al2O3 0.97 [246] 

SiO2/Si (100) 0.75 [226] 

Glass 0.31 [247] 

Table 29: List of theoretical surface energy value of the different underlayers used for the investigation. 

Material Synthesis method 
Thickness 

(nm) 
Temperature of 
deposition (°C) 

Rms roughness 
(nm) 

Crystallinity 
WCA 𝜃  

(°) 

ZnO coated 
silicon 

Thermal ALD 
10 130-150 0.15 ± 0.01 amorphous 97.1 ± 0.4 

90-110 130-150 2.7 ± 0.40 polycrystalline 105.2 ± 0.6 

Al2O3 coated 
silicon 

Thermal ALD 
40 150 0.05 ± 0.01 

amorphous 
87 ± 1 

110-130 130 0.11 ± 0.01 88 ± 1 

ZnO 
nanorods 

coated ZnO 
on silicon 

Wet chemistry / RT 86 ± 37 / 116 ± 8 

Glass From Guardian / / 0.12 ± 0.03 amorphous 5 ± 1 

SiO2/Si From Siegert Wafer 2-3 * / 0.05 ± 0.02 polycrystalline 38 ± 3 

Table 30: Summary of the experimental conditions of synthesis and the properties of the silicon and glass 
substrates as well as underlayers coated silicon substrates used in the study of the influence of the underlayers. 
* thickness of the silica native oxide. 

 
Figure 118: (a-d) Scanning electron micrographs and (e-h) atomic force micrographs of the different underlayers 
deposited on silicon with a silica native oxide (SiO2/Si) substrate and used for the investigation. (a-b and e-f) ZnO 
films of different thicknesses, (c and g) Al2O3, and (d and h) ZnO nanorods deposited on ZnO layer (inset 
represents a cross section view). The scale bars represent 500 nm for SEM and 400 nm for AFM images. 

ZnO coated silicon substrate have been selected since it exposes higher surface energy than 

silver itself (1.6 vs 1.25 J/m2, respectively) and, as already discussed in chapter I, section I.4.1.2., this 

oxide is also known for being a good wetting layer for Ag deposited by physical vapor deposition. 

During this investigation, ZnO has been deposited with two different thicknesses in order to study the 

film morphology, amorphous and continuous for a 10-nm-thick film (Figure 118 (a,e)), and 

polycrystalline with a needle-like morphology for thicker ZnO films (120 nm-thick, Figure 118 (b,f)). On 

the contrary, Al2O3 ( Figure 118 (c,g)), silicon covered with native oxide silica (SiO2/Si) and glass exhibit 

lower surface energy than silver.  
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The WCA values obtained experimentally (Table 30) do not follow the trend of the theoretical 

surface energy (Table 29). Indeed, glass substrate exhibits the lowest WCA of 5° due to the cleaning 

procedure already exposed in chapter 2, which removes the carbon surface contamination and thus 

enhances the presence of more hydroxyl nucleation groups needed for the chemisorption. [248, 249] 

The higher hydrophilicity (lower contact angle) of alumina compared to zinc oxide is also understood 

in terms of density of surface hydroxyl adsorption groups. Indeed, ZnO crystalline orientation is 

temperature-dependent. At a temperature of 130-140°C, ZnO presents a crystalline structure with a 

preferential growth on the (100) reflection plan which is known to be hydrophobic due to the unpolar 

character of the surface. [250, 251, 252] On the contrary, aluminium oxide is known to be polar and 

reacting well with water molecule and thus creating –OH functional groups. [48, 253] This explains our 

experimental results of an hydrophilic surface with a WCA lower than 90° for alumina and hydrophobic 

one for zinc oxide with WCA higher than 90°. When comparing alumina and SiO2/Si underlayer, the 

water contact angles of, respectively 87° vs 38° is understood by lower hydroxyl groups on alumina as 

well as, due to the Al2O3 ALD synthesis, there could also be some remaining methyl surface groups 

coming from TMA precursor that reduce the wetting. 

On the other hand, it is also known in the literature that the contact angle is influenced by 

both the surface roughness and the surface energy. [244, 249] This explains the higher WCA of 105° 

for polycrystalline rough ZnO as compared to 97° for smooth amorphous ZnO. All the previous five 

substrates (ZnO thin and thick, glass, SiO2/Si, Al2O3) exhibit quite low rms roughness, no more than 3 

nm. Therefore, in order to study the influence of rough substrates on the morphology of Ag film, we 

have used rough ZnO nanorods (rms roughness of 86 ± 37 nm) deposited via wet chemistry on top of 

110-nm thick ZnO film. Polycrystalline ZnO film has been used as a catalyst and the roughness of the 

ZnO film creates nucleation centers enhancing the germination of ZnO NRs. We observe a first layer 

made of homogeneous and regular carpet of nanorods and a second layer on top of it made of bigger 

nanorods. (Figure 118 (d,h)) The hydrophobicity of the surface is confirmed by a high WCA of 116° due 

to the non-polar single crystal ZnO nanorods. 

The different small substrates covered with the above mentioned underlayers were placed on 

top of a silicon wafer in the ALD reactor. In order to be only dependent on the effect of the underlayer 

on the silver film morphology, we have then deposited silver of different thicknesses on top of these 

underlayers using either standard PE-ALD process (Ag deposited after 100, 200, 400 and 800 cycles) 

or the two-step approach (Ag deposited after 200, 400, 600 and 800 cycles), with the optimized 

parameters already presented in chapters 3-4 and 5, respectively. The corresponding scanning 

electron micrographs of Ag thin films after a varying number of cycles are exposed in Figure 119 for 

standard PE-ALD and in Figure 121 and Figure 122 for the two-step process.  
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VI.1.2.2. Silver films deposited by standard PE-ALD 
 

 
Figure 119:  Scanning electron micrographs of Ag thin films deposited by standard PE-ALD on the different 
underlayers (study of surface energy and film morphology) after a varying number of cycles (a) 200 cycles and 
(b) 800 cycles. The values at the center of the images correspond to EDS thickness of the film. The scale bars 
represent 500 nm. The studies were performed at the optimum temperatures Tch = 130°C/Ths = 100°C. 

The scanning electron micrographs of Ag thin films deposited on the different underlayers by 

standard PE-ALD after a varying number of cycles are shown in Figure 119. Interestingly, for silver 

deposited by standard PE-ALD process, for the same amount of material deposited, all the underlayers 

lead to the typical silver islands formation, even for the ZnO substrates exposing higher surface energy 
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than Ag itself. In order to quantify these observations, the influence of the number of cycles on 

different morphological parameters is examined in Figure 120. The Volmer-Weber mechanism is 

highlighted by, first, a linear increase of the EDS thickness (Figure 120 (a), average nanoparticle 

diameter (Figure 120 (b)-(e)) and coverage (Figure 120 (d)-(g)) and second, the exponential decrease 

of the nanoparticle density (Figure 120 (c)-(f)) due to the coalescence phenomenon.  

However, slight differences are extracted regarding the growth rate. For a given number of ALD 

cycles, higher thickness is deposited when glass is used as substrate (Figure 119). The Ag deposition 

rate is thus much faster on glass (GPC of 0.048 ± 0.001 nm/cycle) as compared to the other 

underlayers, demonstrated by a higher slope of the thickness as function of number of cycles (Figure 

120 (a)) and a higher nanoparticle size (Figure 119 and Figure 120 (b)). Si and Al2O3 lead to a moderate 

growth rate (GPC of respectively 0.026 ± 0.008 nm/cycle and 0.020 ± 0.008 nm/cycle) and ZnO films, 

both thick and thin, lead to a slower Ag deposition rate (GPC of respectively 0.019 ± 0.007 nm/cycle 

and 0.015 ± 0.003 nm/cycle). This slower deposition rate is also observed on the film morphology in 

Figure 119. After 800 ALD cycles, Ag films deposited on zinc oxide layers present the smallest diameter 

of particles as compared to, silicon, alumina and glass. Moreover, a slower start of the deposition is 

occurring for both ZnO underlayers and Al2O3 as compared to Si and glass but interestingly, no 

nucleation delay was obtained. This is seen by the presence of a plateau from 100 to 200 cycles in 

Figure 120 (a) for Ag thickness and (Figure 120 (b) for NP average diameter.  

 

 Several investigations have highlighted the relationship between the wettability of a substrate 

and the surface –OH groups. [248, 249, 254] Lower contact angles and thus higher wettability is found 

with the increase of surface hydroxyl groups density. On the other hand, the importance of hydroxyl 

groups uniformly covering the surface and enhancing the nucleation of the noble metal in chemical 

vapor-phase deposition processes is known in the literature. This has been proven for noble metals 

deposited by ALD, for instance Cu, [153] Ru, [171, 173] Ir, [172] Pt and Pd. [169] For Ag deposition, has 

presented in the state-of-the-art section, the hypothesis of surface reaction of Ag precursor presented 

by Duan et al. [183], Masango et al. [48] and Golrokhi et al. [29] highlight the importance of hydroxyl 

groups for precursor adsorption.  (see chapter 1, section I.4.1.).  

 

Overall, the link between the growth rate and the wettability seems then to be the density of –

OH surface groups. A higher hydroxyl surface density enhances both the Ag precursor chemisorption 

and thus the metal loading on the surface as well as the wettability of the substrate.  

 

Therefore, based on Figure 120 (a-d), the enhanced deposition rate on glass and SiO2/Si is 

understood by a lower WCA (WCA of 5° and 38°, respectively) compared to higher hydrophobicity for 

ZnO and Al2O3 (WCA of, at least 87°, see Table 30) presenting lower growth rate. Another possible 

reason for the slower growth rate as function of the hydroxyl groups density may also be due to the 

bulkiness of Ag(fod)(PEt3) and its ligands which blocks nucleation sites caused by the steric hindrance 

effect, as also seen in the work of Masango et al. [48]. All these observations confirm the role of –OH 

groups on the precursor reaction with the surface. They also support that both the WCA and the 

deposition depend on many parameters, not only surface energy. However, the surface energy still 

plays a weaker role as it is highlighted in the next paragraph. 
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Another way to analyze the data is to plot the quantitative parameters as a function of the EDS 

thickness rather than the number of ALD cycles. It provides a better understanding of the deposition 

mechanism since we get rid of the growth speed. At a given thickness, for depositions performed on 

ZnO underlayers, Ag NPs are larger (Figure 120 (e)). This seems to indicate that Ag particles better wet 

ZnO substrates, as it was theoretically predictable due to the higher surface energy of ZnO. The 

amorphous zinc oxide substrate, i.e. the thinner one, is more favorable that the polycrystalline one. 

Indeed, already after 15 nm of Ag, the film deposited on ZnO 10-nm-thick underlayer exhibits an 

average NP diameter of 70 nm and covering at 80% the surface combined with a low density (Figure 

120 (e-g)). From these observations, it seems that the deposition rate is correlated with the water 

wettability, i.e. lower contact angle and higher hydroxyl groups give larger growth rate, but the 

morphology depends less on the contact angle, and may demonstrate some weak influence of the 

surface energy. 

 

 

We have finally completed the study by using a higher rms roughness underlayers, i.e. ZnO 

nanorods deposited on ZnO thick layer-covered silicon substrate. As shown in Figure 119, we managed 

to deposit Ag on these 3D structures. We obtained the same morphology made of separated islands 

increasing in size with the ALD cycles. This confirms that the Ag deposition is possible on substrates 

exhibiting high rms roughness. However, it was difficult to extract a quantitative measurement in 

order to compare the results obtained with the previous underlayers due to the non-planar 

morphology on the nanorods.  

 

In summary, even if the investigated underlayers present significant difference in terms of surface 

energy and rms roughness, the morphology of silver on oxide layers is very similar. The higher growth 

rate seems to be related to the lower contact angle, potentially due to difference in density of –OH 

surface groups. The absence of difference in morphology is obtained when analyzing the morphology 

vs. deposited thickness, although a weak increase of particle size is observed for ZnO, which has the 

highest surface energy.  
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Figure 120: (a-d) Influence of the number of cycles on (a) the EDS equivalent thickness, (b) the nanoparticle size, 
(c) the NP density and (d) the film coverage and (e-g) Influence of the EDS thickness on (e) the nanoparticle size, 
(f) the NP density and (g) the film coverage. The Ag films have been deposited standard PE-ALD. 
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VI.1.2.3. Silver films deposited by the two-step approach 

 

When it comes to the two-step process, it was more difficult to give a quantitative analysis of the 

morphology related to the films. Indeed, as seen in Figure 121 (upper part of (a) and (b)), a similar film 

morphology made of compact nanoparticles with coverage close to 100% is obtained for all the 

substrates already after 200 cycles, contrary to separated islands previously exposed for standard PE-

ALD process. Since we did not find a reliable way to quantify the degree of compactness of our Ag 

films, we focused our analysis on qualitatively comparing the Ag morphology based on SEM images. 

This weak influence of the underlayer on the Ag film morphology is confirmed in cross section views 

(Figure 122 a-e). We demonstrate that the film is rather composed of multiple layers of particles for 

all the underlayers. Since the particle size is directly related to the quantity of Ag material deposited, 

we have plotted its dependency as function of the number of cycles in Figure 122 (f). Overall, all the 

underlayers show the same growth rate, with an exception for glass which shows a faster growth, as 

already observed for PE-ALD, and probably due to the enhanced hydroxyl groups nucleation sites 

numbers created by the cleaning procedure. Contrary to Ag deposition performed with standard PE-

ALD, no slower start of the deposition is occurring for ZnO and Al2O3 underlayers as compared to Si, 

but all these substrates exposing the same growth speed. The explanation could come from the fact 

that the growth mechanism linked to Ag deposited with our novel approach involved the competition 

between two mechanisms: a gas-phase reaction and a surface reaction. Therefore, not only the 

surface reaction plays a role on the growth mechanism, as it was the case for standard PE-ALD. At last, 

Ag have been synthetized on ZnO nanorods deposited on ZnO thick layer-covered silicon substrate 

(Figure 121). Due to the peculiar morphology of these 3D structures, it was not possible to determine 

the Ag thickness. However, we see on the SEM images that the same compact nanoparticle 

morphology as the one previously observed on the different underlayers have been obtained on the 

first layer made of homogeneous and regular carpet of nanorods whereas separated Ag islands have 

been achieved on bigger nanorods on top of it. An explanation could be that the deposition rate might 

be even lower on the sides of the rods which are purely non-polar, since the rods are single crystal 

ZnO. 
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Figure 121: Scanning Electron Micrographs of Ag thin films deposited by the two-step approach on the different 
underlayers coated silicon after a varying number of cycles (a) 200 cycles and (b) 600 cycles, both before plasma 
post-treatment (upper part of (a) and (b)) and after plasma post-treatment with tpost = 60 s at Ppost = 100 W (lower 
part of (a) and (b)). The values at the center of the images correspond to EDS thickness of the film. The scale 
bars represent 500 nm. The studies were performed at the optimum temperatures Tch = 150°C/Ths = 130°C. 
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Figure 122: (a-e) Scanning Electron Micrographs in cross-section view of Ag thin films deposited by the first step 
of the two-step approach (i.e. before post-treatment) on the different underlayers coated silicon after 800 cycles 
(approximately 45 nm-thick): (a) Si with native oxide (b) Al2O3 (c and d) ZnO and (e) ZnO nanorods deposited on 
ZnO. The scale bars represent 500 nm. (f) Influence of the number of cycles on the EDS equivalent thickness of 
Ag deposited on the different underlayers. The studies were performed at the optimum temperatures Tch = 
150°C/Ths = 130°C.  

Next, in order to investigate the influence of the underlayers on the electrical properties of Ag 

films deposited by the two-step process, we have studied the sheet resistance of the films as a function 

of the plasma post-treatment duration. Ag deposited on underlayers coated glass have been used to 

measure the sheet resistance of the films in order to get rid of the leakage current influence in the 

case where conducting silicon substrate is used. We have checked that the morphology of Ag films 

remains unchanged between underlayers coated glass and underlayers coated silicon employed for 

SEM images to avoid charging effect caused by non-conductive substrates.  

Figure 123 exhibits the dependence of the sheet resistance of Ag deposited after 600 cycles 

on the different underlayer materials as a function of the plasma post-treatment duration. The plasma 

post-treatment reduces significantly the Rs of Ag films by at least four orders of magnitude for all the 

underlayers (within error bars), already after tpost = 15 s. This is due to the removal of the precursor on 

the surface, even if the films do not present any merger of the compact particles (Figure 121 (b), lower 

part), as already proved by the chemical properties in chapter 5. After 60 s, all Ag films exhibit close 

Rs values (ranging from 13 Ω/□ to 18 Ω/□), except for deposition performed on ZnO thick films. The 

higher sheet resistance of 35 Ω/□ is justified by the higher roughness of the ZnO underlayer, which is 

fully consistent with the work of Kato et al. [255] for defective Ag. For Ag films deposited on ZnO NRs, 

the absence of conduction at 600 cycles confirms that the substrate roughness plays a role on the 

electrical properties and film continuity. In this case, Ag film exhibited an electrical conduction only 

above 1200 cycles, with a value as low as 4.7 Ω/□ after 60 s of plasma PT, probably due to the fact 

that the large amount of Ag material has filled-in the gaps between particles. On the other hand, the 
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slightly lower sheet resistance of film synthetized on glass substrate is explained by the larger Ag film 

thickness deposited at 600 cycles, due to higher growth rate.    

 
Figure 123: Dependence of Ag sheet resistance deposited after 600 cycles on the underlayer material as a 
function of the plasma post-treatment tpost duration (0 s corresponds to as-deposited film, before the plasma 
post-treatment step). Direct PT has been used at Ppost = 100 W. 

In summary, as for PE-ALD deposited films, similar Ag film morphology is obtained independently 

of the underlayer used. The deposition of silver exhibits similar growth rate in all cases, only excepted 

for glass substrates for which the higher hydroxyl group density promotes the growth speed. When 

following the electrical properties of Ag deposited on top of the underlayers, the plasma post-

treatment decreases significantly the sheet resistance of the films, but the film roughness impairs the 

electrical conduction. 

 

VI.2. Optical properties of thin films deposited by the two different processes 

VI.2.1. Silver films deposited by standard PE-ALD 

In chapter 4, we have shown that it was possible to tune the morphological properties of the 

deposited nanoparticles, i.e. the NP size, EDS and morphological thicknesses, aspect ratio, density and 

covered area by controlling the deposition parameters (temperatures, argon flows, precursor 

sequence times). In this section, we investigate the dependence of the optical properties on the Ag 

NPs morphology. We also prove the modulation of the transmittance (%T) and reflectance (%R) 

properties in the near infrared (NIR) region suitable for applications for optics and thermal mitigation, 

as well as the absorbance (%A) properties in the visible range useful for plasmonic effects, sensors or 

energy harvesting. 

Two main factors are influencing the light reflectance, transmittance and absorbance by silver 

nanoparticles. The first one is related to the volume of Ag passed by light, i.e. the film thickness and 

the NP size with bigger volumes leading to increased light absorbance. The second one might be 

related to the morphology of the layer on the glass substrate, i.e. the film coverage. It is thus possible 

to modulate the optical properties of the film by changing the nanoparticle morphology. 

We have studied the influence of the number of ALD cycles on the optical properties of Ag 

nanoparticle film with a coverage lower than 70%. All the depositions have been performed in the 
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same experimental conditions in order to follow only the influence of a change in nanoparticle 

morphology. The optical spectra with the corresponding scanning electron micrographs are shown in 

Figure 124 and the associate morphological parameters are presented in Table 31. As already 

explained in chapter 4, the growth follows the Volmer-Weber mode with a morphology made of small 

and spaced nanoparticles which get bigger, closer, and increasingly irregular in shape with increasing 

numbers of cycles, whereas the nanoparticle density decreases due to the merging of the NPs (see 

insets in Figure 124 and associated quantitative analysis in Table 31). For example, a film deposited 

after 100 ALD cycles presents an average nanoparticle size of 7 nm which cover 26 % of the surface, 

whereas 69% of the surface area is covered by nanoparticles with an average diameter up to 60 nm 

after 800 ALD cycles. We present in Figure 125 deposition giving higher surface coverage than 70%. At 

a coverage of 83%, NPs are very close with an average diameter of 120 nm. For a surface covered at 

94%, a quasi-continuous film is obtained, with an electrical conductivity of 9.21×104 ± 9.05×102 S/cm 

due to the merger of the particles. 

In the visible/NIR region (for wavelength greater than 500 nm), except for the quasi-

continuous film, we observe a transition from high reflectance and low transmittance at lower 

wavelength to low reflectance and high transmittance at larger wavelength. The wavelength where R 

= T (black arrow) shifts to higher value when the particle size and surface coverage increase, going to 

infinite when the film becomes continuous. Qualitatively, this transition is understood the following 

way. At lower wavelength, electrons move freely in the Ag particles, behaving as free electrons, i.e. 

with high %R and low %T. This corresponds to the Drude theory, as shown in the first chapter of the 

thesis work, section I.5.2.1. At higher wavelength, the electrons are bound to the particle size, thus 

behaving as bound electrons and following the oscillator model, with high %T and low %R (see section 

I.5.2.2.). When the particles size increases, the transition is redshifted due to the larger dipole size, 

going to infinite when the film becomes continuous (infinite particle size). The transition from 

discontinuous film (Figure 124  and Figure 125 (a)) to quasi-continuous film is highlighted by the almost 

constant high infrared reflection and low transmission (Figure 125 (b)), in accordance with Drude’s 

theory. Moreover, the visible reflectance increases with the number of ALD cycles and therefore the 

thickness of the Ag films (Figure 124 and Figure 125). The higher visible reflectance is obtained for the 

film with the highest coverage (Figure 125 (b)). 
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Figure 124: Influence of the number of cycles on the optical properties of Ag films on glass substrate for coverage 
lower than 70%: Transmittance (%T in solid lines), reflectance (%R in dash lines) and calculated absorbance (%A 
= 100-%R-%T in dash-dot lines) spectra as a function of light wavelength after a varying number of ALD cycles 
(a) 100 (b) 200 (c) 400 and (d) 800 ALD cycles. The black vertical arrows indicate the wavelength where %R = %T. 
The insets correspond to scanning electron micrographs (taken on silicon substrate close to the glass sample 
used for optical properties measurement) of the film investigated and the scale bars represent 500 nm.   

Sample 
EDS thickness Coverage Morphological thickness NP size Density 

(nm) (%) (nm) (nm) NP/µm2 

100 ALD cycles 3 26 12 6.7 7390 

200 ALD cycles 4 37 11 11.1 3837 

400 ALD cycles 10 48 21 19.7 1560 

800 ALD cycles 23 69 33 59.5 252 

Table 31: Morphological parameters (EDS and morphological thicknesses, film coverage, nanoparticle size, 
nanoparticle density and aspect ratio) corresponding to the films presented in Figure 124 and Figure 126.  
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Figure 125: (a-b) Optical properties of Ag films on glass substrate for coverage higher than 70%: Transmittance 
(%T in solid lines), reflectance (%R in dashed lines) and calculated absorbance (%A = 100-%R-%T in dash-dotted 
lines) spectra as a function of light wavelength for film coverage higher than 70%, (a) 83% and (b) 94%. The insets 
correspond to scanning electron micrographs (taken on silicon substrate close to the glass sample used for 
optical properties measurement) of the film investigated and the scale bars represent 500 nm.  

We observe a maximum absorbance peak in the visible region at a wavelength of around 400-

430 nm (Figure 124 and Figure 125 (a)) corresponding to the localized surface plasmon resonance due 

to the metallic nanoparticle. For a surface covered at 94% exhibiting a quasi-continuous morphology, 

the LSPR here is due to the presence of defects in the film , i.e. non-uniform morphology made of 

gaps, as seen in the SEM image in Figure 125(b). 

These LSPR peaks are zoomed in Figure 126. For film with coverage lower than 70% (Figure 

126 (a)), we observe an enhancement of the magnitude of the peak and a blueshift of the peak along 

with the change in the film morphology, i.e. increase of particle size, film thickness and coverage while 

a decrease of particle density. Regarding the higher absorbance peak intensity with increase of the 

number of cycles, it is explained by the fact that the volume of Ag passed by light is affected by the 

film thickness and the NP size with bigger volumes leading to increased visible light absorbance. 

Second, it is important to notice that the shift of the absorbance peak to lower wavelength is observed 

even for almost continuous film (Figure 126 (b)). It was found in the literature that the LSPR optical 

response (spectral position, intensity and width of the absorbance peak) depends on the morphology 

of the nanoparticle and the covered area, and a redshift is generally observed when the particle size 

increases, as exposed in chapter 1, section I.5.3.. [25] In our study, the potential explanation for the 

blueshift is that the localized surface plasmon resonance is due to the surface defects/grain 

boundaries rather than directly to NP size and shape, at least for large particles and quasi-continuous 

film. [255, 256] The LSPR shifted to shorter wavelength is also observed by Haynes et al. when the 

lattice spacing of the array of Ag and Au nanoparticles synthetized by electron beam lithography is 

decreased. [257] 
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Figure 126: (a) Zoom in of the absorbance in the visible range corresponding to (a) the Ag films presented in 
Figure 124 deposited after a varying number of ALD cycles with coverage lower than 70% and (b) the Ag films 
presented in Figure 125 with coverage higher than 70%. 

VI.2.2. Silver films deposited by the two-step approach 

VI.2.2.1. Optical properties of Ag films before and after post-treatment    

We have further investigated the optical properties of the silver films deposited by the two-step 

approach, as ultra-thin Ag films can be used for optical coatings in windows, lenses [21] or mirrors. 

[20] In order to investigate the functional properties of films synthesized using the new suggested 

process, we perform optical analysis of the as-deposited and post-treated Ag films. The optical 

properties of a 15 ± 1 (i.e. close to the critical thickness) and  42 ± 2 nm-thick Ag film deposited on 

glass substrate are shown in Figure 127 (a,c) and Figure 127 (b,d), respectively. 

Before plasma post-treatment, the optical behavior of the Ag film made of compact nanoparticles 

is very similar to the one obtained for separated NPs using standard PE-ALD. For the thinner film 

(Figure 127 (a) in red), we observe the same transition: at lower wavelength, a high reflectance and 

low transmittance which, respectively decreases and increases at higher wavelength. However, the 

as-deposited film presents a stronger and broader absorbance peak ranging from the visible to NIR 

range (300-1300nm, Figure 127 (c) in red) compared to LSPR of well-separated Ag NPs shown in the 

previous section. This behavior is typical for a film of aggregated nanoparticles, were the plasmon 

resonance of small silver particles [27] is broadened by the strong dipolar interaction between 

particles. [258] Indeed, due to the compact particle morphology, the NPs are very close to each other 

and thus highly interacting between them. For the thicker film (Figure 127 (b) in red), the same 

transition from high %R/low %T at lower wavelength to low %R/high %T at higher wavelength is noted. 

However, the transition where R=T is shifted to higher wavelength, highlighting that the NPs are higher 

in size or more coupled. The plasmon peak followed by a peak shoulder giving stronger and broader 

absorbance is also caused by the dipolar interaction between particles due to the compact 

morphology (Figure 127 (d) in red). 

After plasma post-treatment, for the thicker film (Figure 127 (b,d) in black), the reflectance strongly 

increases and reaches up to 97% in the infrared region while the transmittance and the absorbance 

are strongly reduced in the NIR region. This is explained by the widen conduction paths (free electrons 

in metal layers) due to the quasi-continuous film morphology, confirming thus the good long-range 
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electrical conduction properties obtained after PT. The absorbance of the post-treated film does not 

show any signature of aggregated nanoparticles, i.e peak broadening, that is the sign of a good 

sintering of the particles. As it was the case for a quasi-continuous film with a coverage of 94% 

deposited by standard PE-ALD (Figure 125(b)), the residual absorbance of the post-treated film in the 

visible region might be related to defects in the silver coatings, either due to holes or to the roughness 

of the deposit (rms roughness of 10.7 ± 0.2 nm for the as-deposited film and 8.9 ± 0.6 nm for post-

treated film, see chapter 5). When it comes for the thinner film ((Figure 127 (a) in black), due to lower 

thickness of Ag layer and the existence of higher non-covered areas (presence of more gaps) in the 

film morphology, the spectrum presents a lower reflectance and a higher transmittance as compared 

to the thicker film. However, contrary to what was observed for as-deposited films, we observe quasi-

constant reflectance and transmittance with a presence of a plateau when increasing wavelength. This 

is the signature of the transition from nanoparticle film to quasi-continuous film. The high and quasi 

uniform visible/NIR absorbance (Figure 127 (c) in black) confirms the strong dissipation due to the 

presence of defaults in the film, as already demonstrated for defective thin Ag films deposited by 

sputtering. [255] 

 
Figure 127: Optical properties of Ag thin films on glass substrates: (a-b) Transmittance (%T in solid lines), 
reflectance (%R in dash lines) and (c-d) calculated absorbance (%A = 100-%R-%T in dash-dot lines) spectra as a 
function of light wavelength corresponding to as-deposited (in red) and post-treated with indirect PT for tpost = 
600s and Ppost = 250W (in black) Ag thin layer. The insets in (c) and (d) correspond to SEM images for as-deposited 
(red outline) and post-treated (black outline) and the scale bars represent 500 nm. The EDS equivalent thickness 
is (a-c) 15 ± 1 nm and (b-d) 42 ± 2 nm.  
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VI.2.2.2. Influence of the plasma post-treatment duration on the optical properties of Ag films   
 

The effect of the plasma post-treatment with a fine tuning of its duration tpost on the optical 

properties of Ag thin films has been studied deeper in Figure 128. The results are directly correlated 

with the sheet resistance of the layers and the corresponding morphology presented in Figure 129. 

We compare a 27 nm-thick Ag film deposited after 200 cycles and a 41 nm-thick Ag film deposited 

after 400 cycles, before (as-deposited) and after PT. As already highlighted in the previous section, the 

effect of the PT is clearly seen by a change in the optical spectra.  

For the thinner film, already after the first PT of 5s, we observe the transition from 

nanoparticle film to percolated film both on the SEM images in Figure 129 and on the optical behavior 

of the film in Figure 128. First, the high visible/low IR reflectance is translated to a lower visible/higher 

IR reflectance with a uniform value after PT (Figure 128 (b)). We do not observe an increase of the 

reflectance as it was presented in chapter 1 for continuous film due to the fairly high films resistivity. 

Second, the low visible/high IR transmittance changes to a quasi-constant transmittance with a 

presence of a plateau when increasing wavelength after PT (Figure 128 (a)). Third, contrary to a 

decrease of the absorbance which is expected after PT (Figure 127 (d)), we observe in Figure 128 (c) a 

high and quasi uniform visible/NIR absorbance, as already demonstrated for the thin film in Figure 127 

(c). This confirms again the strong dissipation due to the presence of defaults in the film, in accordance 

with the work of Kato et al. [255]. Even if we notice a high degree of coalescence of particles, no clear 

distinction of the effect of post-treatment duration on the optical spectra (%R, %T and %A) are noted. 

This might be due to the fact that the films remain highly resistive even after long tpost of 11430 s of 

post-treatment at different plasma power (PT4), i.e. 4×106 Ω/□ after PT 4 (Figure 129). This is 

understood by the fact that the film is almost discontinuous (close to percolation). 

For the thicker film deposited after 400 cycles, already after 5s of post-treatment, we observe 

the same transition as for thinner film on the optical properties of the film, from nanoparticle film 

with low visible/high IR %T and high visible/low %R to percolated film with almost constant %T and 

%R and %A from visible to IR regions. We do not obtain a lower value of the IR %A for post-treated 

films as compared to as-deposited ones, as it was the case in the previous section (Figure 127 (d)). 

This is due to the much lower value of IR %R (50-60% vs. 97%), probably caused by a lower film quality 

(higher resistivity of 30.8 µΩ.cm as compared to 6.7 µΩ.cm for the previous film). On the other hand, 

the shape of the visible %A peak of the post-treated Ag film after the two first PT (5 s and 10s) is very 

similar to the one of as-deposited film (Figure 128 (f)). Indeed, we see the presence of a strong and 

broad absorbance peak ranging from the visible to NIR range, typical for a film of aggregated 

nanoparticles. [27, 258] This is seen on the SEM images in  Figure 129 for which the presence of well-

defined connected particles is still noticed even after PT. Despite the absence of modification of the 

film morphology, we observe a drop of the sheet resistance value of 3 and 5 orders of magnitude after 

5s (PT 1) and 20s (PT 2), respectively, probably due to the removal of the precursor on the surface (see 

chemical properties in chapter 5). For longer PT time (1230s at 100 W for PT3 and 11430s at different 

plasma power for PT 4), when increasing tpost, the IR absorbance decreases which is directly linked to 

the increasing IR reflectance (Figure 128 (e). This is due to the still decrease of the sheet resistance 

but at much lower rates (10.7 Ω/□ to 8.4 Ω/□). This is in accordance of the work of Kato et al. who 

found a decrease of the IR %A with the increase of the film conductivity. [255] We observe a good 

coalescence of the particle (see SEM in Figure 129) which is translated by a tighter visible absorbance 

peak for the two last post-treatments.  
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Figure 128: Influence of the direct plasma post-treatment time tpost on the optical properties (transmittance %T 
(a-d), reflectance %R (b-e) and calculated absorbance %A = 100-%R-%T (c-f)) of Ag films deposited on glass 
substrate after 200 cycles giving a 27 nm-thick film (a-c) and after 400 cycles giving a 41 nm-thick film (d-f). The 
different parameters for the plasma post-treatment (PT) are: for PT 1, tpost = 5s / Ppost = 100 W; for PT 2 tpost = 20 
s / Ppost = 100 W; for PT 3 tpost = 1230 s / Ppost = 100 W and for PT 4 tpost = 1230 s / Ppost = 100 W + tpost = 1200 s / 
Ppost = 150 W + tpost = 5400 s / Ppost  = 200 W + tpost = 3600 s / Ppost = 250 W. The electrical properties and 
morphology corresponding to each film are found in Figure 129.  
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Figure 129: Influence of the direct plasma post-treatment time tpost on the sheet resistance of Ag films deposited 
on glass substrate after 200 cycles giving a 27 nm-thick film (black) and 400 cycles giving a 41 nm-thick film (red) 
and corresponding scanning electron micrographs. The different parameters for the plasma post-treatment (PT) 
are: for PT 1, tpost = 5s / Ppost = 100 W; for PT 2 tpost = 20 s / Ppost = 100 W; for PT 3 tpost = 1230 s / Ppost = 100 W and 
for PT 4 tpost = 1230 s / Ppost = 100 W + tpost = 1200 s / Ppost = 150 W + tpost = 5400 s / Ppost  = 200 W + tpost = 3600 s / 
Ppost = 250 W. The scale bars of SEM images represent 500 nm. The optical properties corresponding to each film 
are found in Figure 128. 

 
Figure 130: Influence of the number of  cycles (and thus the film thickness) and electrical properties (resistivity) 
of post-treated Ag thin films on glass substrates on the optical properties of the film: (a) reflectance %R and (b) 
calculated absorbance %A = 100-%R-%T. 
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As we have highlighted that the optical properties are influenced by the electrical properties 

of Ag films, we have investigated the correlation between electrical and optical properties on Ag films 

in a broader range of thicknesses. We used post-treated Ag films after 11430 s of post-treatment at 

different plasma power (PT4) exhibiting connected morphology with thicknesses ranging from 27 nm 

to 84 nm and resistivity respectively from 0.15 Ω.cm to 10.5 µΩ.cm (Figure 130). We clearly see that 

an increase of the film resistivity leads to an increase of IR absorbance (Figure 130 (b)) while decreasing 

the IR reflectance (Figure 130 (a)). This has already been observed in the work of Kato et al. [255]. In 

the free electron model, the imaginary part of the dielectric constant ε2 is proportional to the d.c. 

resistivity of the metal (see chapter 1 and e.g. [199]), thus the higher %A are directly linked to the 

higher d.c. resistivity of our films. The increase of the absorbance may also be due to the dissipation 

caused by surface plasmon polaritons (surface plasmon excited by electro-magnetic wave) on rough 

Ag surface as it was highlighted by Kato et al. [255]. 

  

VI.3. Conclusion 
 

In terms on conformality, we have seen that the standard PE-ALD gives a poor film 

conformality due to the plasma species recombination. On the contrary, the new two-step approach 

enables to obtain a highly-conformal Ag deposition, even for lateral high aspect ratio structures, which 

are impossible to fill in with line-of-sight methods. In addition to SEM morphologies, the results have 

been highlighted by studying the thickness profiles into a quasi-infinite trench for both processes. An 

exponential decrease of the Ag film thickness confirms the recombination of hydrogen radicals on the 

surfaces for standard PE-ALD which prevents the growth deeper into the structure. On the contrary, 

the gas-phase reaction occurring during the first step of the new process follows a diffusion law, which 

confirms the high degree of conformality obtained by means of our novel approach. We have also 

seen that the morphology obtained with the novel approach is preserved far into the lateral structure, 

both for as-deposited and post-treated films. The layers remain connected until the thickness 

becomes lower than the critical thickness. With a view to understanding what avoids the radical’s 

recombination and what enhances the radical’s penetration depth during the plasma post-treatment, 

we have performed the same Ag deposition in LHAR structure and then tested two different kind of 

post-processes, i.e. indirect (in the presence of the grid) and direct PT. Since the penetration depth of 

the post-treatment is equivalent for both direct and indirect PT, it was concluded that it was not only 

the fact to have a direct PT that gives the efficiency of the PT until the bottom of the trench. One 

hypothesis of this enhancement of conformality for the post-treatment could be that the limitation of 

radical’s penetration is directly correlated with the plasma pulse time, which is longer during the 

plasma post treatment of pulsed PE-CVD deposited film compared to very short one for standard PE-

ALD deposited film (3 s). Further investigations are still needed in order to validate this hypothesis, 

even though the deposition of conformal film made of well-separated Ag NPs was not the aim of this 

PhD thesis since thermal-ALD already exhibits good achievements. Overall, Ag deposited by our novel 

approach covers largely the requirements of the current microelectronic applications in terms of film 

conformality and Ag could be a good candidate for conducting interconnects in microelectronics. 

Noble metal films supported on (metal) oxide and high aspect ratio substrates have also an 

interest for applications in microelectronics or smart windows market for continuous smooth layers 

and in optical coatings sensors for Ag nanoparticle film. Weakly-interacting film/substrate systems 
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represent a key factor for these applications. In this section, we have seen that the underlayers has a 

weak influence on the morphology of silver films deposited with both processes. Even for zinc oxide, 

which exhibits higher surface energy than silver itself, no continuous Ag films but rather a morphology 

of discrete islands have been obtained by standard PE-ALD, while the morphology made of Ag compact 

nanoparticles is preserved for pulsed PE-CVD deposited Ag films. We have used surface wettability 

quantified by the value of the water contact angle to compare the different underlayers and made a 

correlation with the surface hydroxyl groups density. We found that the Ag film growth rate was highly 

dependent on the –OH surface density which promoted the Ag precursor chemisorption and thus the 

metal loading. This higher growth rate was correlated to the lower contact angle values, presumably 

due to higher surface hydroxyl species. Since the standard PE-ALD involves only a surface-limited 

reaction whereas a gas-phase reaction and a surface reaction are taking place for pulsed PE-CVD, this 

effect was more pronounced in the first case. Indeed, for film deposited via the two-step approach, 

no slower start of the deposition is occurring for ZnO and Al2O3 underlayers as compared to Si, but all 

these substrates exposed the same growth rate. In addition, for this novel approach, when following 

the dependence of the electrical properties of Ag deposited on top the different underlayers and as a 

function of the post-treatment duration, for all films deposited after 600 cycles, a sharp decrease of 

the Ag films sheet resistance was noticed. However, the films roughness was found to increase the 

film resistivity due to the defects and almost insulating Ag deposition have been obtained on zinc 

oxide nanorods. 

Finally, we have highlighted the interaction of the optical properties and the morphology of 

Ag films. The synthesis of discrete islands by standard PE-ALD is underlined by the presence of 

localized surface plasmon resonance absorbance peak in the visible region. We showed that the LSPR 

optical response (spectral position, intensity and width of the absorbance peak) was dependent on 

the morphology of the nanoparticle and the covered area. Contrary to what is usually observed in the 

literature, we observed a blueshift with the increase NP size and film coverage which might be 

explained either by the surface defects/grain boundaries rather than directly to NP size and shape for 

large particles/quasi-continuous films obtained after higher ALD cycles or by a decrease of the lattice 

spacing of the array of Ag. The second signature of nanoparticle films is the transition from a 

‘continuous like’ optical behavior at low wavelengths, understood by Drude’s model and highlighted 

by a high reflectance/low transmittance, to the ‘particle-like’ behavior at higher wavelengths, 

understood by the oscillator model and highlighted by a low reflectance/high transmittance. When it 

comes to the two-step process, for Ag compact NPs film obtained before post-treatment, the same 

transition of reflectance and transmittance as PE-ALD deposited nanoparticle is observed as function 

of wavelength. The main difference relies on the presence of a broader absorbance peak which is 

linked to the interaction between particle due to the aggregated nanoparticle morphology. When 

plasma-post processing is applied, we noticed an optical behavior close to an ideal continuous film, 

with a strong increase of IR reflectance and strong decrease of both NIR absorbance and 

transmittance. However, the presence of defects in the film, either due to gaps or to the roughness of 

the deposit, cause a strong dissipation observed by a residual visible absorbance of the silver films. 

Finally, we proved that the electrical properties of Ag films deposited by the two-step approach affect 

the optical spectra. We have observed an increasing IR absorbance correlated to a decreasing IR 

reflectance when Ag film resistivity have increased. This may be due to the dissipation caused by 

surface plasmon polaritons (surface plasmon excited by electro-magnetic wave) on rough Ag surface. 



 
 

 

 

  



210 
 

Conclusion and 

Perspectives 
 

 

In this chapter, the important achievements of the thesis are presented in order to respond 

to the challenges of the work. Several outlooks arise from this PhD work. Therefore, preliminary 

studies giving encouraging results for potential future applications are highlighted and presented as 

proof of principle. 
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General conclusion and outlook 

1. Conclusion 
 

This doctoral thesis focused on the deposition of ultra-thin silver films using chemical vapor-

phase deposition, the film characterization and the growth mechanism comprehension. In order to 

overcome the physical limit of line-of-sight deposition, i.e. lack of film conformality on complex 

substrates, ALD-based processes were used. The state-of-the-art of chemical gas-phase processing of 

silver films highlights that the major challenge is to find a suitable metal precursor presenting both a 

thermal stability and a high vapor pressure. Moreover, another drawback is that the ALD of metal 

nanoparticles, and in particular silver, is still weakly understood in terms of growth mechanism and 

suffer from a lack of uniformity over large-area substrates. Using this method, we have seen that it is 

also quite challenging to obtain continuous Ag films, because, as for all noble metals, the growth 

mechanism leads to a nanoparticle morphology for low thickness.  

 

Having these challenges in mind, this thesis work has followed two different routes to tackle 

them. 
 

The first route is the deposition of Ag through standard PE-ALD using Ag(fod)(PEt3) as silver 

precursor and H2 plasma as reducing agent.  During the development of the process, it was found that, 

for low thickness, typically below 60 nm, the obtained silver layers are made of silver particles 

distributed on the surface, as expected from the growth of metal layers on oxide surfaces. As usually 

observed for most of ALD processes, the process parameters (i.e. temperatures, argon flows, plasma 

conditions and sequence times) play a critical role in the film synthesis. The aim was to achieve an ALD 

self-saturated regime which has been quantified by a systematic analysis of the film thickness 

uniformity over a large surface area (8-inch substrate) depending on the experimental conditions. We 

have proved a deficiency of the precursor injection system, creating a leak and continuous exposure 

of Ag precursor. This has been upgraded through modification of the geometry of the gas-valving 

system, and one of the major consequences of this upgrade was the strong improvement of the 

uniformity of the deposition. In a preliminary investigation, the chamber temperature was identified 

as the most critical parameter giving an optimum chamber temperature ranging from 100 to 140°C. 

The Ag precursor temperature, controlling its evaporation, needs to be at least 10°C lower than the 

chamber temperature in order to avoid condensation of the precursor on the reactor. The argon flows 

have been investigated, both in the process lines, to control the amount of precursor exposed into the 

chamber, and in the plasma head, to regulate the exposure of radicals created by the plasma. It was 

found that these parameters had a stronger influence at a lower chamber temperature due to the 

challenging control of the ALD parameters at this low temperature. Under selected parameters and 

reduced temperatures, quasi-continuous layers can be obtained. However, depositions made at such 

low temperatures were strongly non-reproducible due to the non-appropriate evaporation conditions 

of the Ag precursor. Using this preliminary approach as a starting point, a fine development of the PE-

ALD of Ag highlighted that the ALD sequence times played a major role in order to ensure a saturation 

of the substrate surface. In optimum conditions, the Ag precursor pulse length tpr was 5 s, while the 

hydrogen plasma pulse tpl was 3 s. The purge length after the metal precursor tpu1 was 5 s and 10 s 

after the plasma exposure tpu2. The consequence of a deviation as compared to these times is a 

decrease of the uniformity of the film thickness, i.e. a change in the deposition regime with CVD-like 
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behavior when the purge time is too low, and an under-saturated regime when the pulse time is not 

high enough. The plasma conditions also highly influenced the deposition and, highlighted by chemical 

analyses, reactive hydrogen radical species were found to be mandatory in order to obtain pure silver 

in metallic state. We have also confirmed that lower temperatures (Tch = 110°C / Ths = 90°C) favored 

the formation of a quasi-continuous film  but with a lack of reproducibility and higher temperatures 

(Tch = 130°C / Ths = 100°C) revealed a film made of nanoparticles which are separated. This effect might 

be related to the migration of metal atoms on the surface, which is reduced at low temperatures. The 

electrical conductivity of the films has been evaluated for both regimes. At low temperatures, the 

values were very low (e.g. conductivity of 7.12×10-2 S/cm for a silver film of 22 nm). At high 

temperatures, low electrical conduction was obtained for thick films (conductivity of 2.46×10-5 S/cm 

for a film thickness of 47 nm).  

The parameters mentioned above have also been used in order to more carefully study the 

growth mechanism based on the particle morphology and demonstrate the large-scale uniform 

deposition of Ag NPs. By means of an original methodology, we have investigated deeper the 

uniformity of the deposition and quantified it in terms of film morphology. For that, we have reported 

the value of the morphological criteria (morphological and EDS film thickness, size, density and aspect 

ratio of Ag NPs, film coverage) both at the center position of an 8-inch substrate and, more originally, 

the gradient over a 10 cm distance on the substrate. We have demonstrated that the full analysis of 

the morphology and the gradient provided more information than the more commonly investigated 

average thickness alone. The analysis of the large-scale deposition, and thus the gradient, was very 

useful as it has demonstrated the limited process temperature window ranging from 130 to 140 °C, 

which is not anticipated by investigating the deposition rate alone. The control of the growth mode 

and ALD parameters remained crucial to obtain uniform NPs with tailored morphology. In the process 

window, we have demonstrated that appropriate pulse and purge times can produce films with less 

than 5% gradient of the thickness and NP size over 10 cm length. Regarding the plasma conditions, we 

proved that the maximum quantity of radicals arriving on the substrate  with a reduced travelling 

distance gave the higher plasma efficiency needed for the reduction reaction of the precursor and 

favored a more uniform cross-flow between the lateral flow of silver precursor and the vertical flow 

of hydrogen radicals. When it comes to the uniformity at the atomic scale, according to X-ray 

diffraction, time-of-flight secondary ion mass spectrometry and X-ray photoemission spectroscopy 

performed on the whole silicon wafer, the deposited material was found to be made of uniformly 

deposited polycrystalline pure metallic Ag, with a low amount of impurities emanating from the 

precursor, showing the completeness of the reduction reaction. When varying the number of ALD 

cycles, a deposition process driven by surface reactions, as expected for ALD, have been obtained with 

an average growth per cycle of 0.017 ± 0.004 nm/cycle. A more detailed study on the morphological 

criteria were undertaken within the first deposition stages (first 800 ALD cycles). It was concluded that 

the observed trends were not consistent with a single growth mechanism. For that, an empirical model 

with a view to understanding the Ag NP growth mechanism on a surface has been proposed. The 

minimal combination that reproduces the experimental results was reaction and deposition, on top 

of a silver nanoparticle already adsorbed on the surface, on the triple point (interface between the 

substrate, deposited silver and gas) and material transfer. The growth mode involved both, deposition 

of Ag particles related to the Volmer-Weber mechanism, i.e. three-dimensional growth, and material 

transfer between particles, presumably via a ‘surface Ostwald ripening’ like process (larger particle 

growth at the expense of smaller ones). The material transfer mechanism mainly occurred during the 

plasma pulse, allowing us to tune the NP size while keeping the average thickness constant. However, 
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a deeper investigation is still needed regarding this material transfer mechanism, particularly by better 

distinguishing the competition between Ostwald ripening and particle migration and coalescence 

(Smoluchowski ripening). 

 

Regarding the second route, we have demonstrated an alternative two-step process regime, 

which is more promising for continuous ultra-thin silver film deposition. A first step of pulsed plasma-

enhanced CVD with continuous exposure of Ag precursor and pulse only of the plasma gave a peculiar 

morphology made of compact and highly covering nanoparticles, that is usually not achieved at low 

thickness with CVD or ALD methods. This process led to a typical growth per cycle of 0.065 ± 0.02 

nm/cycle, corresponding to a growth rate of 0.27 nm/min, which is more than six times higher than 

the one obtained by standard PE-ALD (0.044 nm/min). However, the films remain almost insulating 

(sheet resistance of 6 MΩ/□ for a 25-nm-thick film). In order to make the deposit conductive, a second 

step of hydrogen-based plasma post-processing sintered these NPs, and highly conductive and almost 

continuous ultra-thin films have been obtained (sheet resistance of 6 Ω/□ for a 25-nm-thick film). A 

percolation threshold as low as 15 ± 1 nm (sheet resistance of 1.2 ± 0.1 kΩ/□ after post-treatment) 

and an electrical conductivity up to 3.9×105 S/cm for a 40-nm-thick post-treated Ag films have been 

achieved. These results are very close to the one obtained by physical vapor phase deposition and well 

beyond the one obtained by standard PE-ALD process deposited in the same temperature range 

(critical thickness of 63 ± 5 nm). Moreover, a mean-free path equals to 26 ± 2 nm and very close to 

sputtered Ag film proved the good quality of the film with a conductivity limited by the surface 

scattering rather than grain boundaries. Highlighted by chemical analyses, the originality of the two-

step approach is that it is different from previous investigations, where a first deposition of a metal 

oxide is followed by a reduction step. Using the novel approach, the as-deposited film is already in 

metallic state even if it is non electrically conductive, and it exhibits all the typical diffraction plans of 

Ag with no signature of silver oxide phase. The further post-processing removes the unreacted Ag 

precursor from the surface and enhances the growth by an increase of crystallite size preferred on the 

(111) direction, explaining the increase in electrical conductivity. 

The investigation of the deposition parameters of silver compact NP film has been used in 

order to understand the growth mechanism and also to propose a qualitative model of growth. It was 

found that mild plasma conditions (i.e. low RF power or high distance between the grid and the 

sample) favors the apparition of the peculiar morphology made of compact Ag NPs. The plasma pulse 

time has a higher influence on the film uniformity (in terms of the presence of compact morphology) 

as compared to the purge time between plasma pulses and the optimum conditions were tpl 3 s / tpu2 

10 s. It was also found that the use of high temperatures, typically Tch 150°C and Ths 130°C and high Ar 

flows, typically 300 sccm both in the process and plasma head, strongly enhances the uniformity of 

the deposition and the obtention of compact films. Based on the experimental results of the obtained 

film morphology vs. process parameters, the qualitative model proposed in this thesis gives an 

hypothesis speculating that the new morphology is obtained due to the reaction of the silver 

precursors with hydrogen radicals in the gas phase, rather than on the substrate surface, as expected 

for the standard ALD process.  

The investigation of the plasma-post-processing parameters performed on this peculiar 

morphology showed that, regarding its influence on the film morphology, a higher degree of 

coalescence of the particles was obtained with a higher density of the bombardment of energetic 

hydrogen radicals on the substrate. This depended mainly on hydrogen flow, RF plasma power, grid-

substrate distance and plasma exposure time. In order to obtain the highest degree of coalescence of 



215 
 

the particles, a post-treatment with an optimum ratio of plasma power/hydrogen flow is needed to 

promote enough hydrogen radical’s density while preventing film dewetting. The influence of the 

post-treatment on the electrical properties of the film with a fine tuning of its duration and power was 

achieved. By increasing the time of post-processing, an improvement of the electrical conductivity of 

silver films was obtained by, first, a removal of the unreacted silver precursor from the surface, which 

gave a sharp decrease of the film resistivity, then a partial sintering of the nanoparticles accompanying 

by still a decrease of the film resistivity, but at much lower rate, and finally an increase of the 

connectivity between particles with a total sintering giving a stable value of resistivity. 

Although the process is new and the deposition mechanism is still largely non understood, this 

PhD work gave some hints on the potential reasons for the obtained film morphology. A deeper 

optimization of the process parameters is still needed in order to better understand the growth 

mechanism occurring mainly through the gas phase.  
 

Both processes, i.e. standard PE-ALD and the novel two-step approach, have been compared 

regarding their functional properties.  

In terms of conformal deposition, while ALD is the most promising technique for conformal 

deposition, the PE-ALD of Ag thin film suffers from the recombination of plasma species on the 

surfaces, which prevents the growth deeper into such structure. By using original lateral high aspect 

ratio structures, our new two-step process leads to a much better conformal deposition than PE-ALD, 

with better coverage than the one reported up to now for ALD of silver, i.e. a thickness variation of 

less than 10% for an aspect ratio (AR) up to 12:1 (versus 10% for AR < 3 for PE-ALD). This is understood 

by the gas-phase reaction occurring during the first step of the new process which follows a diffusion 

law, as compared to the surface-limited reaction in standard PE-ALD following an exponential 

decrease linked to radical’s species recombination. Moreover, regarding the two-step process, both 

morphologies, i.e. compact nanoparticle for as-deposited film and connected film for the post-treated 

film, are preserved far into the structure until an AR of 18:1, after which the film thickness becomes 

lower than the critical thickness and leads to discontinuous films.  

Interestingly, for both processes, a weak influence of the underlayers on the morphology of 

silver films deposited on top of them have been obtained. We have studied oxide underlayers 

exhibiting different surface energies, either higher than silver itself (zinc oxide) with a view to 

obtaining the formation of a continuous metal film, or lower ones (alumina, glass and silicon). The 

differences between the sublayers were also investigated in terms of surface wettability which was 

quantified by the value of the water contact angle (WCA) and correlated to the surface hydroxyl 

groups density. The study was completed by high rms roughness underlayers made of zinc oxide 

nanorods. It was found that the growth rate was highly dependent on the surface hydroxyl groups, 

which enhanced the Ag precursor chemisorption. The higher growth rate was related to the lower 

contact angle, potentially due to the higher density of –OH surface groups. This effect was more 

pronounced for standard PE-ALD, probably due to the surface-limited reaction, whereas the growth 

mechanism linked to Ag deposited with our novel approach involved the competition between two 

mechanisms: a gas-phase reaction and a surface reaction. On the other hand, the morphology 

remained unchanged for both processes, independent of the nature of the underlayer. Indeed, we still 

observed Ag made of well-defined islands for standard process and compact NPs for the two-step 

approach. Regarding the novel approach, we have additionally followed the dependence of the 

electrical properties of Ag deposited above the different underlayers and as a function of the post-

treatment duration. All films deposited after 600 cycles exhibited close values of electrical conduction 
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after post-processing, but the roughness of the film was found to increase its resistivity, and almost 

insulating deposition have been obtained on zinc oxide nanorods. In this case, Ag film exhibited an 

electrical conduction only above 1200 cycles. 

In the last part of the thesis, the close interaction between optical behavior in visible and 

near infrared ranges and silver film morphology has been presented. One signature of the films made 

of separated metal islands synthetized by standard PE-ALD is the presence of localized surface 

plasmon resonance absorbance peak in the visible region at a wavelength of around 400-430 nm, 

which depends on the nanoparticle morphology, i.e. size and shape. The other feature is the transition 

from a ‘continuous like’ optical behavior at low wavelengths, understood by Drude’s model and 

highlighted by a high reflectance/low transmittance, to the ‘particle-like’ behavior at higher 

wavelengths, understood by the oscillator model and highlighted by a low reflectance/high 

transmittance. Before plasma post-treatment, the optical behavior of the Ag film made of compact 

nanoparticles is very similar to the one obtained for separated NPs using standard PE-ALD and 

followed the same transition as function of the wavelength. However, a broader absorbance peak, 

typical of aggregated nanoparticles causing interaction between them, is obtained. After the post-

processing step, a strong increase of IR reflectance and strong decrease of both NIR absorbance and 

transmittance are achieved. The presence of the residual absorbance of the post-treated film in the 

visible region might be related to defects in the silver coatings, either due to holes or to the roughness 

of the deposit. The optical properties are influenced by the electrical properties of Ag films and, for 

film exhibiting electrical conduction, an increase of the film resistivity leads to an increase of IR 

absorbance while decreasing the IR reflectance. The higher absorbance is directly linked to both the 

higher d.c. resistivity of our films and the dissipation caused by surface plasmon polaritons of rough 

Ag surfaces. Our Ag depositions still need to be improved in terms of film quality. Indeed, for the 

nanoparticle synthetized by standard PE-ALD, the surface defects/grain boundaries are responsible 

for the LSPR blueshift rather than directly to NP size and shape. A fine tuning of the nanoparticle 

morphology could be interesting for sensors based on surface enhanced Raman spectroscopy (SERS) 

in order to exploit the local exaltation of the Raman signal of molecules located near the surface of 

metallic nanoparticles for the detection of chemical and biological species (detection of pollutants, 

explosives, food contaminants or biomarkers of disease in biological media). [259] Regarding the novel 

approach, for post-treated silver percolated film, the presence of defaults in the film, either due to 

holes or to the roughness of the deposit, cause a strong dissipation observed by a strong absorbance 

peaks in the UV-visible range. In order to be used as, for instance, low emissive coating in the field of 

automotive or smart buildings, these features need to be improved.  

2. Outlook 
 

During this thesis work, we have highlighted a conformal and connected ultra-thin silver films 

deposited by the two-step approach. An outlook could be to understand even more the process and 

try to confirm the hypothesis of the occurrence of a gas-phase reaction by an understanding of the 

diffusion process which is taking place during the Ag growth. For that, we could take benefit from the 

original lateral high aspect ratio structures. A future investigation can be to vary the experimental 

parameters (sequence times, temperatures, argon flows, plasma power) and follow the saturation 

profile of the Ag deposition in order to see their effect on the film conformality, into different aspect 

ratio structures, as it was done by Dendooven et al. [242] for alumina deposition. We can also 

implement this study by adding a theoretical model based on the diffusion–reaction model developed 

by Ylilammi et al. [240] and used also by Yim et al. [260].  
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A completely different approach to obtain conformal and continuous silver thin-films could be 

to deposit Ag by means of thermal ALD, which is a much more promising technique for conformal 

deposition as compared to PE-ALD, since no radical recombination affects the conformality. Even if 

thermal ALD generally produces Ag films made of separated island morphology, we have highlighted 

in the state-of-the art section that only one work has obtained a better-connected deposit. Indeed, 

Golrokhi et al. [46] have produced a planar film-like morphology exhibiting a critical thickness as low 

as 9 nm by means of direct liquid injection thermal ALD using (hfac)Ag(1,5- COD) as silver precursor 

and tertiary butyl hydrazine (TBH) as reducing agent. Here, substituted hydrazine (tBuHNNH2) was 

used rather than hydrazine (H2NNH2) due to the hazards (explosive and poisonous) of the un-

substituted component. The reactivity of TBH on the surface has created however the formation of 

hydrazine in-situ, which can still present safety issue when upscaling. Therefore, the process 

conditions need to be adapted, e.g. by employing an adapted pumping system on the deposition 

equipment in order to prevent the emission of the toxic species into the atmosphere, but the cost of 

the process will be higher. In comparison with standard thermal ALD which usually uses alcohol as 

reducing agent, TBH was selected due to the lower pKa value (8.1) as compared to alcohols (e.g. 16.1 

for propanol). Therefore, TBH is more acidic and more favorable proton donor. This higher reactivity 

explained also why lower deposition temperatures could be used and thus produced continuous Ag 

film by reducing Ag atoms migration. Based on this study, one future path could be to use the process 

of the work of Golrokhi et al. and see if it is possible to obtain a conformal deposition on high aspect 

ratio structures, in addition to the continuous film morphology. Another approach could be to 

combine this TBH reducing agent with the Ag precursor employed in this PhD work (Ag(fod)(PEt3)), but 

having in mind that hazardous products are created in-situ, and see if it is possible to reduce the critical 

thickness obtained with (hfac)Ag(1,5- COD) precursor. A last route could be to find a reducing agent 

which exhibits the same high reactivity as TBH but without the hazardous character of this specie.  

Regarding the growth mechanism taking place in both processes employed in this thesis work, 

i.e. standard PE-ALD and the novel two-step approach, even if this PhD work gave some hints on the 

understanding, there is still a lack on the underlaying deposition mechanism. More precisely, the 

ligand-exchange reaction occurring during the nucleation phase, needs to be analyzed more deeply. 

For that, in-situ analyses could bring important information. In-situ quartz crystal microbalance (QCM) 

studies have been used by Masango et al. and enable to understand the nucleation of Ag NPs with 

(hfac)Ag(PMe3) during thermal ALD and the surface reaction taking place. [48] Combined with XPS 

analyses, they thus managed to discriminate between the removal of the PMe3 ligand from the surface 

rather than the hfac group. In this PhD work, even if the QCM signal can be impacted by the plasma, 

this analysis could be envisioned. Another interesting approach could be to follow the released species 

in the reactor during the reaction by in-situ chemical analysis like residual gas mass spectroscopy 

(RGA). It could also be envisioned to investigate each half ALD reaction taking place on the surface and 

check what are the terminal surface groups and quantify them by in-situ Fourier Transform Infrared 

Spectroscopy (FTIR). For the two-step processing, by in-situ FTIR, an interesting study could be to 

follow the removal of the Ag precursor from the surface as a function of the plasma post-treatment 

duration and/or RF plasma power, and evaluate the amount and nature of organic species removed 

during the post-processing. This could be effective in confirming the removal of the precursor from 

the surface and correlate it with the change on the electrical properties of the Ag film. Ma et al. [195] 

followed the elimination of gum arabic capping surface polymer through this analysis.  
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Future applications and proofs of concept  

In this last part of the conclusion, preliminary studies giving encouraging results for potential 

future applications of Ag films developed in this PhD work are presented. 

 

1. Proof of concept of low emissive coating  

 

Infrared reflective (IRR) coatings play an important role in the heat management of glazing products 

by avoiding heat to be transferred. [261] Ultra-thin silver film embedded in metal oxides has currently 

exhibited the highest performances. [262]  

 

As proof of principle, we have grown an ultra-thin silver layer (targeted thickness below 20 nm) 

using our novel two-step approach between two aluminum-doped zinc oxide (AZO) layers (thicknesses 

of 45 nm, see Figure 131 (a)), the full stack being deposited in the same reactor, thus avoiding the 

influence of the environment. The resulting stack exhibits the typical wavelength dependence for an 

IRR coating, with a broad transmittance peak in the visible range and a high reflectance in the NIR 

range. [262] To our knowledge, this is the first IRR coating fully made by ALD. The transmittance and 

reflectance spectra have been simulated using a parametric model for the optical constant of the Ag 

thin film, and optical constant determined separately for the AZO films deposited by ALD. The best fit 

is obtained using a film thickness of 12 nm and the optical constants shown in Figure 131 (b).  

 

As compared to reference Ag films deposited by evaporation (dashed lines in Figure 131 (b)), [263] 

the main difference is the higher imaginary part of the dielectric constant ε2 for the two- step process, 

by a factor 2 to 3. In the free electron model, ε2 is proportional to the d.c. resistivity of the metal (see 

chapter 1 and e.g. [199]), thus this higher value is directly linked to the higher d.c. resistivity of our 

films as compared to more continuous films, as already shown in chapter 5. The additional peak 

observed below 500 nm can be explained by localized surface plasmon resonance due to 

morphological defects in the film. 

 

The synthesis performed on a flat 10 cm × 10 cm glass substrate presents a good optical uniformity 

for the IRR coatings, with a standard deviation of less than 20% on the optical transmittance and 

reflectance, the span being mostly due to the deposition gradient along the non-optimized 200 mm 

diameter reactor. This has also been obtained for a reflective thick coating made of a 40-nm-thick 

silver film deposited on glass substrate (see chapter 6, section VI.2.2.1.). 

 

At last, we prove in Figure 131 (c) and (d) that the optical films can be uniformly formed on complex 

substrate shapes, here a glass sample of 10 cm x 10 cm bent over two perpendicular directions, which 

is an important challenge for line-of-sight methods. The uniform silver coating is clearly visible on 

these pictures for the both kinds of stacks, the transparent IRR coating in Figure 131 (c) and the 

reflecting thick silver film in Figure 131 (d). It opens an interesting path for low-emissivity or infrared 

reflective windows in the field of automotive or smart buildings. However, for this IRR stack, the 

performances of the stack do not fulfil entirely the industrial requirement. The physical reason for this 

weak performance seems to be related to strong absorbance of the silver film, above 30 % over the 

full spectral range, in addition to absorbance peaks in the UV-VIS range, which still need to be 

improved. 
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Figure 131: Optical properties of Ag thin films on glass substrates and application as infrared reflective (IRR) 
coating. (a) Transmittance (%T in red) and reflectance (%R in blue) spectra as a function of light wavelength for 
an IRR stack based on a Ag thin layer (targeted thickness below 20 nm) embedded in AZO matrix (45 nm for each 
layer). The inset represents a scheme of the multi-layers stack. Plain lines correspond to the measured spectra 
and dashed lines correspond to the calculated spectra using, for the Ag film, the optical constants represented 
in panel (b) and a thickness of 12 nm. (b) Real part (ε1) and imaginary part (ε2) of the dielectric constant used for 
modelling the silver film in the calculation in panel (a). The model used for simulating the experimental data 
(plain line, using the software CODE from Wolfgang Theiss) is compared to the optical constants for evaporated 
Ag thin film determined by Johnson and Christy. [263] (c) Picture of the same kind of stack as (a) deposited on 
2-sided-bent glass substrate of 10 cm x 10 cm. (d) Picture of a bent glass substrate of 10 cm x 10 cm coated with 
45 nm (thickness determined by ellipsometry) AZO and targeted 40 nm Ag thin film. Glass thickness is 2 mm. 

We have also investigated IRR stack where the silver layer is based on disconnected silver 

nanoparticles (Ag NPs). The use of AZO as index matching layer allows us to increase the visible 

transmittance. However, a simple layer of Ag-NPs embedded in two AZO layers did not show 

competitive IRR performances, due to (1) gaps between the nanoparticles that reduce the near infra-

red reflectance and (2) surface plasmon resonance that strongly enhances the absorbance (and 

decrease the transmittance) in the visible range (black lines in Figure 132 (b) and (c)). For these 

reasons, we have investigated a more original nanolaminated structure combining thin layer of Ag NPs 

and metal-oxide (MOx) ultra-thin films, embedded in AZO matrix (see scheme in Figure 132 (a)). The 

role of the MOx nanolayer placed in-between two Ag-NP layers is to (1) decouple successive 

depositions of Ag-NPs, with the aim of reducing the gaps and increase the near infrared reflectance, 

and (2) provide electrical connection between successive Ag-NP layers in order to reduce the surface 

plasmon resonance and increase the visible transmittance. The benefits of the ZnO interlayer are 

clearly demonstrated by an increased reflectance and decreased transmittance in the NIR region, 

while the transmittance peak in the visible region is almost not affected. The highest reflectance and 
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lowest transmittance in the NIR are obtained for a 1.2 Å-thick metal-oxide layer, which also 

demonstrate a reduction of the absorbance peak in the visible range. 

Some applications could be envisioned for this nanolaminated stack. One of the main 

difference of IRR coatings based on Ag-NPs/MOx nanolaminates as compared to the currently used 

IRR based on continuous Ag films is the absence of long-range conduction within the film, which makes 

it transparent to radiation of large wavelength (typically in the far IR and microwave range). We 

emphasize that this original concept leads to a weakly conductive IRR with large IR transmittance, 

starting from the mid-IR spectral region, which can be of use for IRR coatings that remain potentially 

transparent to thermal wavelengths (e.g. for thermal imaging), microwave and terahertz radiation 

(e.g. for radar) and radio-frequencies (e.g. for mobile communications). Moreover, the surface 

plasmon resonance can be tuned by the nanoparticle size and the embedding material, which can be 

used to control the apparent color of the coating. 

 
Figure 132: Optical properties of Ag thin films made of Ag NPs on glass substrates and application as infrared 
reflective (IRR) coating. (a) Scheme of a nanolaminated stack made by alternating Ag nanoparticle film and 
metal-oxide MOx nanolayer, embedded in AZO matrix. (b) Transmittance (%T in solid lines) and reflectance (%R 
in dash lines) spectra as a function of light wavelength for a nanolaminated stack based on Ag nanoparticle film 
(targeted thickness of 20 nm) and MOx thin layer of different thickness (from 0 Å to 4.8 Å) embedded in AZO 
matrix (45 nm for each layer). (c) Absorbance spectra as a function of light wavelength for the IRR stack 
presented in (a). The stack corresponding to 0 Å MOx is made of one Ag nanoparticle layer with targeted 
thickness of 40 nm embedded in AZO matrix. 
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2. Test of the photocatalytic properties  
 

2.1. Principle of photocatalysis and interest of metal-oxide heterostructure 
 

The principle of photocatalysis is based on the initiation of the degradation reaction of an organic 

compound using a material excited by light. Under the effect of a light excitation, the absorption of a 

photon, whose energy is higher than the gap between the valence band and the conduction band 

(band gap), will form electrons (e-)/holes (h+) pairs in the photocatalytic material (photocatalyst). 

There is emission of an electron e- at the conduction band and formation of a hole h+ at the valence 

band. This electron has reducing properties and the hole has oxidizing properties. If these carriers 

manage to migrate to the surface of the catalyst and enter into contact with a water or oxygen 

molecule, then redox reactions can take place: water and oxygen can be reduced to 𝑂2
∙ − by electrons 

and oxidized to 𝑂𝐻∙ radicals by holes. [251] 

The mainly used photocatalysts are semiconductors (SC) with a large band gap. This is the case of 

ZnO or TiO2 for which the band gap is about 3.2 eV corresponding to a wavelength of 375 nm. 

Therefore, they display photocatalytic behavior limited to the UV range of sun light, i.e. only 3% of the 

solar spectrum is involved in a photocatalytic degradation reaction. [264] Another drawback of metal 

oxide semiconductor is the low stability and fast recombination of the photo-generated carriers. [265] 

In order to expand the light absorption and thus the photocatalytic activity in visible range and 

improve the charge carrier separation, hybrid system based on metal-oxides with plasmonic noble 

metal nanoparticles represent an interesting strategy. [266] When exposing this heterostructure 

assembly to UV light, e- of the semiconductor valence band are elevated to the conduction band and 

then transported to the Fermi level of the metal (lower than the one of the SC) which engenders the 

electrons/holes pairs separation through the formation of a Schottky barrier at the metal-

semiconductor interface acting as an electron trap. When exposing the hybrid system to visible 

irradiation, the absorption of the light creates charge carriers in the metal through excitation of LSPR 

which are injected to the semiconductor conduction band and thus enhanced the photocatalytic 

activity.  

Various combinations of plasmonic noble metal nanoparticles (Ag, Au, Cu) of different shapes and 

sizes (nanocubes, nanospheres, nanowires) with conventional photocatalyst materials as ZnO or TiO2 

in the form of NPs, NRs, films and other configuration are reported in the literature. [266] For example, 

Whang et al. [267] compared the photocatalytic degradations of methylene blue (MB) solutions under 

visible-light range of Ag doped ZnO and ZnO nanoparticles photocatalysts. They prove a notable 

improvement in the degradation efficiency of Ag/ZnO catalysts compared to ZnO with rate constant 

of, respectively 5.47×10-3 and 1.37×10-3 min-1. Sangpour et al. [268] compared Ag/TiO2 and TiO2 

catalysts deposited by magnetron sputtering. The presence of Ag nanoparticles enhanced the 

photodecomposition of MB in the presence of UV and visible light irradiation. Indeed, under UV 

irradiation, MB degradation rate of 1.9×10-3 min-1 for TiO2 versus 7.1×10-3 min-1 for Ag/TiO2 have been 

shown. When visible irradiation was used, TiO2 catalyst exhibited a rate of degradation of 1.5×10-3 

min-1 versus 4×10-3 min-1 for Ag/TiO2. The best results were obtained using Cu/TiO2 under UV 

irradiation (photodegradation rate of 17×10-3 min-1) and Au/TiO2 under visible irradiation 

(photodegradation rate of 6.5×10-3 min-1).  
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2.2. Measurement method  

 
The photocatalytic behavior of Ag films has been studied by following the absorbance of a 

probe molecule in solution at its absorption wavelength, using a UV/Visible spectrophotometer 

Infinite M1000 Pro from TECAN within a detection window from 400 to 700 nm. A six-well plate 

reactor from Thermo Scientific has been used as reactor, enabling the analysis of five samples at the 

same time (the last well being kept for control). As the plates used are not transparent in the UV range, 

photocatalytic degradation properties of our samples have been studied over the degradation of 

methylene blue (MB), absorbing in the visible range at 666 nm. 

The photocatalysis process is rather simple. A 5mL solution of MB at a concentration of 5 mg/L 

is added to each six well. The plate is then shaken to homogenize the medium after which the samples 

are inserted into each well and left in the dark during the stabilization period (from 30 min to 2 hours).  

After that, an UV light (365 nm, 8 W) delivering a measured power of 2.28 mW/cm or Visible light (60 

W) illuminates the sample from the top during the photocatalytic degradation phase. Every 30 

minutes, samples are removed from the different wells, and the absorbance is measured with the 

UV/Visible spectrophotometer. By measuring the absorbance of the solution at the absorption 

wavelength of MB, we estimate its concentration during the photocatalytic process. 

 

2.3. Results  

 
As a preliminary test, we have deposited by our two-step process metallic Ag films after different 

cycles (and thus different thicknesses) made of highly covering compact nanoparticles in order to 

improve the specific surface of material on top of ZnO 100 nm-thick layers on planar glass substrates. 

Compact Ag NPs were also selected because they show a broadband absorption in the visible range 

as compared to well-separated islands obtained by standard PE-ALD. We have followed the 

photocatalytic degradation of methylene blue under visible and UV irradiation, and the results are 

presented in Figure 133 (a). Before lightening at time 0 min, the films have been left in the dark in 

presence of methylene blue (MB) solution, during 80 min before switching on UV light, and 60 min 

before switching on visible light. During this stabilization period, the absorption of MB on the surface 

of the samples induces a slight decrease of its concentration. After ignition of the lights, the decrease 

of the MB concentration followed a pseudo-first order kinetic law [251]: 𝑙𝑛(𝐶0/𝐶)  =  𝑘𝑡 with 𝐶0 the 

initial concentration of reactant, 𝐶 the concentration of the reactant at time 𝑡 and 𝑘 the reaction 

constant. The slope of the linear fit of the plot 𝑙𝑛(𝐶0/𝐶) as a function of time (Figure 133 (b)) 

corresponds to the degradation rate 𝑘. Table 32 summarizes the first order rate constant 𝑘 normalized 

to the surface exposed. 

Unfortunately, we obtained similar rate constants in UV-visible region with and without the 

deposition of Ag on top of ZnO films.  Indeed, in the Visible range, a rate constant of 5.23×10-4  

min-1.cm-2  versus 4.18×10-4 min-1.cm-2 has been obtained for ZnO layer and Ag deposited after 400 ALD 

cycles on top of ZnO film, respectively. Therefore, no enhancement of the photocatalytic degradation 

of MB has been noticed in presence of Ag nanoparticles. The major problem of the experiments under 

visible irradiation could come from the use of a too powerful lamp (60 W) since also the control sample 

(MB without any catalyst) abnormally decreases as a function of the irradiation time. Another 

explanation could be the non-effective carriers’ separation due to the contamination at the interface 

between Ag NPs and ZnO film coming from the fact that ZnO films were exposed to air prior to Ag NPs 
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deposition on top of them. It was also found that the area of semiconductor photocatalyst covered by 

metallic nanoparticles needs to be well controlled. The Ag NPs coverage should be high enough in 

order to promote a sufficient electron transfer between the semiconductor and Ag, but also controlled 

since a too high coverage leads to an inhibited photocatalytic activity by the reduced photocatalyst 

surface exposed to MB and limited radicals’ generation. [269] In order to enhance the results obtained 

in our experiments, a solution could be to reduce the plasmonic Ag NPs coverage on the ZnO surface. 

Another option can be to use high surface ratio to volume substrate rather than planar one used in 

this investigation, in order to increase the specific surface of Ag, for example microporous glass fibers 

membranes which are widely used in the photocatalytic area. [270] 

 
Figure 133: (a) Photocatalytic degradation of methylene blue under visible light (triangle symbol, 365 nm - 8W) 
and UV light (square symbol, 60 W) over ZnO/glass and Ag/ZnO/glass stacks with Ag deposited after 400, 600 
and 800 ALD cycles. The time 0 min corresponds to the ignition of the lights. (b) Plot of 𝑙𝑛 (𝐶0/𝐶) as a function 
of the exposure time 𝑡 and the solid lines are the linear fitting results.  

 Visible range UV range 

Samples 
First order rate 

constant k 

First order rate 

constant k 

normalized to the 

surface exposed 

First order rate 

constant k 

First order rate  

constant k 

normalized to the 

surface exposed 

 ×10-4 (min-1) ×10-4 min-1.cm-2 ×10-3 (min-1) ×10-4 (min-1.cm-2) 

ZnO/glass 1.21 5.23 3.35 14.5 

Ag400/ZnO/glass 1.23 4.18 2.29 7.78 

Ag600/ZnO/glass 1.27 3.61 3.40 9.66 

Ag800/ZnO/glass 1.40 4.12 2.83 8.33 

Table 32: First order rate constant 𝑘 extracted from the plot of 𝑙𝑛 (𝐶0/𝐶) as a function of the exposure time 𝑡 
in (Figure 133 (b)) and normalized to the surface exposed. 

 

3. Proof of concept of antimicrobial activity 
 

3.1. Interest of silver  

 
Silver has been extensively used for its antibacterial activity in medical and consumer products 

due to its broad-spectrum antimicrobial activities in pharmaceutics, medicine, and dentistry fields 

combined with a lower toxicity on human body compared to other bactericides. [3] More and more 
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products are using silver in the form of nanoparticles for its more effective bactericidal activity, which 

allows it to be used in smaller quantities. Thanks to their nanometer scale range size and large surface-

to-volume ratio, Ag NPs can penetrate into the bacteria cell walls and leads to the cell death. [271] It 

was found that a decrease of NP size engenders an enhancement of the antimicrobial activity. [31] 

 

3.2. Measurement method 

 
The antibacterial properties of Ag thin films against Escherichia coli ATCC 8739 (E. coli, Gram-

negative) bacteria have been investigated through the testing method based on the International 

Standard ISO 22196:2011. Briefly, 0.4 mL of inoculum of known concentration of the microorganism 

to be tested is deposited homogeneously on the surface of the tested samples. The microbial 

concentration of viable microorganisms is determined immediately after an incubation time of 24 h. 

Therefore, the activity value is determined by comparing the untreated specimens (silicon wafer 

coupons) count to treated specimens (Ag thin film on silicon wafer coupons) count. More precisely, 

the antibacterial activity 𝑅 can be determined as the difference in logarithm between the number of 

viable bacteria recovered from the untreated test specimens after incubation (𝑈𝑡) and the number of 

viable bacteria recovered from the treated test specimens after incubation (𝐴𝑡). In general, coatings 

and films are considered as efficient antimicrobial surfaces when a 3-log reduction is observed 

between the untreated and treated specimens, i.e. 𝑅 = 3 and 99.99 % of the bacteria are eliminated. 

[272] 

 

3.3. Results  
 

A preliminary test has been performed on a 17-nm thick film made of compact Ag 

nanoparticles films deposited on silicon substrate through the first step of the two-step approach. 

With antibacterial activity against E. coli higher than 4 (𝑅 = 6.8), very encouraging results for the use 

of this Ag film as an effective antibacterial coating have been demonstrated. Thanks to the self-

saturation of ALD which can ensure a very high control over the thickness, and a highly conformal 

coating reached with our novel approach (see Chapter 6), these Ag films can be used as coating on 

high aspect ratio medical devices such as indwelling catheters, wound dressings and stainless-steel 

orthopedic devices. [23] The underlying mechanism against E. coli is beyond the scope of this thesis 

work but could be of interest to understand. 

 

 

In conclusion, due to the wide ranges of applications of thin metal films, and the challenge to 

provide methods for conformal deposition, we hope that our work will be of interest for the whole 

community of material scientists and will inspire many investigations. The described method can also 

be extended to other noble metals, in particular copper and gold, for which the deposition using 

chemical vapor-based methods is a very active field. 
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Appendices 
 

Annex 1: Correspondence between general and structural formulae of complexes used for Ag 

deposition by CVD 

 

 

 

 

 

 

 

 

  

  

Name of the complex General formula Nature of coordinated compound 

Ag β-diketonates [Ag(β-dik)L] ▪ β-dik = acac, dpm, tfac, hfac,fod, tmeda, 
bipy,Btfac, Ttfac 

▪ β -diketoiminates = hfacNhex, 
hfacNchex 

▪ L = VTES, BTMSA, BTMSE, BDMESA, 
ATMS, COD   

▪ L’ = PMe3, PEt3, PPh3 

Ag β-diketonates phosphine adducts [Ag(β-dik)L’] 

Ag β-diketoiminates [Ag(β-diketoim)L] 

Ag β-diketoiminates phosphine 
adducts 

[Ag(β-diketoim)L’] 

Ag carboxylates [Ag(O2CR)] ▪ R = Me, tBu, C(CH3)3, 2,4,6-Me3C6H2 

▪ Rf = CF3, C2F5, C3F7, C6F13, C7F15, CF3, C2F5, 
C3F7, C8F17, C(CH3)CCH3H, (CH2)C6H5 

▪ R’ = Me, Ph, n-Bu 

Ag fluorocarboxylates [Ag(O2CRf): 

Ag carboxylates phosphine adducts [Ag(O2CRPR’3)] 

Ag fluorocarboxylates phosphine 
adducts 

[Ag(O2CRf)PR’3] 

Ag aryloxide-triphenylphosphine  
[Ag(OR)(PPh3)2] 

▪ R = C6H2Cl3-2,4,6, C6H4Me-2, 
C6H2(CH2NMe2)3-2,4,6 

[Ag(OR)(PPh3)3].ROH ▪ R = Ph, C4H4Me-2 
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