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Chapter 1 

Introduction 

More Moore 

Electronic devices such as computers, smart phones, and tablets play an 

intricate part in many aspects of our lives. The advancement of these 

devices is mainly driven by the semiconductor industry, which has 

consistently delivered faster and smaller computer chips since the early 

1960's. The rate of industrial upscaling of computing power and downscaling 

of critical dimensions is known as Moore's Law, which describes that the 

number of transistors on integrated circuitry should double every 18 to 24 

months. This roadmap maintains a virtuous cycle: through transistor scaling 

better performance-to-cost ratios are obtained, inducing the financial 

growth of the semiconductor market; this in turn allows further investments 

which fuels further scaling. This trend for increased performances will 

continue, and is labeled "More Moore." 

Further downscaling along the More Moore approach poses challenges for 

the controlled deposition of high-quality thin films. The dimensions of the 

structures and layers in today’s transistor designs are currently at the 

nanometer scale. For example, as of the 45 nm technology node, Intel 

introduced a hafnium-based oxide as a gate dielectric with a thickness of ~3 

nm. This dielectric film needs to be deposited on the substrate with superior 

thickness and uniformity control. Another example of the stringent 

requirements for thin-film deposition can be found in the trench capacitors 

used in dynamic random access memories (DRAMs). In these high aspect 

ratio capacitor structures, one specific requirement is that both the thin-film 

electrode and dielectric materials are deposited with good conformality. 

The requirements for the thin films in More Moore applications can be 

summarized as follows: high material quality, high uniformity, accurate 

growth and conformality control as shown schematically in Figure 1.1. 

Atomic layer deposition (ALD) is a thin-film deposition technique which can 

meet all these criteria, due to its self-limiting nature (box 1). Because of the 

unique characteristics of ALD, it is currently used for the most challenging 

thin-film deposition situations, e.g. the growth of the gate oxide in advanced 
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processors, and the growth of the dielectric and conductor layers in trench 

capacitors for DRAM (1,2). 

 

 

Figure 1.1. Semantic definitions of features in thin film growth on trench and 

planar substrates. Illustrated are the four major requirements for thin films in 

More Moore and More than Moore applications: a high material quality, high 

uniformity, accurate growth control, and good conformality. 
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More than Moore 

The semiconductor industry is now faced with the increasing importance of 

a new trend: "More than Moore" (MtM) (3). This trend is characterized by a 

functional diversification of semiconductor-based devices, in which multiple 

functionalities, other than those for computing and data storage, are 

integrated into a single unit of the device (Figure 1.6). These include the 

interaction with the outside world through RF transceivers, sensors and 

actuators and subsystems for powering the unit in so-called voltage islands. 

These functions may include analog and mixed signal processing, the 

incorporation of passive components (i.e. capacitors, inductors and 

resistors), high-voltage components, micro-electromechanical systems 

(MEMS), sensors and actuators, and micro-fluid devices enabling chemical 

and biological functionalities. An example of such an MtM device is a metal-

oxide gas sensing device described in box 2. 
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Box 1: Atomic Layer Deposition 

ALD is a vapor-based deposition technique in which a substrate surface is 

exposed to alternating, time-separated doses of various vapor- or gas-phase 

species. During each cycle of two basic half-reactions, a submonolayer of 

material is formed.  As an example, the well-understood model ALD process 

of Al2O3 is discussed below (4).  

 

Figure 1.2. Schematic illustration of a typical ALD process for the deposition of Al2O3. The 

cycle consists of alternate exposure of a surface to (a) precursor and (c) reactant gases 

separated by (b, d) pump or purge steps.  

A typical ALD cycle consists of 4 steps, as illustrated in Figure 1.2. The first 

step in the Al2O3 ALD cycle is the exposure of a hydroxyl-covered surface to 

the Al(CH3)3 precursor. During this precursor half-reaction, Al(CH3)3 

molecules adsorb at the surface in a reaction with the surface hydroxyl 

groups, releasing CH4 as a volatile by-product. This results in a –CH3 

terminated surface, which prevents the adsorption of additional precursor 

molecules and ensures the self-limiting nature of the precursor step. During 

the second step, excess precursor particles and volatile reaction products 

are purged from the chamber by an inert gas. During the third step, which 

again is self-limiting, H2O molecules react with the –CH3 surface groups, 

releasing CH4 as a volatile reaction product, and forming new hydroxyl 

groups at the surface. The fourth and final step of the process is another 

purge step, leading to a completely self-limiting process. The cycle can now 

be repeated, since the last step provides the surface –OH groups required 

for the first step.  
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Because of the self-limiting nature of the ALD surface reactions, a difference 

in the particle flux, at different areas on either a planar or 3D substrate, still 

results in the same film thickness. The only requirement that needs to be 

fulfilled is that a sufficient flux reaches all areas. The saturation of both half-

cycles leads to a characteristic number for the growth per cycle (GPC), and 

the process can be repeated until the desired thickness is reached. 

Each ALD process has a specific temperature window in which ALD behavior 

is obtained, as depicted in Figure 1.3. For ideal ALD growth, the temperature 

window represents the temperature range over which the GPC shows a 

weak or no temperature dependence. Lower temperatures can either lead 

to an increase in GPC by precursor or co-reactant condensation, or to a 

reduction in GPC due to low reactivity through a limited thermal energy 

level preventing saturation of the surface reactions. At high temperatures, 

the chemicals can decompose leading to increased growth, or the film itself 

or the reactive surface groups involved may desorb or etch leading to a 

decrease in growth.  

 

Figure 1.3. The idealized temperature window of the ALD process, indicated by the 

growth per cycle as a function of temperature. In the case of ALD behavior, self-

limiting growth is obtained and a weak or no dependence on temperature is 

observed, while outside the window the ALD behavior is lost. 
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Box 2: Metal oxide gas sensing 

An example of a More than Moore (MtM) application can be found in gas 

detection using a metal-oxide (MO) based gas sensing element (5). Typically, 

this element is heterogeneously integrated in a miniaturized package with 

other (Si- technology based MtM) elements for powering, heating and 

interaction with the outside world, together with a conventional digital 

processing element (see Figure 1.4). Some of the advantages of MO sensors 

are their low cost, robustness, high lifetime, high sensitivity, and quick 

response time. Some of the challenges facing the use of MO sensors are 

relatively high power consumption, and poor selectivity. 

 

Figure 1.4. Design of a More-than-Moore (MtM) gas detection device that 

integrates and complements a digital processing element and allows interaction 

with ambient atmosphere. A metal-oxide-based gas sensor forms the heart of such 

an MtM gas detector design. 

Working principle 

The basic principle behind MO gas sensors is the conductivity change caused 

by adsorption or desorption of a gas on a gas sensitive oxide surface (see 

Figure 1.5). The working of MO gas sensors depends on the presence of 

oxygen species adsorbed to the surface of the oxide (see Figure 1.5 (a)). 

When these oxygen species adsorb to the surface, they attract electrons 

from the MO layer which changes the conductivity of the 'bulk' layer. 
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The target gas now interacts with the surface of the MO film through these 

surface adsorbed oxygen species (see Figure 1.5 (b)) (6). By removing or 

adding oxygen species the carrier concentration of the material changes (7). 

For an n-type semiconductor where electrons are the majority charge 

carriers, the interaction with a reducing gas (e.g. CO) will generally increase 

the conductivity (8,9). Since the target gas only interacts with the surface, 

the relative conductivity increase depends on the surface-to-volume ratio of 

the sensing layer. By using ultrathin (quasi-2D) films with a thickness close to 

the Debye length, the oxide film conductivity will be strongly influenced by 

gas absorption or desorption at its surface (10). 

The sensitivity, response time, and recovery time of sensing devices depend 

strongly on the operation temperature of the sensing layer, because 

adsorption and desorption are temperature-activated processes. Reaching 

optimal operating temperatures generally requires a heating element to 

heat the sensing layer, leading to additional power consumption (11). 

  

 

Figure 1.5. Schematic depiction of the possible interaction of a gas sensitive metal 

oxide (MO) layer with a gas. (a) Oxygen species adsorb to the surface where they 

attract electrons from the MO layer. (b) CO reacts with surface oxygen forming 

CO2. The electrons that are released by this reaction contribute to a conductivity 

increase of the ‘bulk’ metal oxide layer. By measuring the conductivity change the 

CO-concentration can be determined. 
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Figure 1.6. The combined need for digital and non-digital functionalities in an 

integrated system is illustrated as a dual trend in the International Technology 

Roadmap for Semiconductors (ITRS): miniaturization in the field of information 

processing technology ("More Moore") and functional diversification within 

electronic devices ("More than Moore”). (From ITRS Roadmap, 2011 Edition 

Executive Summary, p. 10)(12).  

The importance of the MtM component is expected to increase over time. 

To enable the integration of the MtM approach, a greater diversity in terms 

of materials, production methods, and surface topologies is required. For 

example, the ALD materials toolbox that is typically used for More Moore 

applications (HfO2, Al2O3, TiN) needs to be extended to include, e.g. gas-

sensitive or transparent conductive materials (ZnO, SnO2, In2O3, etc.) (5), 

electrode materials (Pt, Ru) (13), and catalytic materials (Pd, Rh) (14). Other 

examples include high-k dielectrics for MIM decoupling capacitors in RF 

devices (SrTiO3) (15), piezoelectric materials in microactuators and energy 

harvesters (PbZrTiO3) (16), or even alloys or doped materials (Al:ZnO) (17). 

Furthermore, these materials must be applied with increasing attention for 

fabrication conditions. For example, new production methods such as 

systems in foil solutions could provide cost-effective roll-to-roll production 

of OLEDs. The use of polymer substrates in this approach however, requires 

production at low temperatures (18). This poses even more stringent 

demands on future deposition techniques. Moreover, since traditional 
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downscaling may not always deliver the desired performance, new 

technologies have been proposed including structures with 3D topology. For 

example, the interaction between thin-film sensing layers and target gases 

may be improved by nano-structuring the surface to obtain high aspect ratio 

topologies. Naturally, this requires deposition techniques that are able to 

accommodate 3D topologies. Compared to More Moore, MtM technologies 

may therefore generally require a more diverse set of materials, a more 

stringent manufacturing budget (e.g. in terms of temperature), and a 

greater demand on the 3-D compatibility of deposition techniques. 

By expanding beyond the traditional methods and approaches, ALD has the 

potential to open up new options and new technologies for next-generation 

MtM applications. A wide variety of technologically important materials can 

be deposited using ALD, as shown in Figure 1.7 (19). The periodic table 

shows that the ALD materials toolbox encompasses a significant number of 

main-group elements, transition metals and lanthanides, either as the 

principal metal (squares highlighted blue) or as the non-metal components 

of binary compounds (grey squares). ALD can be used to deposit binary 

compounds such as metal oxides, nitrides, and carbides, or single-element 

films, in particular noble metals such as Pt, Ru, and Pd but also metals such 

as W. Moreover, a standard ALD process scheme can be expanded by 

expanding the number of steps in ALD cycles, or by combining ALD 

processes as is explained in box 3. By using these advanced ALD process 

schemes, tertiary and quaternary compounds, alloys, and even doped 

materials can be deposited. 
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Figure 1.7. Periodic table denoting the materials reported to be deposited by ALD 

adapted from the literature (19). Metallic (and metalloid) elements with a blue 

background are those which have been incorporated into ALD films of compounds 

such as oxides, nitrides, carbides, etc. The gray background indicates elements 

forming the non-metallic component of the films. Underlined symbols indicate that 

ALD thin films of the pure element have been reported. 
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Box 3: Processing opportunities for ALD 

The processing possibilities of ALD can be expanded significantly by 

expanding the number of steps within an ALD cycle, or by combining ALD 

processes. Figure 1.8 shows a comparison between various process 

schemes. The process can consist of more than two half-cycles in what is 

called a multi-step process. In a multi-step process (Figure 1.8 (b)) additional 

steps can be inserted to change the process in order to widen the 

temperature window or achieve different material properties. For example, 

the ALD process based on (MeCp)PtMe3 and O2-plasma can be 

complemented with an H2 step to ensure Pt deposition at lower 

temperatures. 

ALD cycles for a certain material can also be alternated with cycles for other 

materials in what is called a supercycle. Supercycles (Figure 1.8 (c)) can be 

used to grow alloy, doped or multilayer films of specific elemental mixtures. 

An ALD cycle for the first process is run m times, which is followed by n 

cycles of a second ALD process. This supercycle of m+n cycles is then 

repeated x times until the desired thickness is reached. For example, this 

approach can be used to deposit Al-doped ZnO with a very precise control 

over the level of Al doping (17). 

 

Figure 1.8. A schematic representation of the various steps in (a) a regular ALD process, 

(b) a multi-step process and (c) a supercycle. In a multi-step process one or more 

additional steps are added in the ALD cycle to form for instance an ABC process. In a 

supercycle, the steps of two normal ALD processes are combined into m cycles of the first 

process and, subsequently, n cycles of the second process. The variables m and n can be 

chosen so as to obtain the desired composition and structure of the film. 
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Box 4: ALD for gas sensor improvement 

Because of their low cost and high sensitivity, metal oxide based gas sensors 

(see Box 2) show great promise for application in autonomous ultralow 

power sensing solutions (20). The main challenge in realizing such devices is 

the relatively high power consumption of MO gas sensors:  optimal sensor 

performance requires a heating element close to the active sensing layer. 

The extra power consumption needed is in the order of several mW, and too 

high for application in wireless autonomous network systems which operate 

preferably at ~100 µW. Therefore, in order to reduce power consumption, 

the sensitivity of these devices needs to be increased, preferably such that 

room temperature (RT) operation becomes possible.  

It is here that the potential of ALD can be exploited to the fullest extent to 

improve the design of a metal oxide gas sensing device. The possibilities are 

depicted schematically in Figure 1.9. The sensitivity of the sensing layer can 

be increased by increasing its surface-to-volume-ratio, e.g. by making use of 

thin-films, where the thickness of the sensing layer can be controlled 

precisely using ALD (Figure 1.9 (a)). By doping the metal oxide layer, a 

beneficial change in the conductivity of the layer can be achieved, further 

improving sensor performance (Figure 1.9 (b)). The interaction between the 

gas and the sensing layer can be further improved by adding nanoparticles 

of a catalytic material to the surface using ALD (Figure 1.9 (c)). The surface-

to-volume ratio can be further improved by depositing the sensing layer on 

a high aspect ratio nanostructured substrate (Figure 1.9 (d)). Remarkably, 

ALD can be used to combine all four approaches for sensor improvement to 

obtain optimal sensor performance (Figure 1.9 (e)). 
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Figure 1.9. Schematic representation of possible options offered by ALD to improve 

gas sensing devices. (a) By making use of thin film MO layers, the surface-to-

volume-ratio can be improved. (b) By doping the metal oxide layer, a beneficial 

change in the conductivity of the layer can be achieved. (c) The interaction 

between the gas and the sensing layer can be further improved by adding 

nanoparticles of a catalytic material to the surface. (d) The surface-to-volume ratio 

can be improved by depositing the sensing layer on a high aspect ratio 

nanostructured substrate. (e) ALD can be used to combine all four approaches for 

sensor improvement. 
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ALD of platinum and platinum oxide 

The increasing demand for creative deposition solutions requires a 

continuous expansion of the capabilities of ALD both in terms of materials 

and concepts. This creates an ever growing need for in-depth fundamental 

understanding of ALD processes. An example of how such understanding 

can lead to novel deposition approaches can be found in ALD of Pt. Because 

of its high work function and low resistivity Pt is often used as an electrode 

material, and Pt is applied extensively as a catalyst.  

Over the years, several Pt ALD processes have been developed, each with a 

different combination of precursors and reactants (21-23). The most 

adopted one has become the thermal ALD process using (MeCp)PtMe3 and 

O2 gas. Alternatively, ALD of Pt using (MeCp)PtMe3 can also be carried out 

using O2 plasma rather than O2  gas. Both processes have been studied 

extensively and the insights that were gained have led to novel approaches 

for the deposition of platinum. Insights into the reaction mechanism of ALD 

of Pt have led to the development of an ‘ABC’-type ALD process for the 

deposition of Pt at temperatures as low as room temperature (24). 

Furthermore, insights into the nucleation behavior led to the conclusion that 

by controlling the O2 pressure, the growth of Pt can be made area-selective 

(25). ALD of Pt (and other noble metals such as Pd) also offers the possibility 

to deposit nanoparticles as well as thin films. By combining area-selective 

ALD with the ability of the Pt ALD process to deposit nanoparticles, 

core/shell nanoparticles can be deposited (26).  

The advancements gained by the detailed studies of the Pt ALD process so 

far, call for further study of this process for the continued expansion of the 

ALD toolbox (25-28). For example, the process using (MeCp)PtMe3 and O2 

plasma can be used for the deposition of PtOx as well as Pt, although this 

potential has never been fully explored. Furthermore, the challenges faced 

in plasma-assisted ALD of Pt and PtOx on demanding 3D surface topologies 

require extensive investigation. In this thesis, we therefore focus on gaining 

a better understanding of ALD of Pt and PtOx with the aim to create more 

processing opportunities for MtM applications. An example of how novel 

ALD approaches can be used for MtM devices is given in box 4, where design 

improvements for a metal oxide gas sensor using ALD are described. This 

example encompasses the motivation for this thesis work. 
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Outline of this Thesis 

The main goal of this work has been to gain a better understanding of 

plasma-assisted ALD of Pt and PtOx, and to use this understanding to explore 

possible practical applications. In Chapter 2, ALD of Pt is discussed in more 

detail, including the general reaction mechanisms and an overview of the 

state-of-the-art in ALD of Pt.  

In Chapter 3, one of the most fundamental aspects of ALD is discussed: the 

particle dose. In order to achieve saturation of the self-limiting half-

reactions in ALD, the appropriate precursor and reactant doses need to be 

delivered to the surface. The influence of the sticking probability on the 

precursor and O2 plasma doses will be discussed in Chapter 3. The sticking 

probability of the (MeCp)PtMe3 precursor will also be determined 

experimentally.  

Chapter 4 deals with several remaining questions concerning the deposition 

of Pt at lower temperatures. One of the main reasons for using plasma-

assisted ALD of Pt is to further reduce the lower limit of the temperature 

window (250-300 °C) of the conventional thermal process, by using 

(MeCp)PtMe3 and O2 plasma. During the (MeCp)PtMe3 pulse, methane has 

been reported as a volatile reaction product, in addition to combustion-like 

reaction products (CO2 and H2O). In this chapter, experimental data based 

on both thermal and plasma-assisted ALD will be presented and 

corroborated using the results from surface science literature. The main 

questions that will be addressed concern the inhibited growth at lower 

temperatures, and the type of surface reactions that can lead to the 

production of methane in Pt ALD.  

A major challenge for plasma-assisted ALD is achieving good conformality in 

high aspect ratio (HAR) structures because of the surface recombination of 

plasma radicals. For example, O-radicals from the gas phase can recombine 

with surface O-atoms to form molecular oxygen. Once these O-radicals have 

recombined they can no longer contribute to the ALD surface reactions as 

radicals. In Chapter 5, ALD in HAR structures is discussed in more detail. 

Insights into particle dosing are used to ensure good conformality of Pt films 

in HAR trenches. The thickness profiles of these films are determined and 

the obtained conformality will be analyzed. 
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Remarkably, the plasma-assisted ALD process using (MeCp)PtMe3 and O2 

plasma can be used to deposit both Pt and PtOx. Due to the relatively high 

resistance of Pt against oxidation, the deposition of PtOx is not trivial. The 

composition of the deposited material can be influenced by increasing 

either the precursor or the reactant dose beyond the dose required for 

saturation. In Chapter 6 we demonstrate how by accurate dosing of the 

precursor and O2 plasma dosing accurate control over the composition of 

the deposited material can be achieved, with the ability to deposit both 

metallic Pt and PtOx. The process window is discussed, the material 

properties of the deposited films are presented and the nucleation behavior 

and reaction mechanisms are elucidated. 

In Chapter 7, the consequences for the deposition of Pt and/or PtOx inside 

HAR trenches are examined. We demonstrate how understanding and 

controlling particle doses can lead to the simultaneous deposition of both Pt 

and PtOx inside single trenches with control over the composition profile. 

In Chapter 8, an example is given of how ALD with its unique features can 

contribute to and improve the nanomanufacturing of sensing devices. Such 

advanced devices have the potential of detecting low levels (down to ppm) 

of O2 and CO concentrations at low temperatures (down to room 

temperature). Thus, an ALD-enabled design of a gas sensing device is 

presented which utilizes many of the unique features of ALD. In this chapter 

ALD is used to deposit a thin-film ZnO sensing layer, and to dope this layer 

with Al. Furthermore, plasma-assisted ALD is used to deposit Pt-

nanoparticles which catalytically enhance the sensitivity of the Al-doped 

ZnO layer. The sensing performance of such a sensing device is also 

discussed. 

In Chapter 9, summarizing conclusions are given alongside several 

recommendations and outlook for future research.  
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Chapter 2 

Atomic layer deposition  

of platinum and platinum oxide 

 

Platinum and platinum oxides 

Platinum ranks amongst the most versatile and the most expensive 

transition metals. About 2/3 of the worldwide supply of platinum is 

consumed for catalytic applications in environmental and energy-related 

areas and for 1/3 it is used in jewelry. Platinum is a noble metal, which 

means that it maintains its chemical stability in oxidizing atmospheres. 

Furthermore, platinum can catalyze the breaking of C-H, O-O, and H-H 
bonds into species that interact with and adsorb on its surface, thereby 

promoting their conversion into other species by oxidation-reduction 

reactions (1). Therefore, Pt is widely applied as a catalytic material in many 

commercial thermochemical, electrochemical and photochemical 

conversion processes (2). It is used as a catalyst, usually as metal 

nanoparticles dispersed on high-surface-area supports, in the chemical and 

petroleum industry, e.g. in catalytic reforming of naphtha feedstocks into 

higher-octane gasoline and in automotive three-way catalyst systems for 

conversion of NOx, CO, and hydrocarbons into nitrogen gas, CO2 and H2O (3). 

Platinum is also increasingly considered for application in future generation 

electronics because it has excellent electrical properties with a high work 

function of 5.6 eV and a low resistivity of 10.5 µΩ∙cm. Pt is therefore 

considered as electrode or contact material in nano-electronics (4,5), and is 

considered for example in dye-sensitized solar cells (6). 

Due to its high chemical inertness in oxidizing ambients, Pt has a strong 

resistance against oxidation (7,8). Nonetheless, stable forms of platinum 

oxide (PtOx) do exist although these oxides have not been characterized as 

extensively as Pt. Several properties of platinum and platinum oxides are 

given in Table I. In general, platinum oxide exists in several crystalline 

stoichiometric compositions, namely PtO (9,10), (α- and β- phase)  PtO2 

(11,12), Pt3O4 (13), Pt2O (10), PtO3 (14,15), and PtO2∙H2O (16). Furthermore, 

amorphous films with chemical composition PtOx have been reported, 
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where 1<x<2.1, and which are considered to be a homogeneous solid 

solution of PtO and PtO2 (17). The reported crystal structures of some of the 

crystalline platinum oxides are shown in Figure 2.1. Depending on its 

stoichiometric form, PtOx can have applications in catalysis, 

microelectronics, or sensing (9,18,19). PtO2 is often employed in catalysis 

(20-24), where PtO2 has been shown to have an increased selectivity 

towards the catalytic oxidation of CO (23). Nano-dispersed PtO has been 

shown to catalytically enhance the performance of metal oxide-based gas 

sensors (25). The ability of PtOx films to reduce relatively easily into (porous) 

platinum makes it a promising material for application in e.g. optical data 

storage or for thermal lithography (18,26-28). The resistivity of PtOx films 

increases with increasing O/Pt ratio, and PtOx is reported to be 

semiconducting as well as insulating for higher and lower oxygen 

concentrations, respectively (9,29,30). 

Since Pt is a precious metal, Pt and PtOx are expensive materials and should 

therefore be utilized as efficiently as possible. For many applications it is not 

necessary to have a large amount of material and thin films or even 

nanoparticles of Pt or PtOx suffice (31,32). Noble metal nanoparticles for 

example, can be applied for heterogeneous catalysis (33,34) in applications 

such as hydrogen storage (35), sensing (36), and automotive emissions 

catalytic conversion (37). 

Thin films of  Pt can be deposited using e.g. reactive sputtering, 

electrodeposition, electroless deposition, or impregnation (38,39). 

Generally, PtOx films are deposited by means of reactive sputtering 

(12,30,40), or through O2 plasma treatment of Pt films (11,41).  The 

production of supported metallic nanoparticles can be achieved through 

several wet chemistry techniques such as impregnation, deposition-

precipitation, galvanic displacements, colloidal synthesis, and ion exchange 

processes (42,43). One of the main drawbacks of these wet chemistry and 

sputter techniques for use in future applications is the limited thickness 

control and the limited conformality that can be reached on 3D topologies. 

Atomic layer deposition (ALD) is a good alternative to wet chemistry and 

sputter techniques because it allows for the deposition of Pt thin films and 

nanoparticles with excellent conformality in demanding 3D structures (44).  

Furthermore, it offers high material quality: O, C, and H contaminations are 

generally reported to be <1 atom % (45). It also offers high uniformity with a 
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surface roughness in the order of 1 nm, and excellent thickness control with 

a growth per cycle of approximately 0.045 nm (29). As a result, Pt ALD has 

been considered for a wide variety of potential applications in the field of 

microelectronics and catalysis (5,32,46-48). Recently, it has been shown that 

PtOx can also be deposited using ALD (9,29). 

 

Table I. Properties of platinum and the most common platinum oxides. Note: the 

temperature indications of PtO and PtO2 are thermal decomposition temperatures. 

Literature references are given in parentheses. 

 Density (g cm
-3

) Resistivity (µΩ cm) Melting point (°C) 

Pt 21.5 10.5 1768 

PtO - 2∙10
6
 (9) 

10
3
 (30) 

325 

PtO2 10 (29) >10
8
 (29) 

10
6
 (30) 

300-400 in vacuum 

550-650 in air 

(30,49,50) 

 

 



 

Figure 2.1. Crystal structures

PtO2, (c) PtO*, and (d) Pt

atoms indicated in red (

*A cubic form of PtO has also been reported 
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precursor. 

(see Figure 2.2) and 

. The process was inspired by 

similar Pt chemical vapor deposition (CVD) processes. (MeCp)PtMe3 is a 

widely studied CVD precursor because of its low melting point of 30 °C and 

th H2 (52) and O2 
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(53). Other Pt CVD precursors are CpPtMe3 (54), Pt(acac)2 (55), and Pt(hfac)2 

(56). 

Table II gives an overview of the precursors and co-reactants that have been 

used for ALD of Pt to date. As shown, ALD of Pt still relies nearly exclusively 

on the (MeCp)PtMe3 precursor (44,45). A process based on Pt(acac)2 has 

also been developed, but this precursor shows a limited thermal stability (9). 

The limited variety in Pt ALD precursors is remarkable given the importance 

of the Pt ALD process (because of its wide range of applications) and the 

much greater variety in available precursors for other noble metal ALD 

processes, e.g. for Ru (57-60) and Ir (61-65). An explanation for the lack of 

other Pt ALD precursors could be the robustness of the process based on 

(MeCp)PtMe3, which does not stimulate the development of processes 

based on new precursors despite the relatively high cost of (MeCp)PtMe3 

(45). 

Table II. Overview of ALD processes for Pt deposition reported in the literature. The 

deposition temperature represents the temperature range over which a growth-

per-cycle of at least 0.04 nm per cycle was achieved. 

Metal precursor Co-Reactant Deposition 

temperature 

Reference 

(MeCp)PtMe3 O2 250-300 (5,29,32,46,47,66-

73) 

(MeCp)PtMe3 air 300-310 (44,74) 

(MeCp)PtMe3 NH3 plasma 250-300 (75) 

(MeCp)PtMe3 N2 plasma 250-300 (75) 

(MeCp)PtMe3 O2 plasma ( + 

H2)* 

30-300 (29,67,76-78) 

(MeCp)PtMe3 O3 100-300 (79) 

Pt(acac)2 O3 + H2 120-130 (80) 

Pt(acac)2 O3 140-200 (9) 

* H2 gas is used at lower substrate temperatures to reduce PtOx into metallic Pt (29,76). 
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As shown in Table II, the majority of the reports on ALD of Pt using 

(MeCp)PtMe3 make use of O2 gas or air as the co-reactant. This popular Pt 

ALD process has a temperature window ranging from approximately 250-

300 °C. By making use of O3 as a co-reactant, the lower limit of the 

temperature window can be lowered to 100 °C (79). The plasma-assisted 

ALD process using O2 plasma can be used to deposit thin films of Pt at 

deposition temperatures as low as room temperature (76). For applications 

for which oxidation of the substrate is undesirable, processes have been 

developed using NH3 plasma, or N2 plasma as co-reactant (75). 

 

Reaction mechanism of ALD of Pt based on (MeCp)PtMe3 and O2 gas 

The growth mechanism for Pt ALD based on (MeCp)PtMe3 and O2 gas has 

been studied quite extensively. This mechanism is different from the more 

general Al2O3 case as described in Chapter 1, box 1. First of all, during Pt ALD 

a metal film containing only a single element is deposited. Secondly, the 

deposited Pt film has the ability to catalyze the breaking of the C-H bonds of 

the precursor ligands and the O-O bonds in O2 which has consequences for 

the reaction mechanism as described below (67). 

Aaltonen et al. first proposed a possible reaction mechanism based on that 

of the corresponding CVD process (44,66). During the O2 half-reaction, the 

Pt surface catalyzes the dissociation of O2 molecules, generating a surface 

that is covered by chemisorbed oxygen. At the beginning of the 

(MeCp)PtMe3 pulse, the precursor ligands undergo combustion reactions 

with the adsorbed oxygen, resulting in CO2 and H2O and possibly other 

reaction products. Because of the limited amount of adsorbed oxygen 

however, the precursor ligands are not completely oxidized. The remaining 

hydrocarbon species are then oxidized during the subsequent O2 step, 

during which O2 dissociates at the Pt surface and a new chemisorbed oxygen 

layer is formed. The formation of CO2  and H2O was confirmed by in situ 

mass spectrometry, which showed that the majority of the precursor carbon 

is released during the O2 step (66,73). 

The reaction mechanism was further elucidated when the formation of CH4 

during the precursor pulse was detected in a gas phase infrared (FTIR) 
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spectroscopy study by Kessels et al. (72), and later confirmed by mass 

spectrometry studies (68,73). Saturation of the surface reactions was 

ascribed to the limited supply of surface oxide species following the O2 pulse 

(72,81). 

Based on these observations and results from surface science studies, 

Mackus et al. proposed a refined reaction mechanism, taking into account 

the catalytic nature of Pt described extensively in surface science literature 

(67). According to this mechanism, schematically depicted in Figure 2.3, the 

(MeCp)PtMe3 precursor is unstable on the Pt surface at the typical Pt ALD 

temperature of 300 °C. During the (MeCp)PtMe3 pulse, the precursor ligands 

are catalytically combusted by the surface O forming CO2 and H2O as 

proposed by Aaltonen et al. Once the O becomes depleted, the reaction 

proceeds via dehydrogenation and hydrogenation, and subsequent 

desorption of CH4 (and possibly other hydrocarbon species), until a 

carbonaceous layer forms that prevents further surface ligand 

decomposition reactions and precursor adsorption (67). The saturation of 

the (MeCp)PtMe3 half-reaction is therefore caused by the poisoning of the 

surface by dehydrogenation products in the form of this carbonaceous layer. 

Using in vacuo photoemission spectroscopy, Geyer et al. observed 

significant amounts of carbonaceous species following the Pt precursor 

pulse, which points towards the mechanism proposed by Mackus et al. 

During the O2 pulse, O2 dissociates at the Pt surface and the carbonaceous 

layer is combusted to CO2 and H2O and a new layer of adsorbed O atoms 

forms before the start of the ensuing cycle. 

Together, the precursor, purge, oxygen, and additional purge step constitute 

one ALD cycle during which approximately 0.045 nm of Pt is deposited at the 

substrate temperature of 300 °C (i.e. 3∙10
14

 atoms cm
-2

 per cycle). By 

controlling the number of ALD cycles the targeted thickness can be reached, 

giving ALD its precise thickness control. 
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Figure 2.3. Schematic representation of the reaction mechanism during ALD of Pt, 

proposed by Mackus et al. (67). (a) At the onset of the (MeCp)PtMe3 half-reaction 

the surface is covered with O atoms. The (MeCp)PtMe3 molecules undergo 

combustion and dehydrogenation reactions upon adsorption on the Pt surface, 

resulting predominantly in CO2 and H2O reaction products. Once the O becomes 

depleted, the reactions continue with dehydrogenation and incomplete oxidation, 

which leads to H2, CO, and CH4, among other hydrogenation products. (b) During 

the O2 pulse, the carbonaceous layer formed in the (MeCp)PtMe3 pulse is 

combusted, and O2 dissociatively chemisorbs at the surface providing surface-

bound oxygen for the next ALD cycle. 
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Temperature window 

The temperature window of the thermal ALD process based on 

(MeCp)PtMe3 and O2  gas spans from ~250 to 300 °C. Above 300 °C, the 

precursor starts to show signs of thermal decomposition. Below 250 °C, the 

GPC rapidly drops to approximately 0.010 nm at 200 °C, and below 200 °C 

no thermal ALD growth is reported for this process (82). The inhibition of 

growth below 200 °C has been ascribed to the carbonaceous layer that is 

formed by dehydrogenation products of the precursor ligands during the 

precursor step. At lower temperatures, this carbonaceous layer prevents the 

dissociative chemisorption of O2 molecules during the O2 pulse (68). 

Nucleation 

For ALD of noble metals, nucleation  on oxide surfaces is generally 

challenging and ALD growth often shows a relatively long nucleation delay 

(29,77,83,84). For ALD of Pt based on (MeCp)PtMe3 and  O2, the nucleation 

behavior on oxide substrates is strongly dependent on the O2 exposure, as 

shown in figure 2.4. In this figure, the dependence of Pt ALD growth on the 

O2 exposure is plotted (85). For O2 exposures below ~50 mTorr (0.067 mbar) 

no growth takes place on Al2O3. On a Pt surface however, the growth starts 

at O2 pressures as low as 2 mTorr. For low O2 exposures, the nucleation of Pt 

on oxide substrates is difficult to achieve using thermal ALD due to the 

absence of catalytic Pt-clusters that facilitate O2 dissociation during the 

initial cycles (85). Although precursor adsorption on a bare oxide substrate is 

probably not the limiting factor, this only results in the deposition of single 

Pt precursor fragments, which are not catalytically active enough for 

efficient O2 dissociation. 

Mackus et al. showed that sufficient exposure to an oxidizing agent 

facilitates the diffusion of these Pt atoms over the oxide surface, leading to 

the growth of Pt islands (see also Figure 2.5) (85). Once these Pt 

nanoparticles have formed, mediated by the presence of an oxidizing agent, 

O2 dissociation and spill-over of O atoms can occur more effectively which in 

turn facilitates island growth (77). These islands grow and coalesce to 

eventually form a closed layer. For Pt, a fully closed film is typically not 

obtained until a film thickness of at least 8 nm is reached (77). A similar O2 

pressure dependent nucleation behavior was also observed for ALD of Ru 

from CpRu(CO)2Et and O2 gas (86). The dependence of Pt ALD growth on O2 
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exposure defines a regime in the O2 pressure for which the growth is area-

selective on Pt seed layer patterns (87). 

 

 

Figure 2.4. Thickness as a function of the number of cycles for Pt ALD on Al2O3 

substrate as measured by in situ spectroscopic ellipsometry (SE) using different O2 

pressures and a 10 s pulse time. In the inset the growth delay deduced from the 

nucleation curves is presented as a function of the O2 pressure (85). 
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Figure 2.5. Thickness as a function of the number of cycles for Pt ALD on Al2O3 as 

measured by in situ spectroscopic ellipsometry (SE) using an O2 exposure of 0.8 

Torr O2 for 10 s. The bright field TEM images in the figure illustrate that Pt ALD 

nucleation evolves from island growth, via island coalescence, to film closure. A 

scale bar is given for the TEM images (85). 

 

Plasma-assisted ALD of Pt and PtOx 

In the Pt ALD process using (MeCp)PtMe3, the thermal O2 gas exposure can 

also be replaced by an O2 plasma exposure (29). The reactive and energetic 

species produced in the plasma offer several benefits for the deposition of 

Pt using ALD (88). In an O2 plasma, reactive O-radicals are supplied from the 

gas phase and there is no need to first dissociate the O2 at the surface in 

order to participate in surface reactions. This means that the carbonaceous 

layer formed by the precursor ligands can be combusted at much lower 

temperatures. It has been recently reported by our group that Pt can be 

deposited at room temperature by a 3-step ABC-type (see chapter 1, box 3) 

plasma-assisted ALD process comprising (MeCp)PtMe3 precursor, O2 plasma, 

and H2 gas/plasma pulses (76). The H2 pulses are required to counteract the 

oxidation of the film by the O2 plasma which readily takes place at low 

temperatures, such that the deposition of Pt is ensured. Using this process, 
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Pt can be deposited at room temperature on various temperature-sensitive 

materials such as polymers, paper, and textile (76). 

Other advantages of plasma-assisted ALD of Pt are its fast nucleation on 

oxide surfaces (77) and the ability to deposit PtOx as well as metallic Pt (29). 

In 2008, Hämäläinen et al. were the first to report on an ALD process for 

PtO, which made use of Pt(acac)2 and O3. Although O3 proved reactive 

enough to form PtO, higher oxidation states (PtO2) were not reached, and 

the temperature window for this process ranged from 120-130°C. In 2009, 

Knoops et al. first showed that for sufficiently long O2 plasma exposures, 

PtO2.4 could be deposited in a temperature range from 100-300°C (29). A 

detailed investigation of the PtOx process was beyond the scope of the work 

of Knoops et al. at that time. The very limited insights into the PtOx process 

window and reaction mechanism formed a large part of the motivation for a 

detailed investigation of ALD of PtOx in this thesis. For example, the 

nucleation behavior of ALD of PtOx with possible nanoparticle formation had 

never been examined, and the ability to deposit thin films of PtOx 

conformally in high aspect ratio 3D structures had never been 

demonstrated. 

Extending conventional ALD 

The typical nucleation behavior of ALD of Pt has led to several innovative 

applications of this process. For example, the formation of Pt islands during 

the nucleation stage has been exploited to deposit Pt nanoparticles for 

applications in sensing and catalysis (48,89-94). Furthermore, by combining 

the possibility to deposit nanoparticles with area-selective growth, ALD can 

be used for the deposition of multi-metallic core/shell nanoparticles (32,95). 

Due to the lattice strain created in these core/shell nanoparticles and the 

heterometallic bonding interactions, the surface electronic properties of the 

nanoparticles are modified. Therefore, core/shell nanoparticles often show 

improved catalytic properties compared to their alloyed counterparts or to 

mixtures of monometallic nanoparticles (95). 

Recently, area-selective ALD growth has enabled a novel approach which 

combines the benefits of ALD with those of electron beam induced 

deposition (EBID) (71,87). EBID enables direct-write patterning of metallic 

structures with sub-10 nm lateral resolution (96,97). One of the most 

important advantages of EBID is that the pattern is written directly and only 
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at locations where it is desired, which limits the number of processing steps 

and eliminates the use of resists or lift-off steps. One of the main drawbacks 

of EBID of Pt is the poor material quality with high carbon contamination 

(87). By combining EBID with ALD, the best of both worlds can be obtained; 

the nanoscale patterning capability of EBID and the material quality and 

thickness control of ALD. 

ALD of Pt can be used in super-cycles (see Chapter 1, box 3) with other noble 

metal ALD processes to obtain bimetallic structures or even alloys. The use 

of ALD of Pt has been reported in combination with iridium (47,73), 

ruthenium (93), and palladium (32). The study of e.g. Ir-Pt films showed that 

both the Ir and Pt ALD processes are unaffected by the presence of the 

other metal (73). Remarkably, by employing super-cycles of Ir and Pt ALD, 

alloy films have been deposited rather than a laminate structure, and a 

specific film composition can be achieved by adjusting the ratio between the 

two processes. 

ALD of Pt in high aspect ratio structures 

Nanostructured metal films with large specific surface areas have found 

extensive use in a variety of fields including catalysis, sensing, and energy 

storage (47,98-101). Conventional approaches for synthesizing such films 

(e.g. electrodeposition with arrays of nanotubes) suffer from a limited 

control over film composition and thickness. The ALD process using 

(MeCp)PtMe3 and O2 gas has been used to deposit highly conformal Pt films 

in high aspect ratio features with aspect ratios over 100 (47,70). This makes 

ALD of Pt the ideal technique to deposit Pt thin films and nanoparticles for 

many future applications. 

For example, ALD of Pt has been used to create nanostructured films by 

using anodized aluminum oxide (AAO) as a template, and the potential of 

these films for electrochemical sensing applications has been demonstrated 

by the non-enzymatic sensing of glucose (47). Furthermore, Pt nanoparticle 

catalysts have been deposited using ALD on silicon nanowires for solar 

hydrogen generation, where ALD showed favorable results compared to 

conventional techniques (99). A combination of Pt and Al2O3 ALD in AAO has 

also been reported to form a metal-insulator-electrolyte system, possibly 

enabling field effect control of the nanofluidic properties of a membrane. 
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ALD of Pt has furthermore been investigated as a means to deposit contacts 

on carbon nanotubes (5,90,102-104). 

To the best of our knowledge, plasma-assisted ALD using (MeCp)PtMe3 and 

O2 plasma has not been reported for deposition in high aspect ratio 

structures. This may be due to the perceived challenges concerning the 

surface recombination of the O-radicals (105). The advantages of plasma-

assisted ALD concerning fast nucleation and lower deposition temperatures 

formed the inspiration to study the high aspect ratio potential of this 

process, discussed in Chapter 5 and 7. The deposition of PtOx inside high 

aspect ratio structures will be discussed in Chapters 6 and 7. 
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Abstract 

In atomic layer deposition (ALD), the dosing details for the precursor and co-

reactant species play an important role in reaching saturation of the surface, 

in particular on surface topologies that contain 3D features. For some ALD 

processes the dosing details even determine the composition of the 

deposited material, e.g. the O/Pt ratio of Pt/PtOx films when using the 

process with (MeCp)PtMe3 and O2 plasma. In this chapter, the influence of 

precursor and co-reactant doses is discussed in detail based on results from 

Monte Carlo simulations and mathematical models. For the ALD process 

using (MeCp)PtMe3 precursor experimental results are also presented. 

These experiments yielded a sticking probability  s = 0.95 for (MeCp)PtMe3. 
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Introduction 

Atomic layer deposition (ALD) is a cyclic thin-film deposition technique 

based on the alternating exposure of a substrate surface to precursor and 

co-reactant gasses (1). Some of the unique characteristics of ALD are its 

precise thickness control, uniformity over large substrate areas, and good 

conformality in 3D features. These features are based on the self-limiting 

nature of the half-reactions that occur at the surface during the consecutive 

precursor and reactant exposures, which are separated by purge and/or 

pump steps. When sufficient amounts of precursor and co-reactant species 

are supplied to the surface, saturation of these self-limiting half-reactions is 

achieved. Once saturation is reached, the deposition rate is no longer 

proportional to the particle dose D, i.e. the number of particles delivered to 

the surface during a certain amount of time. Therefore, the same amount of 

material is deposited everywhere on the surface, even when the surface 

topology contains 3D features. This is one of the key merits of ALD.  

Reaching saturation, i.e. delivering the dose needed to fully saturate a 

substrate surface, is a fundamental and vital aspect in ALD. It is very 

important therefore, to know the process conditions that lead to saturation. 

This calls for a better understanding of the (surface) reactions that take 

place and the probabilities at which they occur. Reaching the saturation 

dose should preferably be done in an efficient manner, and a balance should 

be found in the careful trade-off between truly reaching saturation 

conditions and minimizing usage of the often expensive precursor while also 

minimizing total cycle time. An important parameter for reaching the 

appropriate balance is the residence time of the precursor particles in the 

deposition chamber (1).  

For deposition in high aspect ratio (HAR) 3D features, precursor and 

reactant doses need to be considered even more closely. To achieve good 

conformality, saturation of the surface reactions for both the precursor and 

reactant step must be achieved throughout the 3D feature. Usually, ALD 

processes are optimized for planar geometries before deposition on 3D 

features is attempted. Whether adjustments to the precursor and/or 

reactant doses are needed for deposition in 3D features depends on the 

deposition regime that holds for the ALD process. Film growth can be 

considered to take place in one of three identified regimes: the reaction-

limited (2), the diffusion-limited (2,3), or the recombination-limited regime 
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(4). The main factors are the aspect ratio (AR) of the 3D feature, the sticking 

probability s of the precursor/reactant, and the recombination probability r 

in the case of limited lifetime species. The sticking probability generalizes 

the reaction probability per collision for a particle to contribute to the ALD 

process. For relatively low s (reaction-limited regime) an increase in AR 

requires almost no increase in dose. For higher values of s (diffusion-limited 

regime) an increase in AR will require a strong increase in saturation dose. 

The recombination probability represents the probability that e.g. a plasma 

radical from the gas phase recombines with a surface species after which it 

is lost to the ALD surface reactions. In the recombination-limited regime, the 

dose depends strongly on r. Therefore, considering the influence of s and r 

on the particle dose more closely can be very valuable in determining 

saturation doses for ALD in HAR features.  

In some cases, it may be necessary or desired to deliver a precursor and/or 

reactant dose that is greater or smaller than the saturation dose. For 

example, some processes have precursor and/or reactant half-reactions that 

are not strictly self-limiting, and increased exposure to precursor and/or 

reactant may change the properties of the deposited film. An example of 

such a process is ALD based on (MeCp)PtMe3 and O2 plasma, which can be 

used to deposit both Pt and PtOx depending on the precursor and plasma 

doses (5). By increasing the O2 plasma dose sufficiently beyond the 

saturation dose, the Pt that is deposited during the (MeCp)PtMe3 step can 

be oxidized into PtOx by the O-radicals (6). Remarkably, by increasing the 

(MeCp)PtMe3 dose sufficiently beyond the saturation dose, the formed PtOx  

can be reduced back into metallic Pt. Oxidation and reduction are 

temperature dependent, and for higher substrate temperatures, the 

(MeCp)PtMe3 dose must be sufficiently low to obtain PtOx. Other examples 

of ALD processes where precursor and reactant dose influence the 

composition of the deposited material are the Ru/RuOx and the Ir/IrOx 

processes (7,8).  

Clearly, it is important to have good understanding of the required dose, i.e. 

the dose needed to obtain all the desired film properties, including 

conformality and composition. This required dose may be different from the 

(planar) saturation dose. In this work, we will look more closely into 

precursor and reactant doses, taking the ALD process based on 

(MeCp)PtMe3 and O2 plasma as a model system. We will first consider how 
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the particle dose depends on the number of particles in the deposition 

chamber through the particle flux. Given that the particle density in the 

reactor depends on the net result from particle production terms and loss 

terms, the manner in which particles may enter or leave the deposition 

chamber during ALD will be discussed. Next, the relation between sticking 

probability and saturation dose will be examined for planar surfaces. The 

solution to the differential equation for the time-dependent surface 

coverage is presented and used to determine the sticking probability of the 

(MeCp)PtMe3 precursor on a Pt surface.  

 

Particle dose 

In this section, the parameters that determine the precursor and reactant 

doses during ALD are discussed. The particle dose D can be defined as the 

number of particles impinging on a surface per unit area during a certain 

amount of time τ. Therefore, D is the time integral of the particle flux 

towards the surface as a function of time J(t):  

�	(�) 	= � �(	)
	.�
       (Equation 2.1) 

In this work, D will be expressed in collisions nm
-2

 unless indicated 

otherwise. For an ideal gas, the particle flux, i.e. the number of particles 

traveling in one direction through a surface per unit of area per unit of time, 

can be derived from kinetic theory: 

	�(	) = �(�)	�
� ,       (Equation 2.2)  

where n(t) is the density of the gas as a function of time and v is the mean 

speed of the particles. The mean speed of the particles can be derived from 

kinetic theory and is given by: 

�	 = ����
�� ,        (Equation 2.4) 

where m is the mass of the particles, k is the Boltzmann constant (1.38∙10
-23

 

JK
-1

), and T is the gas temperature of the particles. By substituting Equation 

2.3 and 2.4 in Equation 2.1, J(t) can be expressed as: 
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�(	) = �(	)� ��
���.       (Equation 2.5) 

Therefore, the dose for a particle with mass m at a temperature T depends 

directly on the particle density which may vary in time and which is the 

result from particle "production" and particle "loss." During an ALD half-

cycle, particle production can occur through particle injection or local 

generation and particle loss can occur through pumping/purging or through 

surface losses. These pathways leading to particle production and loss will 

now be discussed in more detail.  

Particle generation 

The number of particles inside a deposition chamber will increase due to 

particle injection, or in the case of a plasma, due to local particle generation. 

Precursor particles are injected during the precursor step. The method of 

injection is typically chosen on the basis of the ALD reactor type, of which 

many exist. The method by which particles are introduced into the chamber 

depends on the vapor pressure of the precursor (1). If this vapor pressure is 

sufficiently high, particles will easily flow into the chamber by opening up 

the precursor container to the chamber. This is referred to as vapor-drawn 

injection. During vapor-drawn injection the chamber can be closed from the 

pump to increase the residence time of the particles. After the precursor 

pulse, the chamber can remain closed during an additional waiting period, 

allowing remaining precursor particles to react with the surface without 

adding new precursor particles. Alternatively, if the vapor pressure of the 

precursor is relatively low, the precursor is often dosed with an inert carrier 

gas. For carrier gas injection, the carrier gas flows from the precursor 

container through the deposition chamber to the pump, entraining the 

precursor molecules which may lead to a shorter residence time in the 

chamber. After the precursor step, the remaining precursor particles are 

removed by opening the chamber completely to the pump, thereby 

evacuating the chamber. An inert purge gas can be used to more effectively 

pump the reactor during the pumpdown. 

During the reactant exposure, the reactant gas generally flows continuously 

through the reactor to the pump. For plasma-assisted ALD, the reactant step 

also includes a plasma step. In order to produce a stable plasma, the 

reactant gas generally flows before, during, and after plasma ignition. The 
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plasma exposure time is the time during which plasma power is on, and 

during which plasma particles are generated. These plasma particles 

generally consist of radicals, photons, and ions, which all may provide 

reactivity to the surface (9). However, in this work only radicals are 

considered because they are considered most important for the Pt ALD 

process. 

 

Particle loss  

Particle loss can occur due to either purging/pumping or due to surface 

reactions. Particle loss due to purging/pumping depends on the pump speed 

and is reactor specific. We will first consider particle loss due to the surface 

reactions. For convenience we will assume that the surface is uniformly 

divided into identical surface sites, such that each surface site can 

accommodate one precursor particle. A surface site is referred to as active 

when it is capable of reacting with incoming particles. When a reactive 

surface site is not capable of reacting with particles it is referred to as 

"passive." 

When a particle hits a surface site it can either react with the surface or be 

reflected. All the reactions that contribute to the ALD process in some 

manner are generalized by a reaction probability per collision, the sticking 

probability s. For precursor particles, ALD surface reactions may include 

ligand exchange, dissociation, association, etc. When one of these reactions 

occurs, the precursor particle "sticks" to the surface and is lost. Reactant 

particles (or fragments thereof) may stick to the surface and be 

incorporated in the deposited film. For example, during ALD of Al2O3, H2O 

provides the O to the film (10). Reactant particles may also stick to the 

surface to take part in reactions during the following precursor step, e.g. 

chemisorbed O in Pt ALD (11). Reactant particles can also react with the 

surface to provide or remove surface groups, thereby facilitating ligand 

exchange, combustion, etc. Unlike precursor particles, multiple reactant 

particles may react with a single surface site, before saturation of the 

surface reactions is reached. For example, to combust the ligands of a single 

(MeCp)PtMe3 molecule into CO2 and H2O, approximately 20 O particles are 

required (11).  
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Plasma radicals are generally subject to the same surface reaction losses as 

regular reactants, although they are usually more reactive. Therefore, many 

surface reactions occur faster, more readily, or even exclusively for these 

plasma particles. In the Pt ALD process for example, O-radicals do not need 

to dissociate on the Pt surface before becoming reactive, unlike O2 

molecules. As a result, they can often combust precursor ligands at much 

lower temperatures without being hindered by the presence of a 

carbonaceous layer that forms at these lower temperatures. A loss 

mechanism for plasma particles that does not contribute to the ALD process 

is surface recombination. For example, an O-radical may recombine with an 

O atom at the surface, forming gaseous O2. This O2 molecule is then lost for 

those ALD surface reactions for which O-radicals are required. The 

recombination probability r depends on the type of radical and the surface 

material (4). 

Surface saturation 

In the previous section the particle dose, and particle production and loss 

for ALD processes were discussed. In this section the saturation behavior of 

the surface will be examined more closely. We will first discuss some general 

observations concerning surface saturation, and then present some 

elementary simulations and calculations to obtain useful insights. For 

conceptual simplicity, we will only consider reactions where a single surface 

site can react with at most one particle, as is the case for e.g. precursor 

particles. 

We assume that there are only two circumstances in which a particle hits 

the surface and is reflected and therefore not lost: (i) a particle hits a 

reactive surface site but does not react, (ii) a particle hits a passive 

(occupied) site. Consider now a surface consisting of only one single surface 

site. To determine the required dose for the saturation of this single surface 

site, only circumstance (i) needs to be considered. After all, for circumstance 

(ii) to occur, the site would already have to be saturated (i.e. occupied). 

Therefore, the average required saturation dose when considering a single 

surface site is equal to 1/s (i.e. s
-1

) particles per site.  

If we now consider the saturation of a surface consisting of multiple surface 

sites however, there is an increasing chance that an incoming particle will hit 

a passive site and is reflected (circumstance (ii)). On average therefore, the 
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number of particles that will hit a single surface site before saturation of all 

the other surface sites is reached is greater than 1/s. This can be understood 

by considering that particles that hit passive sites contribute to the particle 

dose even though they cannot contribute to surface reactions (s = 0). The 

number of particles that will hit a single surface site before saturation of the 

entire surface is reached is defined here as the saturation dose per surface 

site Ds, and can be determined by a simple Monte Carlo simulation as will be 

demonstrated below. 

Surface coverage: infinite particle reservoir 

We will now determine the number of particles that must hit a surface site 

before saturation of the entire surface is reached, based on a Monte Carlo 

simulation. Consider a certain number S0 of reactive surface sites, which are 

all active at the start of the simulation. We will define Ds as the dose per 

surface site required to reach 99 % rather than 100 % saturation of the 

surface, in order to save computation time. The interaction between 

particles and the surface will be considered on a particle-by-particle basis. 

This can be regarded as a loop, where during each iteration the interaction 

of a single particle with a single surface site is determined. During each 

iteration, one site is randomly selected to be hit by a particle. If the site is 

active, a random number between 0 and 1 is generated. If this random 

number is smaller than s the particle reacts, and the site is set to passive. If 

the random number is greater than s, or if the particle hits a passive site, the 

particle is reflected and the next iteration is started. The loop is repeated 

until 99 % of the surface sites are occupied. The particle reservoir is 

assumed to be infinite, i.e. the particle density is assumed to be 

independent of surface losses.  

The results of this simple experiment (for 10
4
 sites) are shown in Figure 3.1, 

where the saturation dose per surface site Ds is given as a function of s by 

the solid line. For comparison, the dotted line indicating Ds = s
-1

 is also given. 

This line therefore indicates the saturation dose if only a single surface site is 

considered (only circumstance (i) can occur), while the solid line indicates 

the required dose if multiple surface sites are considered (circumstances (i) 

and (ii) can occur). As can be seen, the saturation dose per surface site when 

considering multiple surface sites Ds = 4.6 s
-1

. This indicates that, e.g. for s = 

1 on average ~4.6 particles will hit any given site before 99 % saturation is 

reached. 
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Figure 3.1. The required dose for saturation per surface site as a function of 

sticking probability. The solid line indicates the values calculated by the 

Monte Carlo simulation. The dotted line serves as a reference where the 

saturation dose equals 1/s.  

Surface coverage: time-dependent solution 

The previous simulation of the saturation dose as a function of sticking 

probability was based on a particle-by-particle approach. The time required 

to reach the saturation dose was therefore not taken into account. The rate 

with which the saturation dose is reached depends on the flux (Equation 

2.5) of precursor particles towards the surface. We will now derive a 

mathematical expression which describes the surface coverage as a function 

of the sticking probability and time, i.e. taking the flux into account. We 

assume here that a certain number of precursor particles is present in a 

closed deposition chamber at t = 0, i.e. the influence of particle injection is 

not taken into account. Furthermore, to study the initial saturation behavior 

it is assumed that the number of particles is smaller than the number of 

surface sites and that one particle can react per site. Particles can only be 

lost by sticking to a surface site. Therefore, eventually all the particles will 

stick to the surface, resulting in a normalized surface coverage less than 1. 

The surface coverage can now be derived as follows. 
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Consider a volume V containing N0 free particles at t = 0. This volume 

contains a reactive surface containing S0 active adhesion sites (N0 < S0), each 

with area As, where particles will stick with a sticking probability s. As time 

progresses, a fraction of the particles hitting the reactive surface will stick, 

thereby reducing the number of free particles and active sites. The number 

of remaining free particles N(t) and the number of remaining active sites S(t) 

are related through: 

�(	) = � −	�� − �(	) .     (Equation 2.6) 

The change dS in S(t) in a sufficiently small time interval dt (i.e. the number 

of free sites being occupied by particles in a small time interval) is given by: 

!"(�)
!� = −#�(	)�(	)$% = −# &(�)

' � ��
��� �(	)$%,  (Equation 2.7) 

where Equation 2.5 was used to substitute J(t) and n(t) is given by N(t)/V. By 

substituting Equation 2.6 in Equation 2.7 and solving this differential 

Equation, S(t) can be determined as follows. For convenience, the 

normalized surface coverage of active sites ()(	)	is defined as: 

(*(	) = "(�)
"+ ,        (Equation 2.8) 

which gives the boundary conditions: 

(*(0) = 1,        (Equation 2.9) 

since at t = 0, S(t) = S0, and 

(*(∞) = "(/)
"+ 	= "+0&+

"+ ,      (Equation 2.10) 

because once all particles have reacted, S(t) = S0-N0, since N0 < S0. By using 

the boundary conditions in Equations 2.9 and 2.10, the following solution for 

((t) is obtained: 

(*(	) = "+0&+
"+0&+1234(5+26+)7.      (Equation 2.11) 

where, for convenience, C is defined as: 

8 = 93
' � ��

�:�.       (Equation 2.12) 
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The normalized surface coverage can now be defined as: 

((	) = 	1 −	θ*(	).      (Equation 2.13) 

This general mathematical derivation of the normalized surface coverage 

can be used to, for example, describe the surface coverage during the 

precursor step of an ALD process.  

 

Experimental determination of the sticking probability of the (MeCp)PtMe3 

precursor 

In this section, the sticking probability of the (MeCp)PtMe3 precursor is 

determined experimentally. The basis for this determination is the 

expression which describes the normalized surface coverage as a function of 

sticking probability and time (Equation 2.13). This normalized surface 

coverage is equal to the growth per cycle (GPC) normalized with respect to 

the maximum GPC. After all, the maximum surface coverage (saturated 

precursor and reactant step) yields the maximum GPC for an ALD process. 

Therefore, the normalized GPC (NGPC) is a direct measure for the precursor 

surface coverage, assuming a fully saturated reactant step. The sticking 

probability can be determined experimentally by comparing GPC values as a 

function of exposure time to Equation 2.13. Such experiments were 

performed to determine the sticking probability of the (MeCp)PtMe3 

precursor. 

To use Equation 2.13, the number of reactive adhesion sites S0 should be 

known. Therefore, a well-defined reactive surface area with a homogeneous 

temperature was created. To do so, the entire inside of the home-built 

reactor (V = 11.4∙10
-3

 m³) including the walls (T= 373 K) and the substrate 

stage (T=573 K) was coated with approximately 40 nm of Al2O3. After the 

reactor was coated, a substrate with an area of 6 cm² and with a 15 nm Pt 

seed layer on top was placed on the substrate stage. The thermal Pt ALD 

process using (MeCp)PtMe3 and O2 gas at a pressure of 0.01 mbar, which 

was used for these experiments, will undergo a nucleation delay of several 

hundreds of cycles on an Al2O3 surface (12). On Pt however, there is no 

nucleation delay. Therefore, by coating the reactor with Al2O3, growth is 

virtually inhibited anywhere except on the Pt seed layer substrate, at least 

for the initial few hundred cycles. For the obtained reactive area of 6 cm², 



 
51 Chapter 3 

the number of reactive adhesion sites S0 corresponds to 1.8∙10
15

, based on 

the density of Pt and a GPC of 0.045 nm per cycle. 

 Furthermore, Equation 2.13 is valid under the assumption that at the onset 

of the precursor step, a fixed number of precursor molecules N0 is present in 

a closed volume, and that N0 < S0. In order to meet this requirement, the 

precursor was heated to 45 °C and vapor-drawn into the reactor during a 

pulse of respectively 0.2, 0.4, and 1 s, while the valve to the turbo-pump was 

closed. This resulted in an NGPC of 0.18, 0.29, and 0.49 respectively, 

normalized to the saturation GPC for Pt ALD (0.045 nm per cycle). After the 

precursor pulse, the valve to the turbo-pump was kept closed for an 

additional variable waiting period between 0 and 7.5 s. This ensured that a 

fixed amount of precursor molecules was able to interact with the Pt 

substrate during a total precursor exposure time consisting of the pulse and 

the wait. The opening of the valve however took approximately 1.4 s, which 

means that the precursor particles were not evacuated from the deposition 

chamber immediately after the precursor pulse, even if the waiting period 

would have been 0 s. Therefore, precursor particles were assumed to be 

present in the deposition chamber for an additional 0.7 s after the end of 

the precursor pulse.  The O2 step consisted of a 10 s O2 pulse (no plasma) at 

a pressure of 0.01 mbar. Using spectroscopic ellipsometry (SE), the GPC for a 

certain precursor pulse was determined as a function of the total precursor 

exposure time. By fitting Equation 2.13 (normalized surface coverage as a 

function of time) to the experimental data (NGPC as a function of exposure 

time), s was determined.  

The results are shown in Figure 3.2, which shows the NGPC  as a function of 

precursor exposure time for three different precursor pulse times: (a) 0.2 s, 

(b) 0.4 s, and (c) 1.0 s. The dots represent the experimentally determined 

GPC values, with the average value indicated by the dotted lines. The solid 

lines indicate the fits to Equation 2.13, which yielded an average sticking 

probability of ~0.95. 

We will now consider the results from Figure 3.2 more closely. The dashed 

lines indicate the solution to Equation 2.13 for different sticking 

probabilities. This gives an indication of the dependence of the NGPC (and 

therefore also of the normalized surface coverage) on s. As can be seen, the 

normalized surface coverage as a function of time does not depend greatly 

on s for s > ~0.5. More importantly, all the data points in Figure 3.2 show 
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that the NGPC is already in saturation after ~1 s. Although this makes it 

difficult to get a precise estimation of the sticking probability, it does clearly 

indicate that the sticking probability is relatively close to 1. 

 

Figure 3.2. Normalized growth per cycle (NGPC) as a function of precursor 

exposure time for different precursor pulse times (a) 0.2 s, (b) 0.4 s, and (c) 

1.0 s. Dots indicate NGPC values as determined from SE, whose average is 

represented by the dotted lines. The solid lines indicate the fit to  ((	) 

(Equation 2.13), yielding a sticking probability of 0.95. The dashed lines 

represent Equation 2.13 for different sticking probabilities ranging from s = 

0.01 to 0.5. 

Conclusion 

In ALD, the precursor and co-reactant particle dose is the time integral of 

the particle flux towards the surface. This particle flux depends on the 

particle density of the precursor/reactant particles inside the deposition 

chamber, which varies in time due to particle production and loss. The 

number of particles will increase due to injection or generation. Particles will 

be lost due to purging/pumping or due to reactions with the surface or with 

surface species. Through a simple Monte Carlo simulation model, the 

required saturation dose per surface site as a function of the sticking 

probability was shown to be equal to 4.6 s
-1

.  
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Using the particle flux as a function of particle density, the differential 

Equation describing surface coverage as a function of time could be solved. 

For s > ~0.5, the rate at which the surface is covered does not depend 

greatly on s. Experimental GPC data as a function of precursor exposure 

time was fitted using the mathematical expression describing surface 

coverage as a function of time. This yielded a sticking probability for the 

(MeCp)PtMe3 precursor  s ≈ 0.95.  
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Chapter 4 

Mass Spectrometry Study of the Temperature Dependence of Pt 

Film Growth by Atomic Layer Deposition* 

Abstract 

Insights into the temperature dependence of atomic layer deposition (ALD) 

of Pt using (methylcyclopentadienyl)trimethylplatinum, (MeCp)PtMe3, 

precursor and O2 are presented, based on a study of reaction products by 

time-resolved quadrupole mass spectrometry (QMS) measurements. Above 

250°C, Pt ALD proceeds through unhindered O2 dissociation at the Pt 

surface, inducing complete and instantaneous combustion of the precursor 

ligands. Quantification of the QMS data revealed that at 300°C, 

approximately 20% of the C-atoms react during the precursor pulse, forming 

mainly CH4 (~18 %) balanced by CO2 (~2%). The remaining 80% of the C-

atoms are combusted during the O2 pulse. Time-resolved data indicated that 

the combustion reactions compete with the hydrogenation reactions for the 

available surface carbon. Combustion reactions were found to be dominant, 

provided that a sufficient amount of chemisorbed oxygen is available. When 

the temperature drops below 250°C, deposition becomes hindered by the 

presence of a carbonaceous surface layer of partially fragmented and 

dehydrogenated precursor ligands, formed during the precursor pulse. The 

carbonaceous layer limits dissociative chemisorption of O2 and hence 

combustion reactions (leading to CO2) whereas reduced surface reactivity 

also limits (de-)hydrogenation reactions (leading to CH4). Below 100°C, the 

carbonaceous layer fully prevents O2 dissociation and ALD of Pt cannot 

proceed. 

 

*Published as: I.J.M. Erkens, A.J.M. Mackus, H.C.M. Knoops, P. Smits, T.H.M. van de Ven, F. Roozeboom 

and W.M.M. Kessels, ECS Journal Solid State Science and Technology 1, 255 (2012) 
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Introduction 

Atomic layer deposition (ALD) of Pt-group metals  and their oxides on high 

aspect ratio 3-D nanostructures, can have a wide variety of applications in 

nanoelectronics as well as in sensing and catalysis (1-9). One noble metal 

ALD process that has attracted a lot of recent attention is that of platinum, 

based on (methylcyclopentadienyl)trimethylplatinum precursor 

((MeCp)PtMe3) and O2 gas, as developed by Aaltonen et al.(10). As it is 

amongst the most widely applied and studied processes, it can be 

considered a model system for noble metal ALD processes that are based on 

the availability of chemisorbed surface oxygen at the start of each precursor 

pulse. Several studies have been performed on the reaction products that 

are produced during the process, to obtain information about surface 

reactions and to better understand the reaction mechanism (11-14). 

Extending the work of Aaltonen et al.(10), Kessels et al. (12) describe a 

possible reaction mechanism of the process at 300°C: 

2 (MeCp)PtMe3(g) + 3 O(ads) → 

 2 (MeCp)PtMe2(ads) + CH4(g) + CO2(g) + H2O(g)  (Equation 4.1) 

2 (MeCp)PtMe2(ads) + 24 O2(g) → 

 2 Pt(s) + 3 O(ads) + 16 CO2(g) + 13 H2O(g).  (Equation 4.2) 

This mechanism was based on steady-state gas phase FTIR experiments in a 

cold-wall reactor at an O2 pressure of 1 mbar. By balancing the carbon 

containing volatile reaction products, on average approximately 1 C-atom 

per precursor molecule was found to be removed during the precursor 

pulse. This occurs through combustion of the ligands by chemisorbed 

oxygen producing CO2 and H2O, as well as through the production of CH4, 

with an observed CH4 / CO2 ratio of 1:1. During the subsequent O2 step, the 

remaining hydrocarbon ligands, that constitute ~87% of the precursor 

carbon, are combusted by O2 gas. Overall, this reaction mechanism was also 

confirmed by Christensen et al. (13) who analyzed the process at 300°C in a 

viscous flow reactor using QMS and quartz crystal microbalance (QCM) 

techniques. Their study confirmed that the majority of the C-atoms is 

combusted during the O2 pulse, although the ratio of CH4 / CO2 production 

during the precursor pulse was found to be 5:1 instead of 1:1.  



 
56 Chapter 4 

Despite these and other studies, several questions remain concerning the 

reaction mechanism of the Pt ALD process. One characteristic of the Pt ALD 

process that is still not fully understood is the temperature dependence of 

the growth per cycle (GPC). Knoops et al. showed that the growth of 

platinum is relatively constant between 300 and 250°C, while the GPC 

decreases between 250 and 150°C, and growth is inhibited for substrate 

temperatures of 150°C and lower (15). This behavior was also confirmed by 

new experiments (see Figure 4.1). An explanation for the reduced growth at 

lower temperatures was not given, although it was inferred from surface 

science studies that the dissociative chemisorption of O2 should not be the 

limiting factor. 

 

 

Figure 1. The growth per cycle as a function of deposition temperature (curve 

serves as a guide to the eye). All depositions were carried out on as-deposited 

platinum seed layers with a thickness of 13 nm. Data from Knoops et al. (15) are 

given for comparison. 

Another matter that could benefit from further study is the fact that 

reaction Equations 4.1 and 4.2 are overall reactions, and give no information 

on individual reaction paths or on the reaction kinetics. Whereas CO2 and 

H2O can be ascribed to combustion by chemisorbed oxygen, some debate 

remains on the exact nature of the reaction leading to the production of CH4 

and the interdependency between the production of CH4 and CO2 / H2O. 
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Elliott et al. suggest the involvement of in-situ created hydroxyl groups in 

the formation of CH4, although to date the presence of OH groups has not 

been confirmed to the best of our knowledge (16). Mackus et al. make a 

strong case for the possibility of hydrogenation of the hydrocarbon surface 

ligands leading to the production of CH4 (17).  

To gain more insight into both the temperature dependence of the reaction 

mechanism, and to increase understanding of reaction kinetics , more data 

and especially time-resolved data is required. In the present work, the issue 

of both the temperature dependence of the GPC and the reaction kinetics is 

addressed on the basis of time-resolved QMS measurements carried out in 

an ALD temperature series. An explanation for the temperature dependence 

of the GPC and the inhibition of growth at lower temperatures by surface 

poisoning is given. Furthermore, the insights that were gained into the 

surface reactions and reaction rates during Pt ALD are described, showing 

that the reactions leading to the production of CH4 compete with 

combustion reactions producing CO2. 

 

Experimental 

Experimental setup 

All measurements were performed in an open load home-built ALD reactor. 

It consists of a deposition chamber containing a substrate heating stage, 

connected to an inductively coupled plasma source (100 W) and a 

turbomolecular pump through gate valves. The temperature of the reactor 

walls Tw, which can be raised to 150°C, was kept at 80°C (unless mentioned 

otherwise) to prevent reactions from taking place at the walls , as will be 

explained later. The temperature of the substrate stage was varied between 

80 and 300°C. The (MeCp)PtMe3 precursor (98% purity, Sigma-Aldrich), kept 

at a temperature of 70°C, was vapor drawn into the reactor without any 

carrier gas and the precursor dosing time was typically 5 s. The O2 flow was 

controlled using a mass flow controller to obtain a 10 s pulse with a stable 

pressure of 0.08 mbar. During the ALD cycles , the reaction chamber was 

continuously pumped by the turbomolecular pump. The pressure inside the 

deposition chamber varied from the base pressure of the order of 10
-6

 mbar 

during the 30 s pump-down step, to 0.08 mbar during the O2 pulse.  



 
58 Chapter 4 

A Pfeiffer Vacuum QMS 200 mass spectrometer with a mass-to-charge (m/z) 

range of 200 atomic mass units (amu) was connected to the deposition 

chamber through a pipeline (kept at 80°C) and a 150 µm pinhole. A 

channeltron detector was used, and the energy of the electrons in the 

ionizer was set to 70 eV. In-situ spectroscopic ellipsometry (SE) was 

performed using a J. A. Woollam, Inc. M2000U ellipsometer to determine 

the thickness of the deposited layers. For the modeling of the dielectric 

function of the deposited layers, a Drude-Lorentz parameterization was 

used, assuming that every film consists of a homogeneous layer of Pt (15). 

During standard SE monitoring, every measurement was performed after a 

complete cycle, immediately giving the GPC. During some experiments 

however the SE measurements were performed after every half-cycle, i.e. 

after every precursor step and after every O2 step (18). This was done to 

obtain insight into the effects of precursor absorption and subsequent 

combustion on the apparent thickness of the film.  

QMS measurement procedure 

Performing QMS measurements during an ALD process poses several 

opportunities and challenges, and special care must be taken when 

recording and analyzing the data (19). The measurement procedure that 

was developed for this work will be described based on the measurements 

shown in Figure. This figure shows the measured QMS ion current as a 

function of time for substrate temperatures between 100 and 300°C (Twall = 

80°C). Precursor and O2 pulse durations are indicated by arrows for clarity. 

As in previous studies (12,13) a scan of all relevant m/z ratios revealed that 

H2O, CH4 and CO2 are the only gas phase reaction products that could be 

detected using QMS. In particular, measurements of m/z = 79 for the 

methylcyclopentadienyl ligand ((C5H4)CH3
+
) did not reveal this ligand as a 

reaction product, although it clearly appeared as a fragment in the precursor 

cracking pattern. Detection of H2 as a reaction product proved challenging 

due to the abundance of m/z = 1 and 2 in the cracking pattern of the 

precursor and other species (e.g. CH4 and H2O). Therefore, although it was 

not detected, the production of H2 could not be excluded based on the 

measurements performed here.  

Furthermore, because the detection of H2O can be troubled by 

condensation of water on the colder reactor walls and QMS line, the focus 

of the QMS analysis was on CH4 and CO2. To track CO2, m/z = 44 was 
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recorded, and for CH4 the fragment at m/z = 15 (CH3
+
) was chosen rather 

than the signal due to the parent molecule at m/z = 16, to avoid interference 

from the signal caused by cracking of O2. The sensitivity of the QMS for m/z 

= 15 and 44 is assumed to be constant. The QMS data shown in Figure 4.2 is 

based on measurements of ALD depositions on as-deposited Pt films under 

steady-state conditions, free from nucleation or start-up effects. The signals 

for m/z = 15 and 44 were recorded simultaneously to prevent any manual 

time alignment errors. A dwell-time of 0.05 s ensured that the systematic 

time alignment error caused by mass filter switching and settling did not 

exceed 0.1 s. The repetitive nature of ALD was optimally utilized to increase 

the signal-to-noise ratio (SNR) of the measurements: since every cycle can 

be assumed to be identical to the next, the QMS data of several cycles was 

aligned to overlap in time and then averaged, using a dedicated MATLAB 

algorithm. As a result, every line in Figure represents the average of at least 

10 ALD cycles. 

 

Figure 4.2.  Time resolved QMS signal for different substrates temperatures for (a) 

m/z = 15 (CH3
+
 from CH4 and (MeCp)PtMe3) and (b) m/z = 44 (CO2

+
 from CO2). The 

precursor pulse (5 s) and O2 pulse (10 s) are indicated by arrows for clarity. 

Comparison to precursor only and oxygen only data showed that at 100°C, virtually 

no reaction products are produced. The thinnest (blue) line can therefore be 

regarded as a baseline for the other data.  
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The interpretation of the data is not straightforward because of two effects: 

m/z overlap and a pressure artifact. The former concerns the overlap 

between signals from reaction products and the precursor. As molecules are 

ionized through electron bombardment in the ionizer, several of them will 

break down into smaller fragments. These fragments, which in the case of 

the precursor form a broad spectrum of m/z ratios including 15 and 44, are 

also detected. The m/z ratios of 15 and 44 can therefore not be 

unambiguously assigned to CH4 or CO2, since the precursor and the reaction 

products are present in the deposition chamber at the same time. This can 

be seen during the precursor step in Figure. The measured ion currents at 

100°C (dark blue lines) for both m/z ratios can be seen to increase during the 

precursor pulse (t = 2-7 s). This increase can be fully ascribed to fragments 

from the precursor. This was confirmed by measuring precursor only cycles 

(not shown): by repeatedly dosing only precursor into the deposition 

chamber (without subsequent O2 pulse) the entire surface was saturated 

preventing any surface reaction products from being formed. The QMS 

signals measured during a precursor pulse under these saturated conditions 

therefore only had a precursor component. This precursor signal was then 

used as a reference for the full cycles, confirming that virtually no reaction 

products were formed at 100°C. Similarly, oxygen only cycles showed that 

the increase of both signals at 100°C during the O2 pulse (t = 14-24 s) is also 

not caused by reaction products.  

Under the applied conditions the QMS signal was found to depend on the 

total pressure in the deposition chamber rather than just the partial 

pressure of O2. This is referred to here as the pressure artifact. During the O2 

pulse, the pressure inside the deposition chamber and as a result in the 

QMS detector increases over several orders of magnitude. For such high 

pressure variations, the QMS signals were found to show a dependence on 

the total pressure and not merely the partial pressure of a certain species. 

Peak pressures in the QMS detector of the order of 5∙10
-6

 mbar were 

detected, which might result in space charge effects in the ionizer and ion-

neutral scattering interactions in the mass filter. This could cause deviations 

from linearity of the detected signal which is known to occur when the 

pressure inside the ionizer exceeds ~10
-5

 mbar (20). However, both this 

pressure artifact and the m/z overlap could be corrected for. 
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 The precursor only and oxygen only cycles confirmed that no significant 

amount of reaction products is formed during deposition at 100°C. While 

this is different for higher temperatures it shows that the reactor walls, kept 

at 80°C, will not contribute any significant amount of reaction products, i.e. 

virtually all reaction products are formed at the substrate stage. 

Furthermore, this offers the opportunity to use the measurements at 100°C 

as a reference for the measurements at higher temperatures since the 

precursor dose and O2 pressure can be assumed constant over the studied 

temperature range. By subtracting this reference signal at 100°C from the 

other measured ion currents, both the precursor m/z overlap effect and the 

pressure artifact are ipso facto corrected. The result of this correction is 

plotted in Figure , which shows only the net reaction products as will be 

discussed in the next section.   

Results 

In Figure , the corrected QMS signals for the Pt ALD process can be seen, 

showing the net production of CH4 (m/z = 15) and CO2 (m/z = 44). Since the 

signals at 100°C were used as a reference, they are zero during the entire 

cycle by definition. Peaks in the signals can be seen however at the 

beginning of the precursor pulse for temperatures of 150°C and above. This 

indicates that ligand oxidation (leading to CO2) and other surface reactions 

(leading to CH4) can occur at these temperatures. The fact that production 

of CH4 and CO2 only occurs within the first second of the precursor pulse 

shows that the process reaches saturation after one second of precursor 

dosing, which was also observed by Kessels et al.(12). For higher 

temperatures, the amount of reaction products that is formed increases. In 

the insets of Figure , the production of CO2 is shown to precede the 

production of CH4; the signals for CO2 production start rising and also reach 

peak value approximately 0.2 s before the signals for CH4. 

Figure 4.3 also shows that during the O2 pulse, only CO2 is produced and no 

CH4, as was also reported in previous studies (11-13). Since the QMS signals 

in Figure  have been baseline corrected and show the net production, the 

area under curve (AUC) is a direct measure for the amount of reaction 

products that is produced. This was used to quantify the carbon containing 

reaction products, by assuming that all 9 C-atoms of the precursor molecule 

are converted into volatile reaction products which are either CH4 or CO2. By 
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balancing the AUC of the QMS signals  for m/z = 15 and 44 for both the 

precursor and O2 step at 300°C, the relative amounts of CH4 and CO2 could 

be determined. Firstly however, the AUC values of both species were 

corrected for partial ionization cross-sections. The total ionization cross-

section for CO2 at 70 eV is 3.56∙10
-16

 cm
2
, while CO2

+
 has a partial ionization 

cross-section of 2.13∙10
-16

cm
2
.(21) For CH4 the total cross-section at 70 eV is 

3.54∙10
-16

 cm
2
, with a  partial cross-section of 1.35∙10

-16
 cm

2
 for the 

production of CH3
+
.(22) Based on measurements at 300°C it was determined 

that approximately 20% of the carbon is released during the (MeCp)PtMe3 

pulse: ~18% as CH4, and ~2% as CO2. The remaining 80% are combusted 

during the O2 pulse and are converted into CO2, which agrees nicely with 

previous results reported by Christensen et al., and Kessels et al. (12,13). 

 

 

Figure 4.3. (Color online) Baseline corrected QMS signal as deduced from Figure 

4.2. Data are given for (a) m/z = 15 (CH3
+
 from CH4 and (MeCp)PtMe3) and (b) m/z 

= 44 (CO2
+
 from CO2). The insets show the signal for CH4 and CO2 during the 

precursor pulse in more detail. The areas under the measured signals represent the 

amount of reaction products produced at a given temperature. 
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Temperature dependence 

The time-resolved QMS signals in Figure  show that during the O2 pulse the 

rate of combustion of the hydrocarbon precursor ligands on the Pt surface 

increases with temperature. At 150°C, CO2 production reaches peak value 

approximately 2 seconds after the onset of the O2 pulse, while at 300°C the 

peak in production is reached almost instantaneously. Based on the 

combustion rates during the O2 pulse, 3 temperature regions can be 

distinguished:  

(i) T<100°C: virtually no combustion occurs. 

(ii)  100<T<250°C: combustion occurs at a relatively slow rate, and 

complete combustion requires several seconds of O2 dosing. 

(iii)  T>250°C: combustion occurs almost instantaneously; the bulk of the 

carbon atoms combusts within the first second of the O2 pulse. 

These temperature regions will be discussed in more detail later on in this 

section, although it should be noted here that the transitions between these 

regions are not considered to be sharply defined. Remarkably, at 300°C two 

distinct peaks can be distinguished: one large peak at the onset of O2 dosing, 

and a shoulder that reaches its maximum approximately 2 seconds later. 

The combustion rate that is displayed by the shoulder is very similar to that 

of the reaction occurring at approximately 150°C. This suggests that at 300°C 

set-point temperature, combustion occurs at 2 different reactor zones, each 

with their own temperature. We therefore attribute the shoulder to 

reactions on parasitically heated reactor parts near the substrate stage (e.g. 

the parts holding the stage), that reach elevated temperatures due to heat 

transfer from the stage. At a heating stage temperature of 300°C these parts 

might reach temperatures were oxidation proceeds at a slower rate. This 

effect of parasitic heating also occurs at 250 and 275°C albeit to a much 

lesser extent. Although this is considered a likely explanation, other 

explanations (e.g. two distinct and separate reaction pathways leading to 

CO2 production) cannot be ruled out at present. 

 The temperature dependence of the QMS data shows a strong correlation 

with that of the growth per cycle (GPC) data shown in Figure 4.1. This graph 

shows the GPC as a function of deposition temperature for the thermal ALD 

of Pt as measured with SE. As can be seen, no growth occurs for 
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temperatures below ~100°C, while the GPC appears to saturate as a function 

of temperature starting at ~250°C, which agrees with the results from 

Knoops et al.(15). Parallel to the combustion rate, 3 temperature regions 

can therefore also be distinguished for the GPC: 

(i) T<100°C: lack of growth, which coincides with lack of combustion.  

(ii)  100<T<250°C: limited growth, which is accompanied by combustion 

at a reduced rate.  

(iii) T>250°C: normal growth as well as instantaneous combustion. 

The strong correlation between ligand oxidation rate and GPC suggests that 

the rate of combustion of the ligands during the O2 step is an important 

parameter in determining the temperature dependence of Pt ALD growth. 

 

 

Figure 4.4. The measured QMS signal for (a) m/z = 15 and (b) m/z = 44 during the 

precursor pulse, and (c) m/z = 15 and (d) m/z = 44 during the O2 pulse; for 32 

consecutive ALD cycles, all measured at 100°C. The ALD recipe for all cycles was 

similar to that of the measurement in Figure 4.2 (8 s (MeCp)PtMe3, 10 s O2). 

However, prior to the first cycle, the entire reactive Pt surface was treated with an 

O2 plasma. Since virtually no reaction products are produced during cycle 32, this 

can be regarded as the baseline level. 
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Reactions at 100°C 

To learn more about possible surface reactions at lower temperatures, the 

process at 100°C was studied in more detail. Although no reactions take 

place under steady state ALD conditions at 100°C, it is known that plasma 

assisted ALD of Pt at this temperature is possible (15). The highly reactive 

atomic oxygen generated in the plasma ensures complete hydrocarbon 

removal at the end of every cycle.  Therefore, an experiment was devised 

where standard thermal ALD cycles were preceded by an O2 plasma 

treatment. By starting on a plasma-treated surface, surface reactions are 

expected to occur at least for the first precursor pulse at 100°C. By 

monitoring the following subsequent cycles individually, valuable 

information about the process was obtained. 

Because a plasma was used, reactions could also take place at the reactor 

walls during this experiment. Therefore, the walls were also heated to 100°C 

(instead of 80°C), turning the entire deposition chamber into one large 

reactive surface with one single temperature. Furthermore, for these 

experiments the reactor walls were completely coated with Pt, to ensure a 

homogeneous reactive surface composition, and the precursor pulse was 

increased to 8 seconds to ensure saturation for this larger surface area. The 

QMS signals of the cycles are shown in Figure , and the corresponding AUC 

values as a function of cycle number (indicating a measure for the amount of 

reaction products produced) are shown in Figure . The graphs in Figure  

show the as-measured QMS ion currents, i.e. no corrections with respect to 

a reference have been applied. As a result both the precursor and the 

pressure artifact are visible. However, cycle 32 can be regarded as a 

reference because hardly any reaction products are formed anymore during 

that cycle. This can be inferred from the fact that after cycle 25 the AUC 

values remained relatively constant and no growth occurred. This can be 

seen more clearly in Figure , where AUC values flatten out beyond cycle 25. 

The baseline level (indicating a lack of reaction products) that is reached 

after cycle 25 is represented by the black dotted lines which serve as a guide 

to the eye. 



 
66 Chapter 4 

 

Figure 5.5. (a-d) The area under curve (AUC) of the measurements shown in Figure 

4.4, representing the amount of reaction products as a function of cycle number. 

Prior to the first cycle the Pt surface was treated with an O2 plasma. Baseline 

values that are reached after cycle 25 are indicated by the black dotted lines which 

serve as a guide to the eye. 

The signals in Figure  will now be considered cycle-by-cycle, starting at cycle 

1, which was the first standard ALD cycle following the plasma treatment. 

Clearly, reaction products are indeed formed during this cycle. The 

production of CH4 and CO2 is evident from the peaks in the signals that are 

observed at the beginning of the precursor pulse in Figure (a) and (b). The 

peaks in Figure  (a) and (b) are broader, i.e. the signals increase over a longer 

period of time compared to the signals during the peaks in Figure. This 

indicates that reactions proceed for a longer period of time. The longer 

reaction times are most likely due to the fact that the precursor requires 

more time to saturate the larger reactive surface. It is also possible however 

that the increased reaction time is caused by slower reaction kinetics due to 

the lower temperature. Because the reactions are stretched out over a 

longer period of time, it becomes even clearer that the production of CO2 

precedes the production of CH4.  

Furthermore, during the precursor step of the next cycle (cycle 2), the 

production of CO2 has disappeared almost completely, while the production 

of CH4 still persists. Because the reaction pathway leading to CH4 is now 

unhindered by competing combustion reactions, this pathway becomes 
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more dominant, and CH4 is produced at the very onset of precursor dosing. 

This clearly demonstrates that the production of CH4 is a separate process 

that does not necessarily depend upon the production of CO2, at least at a 

temperature of 100°C. During the following cycles, the amount of CH4 

production gradually decreases until it reaches baseline values around cycle 

25. Considering the O2 pulse, see Figure  (c) and (d), no production of CH4 

was detected during any cycle as expected. Some CO2 is produced during 

the first cycles (compared to reference cycle 32) although there is no clear 

peak as was seen in Figure. This indicates that although there is some 

carbon combustion during the first cycles after the plasma treatment, 

combustion is far less effective than at 300°C.   

During the following cycles the amount of CO2 that is produced continuously 

decreases up to approximately cycle 25. After cycle 25, the CO2 signal 

remains relatively constant indicating combustion has ceased. The decrease 

in the amount of reaction products can also be seen in the AUC values in 

Figure . The amount of CH4 during the precursor step slowly decreases over 

several cycles, while the production of CO2 drops to baseline immediately 

after cycle 1. This shows nicely that the production of CH4 persists even after 

the production of CO2 has ceased. During the O2 step, the amount of 

combustion products continuously decreases, while no production of CH4 

can be seen. During this experiment, SE data was also recorded which 

showed an increase of apparent thickness of 0.1 nm over cycle 1 (GPC for 

plasma assisted ALD of Pt at 100°C is normally 0.045 nm), while during the 

following cycles virtually no growth was detected. The relatively large 

increase during the first cycle indicates that precursor molecules did adsorb 

during the precursor pulse, but that their ligands were not completely 

combusted during the O2 pulse. 

Summarizing these results, the study of the thermal process following 

plasma treatment at 100°C indicates that no growth occurs at this 

temperature due to the lack of ligand combustion. When chemisorbed 

oxygen is available however (due to e.g. a plasma treatment), precursor 

molecules can adsorb with their ligands reacting into CO2 and CH4. In the 

absence of chemisorbed oxygen, only CH4 can be produced until reactions 

become prevented by some form of surface blocking.  
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Spectroscopic ellipsometry 

Whereas growth below 100°C is completely inhibited for the thermal 

process, between 100 and 250°C growth does occur albeit at lower growth 

rates, as was depicted in Figure 4.1. The temperature regime in which this 

occurs coincides with the production of CO2 at reduced reaction rates during 

the O2 pulse (see Figure ). To examine the growth behavior more closely, 

additional SE measurements were performed at temperatures between 80 

and 300°C. The data is shown for 4 cycles in Figure . The thickness was 

measured after every half-cycle, i.e. after every precursor and after every O2 

step.  

Once again, three distinct temperature regions become apparent. Above 

250°C, a sawtooth-shaped curve is obtained. Between 100 and 250°C this 

sawtooth shape can no longer be seen, although there is still some growth. 

At temperatures of 100°C and below, the apparent thickness remains 

virtually constant, indicating very little or no growth. The characteristic 

sawtooth-shaped curve that was observed for temperatures above 250°C, 

can be explained by considering the apparent thickness of the surface (18). 

After the precursor pulse, the thickness of the layer will have increased with 

the newly deposited Pt as well as the adsorbed precursor ligands which have 

not yet been eliminated.  

The SE model that was used in these experiments assumes that the 

dielectric properties of the layer are constant. The thickness of the layer was 

the only parameter that was varied to fit the data. Therefore, the 

uncombusted ligands could cause a relatively large increase in the apparent 

thickness of the layer, greater than the GPC. During the subsequent O2 pulse 

the excess ligands are combusted, causing a (smaller) decrease in apparent 

thickness. The difference between the increase in apparent thickness during 

the precursor step, and the decrease in apparent thickness during the O2 

step, yields the GPC.  

By combining the insights gained from the experiments described above, a 

more comprehensive model of the temperature dependence of the reaction 

mechanism can be obtained as well as a better understanding of individual 

reaction paths, as will be discussed in the next section. 
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Figure 4.6. The apparent thickness of the films obtained from SE, performed every 

half-cycle for ALD at different substrate temperatures different temperatures. The 

half-integer and full-integer data points represent SE measurements after the 

precursor and O2 pulse, respectively. 

 

Discussion 

The implications of the results shown in the previous section for our 

understanding of the reaction mechanism of Pt ALD will be discussed here.  

Temperature dependence 

(i) T<100°C Starting at lower temperatures, it is clear from Figure 4.1 that no 

growth occurs at ~100°C. Figure 4.3 shows furthermore, that no reaction 

products are formed at this temperature. A possible explanation for the lack 

of growth and reaction products could be poor precursor adsorption at 

lower temperatures. However, adsorption of the precursor has been 

reported even at room temperature (23). Furthermore, it is known that 

plasma assisted ALD of Pt is possible at 100°C, and in the plasma treatment 

experiment shown in Figure 4.4 reaction products were observed during the 

1st cycle. This confirms that the precursor can adsorb at 100°C. Another 

possible explanation for growth inhibition would be the lack of chemisorbed 



 
70 Chapter 4 

surface oxygen at the onset of the precursor pulse. However, according to 

Getman et al. the oxygen surface coverage of a Pt(111) surface in 

equilibrium with O2 gas, should not depend on temperature in the ALD 

range (24). This coverage was found to be 0.25 monolayers (ML) on Pt(111) 

for the temperatures and pressures used in the Pt ALD process (25). The 

presence of surface oxygen at 100°C is also indicated by the fact that CO2 

was detected during the first cycle after the plasma treatment (see Figure 

4.4 (b)).  The amount of chemisorbed oxygen that can cover a clean Pt 

surface at a temperature of 100°C should therefore not be the limiting 

factor inhibiting growth either.  

One remaining possible cause is the incomplete combustion of the precursor 

ligands during the O2 pulse. The data in Figure 4.1 and Figure 4.3 show a 

clear correlation between a reduced GPC and the reduced level of 

combustion during the O2 pulse at lower temperatures. Reduced 

combustion was also indicated by the relatively small amount of CO2 that 

was detected during the O2 pulse for the cycles following the plasma 

treatment (Figure 4.4 (d)). Furthermore, the experiments involving a plasma 

treatment also showed that beyond the first cycle, no CO2 was produced 

during the precursor pulse, even though the production of CH4 continued 

(Figure 4.4 (a, b)). This suggests that under these conditions no chemisorbed 

oxygen is available at the beginning of the precursor pulse. In order to 

explain the lack of chemisorbed oxygen, the state of the platinum surface 

after the precursor pulse should be considered.  

The (MeCp)PtMe3 precursor contains both methyl (Me) and 

methylcyclopentadienyl (MeCp) ligands. Due to the catalytic nature of Pt 

however, it is likely that some of the ligands on the surface will become  

fragmented upon precursor adsorption (17). For conceptual clarity however, 

the initial species on the surface after precursor adsorption are assumed 

here to be either Me or MeCp. The fact that the MeCp ligand was not 

detected as a volatile reaction product in this work or in the QMS study of 

Christensen et al. indicates that this ligand remains at the surface (13). In 

our previous work on the Pt ALD mechanism, a compelling case was made 

for the use of results from the surface science literature (17). The behavior 

of hydrocarbon species on Pt surfaces was discussed extensively, and the 

relevant results will be discussed here. The surface chemistry of Me groups 

on a Pt (111) surface can be described as a competition between 
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hydrogenation producing CH4, and dehydrogenation reactions forming 

hydrocarbon species that have a relatively high C/H ratio (26,27). The 

desorption of methane takes place for temperatures of -73°C and higher 

(27). Concerning the behavior of MeCp on a Pt surface, results reported for 

other cyclic hydrocarbon species can be useful since different cyclic 

hydrocarbon species are reported to behave similarly on Pt (28). Marsh  et 

al. describe temperature programmed desorption (TPD) measurements of a 

benzene covered Pt(111) surface (29) In their experiment, the substrate 

temperature was gradually raised while the substrate was exposed to O2. 

They found that below a temperature of 107°C the pre-adsorption of 

benzene on the Pt (111) inhibits the adsorption of oxygen as a result of 

which hydrocarbon oxidation is inhibited. Given the agreement between 

results from Marsh et al. and those reported here, it is plausible that a 

similar inhibition of ligand combustion occurs during the Pt ALD process at 

temperatures of ~100°C. At these temperatures, both the MeCp ligands and 

the carbon-rich products of MeCp / Me dehydrogenation could form a 

carbonaceous layer that blocks surface sites required for O2 dissociation, 

thereby preventing combustion. This is corroborated by the fact that in 

Figure 4.4 (b) no CO2 is produced during the precursor pulse beyond cycle 1. 

The relatively small and decreasing amount of combustion products during 

the O2 pulse (Figure 4.4 (d)) also indicates a gradual "poisoning" of the Pt 

surface by carbonaceous surface species. Similarly, the surface species could 

inhibit further hydrogenation of Me ligands preventing CH4 production. 

Evidence of this inhibition can be seen in Figure 4.4 (a), where the 

production of CH4 gradually extinguishes in the subsequent cycles. The 

presence of the unreactive hydrocarbon species might thereby inhibit 

growth by hindering hydrogenation and by blocking oxygen chemisorption. 

This would also explain why plasma-assisted deposition is possible at low 

temperatures; the oxygen radicals that are generated in the plasma do not 

need to be dissociated at the Pt surface and can react directly with the 

hydrocarbon fragments on the surface.  

(ii) 100<T<250°C The Pt ALD process between 100 and 250°C is characterized 

by an increase in the GPC as well as an increase in the amount of CH4 and 

CO2 produced in the precursor pulse. Furthermore, the reaction rate for 

combustion during the O2 pulse increases as a function of temperature, 

although combustion is not yet instantaneous (see Figure 4.3). Apparently, 

due to the increase in substrate temperature, a larger amount of precursor 
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molecules can absorb due to increased ligand combustion during the O2 

pulse. An explanation for this increase in combustion can be found by once 

again considering the Me/MeCp-covered platinum surface.  In their TPD 

experiments of a benzene covered Pt surface exposed to O2, Marsh et al. 

reported the production of CO2 and H2O for temperatures between 107-

347°C (29). They ascribed the oxidation of benzene to a reaction between 

benzene derived intermediates and atomic oxygen at the surface. The 

temperature range in which Marsh et al. observed the production of CO2 

and H2O coincide remarkably with the onset of the formation of combustion 

products presented in this work. This indicates that the MeCp group starts 

to react with oxygen above ~100°C. Furthermore, it is likely that MeCp can 

start to undergo dehydrogenation in the temperature region between ~100 

and ~250°C: Cp is reported to start to dehydrogenate on a Pt surface for 

temperatures above 223°C, while benzene dehydrogenates above 177°C 

(30-32). Clearly, in the temperature range between 100 and 250°C MeCp 

becomes more reactive with the surface. Some of the MeCp groups could 

form intermediates or start to break into smaller hydrocarbon groups by 

dehydrogenation. Furthermore, the products of dehydrogenation of the Me 

and MeCp species are likely to change as a function of temperature. The 

increased reactivity of the MeCp with the surface and the possible change in 

dehydrogenation reaction products can lead to a change in the composition 

and thickness of the carbonaceous layer that is formed during the precursor 

pulse. This would free up more sites for oxygen chemisorption which will 

lead to increased combustion. A final possible cause for the increased 

reaction product formation and growth is the increased combustion rate at 

higher temperatures which was observed in Figure 4.3. 

 While it is difficult to give a precise description of all the surface species and 

surface reactions, it does seem likely that an increase in surface 

temperature has the following two effects: a change in composition of the 

surface species allowing more oxygen chemisorption, and enhanced 

combustion reactions. A combination of these effects could lead to 

increased ligand combustion, subsequent increased precursor adsorption, 

and therefore, increased growth per cycle. This explanation is in line with 

the SE measurements shown in Figure . When SE measurements are 

performed every half-cycle during normal Pt ALD growth (i.e. at 300°C), the 

apparent thickness of the film can increase upon precursor adsorption, due 

to the bulky ligands that remain at the surface. After the subsequent O2 
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pulse these ligands are combusted, which could cause a relative decrease in 

apparent thickness. Between 100 and 250°C however, the amount of 

precursor molecules that adsorb is too small to cause a noticeable change in 

apparent thickness, since the surface is already covered with a 

carbonaceous layer at the beginning of the precursor pulse. Similarly, the 

small amount of ligands that is combusted during the O2 pulse causes only a 

negligible change in apparent thickness. The growth caused by the small 

amount of precursor molecules that adsorbs can only be detected when 

measured over several cycles.   

(iii) T>250°C. The temperature region between 250 and 300°C is 

characterized by a growth per cycle that seems to flatten for higher 

temperatures (Figure 4.1), sawtooth shaped SE half-cycle curves (Figure 4.6), 

and instantaneous combustion during the O2 pulse (Figure 4.2). At these 

temperatures the hydrocarbon species at the Pt surface are fragmented to 

such an extent that oxygen can chemisorb unhindered and react 

immediately with these species until virtually all surface carbon is removed. 

Reactions at 300°C 

The study of the temperature dependence of the reaction mechanism 

presented in this work also provides insight into Pt ALD at 300°C, which is 

the typically employed deposition temperature for this process. The 

involvement of dehydrogenation reactions has been suggested by Mackus et 

al. to explain the formation of CH4 during the precursor pulse (17). They 

describe the surface reactions as a competition between these 

dehydrogenation reactions and combustion reactions, where the latter take 

precedence provided a sufficient supply of oxygen is available. When most 

of the oxygen has been consumed, the production of CO2 will diminish and 

be replaced by CH4 formation. This explains why CH4 is produced during the 

precursor pulse only. The proposed competition between combustion and 

hydrogenation reactions for the available surface carbon is supported by the 

time-resolved QMS data in Figures 3 and 4. In both figures the production of 

CO2 is shown to precede CH4 formation, although the distinction is much 

clearer for the first cycle in Figure 4.4. The peak in CH4 formation occurs 

approximately 2 seconds after the peak in CO2 production. During the 

following cycles, the absence of CO2 production causes CH4 to be produced 

earlier after the start of the precursor pulse and at an increased rate. This 

clearly points to a competition between these two reactions and supports 
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the occurrence of dehydrogenation reactions. The fact that the data in 

Figure 4.4 was obtained at 100°C should not be of major influence given that 

the reaction kinetics during the precursor pulse do not seem to depend 

greatly on temperature as can be seen in Figure 4.3. Further indications that 

dehydrogenation reactions play a role in the reaction mechanism of Pt ALD 

can be found by evaluating the reaction mechanism (Equation 4.1 and 4.2). 

In this reaction mechanism equation, which was based on an FTIR study, the 

ratio of CH4 / CO2 production during the precursor pulse was found to be 1:1 

(12). One CH3 ligand is combusted by 2 O atoms, releasing 3 H atoms. These 

3 H atoms are sufficient to produce 1 H2O molecule and hydrogenate 1 Me 

ligand from another precursor molecule to produce CH4. The combustion of 

1 Me ligand therefore provides the hydrogen for the production of 1 CH4 

molecule. In this work however, as well as in the study by Christensen, the 

CH4 / CO2 ratio was found to be 6 to 9 times higher. Assuming the ratio is 

larger than 1, this excess CH4 production during the precursor pulse requires 

an additional source of H atoms. Since hydroxyl (OH) groups or H2O are not 

expected to be stable on the Pt surface, the only available source for this H 

is the precursor ligands themselves (33). Since the combustion of ligands is 

insufficient to supply the hydrogen (CH4 / CO2 >1), the likely alternative 

would be the dehydrogenation of other Me or MeCp ligands. Therefore, the 

relatively high amount of CH4 production during the precursor pulse implies 

that dehydrogenation reactions take place. Since the CH4 / CO2 ratio is 

relevant for this matter, the different values found in the mentioned studies 

will be discussed briefly. A possible explanation for the differences in the 

ratio of the reaction products could be found in the measurement 

techniques that were used, and differences in process parameters (see 

Table 4.1). During both QMS studies, the reaction products were measured 

in real-time, while during the FTIR study a single measurement lasted up to 

5 minutes. Furthermore, while performing the FTIR measurements, all 

reaction products were confined to the deposition chamber, and it cannot 

be excluded that this leads to additional or different reactions. Despite the 

differences in CH4 / CO2 ratio, the overall reaction mechanism is expected to 

be similar, since all 3 studies show that the majority of the carbon is 

combusted during the O2 pulse. 
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Table 4.1. Summary of the results of several studies with respect to the 

amount of reaction products that are produced during Pt ALD. Relevant 

process parameters are also listed. 

Referenc Techniqu Precursor O2 step O2  

Pressur

e 

Substrate 

Temperatur

e 

Wall 

Temperatur

e 

  CH4 CO2    CH CO2    

(12) FTIR 6.5 6.5 0 87 1 mbar 300°C 80°C 

(13) QMS 18% 3% 0 79 1.3 300°C 300°C 

This work QMS 18% 2% 0 80 0.08 300°C 80°C 

 

Conclusions 

Time-resolved QMS and in-situ SE results in combination with insights from 

surface science studies were used to investigate the reaction mechanism of 

Pt ALD. An investigation of the temperature dependence showed that the 

process can roughly be divided into 3 temperature regions. At and below 

100°C, growth is inhibited and virtually no reaction products are formed. 

Between 100°C and 250°C, the GPC, the amount of reaction products, and 

the rate of combustion increase as a function of temperature. Above 250°C, 

the GPC is relatively constant while combustion occurs instantaneously and 

is complete. Monitoring the process after a plasma treatment with QMS and 

in-situ SE showed that the lack of growth at low temperatures cannot be 

ascribed to poor precursor adsorption or reduced oxygen chemisorption, 

but is due to lack of ligand combustion. An explanation for the temperature 

dependence of the reaction mechanism was found by considering the 

possible behavior of MeCp and Me on the surface. Below 100°C, the MeCp 

ligand remains uncombusted and can form a carbonaceous layer together 

with the carbon-rich products of MeCp / Me dehydrogenation. This 

carbonaceous layer might block sites required for oxygen dissociation. 

Above 100°C, MeCp may start to dehydrogenate (allowing for CH4 

production) and the increased temperature may change the composition 

and thickness of the carbonaceous layer. This would allow oxygen to 

dissociate leading to CO2 production. Furthermore, ligand combustion may 

proceed at faster rates for elevated temperatures. Above 250°C, the surface 

groups have been fragmented by dehydrogenation or other reactions to 

such an extent that oxygen can dissociate and chemisorb on the surface 

unhindered, and combustion occurs instantaneously. 
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Quantification of the QMS data at 300°C indicated that approximately 20% 

of all precursor carbon atoms react during the precursor pulse: ~18% as CH4, 

and ~2% as CO2. The remaining 80% of the precursor carbon is combusted 

during the O2 pulse. The fact that more CH4 than CO2 is produced during the 

precursor pulse suggests that the dehydrogenation of the Me and MeCp 

ligands supplies the required H for hydrogenation of Me to form CH4. The 

time-resolved QMS data indicated that combustion and hydrogenation 

reactions (producing CO2 and CH4, respectively) compete for the available 

surface carbon and that combustion is the dominant reaction provided a 

sufficient supply of oxygen is available.  

The reaction mechanism of Pt ALD has been discussed on the basis of the 

behavior of both Me and MeCp on the Pt surface. As mentioned previously, 

it should be noted that the actual state and composition of the hydrocarbon 

species on the Pt surface may change due to catalytic activity of the surface. 

Since this catalytic behavior is also displayed by other Pt group metals, the 

conclusions that are drawn here could possibly be generalized to other 

precursors (with other hydrocarbon ligands) and even to other noble metal 

ALD processes.(17) For the ALD of Ru, Os, Rh, Ir and Pt with O2 as a reactant, 

a substrate temperature of at least 200°C is required to obtain deposition of 

high-quality films.(34-38) Furthermore, the nature of the precursor ligands 

does not seem to have a large influence on the lower limit of the 

temperature window. For Ir ALD for example, high-quality films can be 

deposited for substrate temperatures above ~220°C, regardless of whether 

Ir(EtCp)(COD), Ir(acac)3, or (MeCp)Ir(CHD) precursor is used. All Pt-group 

metals show a similar ability to break C-H bonds of adsorbed species, 

independent of specific precursor ligands. Therefore, a reaction mechanism 

and temperature dependence similar to that of Pt ALD may also apply to 

other noble metal ALD processes.  
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Abstract 

 

To date, conventional thermal atomic layer deposition (ALD) grown from 

(MeCp)PtMe3 vapor and O2 gas at 300 °C, has been the method of choice to 

deposit high-quality Pt thin films. Plasma-assisted ALD of Pt using O2 plasma 

can offer several additional advantages over thermal ALD, such as faster 

nucleation and deposition at lower temperatures. In this work, it is 

demonstrated that plasma-assisted ALD, also allows for the deposition of 

highly conformal Pt films in high aspect ratio trenches with aspect ratios 

(ARs) of 3, 9, 22, and 34. Scanning electron microscopy (SEM) inspection 

revealed that the conformality of the deposited Pt films was 100 % within 

the error margin in trenches with ARs up to 34. These results were 

corroborated by high-precision layer thickness measurements by 

transmission electron microscopy (TEM) for trenches with an AR of 22.  
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Introduction 

 

Platinum is a noble metal that is widely used as a catalyst driving chemical 

reactions at a commercial scale. It has the ability to break certain bonds in 

molecules adsorbed on its surface, while its inertness as a noble metal 

makes it chemically sTable 5.1n oxidizing atmospheres. In addition, Pt has 

favorable electrical properties such as a high work function of 5.6 eV and a 

low resistivity of 10.5 µΩ∙cm. These properties are very relevant for 

application of the material as a metal contact or electrode in various 

electronic devices. Using atomic layer deposition (ALD), thin films as well as 

nanoparticles of Pt can be deposited with excellent material properties, 

precise thickness control on the sub-nanometer level, and good layer 

uniformity over large substrate areas. ALD is a cyclic process, based on the 

self-limiting surface reactions between vapor-phase precursor or reactant 

molecules and the chemical species present on a substrate surface. For Pt, 

the thermal ALD process using (MeCp)PtMe3 vapor and O2 gas has been 

most popular (1). Using this ALD process, thin films and nanoparticles of Pt 

can even be deposited on challenging 3-D topologies (2-4). As a result, ALD 

of Pt has a large number of potential applications in nanoelectronic devices, 

catalytic converters, chemicals production, sensors and fuel cells (5-7). 

 

In the thermal ALD process based on (MeCp)PtMe3 and O2 gas, the O2 gas is 

catalytically dissociated by the Pt surface, leading to reactive O-atoms. 

Alternatively, instead of O2 gas, an O2 plasma can be used to supply reactive 

O-radicals directly from the gas phase to the surface. This reduces the 

activation energy barriers for the surface reactions, giving plasma-assisted 

ALD of Pt several advantages (8).  

 

Firstly, Pt can be deposited at significantly lower temperatures using plasma-

assisted ALD. This expands the applicability of Pt ALD to substrates that 

cannot withstand conventional Pt ALD temperatures, such as polymers, 

textile, and paper. The lower limit of the temperature window of thermal 

ALD (250 – 300 °C) is determined by the inability of O2 molecules to 

dissociate at the carbon-covered Pt surface at lower temperatures (9). In 

plasma-assisted ALD the thermal dissociation of O2 at the surface is no 

longer required to generate O-radicals. When using a so-called ABC-type of 
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ALD process in which the O2 plasma is followed by an H2 plasma, Pt films can 

even be deposited at room temperature (10). 

 

A second advantage of plasma-assisted ALD is the ability to deposit PtOx as 

well as metallic Pt by controlling the precursor and O-radical dose. The 

composition of the material has been shown to depend on the substrate 

temperature, where for increasing temperatures, higher O2 plasma 

exposures and/or shorter Pt-precursor exposures are required to obtain 

PtOx (11). At low temperatures, e.g. at room temperature, making use of an 

O2 plasma always leads to the deposition of PtOx. To reduce the PtOx to Pt, 

H2 gas or an H2 plasma can be supplied (10). 

 

A third advantage of the plasma-assisted process is its fast Pt-nucleation on 

oxide surfaces. Generally, film nucleation of Pt on such substrates is 

relatively hard to accomplish when using thermal ALD due to the absence of 

catalytic Pt-species at the start of the process (12). Precursor adsorption on 

a bare oxide substrate is most likely not the limiting factor (9). However, this 

only results in the deposition of single Pt-atoms, which are not sufficiently 

effective in dissociating O2 catalytically. Mackus et al. showed that exposure 

to O2 gas enhances the diffusion of Pt atoms over the oxide surface, leading 

to the growth of Pt-islands (12). They observed that at higher O2 pressures 

or for longer dosing times, these islands grow faster. Once these Pt islands 

have formed, O2 dissociation and spill-over of O-atoms becomes more 

effective which in turn facilitates the overall ALD reactions (13). Thermal 

ALD of Pt on oxide surfaces therefore displays a relatively long nucleation 

delay depending on the O2 exposure. However, this nucleation delay is 

absent or significantly reduced when using an O2 plasma because the 

dissociation of O2 is not the limiting factor. Moreover, the O-radicals present 

in the plasma may also enhance the diffusion of Pt-atoms over the oxide 

surface.  

 

The difference in nucleation between thermal and plasma-assisted ALD on 

SiO2 is illustrated in Figure 5.1. In this figure, the thickness of deposited Pt 

films as measured by in situ spectroscopic ellipsometry (SE) is plotted as a 

function of the number of cycles. For the O2 exposure used for all 

experiments described in this work (0.06 Torr O2 for a duration of 5 s) the 

nucleation delay for thermal ALD of Pt is approximately 300 cycles, while the 



 
83 Chapter 5 

plasma-assisted process has almost no nucleation delay. Interestingly, 

thermal ALD of Pt does not display a nucleation delay when this takes place 

on pre-deposited Pt seed layers as shown in Figure 5.1 (14). When the 

plasma-assisted ALD process is used to deposit a thin Pt seed-layer, the 

growth per cycle (GPC) of the subsequent thermal process on this seed layer 

is similar to that of the plasma-assisted process (0.047 ± 0.004 vs. 0.049 ± 

0.004 nm/cycle, respectively).  

 

 
Figure 5.1. The thickness of Pt films deposited on SiO2 as a function of number of 

cycles, as measured with in situ spectroscopic ellipsometry. During every cycle, the 

reactant step consisted of 5 s exposure to O2 at a pressure of 0.06 Torr. 

Furthermore, for plasma-assisted ALD cycles an O2 plasma was ignited for 0.5 s 

during this 5 s exposure to O2. For thermal ALD, growth starts after approximately 

300 cycles. For plasma-assisted ALD growth takes off almost immediately. If 200 

cycles of plasma-assisted ALD are used to deposit a Pt seed-layer, growth starts 

immediately for thermal ALD.  

 

The ability to deposit films conformally in high aspect ratio structures is a 

very powerful feature of ALD. While excellent conformality has been 

demonstrated for the thermal Pt ALD process (2), it is less trivial to reach 

saturation during plasma-assisted ALD. To achieve good conformality, 

saturation of the surface reactions during both the precursor and reactant 

step must be reached throughout the entire 3D feature. However, during 

the O2 plasma step the dose required to reach saturation is often influenced 

by the surface recombination of the plasma radicals. This is caused by the 
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reduction of the O-radical flux inside a trench where these radicals undergo 

many collisions while diffusing down into the trench. In fact, surface 

recombination of plasma radicals is considered to be a major challenge in 

reaching conformality in high aspect ratio structures using plasma-assisted 

ALD. Therefore, obtaining conformal film growth using plasma-assisted ALD 

of Pt is not at all trivial. Indeed, a previous study of plasma-assisted ALD of 

Pt inside HAR trenches showed a conformality of only 65 % when using the 

deposition conditions as determined for optimized planar saturation (15). 

 

In this Chapter, the conformality that can be reached for Pt films using 

plasma-assisted ALD in HAR trenches has been investigated, based on the 

process using (MeCp)PtMe3 vapor and O2 plasma. This process might serve 

as a model system for metal ALD in general, since very few studies have 

been reported on noble metal plasma-assisted ALD in HAR features, as we 

will show below. We will first discuss the influence of sticking and 

recombination probabilities on the particle dose required for saturation for 

ALD of films in high aspect ratio trenches in more detail. To examine the 

conformality that can be achieved for Pt ALD, films were deposited in 

trenches with ARs up to 34. Scanning electron microscopy (SEM) images 

were used to determine the thickness profiles of the deposited Pt films. 

Furthermore, transmission electron microscopy (TEM) was used to 

determine a high-resolution thickness profile of a trench with an AR of 22, 

giving detailed statistical information on the conformality. 

 

ALD in high aspect ratio features 

Usually, ALD processes are optimized for planar geometries before 

deposition on 3D features is attempted. Whether or not significant 

adjustments to the particle doses are required for deposition on 3D features 

depends on the deposition regime which holds for the process. Three 

deposition regimes have been identified for ALD film growth in high aspect 

ratio features: 1) the reaction-limited (16), 2) the diffusion-limited (16,17), 

and 3) the recombination-limited regime (18). The main factors determining 

each of these regimes are the aspect ratio (AR) of the feature, the sticking 

probability s of the precursor/reactant, and the recombination probability r 

when using species with limited lifetime such as plasma radicals or O3. The 

sticking probability s describes the reaction probability per collision whereby 

a particle is lost to the surface while contributing to the ALD surface 
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chemistry. These reactions also include reactions other than sticking. The 

recombination probability r represents the recombination efficiency of e.g. 

O-radicals from the gas phase recombining with surface O-atoms to form 

molecular oxygen. In this case, the reaction does not contribute to the ALD 

surface chemistry. 

 

The regimes are schematically depicted in Figure 5.2. In this figure the 

thickness can be interpreted either as the profile resulting from a process 

not yet in saturation or as the evolution of the film growth in the trench 

during the dosing step. For saturated conditions the thickness would be 

conformal by definition. Although the separation between the regimes is not 

sharply defined they can be described as follows (18): 

 

1. Cases with s << 16/AR
2
 are in the reaction-limited regime (Figure 5.2 (a)) 

(16). Due to the relatively low sticking probability s, particles can reach the 

bottom of the trench relatively easily and a (constant) particle density can in 

principle build up inside the trench. Therefore, growth occurs 

simultaneously throughout the entire trench until saturation is reached. 

Almost no increase in dose is required with increasing AR as long as this 

condition is satisfied.  

2. Cases with s >> 16/AR
2
 are in the diffusion-limited regime (Figure 5.2 (b)) 

(16). Due to the relatively high sticking probability s of the particles, the 

deeper parts of the trench will only be reached after the top part of the 

trench has become saturated. In this regime therefore, a moving deposition 

front is observed. An increase in AR leads to a strong increase in the 

required dose for saturation.  

3. ALD growth with  occurs in the recombination-limited regime 

(Figure 5.2 (c)) (18). Surface recombination losses make it more difficult for 

the particles to reach the deeper parts of the trenches. In this regime, 

growth occurs throughout the trench but the rate can be significantly 

reduced at places deeper in the trench, depending on r. Hence, the dose for 

saturation depends strongly on r. 
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Figure 5.2. Schematic representation of the three deposition regimes that can be 

distinguished for ALD in high aspect ratio features: (a) reaction-limited regime with 

growth occurring simultaneously in the entire trench until saturation is reached; 

(b) diffusion-limited regime in which a downward moving saturation front is 

observed; and (c) recombination-limited regime in which growth is reduced in the 

regions deeper in the trench due to surface recombination of radical species (in this 

case the condition of saturation is fulfilled last near the bottom of the trench) (18). 

 

As shown in Chapter 3, for planar surfaces the particle dose required to 

reach saturation of the surface reactions (i.e. saturation dose) scales with 

1/s (i.e. s
-1

), when r = 0. The impact of s on the saturation dose required for 

HAR trenches, is shown in Figure 5.3. The results were obtained by a Monte 

Carlo simulation similar to the one used by Knoops et al. (18). The solid lines 

in Figure 5.3 show the saturation dose normalized with respect to the dose 

required for AR = 0 (i.e. planar geometry) as a function of AR for s = 1 and  s 

= 0.001. As can be seen, the normalized saturation dose for s = 0.001 hardly 

increases for increasing AR, while the normalized saturation dose for s = 1 

shows a significant increase. Therefore, for relatively high values of s, the 

saturation dose for planar surfaces is relatively low, but the saturation dose 

for HAR features increases strongly as a function of AR. For relatively low 

values of s, the saturation dose for planar surfaces is relatively high (as it 

scales with s
-1

), but the saturation dose does not increase strongly for higher 

ARs. 

 

The second parameter that can have a large impact on achieving 

conformality in HAR structures for the case of plasma-assisted ALD is the 

surface recombination probability of plasma radicals r. For example, the 

reported surface recombination efficiency for O-radicals on Pt is 0.01 (19). 

Once these O-radicals have recombined they are lost and can no longer 
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contribute to the ALD surface reactions. The formed O2 however, can still 

participate in surface reactions (for certain ALD process) but no longer as a 

radical species. During their diffusion towards the bottom of a HAR trench, 

O-radicals will generally undergo several collisions with the trench wall, 

thereby increasing the overall probability of recombination. Knoops et al. 

have shown to what extent surface recombination losses may lead to non-

conformality in HAR trenches (18). The influence of r on the normalized 

saturation dose as a function of AR is shown by the dashed lines in Figure 

5.3. As shown, for an aspect ratio of 34, increasing r from 0 to 0.01 will 

increase the normalized saturation dose by a factor of ~5 for both s = 1 and 

0.001.  

 
 

Figure 5.3. The normalized saturation dose for particles with sticking probabilities 

s = 1 and s = 0.001, and surface recombination probabilities r = 0 and r = 0.01. The 

normalized saturation dose is shown as a function of the aspect ratio of the trench. 

The data have been obtained from Monte Carlo simulations similar to those 

described by Knoops et al. (18).  

 

The surface recombination probability r depends on the nature of the 

radical, on the material of the trench wall surface, and on the surface 

species present. The value of r can also vary with the substrate temperature. 

It has been reported that on metal oxides the recombination probabilities 

for O-radicals and H-radicals are generally lower than those on metals (18). 

Indeed, recent studies have shown that many metal oxides can be deposited 
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conformally in HAR structures using plasma-assisted ALD. Table 5.1 lists 

several recent conformality data reported for various plasma-assisted ALD 

processes, alongside the reported surface recombination probabilities of the 

radicals (where available). The table shows some very good results for HAR 

features (AR ≥ 20) covered with metal oxides and nitrides. For pure metals 

however, only reasonable conformality for relatively low aspect ratio 

features (AR ≤ 5) was reported. To our knowledge, plasma-assisted ALD of Pt 

in HAR structures has not been reported yet. 

 

Table 5.1. Overview of recent reports on the conformality reached using 

plasma-assisted ALD of several oxides, nitrides, and metals. The final column 

gives the recombination probability if reported. 

 

Reference Material AR Conformality* Precursor Plasma 

Recombinatio

n probability 

(18) 

(20) SiO2 60 Good SiH(N(CH3)2)3 O2 0.0002 

(20) HfO2 60 Perfect Hf(N(CH3)(C2H5))4 O2  

(20) Al2O3 27 Good Al(CH3)3 O2  

(20) TiO2 27 Good Ti(OCH(CH3)2)4 O2 0.0021 

(20) Ta2O5 20 Good Ta(OEt)5 O2  

(20) Ag 60 Very poor Ag(fod)(PEt3) H2  

(21) RuTaN 7.5 Uniform Ru(EtCp)2 NH3  

(22) Al2O3 20 33 % Al(CH3)3 O2 0.0021 

(22) CoOx 10 Very poor CoCp2 O2 0.0049 

(23) Ru 4 0.86 Ru(EtCp)2 NH3  

(23) Ru 4 0.97 Ru(EtCp)2 NH3  

(24) TaN 7 100 % 
(CH3)3CNTa(NC2H5(CH3))

3 
H2  

(25) TiN 20 100 % C8H24N4Ti NH3-Ar-H2  

(26) TaNx 10 Almost 100 % C16H39N4Ta H2/N2  

(27) TiN 10 Excellent C8H24N4Ti NH3  

(28) TaN 10 ~ 100 % C16H39N4Ta H  

 
* The nomenclature for conformality is shown here as reported by the authors of the 

different publications. We note here specifically, that different definitions of 

conformality are being used. Many studies do not provide a quantitative measure for or a 

universal definition of conformality. When numbers are provided, these are usually 

based on the layer thickness at the trench bottom compared to that at the planar top or 

the central part of the trench wall. Finally, care should be taken when comparing AR 

values from different studies, as some of the HAR trenches have slanted walls, resulting 

in an overestimation of the actual aspect ratio.   
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Experimental 

The Pt depositions were performed in an open-load ALD reactor, consisting 

of a deposition chamber with a volume of ~0.009 m
3
 that contained a 

substrate heating stage. On top of the chamber an inductively coupled 

plasma source was located. The deposition chamber is connected to a 

turbomolecular pump through a valve. The walls of the deposition chamber 

were heated to 80 ± 10 °C while the substrate stage was heated to 300 ± 5 

°C during deposition. 

 

Pt ALD films were deposited on Si trench-samples with trench arrays etched 

with deep reactive ion etching (DRIE) (29). The trenches had the following 

ARs and dimensions (depth [µm] x width [µm]): AR 3 (30 x 10), AR 9 (27 x 3), 

AR 22 (22 x 1), AR 34 (17 x 0.5). The Si trench-substrates were covered with 

approximately 100 nm of thermally grown SiO2 after the etching of the 

trenches. Each of the samples had a planar top surface area of 

approximately 3 cm² and contained 80 trenches with a length of 4 mm of 

each aspect ratio. Therefore, the loading effect from the additional surface 

due to the presence of the trenches (~0.64 cm²) in the samples is negligible 

compared to the total reactive surface in the deposition chamber (~0.2 m²).  

 

For ALD of Pt, saturation of planar surfaces can be achieved after a 

precursor pulse of 1 s, when the precursor container is heated to 30 °C and 

N2 is used as a carrier gas. To obtain good conformality in the trenches for 

the plasma-assisted ALD process based on (MeCp)PtMe3 and O2, several 

parameters should first be evaluated. Experiments shown in Chapter 3 

indicated that the (MeCp)PtMe3 precursor has near unity sticking 

probability. For O-radicals, the sticking probability for chemisorption on 

single crystalline Pt (100) is reported to be 1 for O-coverage degrees that are 

typical for ALD (30). Therefore, we assume that the sticking probability for 

O-radicals during ALD of Pt is also close to 1. Furthermore, the reported 

recombination probability for O-radicals on Pt is 0.01 (19). On the basis of 

the results presented in Figure 5.3 it can be concluded that both the 

precursor and O2 plasma doses for planar surfaces need to be increased for 

conformal deposition in HAR trenches. 

 

To provide the increased precursor dose for the HAR depositions described 

in this work, the precursor step consisted of a 3 ± 0.1 s pulse with the 
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precursor container being heated to 70 ± 5 °C and without making use of a 

carrier gas. Furthermore, during the precursor pulse the deposition chamber 

was closed off from the pump to increase the dose and ensure efficient 

precursor usage. The O2 plasma exposure time that is usually employed for 

planar surfaces is 0.5 s. For the deposition in the HAR trenches, the O2 

plasma exposure time was increased to 3 ± 0.1 s. 

 

Figure 5.4 shows cross-section SEM images of a trench with an AR of 22 

which was coated with a Pt ALD film with a thickness of approximately 60 

nm. Figure 5.4 (a) shows an overview of the entire trench with an x,y,z 

coordinate system that will be used throughout this work. In Figure 5.4 (b), a 

close-up of the top part of the trench is shown, where the Si substrate, the 

thermal SiO2 layer, and the ALD-deposited Pt film are all indicated. As can be 

seen, the trench walls show a periodic roughness (so-called scallops) in the 

z-direction, which is characteristic for the Bosch DRIE etching process (29). 

The scallop curvature is most pronounced in the top part of the etched 

trench, but often it can still be seen in the bottom part of trenches, such as 

is clear from Figure 5.4 (c).  Furthermore, a mask-induced line edge 

roughness in the y-direction can be seen. Thus, the deposited Pt layer 

displays scallops and line edge striations in the respective directions. Similar 

images showed that the trenches with AR = 34 had non-straight walls. 

Moreover, these trenches were often collapsed. This made an accurate 

determination of the conformality of the AR = 34 more challenging.  

 

Results 

Conformality studies using SEM 

A deposition of 700 cycles was carried out with a 3 s precursor pulse and 3 s 

O2 plasma. SE measurements performed on a simultaneously coated planar 

SiO2 substrate showed a Pt film thickness of 33 ± 1 nm. This yields a GPC of 

0.047 nm/cycle, consistent with values reported in the literature (14). By 

using SEM images similar to those in Figures 4 (b) and (c) at different 

positions along the trenches, thickness profiles for the trenches with AR = 3, 

9, 22, and 34 were determined.  

The results are shown in Figure 5.5. Each data point indicates the average of 

3 thickness values measured in a single SEM image at a certain normalized 

trench depth, i.e. the depth divided by the total depth of the trench. The 

shaded area indicates the typical error in determining the thickness for each 



 
91 Chapter 5 

data point. As can be seen, for each trench the measurement error in 

determining the thickness is larger than the variation in the thickness as a 

function of trench depth. Therefore, the conformality for each trench was 

calculated by taking the average thickness based on the 6 data points for 

that trench, and dividing this average thickness by the thickness on the 

planar substrate (~33 nm as measured by SE). The results for the 

conformality are shown in Table 5.2 for the trenches with AR  = 3, 9, 22, and 

34. As Table 5.2 shows, for each aspect ratio the conformality is 100% within 

the error margin. The average error in measuring the film thickness by using 

SEM however, is relatively large: approximately 4 nm, corresponding to ~12 

% of the average thickness. To get a more detailed measure of the 

conformality, the thickness of the deposited Pt film was determined with 

high precision, using a cross-sectional TEM sample. 

 

 
 

Figure 5.4. (a) Cross-section SEM image of a cleaved Si-wafer showing a trench 

with AR = 22. The y-axis is along the heartline of the trench. The wafer surface was 

thermally oxidized after etching the trenches. (b) Close-up SEM image of the top 

part of the trench. The Si-substrate, the thermally grown SiO2 layer, and ALD Pt 

layer are all indicated. (c) Close-up SEM image of the bottom of the trench. Images 

(b) and (c) show scallops along the z-axis and line edge roughness along the y-axis. 



 
92 Chapter 5 

 

 
Figure 5.5.  The thickness profile of the deposited Pt ALD film (700 cycles) as a 

function of the normalized trench depth for trenches with AR = 3, 9, 22, and 34. 

The gray-shaded areas indicate the average measurement error in the thickness 

values. A normalized trench depth of 0 corresponds to the area around and/or just 

inside the trench opening. 

 

Table 5.2. The average Pt film thickness and conformality for each aspect ratio 

shown in Figure 5.5.  The conformality is defined as the average thickness divided 

by the thickness of a planar reference sample, which was 33 nm. The error in the 

average thickness is the standard deviation, and the error in the conformality is 

the standard deviation divided by the thickness of the planar reference sample.  

 
Aspect ratio Average  

thickness (nm) 

Conformality (%) 

3 33.5 ± 2.5 102 ± 8 

9 34.4 ± 2.1 104 ± 6 

22 32.2 ± 1.5 98 ± 5 

34 30.4 ± 2.5 92 ± 8 

 

Conformality studies using TEM 

To obtain more detailed information on the conformality of the Pt ALD layer, 

TEM analysis was performed for a trench with an AR of 22. This AR was 

chosen because of the structural imperfections of the trenches with an AR 

of 34. For the TEM analysis a deposition run with 1000 ALD cycles was 

carried out on a trench sample, with a precursor pulse of 3 s and a 1.5 s O2 

plasma. The shorter plasma exposure time (compared to the 3 s for the SEM 
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sample) was considered sufficient since the goal of this deposition was the 

conformal deposition in trenches with an AR of 22 rather than the maximum 

AR of 34. SE measurements on a simultaneously deposited planar SiO2 

substrate showed a Pt thickness of 47.5 ± 1 nm, yielding a GPC of 0.048 

nm/cycle. After ALD of Pt on the Si-trench sample, a TEM cross-section 

sample of a trench with AR = 22 was prepared by first cleaving the Si trench-

substrate exactly through the trench heartline (y-z cleavageplane in Fig. 4). 

For imaging contrast purposes, the cleaved sample with the Pt film was 

covered with an SiO2 layer (thickness ~ 25 nm) using electron beam induced 

deposition (EBID), followed by a protective carbon-rich Pt capping layer 

(thickness ~200 nm) using ion beam induced deposition (IBID). 

Subsequently, a lift-out TEM lamellar sample was prepared using focused 

ion beam (FIB) milling, orthogonal to the cleavage plane (i.e. in the x-z-

plane). This provided a sample with the sidewall of the 22 µm deep 

trench being fully electron transparent, allowing a more accurate 

determination of the layer thickness as a function of trench depth using high 

angle annular dark field (HAADF) scanning TEM. 

 

 
 

Figure 5.6. HAADF-STEM images of different segments along a trench with 22 µm 

depth and 1 µm width, showing segments near the top (a), at a trench depth of 

approximately 2 µm (b) , 3 µm (c), 10 µm (d), 16 µm (e), and 18 µm (f), and at the 

trench bottom (g). 
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A representative selection from a series of HAADF-STEM images of the 

plasma-assisted ALD deposited Pt layer in the trench with AR of 22 is shown 

in Figure 5.6 (a-g). Figure 5.6 (a) shows a segment near the top of the trench. 

The following cross-sectional images each show an increasingly deeper part 

of the trench, ending with the bottom part in Figure 5.6 (g). The deposited 

Pt layer appears as very bright, encapsulated in the darker thermally grown 

SiO2 to its left, and the SiO2 capping layer to its right. Figures 6 (a) and (b) 

both show the same small segment where the deposited Pt layer appears to 

be very thin. This is, however, not caused by poor conformality but by 

sample preparation: at this position, the protective EBID layer was locally 

milled away resulting in the removal of the Pt layer of interest. Some 

images, such as the one in Figure 5.6 (e) show somewhat blurry Pt 

segments, which is caused by the superposition of shifted segments caused 

by the periodic curvature of the trench walls in the y-direction. Figures 6 (a) 

and (b) furthermore show the individual grains of the deposited Pt. Above 

all, Figures 6 (a-g) show that Pt has been deposited conformally throughout 

the trench. 

Figure 5.7 shows the thickness profile, i.e. the thickness of the deposited Pt 

as a function of trench depth for a trench with AR = 22. In determining the 

thickness, the orientation of a certain segment due to the scallops was taken 

into account. This orientation could be at positive, negative, or normal angle 

with respect to the y-z plane. Also, the thickness at the trench bottom is 

given. The conformality for each orientation was determined by taking the 

average thickness and dividing this by the thickness on the planar substrate 

(47.5 nm). The error in the conformality is determined by taking the 

standard deviation in the thickness divided by the thickness on the planar 

substrate. Table 5.3 shows the average thickness, conformality, and number 

of data points for each angle of the data points in Figure 5.7. As can be seen, 

100 % conformality is within the error margin of the normal segments of the 

deposited Pt.  
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Figure 5.7.  Thickness profile of the deposited Pt layer as a function of trench 

depth for a trench with AR = 22. The data points for the layer thickness, 160 in 

total, have been extracted from the TEM images shown in Figure 5.6. A distinction 

is made between segments with different sidewall angles or belonging to the 

trench bottom. 

 

 

 

Table 5.3. Statistics on the data points shown in Figure 5.7. The average Pt film 

thickness, conformality, and number of data points is given for data points 

corresponding to film segments with normal, positive, and negative angle, and to 

the trench bottom. The conformality is defined as the average thickness divided 

by the film thickness on a planar reference sample, which was 47.5 nm thick. The 

error in the thickness is the standard deviation, and the error in the conformality 

is the standard deviation divided by the film thickness of the planar reference 

sample. 

 
Angle Average thickness 

(nm) 

Conformality 

(%) 

Number of 

data points 

Normal 45.3 ± 2.7 95 ± 6  124 

Positive 46.1 ± 3.6 97 ± 8 11 

Negative 42.7 ± 3.8 90 ± 8 20 

Bottom 50.6 ± 1.6 107 ± 3 5 

Total 45.2 ± 2.8 95 ± 6 160 
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The average thickness, standard deviation, and the conformality for 

segments at normal angle are comparable to the values averaged over all 

the segments. This is due to the fact that the normal segments comprise 78 

% of the total number of data points (124 out of 160). Segments with 

positive angle show a somewhat higher average thickness (46.1 nm) and 

also a higher standard deviation. For segments with negative angle the 

average thickness is lower (42.7 nm), with again a higher standard deviation. 

This could indicate that precursor (or oxygen) saturation may not be entirely 

complete, and that overhang of the scallops may cause a slight shadowing 

effect, reducing the particle flux towards negatively slanted segments. The 

average Pt thickness at the bottom of the trench is somewhat higher at 50.6 

nm (based on 5 data points), which is within the 95 %-confidence interval of 

the thickness values measured on the trench wall (assuming a normal 

distribution of the measurement error). The average Pt film thickness inside 

the trench of 45.2 ± 2.7 nm yields a GPC of 0.045 nm/cycle for 1000 cycles, 

and corresponds well with the thickness of 47.5 ± 1 nm that was measured 

on the planar substrate using SE.  

 

 

Discussion and conclusion 

The goal of this work was to determine the conformality that could be 

reached in HAR trenches using plasma-assisted ALD based on (MeCp)PtMe3 

and O2 plasma. The (MeCp)PtMe3 molecules and O-radicals have close-to-

unity sticking probabilities, and the recombination probability of O-radicals 

on Pt has been reported to be 0.01 (8). These relatively high sticking and 

recombination probabilities require a significant increase in the precursor 

and O2 plasma doses in order to reach saturation of the surface reactions 

throughout HAR trenches. Based on cross-section SEM imaging, we conclude 

that using a precursor and O2 plasma exposure time of 3 s, 100 % 

conformality can be achieved within the error margin in trenches with an 

aspect ratio of up to 34. Detailed TEM images showed that by using a 

precursor exposure time of 3 s and an O2 plasma exposure time of 1.5 s, 100 

% conformality is obtained within the error margin in trenches with an 

aspect ratio of up to 22. 

  

We finally note here, that gaseous O2 molecules comprise the majority of 

the plasma species. They are not hindered by recombination and will also 
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contribute to Pt growth. This implies that the conformal deposition of Pt 

inside the trenches can be ascribed to a thermal ALD component in addition 

to a plasma ALD component. However, the Pt film thickness inside the 

trench shown in Figure 5.6 corresponds well with the measured thickness of 

~47.5 nm on the planar substrate, and is consistent with a GPC of 0.045 

nm/cycle for 1000 cycles.  Figure 5.1 shows that without the contribution of 

O-radicals from the plasma (at least during the nucleation stage) the 

thermally deposited Pt film would be considerably thinner. Purely thermal 

ALD would have resulted in a Pt film thickness of only ~28 nm. Therefore, 

from the film thickness achieved from growth without a nucleation delay, 

one can conclude that the O-radicals have a genuine contribution to the film 

growth inside the trench. 
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Chapter 6 

Plasma-assisted Atomic Layer Deposition of 

PtOx from (MeCp)PtMe3 and O2 Plasma* 
 

 

 

 

 

Abstract 

Atomic layer deposition (ALD) using (MeCp)PtMe3 and O2 gas or O2 plasma is 

a well-established technique for the deposition of thin films of Pt, but the 

potential of ALD to deposit PtOx has not  been systematically explored yet. 

This work demonstrates how PtOx can be deposited by plasma-assisted ALD 

in a temperature window from room temperature (RT) to 300 °C by 

controlling the O2 plasma and (MeCp)PtMe3 exposure. With increasing 

substrate temperature, the thermal stability of PtOx decreases and the 

reducing activity of the precursor ligands increases. Therefore, longer O2 

plasma exposures and/or lower (MeCp)PtMe3 exposures are required to 

obtain PtOx at higher temperatures. Furthermore, it has been established 

that during the nucleation stage, PtOx ALD starts by the formation of islands 

that grow and coalesce during the initial ~40 cycles. Closed-layer thin-films 

of PtOx with an O/Pt ratio of 2.5 can be deposited at 100 °C with a minimal 

thickness of only ~2 nm. It has also been demonstrated that a conformality 

of ~90 % can be reached for PtOx films in trenches with an aspect ratio of 9, 

when using optimized O2 plasma and precursor exposure times.  

 

 

 

 
                                                           
* Accepted for publication in Chemical Vapor Deposition (2014) 
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Introduction 

ALD is becoming the method of choice for ultrathin film deposition in 

nanoscale technology such as in state-of-the-art microelectronics, and it also 

shows great potential for use in applications such as catalysis, energy 

scavenging and storage devices, and sensors (1-4). ALD processes are 

available for a large number of materials, most prominently metal oxides 

and nitrides, and also some processes are available for metals (5). With ALD, 

these materials can be deposited with sub-nanometer growth control, very 

high uniformity, and excellent conformality over demanding surface 

topologies. Due to a growing interest in ALD, much effort is invested into 

understanding and improving existing ALD processes, and into the 

development of new processes. There is also a continued effort to expand 

the number of materials that can be deposited with ALD.  

Recently, it has been shown that platinum oxide (PtOx) can also be 

deposited using ALD (6,7). The deposition of PtOx is more challenging 

compared to other metal oxides because Pt, as a noble metal, has a 

relatively high resistance against oxidation. For example, the ALD process 

using (MeCp)PtMe3 and O2 gas yields metallic Pt rather than PtOx, despite 

the fact that O2 acts generally as an oxidizing reactant (8). For the Pt ALD 

process using O2 gas, the O2 molecules catalytically dissociate at the Pt 

surface. The dissociated O atoms combust the precursor ligand fragments 

remaining from the previous half-cycle, leading to the reduction of the Pt 

and the formation of a chemisorbed oxygen layer which facilitates precursor 

adsorption in the next half-cycle. The temperature window for this process 

spans from approximately 250 to 300 °C. For higher temperatures, the 

precursor starts to thermally decompose. The lower limit of the 

temperature window is determined by ineffective O2 dissociation at 

temperatures below ~250 °C. This has been attributed to the formation of a 

carbonaceous layer by the precursor ligands during the precursor pulse 

which blocks the catalytic dissociation of O2 (9). The lower limit of the 

temperature window can be reduced significantly however, by making use 

of an O2 plasma rather than O2 gas (7). Since reactive O radicals are supplied 

from the gas phase by the plasma, there is no need to first dissociate the O2 

at the surface in order to participate in surface reactions. This means that 

the carbonaceous layer formed by the precursor ligands can be combusted 

at much lower temperatures, and as a result, Pt can be deposited at 
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temperatures as low as room temperature using plasma-assisted ALD 

(7,9,10). 

Without the need for O2 dissociation at the surface, nucleation of the Pt 

film also proceeds faster in the case of plasma-assisted ALD (11). Generally, 

achieving nucleation of Pt on oxide surfaces such as SiO2 and Al2O3 is 

challenging because of the absence of catalytically-active Pt that induces O2 

dissociation during the initial cycles (12). Precursor adsorption on a bare 

oxide substrate is not likely to be the limiting factor during nucleation (9). 

However, this only results in the deposition of Pt precursor fragments 

leading to insufficient catalytic activity for effective O2 dissociation. Mackus 

et al. have shown that prolonged exposure to O2 gas facilitates the diffusion 

of Pt species across the oxide surface, leading to ripening of Pt islands (12). 

Once these Pt nanoparticles have formed O2 dissociation and spillover of O 

atoms can occur which in turn facilitates island growth (11). Subsequently, 

the growth manifests itself by the formation of nanoparticles that grow and 

coalesce to eventually form a closed layer. For Pt, a fully closed film is 

typically not obtained until a film thickness of at least 8 nm is reached (13). 

The oxidizing reactant clearly plays a key role in Pt ALD, both for the 

surface chemical reactions with the adsorbed precursor species and, 

independently thereof, for the nucleation of Pt on oxide surfaces. The 

importance of the oxidizing reactant becomes even more evident when 

considering the possibility to deposit PtOx. As was mentioned before, O2 gas 

is generally not reactive enough for ALD of PtOx which calls for stronger 

oxidizing reactants. In 2008, Hämäläinen et al. were the first to report on an 

ALD process for PtOx, which made use of Pt(acac)2 and O3 (6). Although O3 

proved reactive enough to form PtOx with an O/Pt ratio of 1.67, higher 

oxidation states of Pt were not reached. Furthermore, above 130 °C only 

metallic films were deposited. The lower limit of the relatively narrow 

temperature window was 120 °C (the sublimation temperature of the 

Pt(acac)2 precursor). In 2009, Knoops et al. reported that PtOx films with an 

O/Pt ratio of 2 can be deposited by plasma-assisted ALD using (MeCp)PtMe3 

and O2 plasma (7). In their work, Knoops et al. focused mainly on the 

deposition of metallic Pt using this process. Remarkably, Knoops et al. found 

that PtOx can be obtained instead of Pt when relatively long O2 plasma 

exposure times are used (5 s) in a temperature range of 100 to 300 °C.  
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A detailed investigation of the PtO2 process and the dependence of the 

composition (Pt versus PtOx) on process parameters was beyond the scope 

of the work of Knoops et al. Therefore, in the present work, a more 

comprehensive study on plasma-assisted ALD of PtOx using (MeCp)PtMe3 

and O2 plasma is presented. In order to add PtOx to the ALD materials 

toolbox, the process window was first established. Since this ALD process 

can lead to the deposition of both Pt and PtOx, the composition of the 

deposited material was determined as a function of substrate temperature 

(Tsub), O2 plasma exposure (more specifically, the plasma exposure time 

tplasma), and exposure to the (MeCp)PtMe3 precursor during the precursor 

pulse (the precursor pressure pprec). Good control over the composition was 

demonstrated, and PtOx has been deposited in a temperature window 

ranging from 30 to 300 °C. The material properties of the deposited PtOx 

were also studied. 

Another aspect ALD that has been studied in this work is the nucleation of 

PtOx deposited by ALD. As mentioned before, the Pt ALD process is 

characterized by the formation of nanoparticles during the initial stage of 

growth. In catalysis applications, nanoparticles are often favored over thin-

films because of their increased reactivity and their high surface to volume 

ratio (3,14,15). On the other hand, the onset of layer closure is important 

because it determines the minimal thickness that can be used for thin-film 

applications (16-18). Therefore, the nucleation stage of the PtOx process was 

studied extensively in this work. The formation, growth, and coalescence of 

nanoparticles during the initial growth stage may depend on the wetting 

condition of the substrate surface, which will differ for substrates with 

different surface energies. Therefore, several substrate materials (Si, SiO2, 

TiO2, Al2O3) were used to study and compare the nucleation behavior and 

growth of PtOx ALD.  

A final topic that will be treated in this work is the conformality that can 

be achieved for ALD of PtOx. Good film conformality in high aspect ratio 

structures is one of the key features of ALD. Given the use of a plasma in 

PtOx ALD, achieving good conformality may not be trivial due to radical 

losses at the sidewall surfaces of the high aspect ratio structures. For 

example, plasma-generated oxygen radicals can recombine with an O atom 

at the Pt surface forming gaseous O2, such that the radicals can no longer 

contribute to the ALD surface reactions. Knoops et al. show that plasma 
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radical loss due to recombination at the surface can be a cause of poor 

conformality, depending on the surface recombination probability of the 

radicals (19). Therefore, the conformality of PtOx films deposited in trenches 

with an aspect-ratio of 9 was studied. Process conditions have been 

optimized to reach good conformality, and a thickness profile of the PtOx 

layer inside a trench was determined. 

Experimental 

 

ALD reactor: All depositions were performed in an open-load ALD reactor 

which is pumped by turbomolecular pump through a gate valve. An 

inductively coupled plasma source is connected to the top of the reactor 

through another gate valve. The distance between this remote plasma 

source and the substrate stage, located in the center of the reactor, is 

approximately 30 cm. O2 is introduced into the reactor through the plasma 

source which is operated at 100 W input power. The pressure inside the 

reactor varied from a base pressure in the order of 10
-5

 mbar during the 

pump-down step in the ALD cycle, to 0.08 mbar during the O2 pulse. The 

temperature of the reactor walls (Tw) was kept at 80 °C for all depositions 

except those at 30°C, for which Tw was 30 °C as well. The substrate 

temperature (Tsub) was varied between 30 and 300 °C. The (MeCp)PtMe3 

precursor (98 % purity, Sigma-Aldrich) is injected into the reactor through a 

flange at the side of the reactor. The experimental conditions used for 

studying the process window, nucleation, and conformality are summarized 

in Table 6.1. 

Process window study: The process window of the PtOx ALD process has 

been determined in two sets of experiments, for which the experimental 

conditions are shown in the first two rows of Table 6.1. In the first set, Tsub 

(100-300 °C) and tplasma (0.5-5 s) were varied, while pprec was kept constant. 

The temperature of the precursor bubbler (Tprec) was set to 30 °C and Ar was 

used as carrier gas. The precursor exposure time (tprec) was 5 s. These 

settings were chosen to reduce precursor consumption. Due to the carrier 

gas the partial pressure of the precursor could not be accurately 

determined. For the second set of experiments, Tsub was kept constant at 

300 °C while tplasma (2-5 s) and pprec were varied. To vary pprec, Tprec was set to 

50 and 70 °C, and the precursor was vapor-drawn into the reactor for 3 s, 

followed by a 3 s wait. During this entire precursor step, the valve between 
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the reactor and the turbomolecular pump was closed. The partial pressure 

of the precursor for the vapor-drawn injection (i.e. pprec) was determined in 

the absence of a carrier gas or reaction products. This yielded a pprec of 0.005 

mbar for Tprec = 50 °C and 0.012 mbar for Tprec = 70 °C during the 

(MeCp)PtMe3 pulse. For both experiment sets, Si(100) substrates covered 

approximately 450 nm thermally grown SiO2 were used. Layer thicknesses 

were determined by in-situ spectroscopic ellipsometry (SE) using a J. A. 

Woollam, Inc. M2000U ellipsometer (20). For these SE experiments, all 

deposited films were at least 7 nm thick, to ensure a good fit from SE 

modeling (7). Pt and PtOx have very distinct dielectric functions and 

therefore, SE could be used to determine the composition of the deposited 

material. The imaginary part of the dielectric function ε2 of Pt can be 

described by a Drude-Lorentz parameterization whereas ε2 of PtOx can be 

described by a Tauc-Lorentz parameterization (7). In addition to the SE 

analysis, the film composition was confirmed by determining the four-point 

probe (4PP) resistivity of the deposited films: thin films of metallic Pt grown 

by ALD have a resistivity in the order of 15 µΩ.cm, whereas the resistivity of 

PtOx was found to be larger than 10
8
 µΩ.cm. Furthermore, the atomic 

composition and mass density of the deposited PtOx at 30 and 100 °C were 

determined for selected samples by Rutherford backscattering spectrometry 

(RBS). In these measurements, carried out by AccTec B.V., a beam of 2 MeV 
4
He

+
 ions is used under grazing incidence conditions. 
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Table 6.1. Overview of the conditions for the experiments carried out in this work. 

Spectroscopic ellipsometry (SE), Rutherford backscattering (RBS), four-point probe 

(4PP), and X-ray photoelectron spectroscopy (XPS) analysis were carried out on 

films deposited on SiO2 substrates. XRR was carried out on films deposited on Si, 

Al2O3, and TiO2. LEIS and TEM analysis was carried out on films prepared on TiO2 

covered Si. 

Experiment Tsub (°C) 
tplasma 

(s) 
 (s) 

pprec 

(mbar) 

Tprec 

(°C) 

Precursor 

dosing 

Analysis 

techniques 

Material study 

(Tsub and tplasma) 

30, 100 

-300 
<5 5 ~10

-3
 30 

Ar carrier 

gas 

SE, RBS, 

4PP 

Material study 

(pprec) 
300 <5 

3 

(dosing) 

+ 3 

(wait) 

0.005, 

0.012 

50, 

70 

Vapor 

drawn 
SE, 4PP 

Nucleation 

study 
100 5 3 0.012 70 

Vapor 

drawn 

SE, XRR, 

LEIS, TEM, 

XPS 

Conformality 

study 
100 20 10 ~10

-3
 30 

Ar carrier 

gas 
SEM 

 

Nucleation study: Another series of depositions was carried out to study 

the nucleation and growth of PtOx by ALD. These depositions were carried 

out at Tsub = 100 °C and tplasma = 5 s. In this case, Tprec was kept at 70 °C and 

the precursor was vapor-drawn into the reactor without any carrier gas (tprec 

= 3 s). Individual samples were deposited in a series of 2, 4,..., 20, 30,..., 90, 

150, 400, and 1000 cycles on 4 different substrates: Si(100) substrates with 

~1 nm native oxide; Si(100) substrates with 450 nm thermal SiO2; Si(100) 

substrates with 50 nm ALD prepared Al2O3; and Si(100) substrates with 30 

nm ALD prepared TiO2. The substrates received a 10 s O2 plasma pre-

treatment prior to Pt or PtOx ALD to remove organic contaminants possibly 

present on the surface. The samples were analyzed using spectroscopic 

ellipsometry (SE), X-ray photoelectron spectroscopy (XPS), X-ray reflectivity 

(XRR), and low-energy ion scattering (LEIS). The XPS experiments in which 

chemical composition was determined were performed on a Thermo 

Scientific K-Alpha KA1066 spectrometer with monochromatic Al Kα X-ray 

sources (hν = 1486.6 eV). Photoelectrons were collected at a take-off angle 

of 60°, as measured from the surface normal. A 400 μm diameter X-ray spot 

was used in the analyses, and possible sample charging was avoided by a 
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flood gun. The XRR measurements were performed on an X'Pert Pro MRD 

diffractometer from PANalytical. The XRR data was modeled using X'Pert 

Reflectivity software where the thickness, density, and roughness were 

determined directly from the fitted curve. Low-energy ion scattering (LEIS) 

was performed at IONTOF on an IONTOF Qtac
100

 system for high-sensitivity 

LEIS, using LEIS surface spectrometry with 3 keV 
4
He

+
 ions. Prior to the LEIS 

measurements the surface was treated for 20 minutes with O-atoms from a 

plasma to remove surface hydrocarbon contaminations. To study the 

nucleation behavior of PtOx on TiO2, several 30 nm thick Si3N4 membranes 

were first covered with approximately 3 nm TiO2 by means of ALD, after 

which 10, 30, 40, 90, and 150 cycles of PtOx ALD were applied. Transmission 

electron studies studies were performed using an FEI Tecnai F30ST operated 

at 300 kV in high angle annular dark field (HAADF) - scanning TEM (STEM) 

mode. 

Film conformality: The conformality of the PtOx ALD process was 

examined by depositing PtOx layers in trenches that were dry-etched in Si. 

These trenches had an aspect-ratio of 9, i.e. a width of 3 µm and a depth of 

27 µm, and were covered with 100 nm of thermally grown SiO2. The 

thickness of the deposited PtOx was determined by imaging cleaved samples 

using cross-sectional scanning electron microscopy (SEM) on a JEOL 7500 FA 

system. For the deposition in trenches, tprec was 10 s, and tplasma was 20 s. 

Results 

Process window 

Figure 6.1 shows the results obtained for the process window of the PtOx 

ALD process, i.e. the composition in terms of Pt or PtOx of the deposited 

films as a function of Tsub and tplasma, and pprec. The first panel in Figure 6.1 

shows the composition of the films obtained for conditions where the 

precursor was carried into the reactor by Ar gas. The second and third 

panels show the composition at 300 °C for conditions with vapor-drawn 

precursor injection with pprec = 0.005 mbar and pprec = 0.012 mbar. The 

composition was determined using spectroscopic ellipsometry (SE) in 

combination with four-point probe (4PP) resistivity analysis: the imaginary 

part of the dielectric function ε2 of Pt films could be fitted well using a 

Drude-Lorentz model and the films had a resistivity of approximately 15 

µΩ.cm; ε2 of PtOx films could be fitted well by a Tauc-Lorentz model and had 
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a resistivity greater than 10
8
 µΩ.cm. Figure 6.2 shows ε2 for Pt and PtOx for 

comparison.  

 

Figure 6.1 shows that for carrier gas injection at 100 °C, PtOx is deposited 

independent of tplasma in the range of 0.5-5 s. Between 150 and 250 °C an 

increase is observed in the O2 plasma exposure time that is required to 

oxidize the films, from 1 s (150-200 °C) to 5 s (250 °C). Figure 6.1 

furthermore shows that at 300 °C, only metallic Pt was deposited for tplasma 

up to 5s when using carrier gas injection. We therefore conclude that at 

higher temperatures the films have a tendency to be metallic Pt instead of 

PtOx. This is consistent with the findings of Knoops et al. (7). It is also 

consistent with the findings of Hämäläinen et al. who observed an O/Pt ratio 

between 1.47 and 1.67 at 130 °C and a ratio of 0.09 at 200 °C (6). A similar 

transition with Tsub was reported by Kim et al. who studied the dependence 

of the transition from Ir to IrO2 on deposition temperature and oxygen 

pressure (21). The right panels in Figure 6.1, containing the data for vapor-

drawn injection, reveal the influence of pprec on the composition of the 

deposited material at 300 °C. For the relatively higher pprec of 0.012 mbar, Pt 

is deposited for tplasma from 2-5 s, which is similar to the case for carrier gas 

injection. If pprec is lowered to 0.005 mbar, however, PtOx is deposited at 300 

°C instead of Pt. Clearly, the composition of the deposited material also 

depends on pprec. 

To determine whether the growth per cycle (GPC) of PtOx depends on 

Tsub, tplasma, and/or pprec, the GPC of the depositions shown in Figure 6.1 was 

determined by SE. The GPC varied between 0.047 and 0.057 nm per cycle, 

but no clear dependence on Tsub, tplasma, or pprec could be found. These values 

are similar to those reported by Knoops et al. for PtOx (0.0 47nm per cycle) 

and Pt (0.045 nm per cycle) (7). The similarity of the GPC of PtOx to that of Pt 

is remarkable, given that the density of Pt atoms in metallic Pt is 

approximately twice the Pt atom density in PtOx. This implies that during 

ALD of Pt, twice as much Pt is deposited during the precursor cycle 

compared to ALD of PtOx. 
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Figure 6.1. The composition of the deposited ALD films (Pt versus PtOx) for various 

combinations of O2 plasma exposure time, substrate temperature, and precursor 

pressure. Closed circles indicate PtOx, open diamonds represent Pt. Film 

composition was determined using SE and 4PP analysis, and the minimum film 

thickness was 7 nm. For the first panel (labeled "carrier gas injection") the 

precursor was carried into the reactor using Ar gas. For carrier gas injection, PtOx 

is deposited at 100 °C and Pt is deposited at 300 °C independently of O2 plasma 

exposure time. Between 150 and 250 °C an increasingly longer O2 plasma exposure 

time is required to deposit PtOx instead of Pt. For the second and third panels 

(labeled "vapor-drawn") the precursor was vapor-drawn into the reactor, resulting 

in a precursor pressure of 0.005 mbar and 0.012 mbar, respectively. At 300 °C, Pt is 

deposited for a precursor pressure of 0.005 mbar, while PtOx is deposited for 0.012 

mbar. 
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Figure 6.2. The imaginary part of the dielectric function (ε2) for Pt and PtOx as 

derived from SE measurements. For Pt and PtOx Drude-Lorentz and Tauc-Lorentz 

parameterizations were assumed respectively. 

 

Material properties 

On the basis of the results in Figure 6.1, tplasma = 5 s and Tsub = 100 °C (Tprec 

= 30°C, using Ar as a carrier gas, and 5 s exposure time) were used as 

standard settings for the deposition of PtOx films to determine the material 

properties. These properties are given in the second row of Table 6.2. RBS 

measurements revealed a density of 9.5 ± 0.5 g/cm
3
, which agrees nicely 

with the value reported by Knoops et al. (8.9 ± 0.5 g/cm
3
). RBS 

measurements also revealed that at 100 °C the O/Pt ratio is 2.5 ± 0.2, which 

is somewhat higher than the ratio of 2.2 that was previously reported by 

Knoops et al. (7) for Tsub = 300 °C. The ratio of 2.5 suggests a mixture of 

stable oxides of platinum. For example, the ratio of 2.5 has been reported 

for electrodeposited platinum oxide, where it was assumed that the ratio 

could be ascribed to a combination of PtO2 with (possibly oxygen-deficient) 

PtO3 (22)-(23). For both PtO2 and PtO3, the oxidation state of Pt is 4. Another 

explanation for the high O/Pt ratio could be the formation of PtO2.H2O (Pt in 

oxidation state 4).(24) The incorporation of H2O in the matrix can be related 

to the H2O formed as a reaction product from the combustion of the 
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precursor ligands, which is well-known for Pt ALD (9,25). In the work of 

Hämäläinen et al. an O/Pt ratio between 1.09 and 1.66 has been reported. 

This is significantly lower than the value of 2.5 found in this work, and is 

most likely due to the fact that an O2 plasma is a stronger oxidizing reactant 

than ozone (26). We note however, that Hämäläinen et al. also used 

Pt(acac)2 as a precursor instead of (MeCp)PtMe3.  

 

Table 6.2. The material properties of PtOx films deposited by plasma-assisted ALD 

using (MeCp)PtMe3 and O2 plasma. The substrate was SiO2 and the substrate 

temperature was 30 and 100 °C. The growth per cycle (GPC, unit: nm/cycle) was 

determined using SE; the atomic composition, the GPC (unit: at/cm
2
∙cycle) and 

O/Pt ratio were determined using RBS. The mass density was determined by 

combining the RBS data with the film thickness data determined by SE. For RBS, 

typical experimental relative errors in the atomic composition and the GPC (unit: 

at/cm
2
∙cycle) are 3 %.  

 

 

 

 

 

 

 

 

 

ALD at room temperature  

In an attempt to extend the lower limit of the temperature window for 

plasma-assisted ALD of PtOx using (MeCp)PtMe3 and O2 plasma to room 

temperature (RT), Tsub and Twall were set to 30 °C. Under these conditions, 

PtOx was obtained with saturation of the GPC at 0.059 nm/cycle occurring at 

tprec = 3 s and tplasma = 4 s. The precursor exposure (Tprec = 30 °C, Ar carrier 

gas) and O2 plasma exposure times were 5 s. The O/Pt ratio determined by 

RBS was 2.7 ± 0.2, and the PtOx had a density of 8.3 ± 0.5 g/cm
3
, as can be 

seen in the first row of Table 6.2. This O/Pt ratio at 30 °C is higher than at 

100 °C, which is consistent with the higher O/Pt ratios at lower 

temperatures reported in the previous section. The fact that the density of 

the PtOx deposited at 30 °C is somewhat lower compared to that at 100 °C, 

Temperature 

(°C) 
GPC (nm/cycle) 

GPC 

 (at/cm
2
∙cycle) 

Density 

(g/cm
3
) 

Atomic 

composition 

(%) 

O/Pt 

ratio 

  
 

  Pt O C  

30 0.059 ± 0.004 1.25∙10
14

 8.3 ± 0.5 26 72 2 2.7 ± 0.2 

100 0.052 ± 0.004 3.06 ∙10
14

 9.5 ± 0.5 29 71 - 2.5 ± 0.2 
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can be attributed to the higher O/Pt ratio. It is likely that this lower density 

is also the cause of the higher GPC at RT. 

PtOx nucleation 

The nucleation of PtOx at 100 °C has been studied in some detail. Figure 

6.3 shows the thickness of the PtOx films grown on SiO2, as measured by in-

situ SE as a function of cycle number. The inset of the figure shows the first 

70 cycles. As can be seen, the curve does not take off linearly at the origin. 

The offset of ~20 cycles can be attributed to a nucleation delay that is also 

known to occur during the initial growth of metallic Pt. The fit shows a linear 

increase of thickness as a function of cycle number after approximately 30-

50 cycles, which indicates that layer-by-layer growth may occur after the 

film has reached a thickness of approximately 2 nm. The GPC was 0.052 ± 

0.004 nm, which agrees with the results from Knoops et al. (0.060 ± 0.004 

nm at 100 °C). 
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Figure 6.3. The thickness of the PtOx films deposited on SiO2 as a function of the 

number of cycles, as measured with SE. The inset shows the initial growth during 

the first 70 cycles. 

 

Figure 6.4 shows the thickness of PtOx films grown on Si, TiO2, and Al2O3 

surfaces as determined by XRR. Similar to the results shown in Figure 6.3, a 
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nucleation delay of approximately 10-20 cycles can be observed for all 

substrates. Nucleation appears to proceed somewhat faster on TiO2, where 

a thickness of 2.5 nm is reached after 50 cycles, compared to 60 and 70 

cycles for Si and Al2O3, respectively. After approximately 50 cycles, growth 

appears to be linear and the GPC was determined to be 0.060, 0.057, and 

0.056 ± 0.006 nm/cycle for, respectively, Si, TiO2, and Al2O3.  
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Figure 6.4. The thickness of the PtOx films deposited on an ALD TiO2 film, Si with 

native oxide, and an ALD Al2O3 film as a function of the number of cycles as 

determined from XRR analysis. Lines serve as a guide to the eye. 

 

XPS was used to determine the stoichiometry of the PtOx and therefore 

films deposited with different number of cycles were analyzed (27,28). Since 

Pt is in oxidation state 4 in PtO2, PtO3, and PtO2.H2O, it is challenging to 

distinguish between these phases using XPS and therefore we only 

distinguish Pt in oxidation state 4 (labeled PtO2) and Pt in oxidation state 2 

(labeled PtO) for simplicity in this analysis. In Figure 6.5(a), the XPS spectrum 

of the Pt 4f doublet is shown for a PtOx film deposited in 90 cycles on SiO2. 

The two peaks of the PtO 4f7/2 and 4f5/2 orbitals and those of the PtO2 

4f7/2 and 4f5/2 orbitals can be clearly distinguished. As can be seen, the 

constructed envelope function fits the measured data very well, yielding a 

fraction of 0.16 for PtO and 0.84 for PtO2.  
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Figure 6.5(a). The measured and fitted XPS intensity after 90 cycles ALD of PtOx on 

a SiO2 substrate. The doublets for PtO and PtO2 can clearly be distinguished. (b). 

The measured XPS intensity for 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 30, 40, 50, 60, 70, 

80 , 90, 150, and 400 cycles of PtOx ALD on SiO2 substrates. The 4f7/2 peaks for 

PtO2 and PtO are labeled for clarity. (c). The relative XPS fractions of PtO2 and PtO 

as a function of number of cycles on SiO2 substrates. The dotted lines serve as 

guides to the eye. Each data point represents a separate sample. 

 

Figure 6.5(b) shows the Pt4f doublet for PtOx films deposited on SiO2 with 

a number of cycles ranging from 2 to 400. From the data, which clearly show 

that the ratio between PtO and PtO2 changes as the number of cycles 

increases, the relative XPS fractions of PtO and PtO2 are extracted and 

plotted as a function of number of cycles in Fig. 5(c). As can be seen from 

this figure, the fraction of PtO during the initial 10 cycles ranges somewhere 

between 0.6 and 0.8. Between 2 and 100 cycles the PtO fraction decreases 

rapidly until it reaches the relatively constant value of ~0.15. Given the 

limited escape depth of XPS of several nanometers, the decrease of the PtO 

fraction points to the presence of a PtO overlayer with a constant thickness 

located on top of the film while the bulk consists of PtO2. Angle-resolved XPS 

(AR-XPS) data (not shown here) confirmed that the PtO is indeed located 

mainly in the top part of the film. The PtO overlayer is most likely caused by 
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the reduction of the top layers of the deposited PtOx films by reducing 

vapors such as water (29). Despite this reduction, the XPS data do indicate 

that platinum oxide is deposited during the first cycles and not only after, 

e.g., a closed layer has been formed. This implies that the initial 

nanoparticles that are formed during nucleation, as addressed below, also 

consist of PtOx. 

PtOx island formation and layer closure  

To study the initial growth regime and confirm the formation of PtOx 

islands before film closure, TEM images were made of TiO2-covered Si3N4 

membranes after 10, 30, 40, 90, and 150 cycles of PtOx ALD, as can be seen 

in Figure 6.6. Figure 6.6 (a) shows the formation of PtOx islands at the 

surface after 10 ALD cycles. These islands, basically nanoparticles, have an 

average size of approximately 1 nm² and a particle density of ~5∙10
12

 cm
-2

. 

After 30 cycles, in Figure 6.6 (b), the islands can be seen to have increased in 

size and to start coalescing. Figure 6.6 (c) shows that after 40 cycles the 

surface is almost completely covered by a film, with the exception of 

perhaps a few small dark areas which comprise less than 5 % of the surface. 

Figures 6 (d) and (e) indicate that after 90 cycles a completely closed layer is 

formed, with a non-negligible surface roughness. 
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Figure 6.6. Planar view high angle annular dark field STEM images after (a) 10, (b) 

30, (c) 40, (d) 90, and (e) 150 cycles of plasma-assisted ALD of PtOx on a TiO2 film 

deposited on a Si3N4 membrane. 

 

To confirm that layer closure occurs after ~40 cycles for ALD of PtOx, low 

energy ion scattering spectroscopy (LEIS) measurements were performed on 

PtOx deposited on TiO2 samples. Figure 6.7 shows the LEIS spectrum of bulk 

TiO2 alongside the spectra of the TiO2 (30 nm) substrates that have 

undergone, respectively 0, 10, 30, 40 and 90 cycles of PtOx ALD. Peaks in the 

LEIS spectrum are caused by scattering of primary ions and, therefore, 

indicate species present at the surface. Any raised background signal (i.e. a 

shoulder) on the lower energy side of a peak is caused by secondary re-

ionized ions and indicates that a species is present in the subsurface layers. 

Considering the spectrum for bulk TiO2 and starting from the high energy 

tail, the Ti peak at 2100 eV can first be distinguished, indicating the presence 

of Ti (from TiO2) at the surface. The raised background signal at lower 

energies beyond the Ti peak originates from Ti in the subsurface layers. The 

peak caused by surface oxygen was detected at 1100 eV, followed by a 

raised background signal from the subsurface oxygen. The slight shift of the 

oxygen peak with respect to those of the other measurements can be 
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ascribed to a difference in sample charging during the measurement. 

Compared to the bulk spectrum, the spectrum for the reference TiO2 

substrate (0 cycles) shows a lower Ti peak at 2100 eV, while a Si peak at 

1680 eV appears. This indicates the presence of some surface 

contamination, which is believed to be Si from pump oil from the reactor. 

The fact that the trend of the background signal is not altered by the Si peak 

indicates that Si is only present at the surface.  

After 10 PtOx ALD cycles the peak for this Si contamination is still present, 

while the Ti peak has disappeared. Furthermore, a Pt peak at 2700 eV has 

become visible. This indicates that after 10 cycles most of the TiO2 has been 

covered with PtOx. The increase of the signal from 2100 eV downwards is 

caused by the presence of TiO2 in the subsurface layers. In the spectrum 

after 30 cycles, the silicon peak has completely disappeared. The Pt peak has 

almost reached its maximum size, which suggests that most of the surface is 

now covered with PtOx. Analysis of the peak distribution based on an energy 

loss of 160 eV per nm for 3 keV He
+
 ions in PtOx was performed to 

determine PtOx thickness. This revealed a maximum PtOx thickness of 2 nm, 

not accounting for the presence of particles. After 40 cycles, a clear shoulder 

besides the Pt peak can be seen. This shoulder indicates that the PtOx layer 

has grown beyond the surface layer. Analysis of the peak distribution 

revealed a maximum PtOx layer thickness of 3.5 nm. Finally, the spectrum 

for 90 cycles shows the Pt peak around 2700 eV, accompanied by a plateau 

from approximately 2600-2100 eV, after which the signal steadily declines 

down to approximately 1750 eV. This indicates a PtOx thickness between 3 

and 6 nm. The LEIS results therefore corroborate the TEM observations of 

layer closure after ~40 cycles, corresponding to a film thickness of 

approximately 2 nm. 
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Figure 6.7. LEIS spectra of bulk TiO2, and TiO2 films exposed to 0, 10, 30, 40, and 90 

cycles of plasma-assisted ALD of PtOx (data markers are only indicated between 

2000 and 2500 eV for clarity). The oxygen peak at 1100 eV of the bulk TiO2 is 

shifted slightly compared to that of the other samples due to a difference in 

sample charging during the measurement. The Ti peak at 2100 eV for 0 cycles PtOx 

is lower due to some Si contamination on the surface, observed at 1700 eV. After 

10 cycles of ALD of PtOx, the Ti peak has almost disappeared and the Pt peak at 

2650 eV has appeared. After 30 cycles, both the Si and Ti peak have almost 

completely disappeared, and the Pt peak has reached almost its full height. After 

40 cycles the entire surface is covered with PtOx. 

 

To further study growth during the initial 100 cycles, XRR data were used 

to calculate the roughness and density of PtOx deposited on Si and Al2O3 as a 

function of the number of cycles. Based on the data (not shown here), 3 

regimes could be distinguished. During the first 20 cycles the roughness 

increased from 0 to ~1 nm, while the density was relatively low at ~7.5 

g/cm
3
. Both an increasing roughness and a low density are consistent with 

the formation of nanoparticles. Between 20 and 40 cycles the roughness 

decreased to ~0.5 nm while the density increased to 10 g/cm
3
, which 

indicates the growth and coalescence of the islands. After 40 cycles both the 

roughness (0.5 nm) and density (10 g/cm
3
) remained constant, in good 

agreement with values reported earlier by our group (7). This is further 

evidence of the formation of a closed layer with bulk density values and the 

start of layer-by-layer growth after approximately 40 cycles, which 
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corresponds to a layer thickness of approximately 2 nm. In comparison, for 

plasma-assisted ALD of metallic Pt on Al2O3, linear growth has been reported 

to start after a layer thickness of 2-3 nm, although bulk density values were 

reached only after a layer of 4-5 nm in thickness was deposited (11). 

Conformality in high aspect-ratio trenches 

In order to study the conformality of the films, PtOx with a nominal 

thickness of ~88 nm was deposited in trenches of aspect ratio of 9 (Tsub = 

100°C, tprec = 10 s, tplasma = 20 s). A cross-sectional SEM image of a trench 

with PtOx is given in Figure 6.8 (a). Figures 8 (b-d) are higher magnification 

images of the top, center, and bottom part of the trench, respectively. On 

top of the Si, two separate layers of approximately 100 nm can be 

distinguished. The bottom layer is a 100 nm thick film of SiO2 that was 

thermally grown after etching the trench, while the top layer is the PtOx 

deposited by ALD. From the higher magnification images in Figure 6.8 (b-d) 

as well as some other similar images at other locations in the trench, the 

thickness of the PtOx ALD layer in the trench was determined. The results 

are shown in Figure 6.9, where the thickness of the PtOx layer is plotted as a 

function of trench depth. The thickness of the deposited PtOx film is ~88 nm 

at the entrance of the trench, and gradually drops to ~73 nm when going 

down into the trench. The normalized average thickness of the PtOx film in 

the trench was (90 ± 10) % of the thickness on top of the wafer, revealing a 

conformality of ~90% for PtOx in trenches with an aspect ratio of 9. 

 



 

121 Chapter 6 

 

Figure 6.8. SEM images of PtOx deposited in a trench etched in Si with aspect ratio 

of 9. The trench surface is covered with a 100 nm thermally grown SiO2 film. The 

images show side views of (a) the full trench, (b) the top part of the trench, (c) the 

middle part of the trench, and (d) the bottom part of the trench.  
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Figure 6.9. Thickness profile of the PtOx film inside the trench with an aspect ratio 

of 9 as deduced from the SEM images in Figure 6.8. The error in the PtOx thickness 

is 4 nm, the error in the trench depth is 1 µm. 

 

 

Discussion 

The results presented in this work, in particular in Figure 6.1, show that 

the composition of the deposited material for plasma-assisted ALD using 

(MeCp)PtMe3 and O2 plasma depends on tplasma, Tsub, and pprec. For increasing 

Tsub, longer tplasma and/or lower pprec are required to obtain PtOx. In this 

section, the manner in which these three process parameters influence the 

reaction mechanism leading to either metallic Pt or PtOx will be examined 

more closely. We note here, that although tplasma and pprec were varied in our 

experiments, it is the O-radical dose and the precursor particle dose (i.e. the 

time integral of the particle flux) that actually govern the surface reactions. 

Since the O-radical dose depends directly on tplasma, and the precursor 

particle dose directly on pprec however, we will continue to use these terms 

for clarity and simplicity. 

We will first consider reports on the oxidation of Pt in the literature. 

Although the reaction mechanism of PtOx ALD has not been examined in 
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great detail before, many surface science studies have been performed on 

the oxidation of Pt in view of the relevance of this material in catalysis. 

These studies mostly deal with the oxidation of single-crystalline Pt(111), 

often under ultrahigh vacuum (UHV) conditions. Based on these surface 

science studies, the following general mechanisms for Pt oxidation can be 

proposed. 

The leading parameter in the oxidation of Pt is the oxygen surface 

coverage, typically expressed in monolayers (ML), where 1 ML on Pt(111) 

corresponds to a surface atom density of 1.51∙ 10
15

 cm
-2

. The oxygen surface 

coverage that can be reached when exposing Pt(111) to oxidizing species 

depends on experimental conditions such as the nature of the oxidizing 

species (O2, NO2, O3, atomic O, etc.), exposure, and temperature. When O2 

gas is used in a temperature and pressure range that is typical for ALD, an 

oxygen coverage of 0.25 ML is reached for Pt(111).(30) Higher surface 

coverages have been reported for more reactive oxidizing species: 0.75 for 

NO2,(31) 2.4 for O3,(32) and 2.9 for gas-phase atomic O.(26) These coverages 

do not depend greatly on temperature for temperatures in the range 

typically used for ALD (26,30). The oxidation of Pt(111), and similarly of 

Pt(100) (33), can generally be classified to occur in two stages: the 

development of a chemisorbed oxygen layer at low coverage, followed by 

the growth of bulk-like PtOx patches once the oxygen coverage exceeds 

approximately 0.75 ML. In order to form the oxide however, kinetic barriers 

resulting from restructuring of the oxidizing surface, must be overcome. The 

strongly repulsive interaction between the oxygen atoms within the high-

coverage oxygen domains may act to overcome these kinetic barriers. Once 

the oxide is formed, these kinetic barriers stabilize the oxide against 

decomposition.(34) The standard enthalpies of formation for bulk PtO and 

PtO2 are -71 kJ/mol and -134 +/- 42 kJ/mol, respectively, indicating bulk PtO2 

has a higher stability than PtO (27). 

The oxidation of Pt is reversible, and PtOx can be reverted to metallic Pt 

through thermal decomposition. The thermal decomposition of PtO2 in UHV 

is reported by Abe et al. to occur between 300 °C and 350 °C, while 

decomposition in air occurs at 550 °C (28). Other sources report thermal 

decomposition at 400 °C in UHV and 650 °C in ambient pressures (35,36). 

PtOx can also be reduced to metallic Pt by means of reducing reactants such 

as H2 or NO (35,36). Bernardi et al. show that the reduction process depends 



 

124 Chapter 6 

strongly on temperature and partial pressure of the reducing reactant, 

where the reduction of PtOx occurs more readily for higher temperatures 

and/or higher reducing reactant pressures (37,38). The presence of a 

reducing reactant can also influence PtOx formation. Getman et al. show 

that the conditions that lead to PtOx formation in the presence of NO are 

shifted towards higher oxygen pressure and lower temperature (30). 

We will now discuss the formation of platinum oxide during ALD, starting 

with the role of the oxidizing reactant. Three oxidizing reactants have been 

used for ALD of Pt and PtOx. These are, in increasing order of reactivity: O2 

(7), O3 (6), and O2 plasma (7). On Pt(111) these oxidizing species can reach 

oxygen surface coverages of 0.25, 2.3, and 2.7, respectively. This could 

explain that Pt is obtained for O2 whereas PtOx films with O/Pt ratios of ~1.6 

and 2.7 are obtained for O3 and O2 plasma, respectively. Clearly, the 

strength of the oxidizing reactant determines the oxidation state that can be 

reached, presumably by reaching higher oxygen surface coverages. The 

precise oxygen surface coverage that can be reached using O2 plasma, 

appears to depend directly on tplasma. After all, between 150 and 250 °C PtOx 

is only deposited for sufficiently long O2 plasma exposure times, as shown in 

Figure 6.1. 

Next, we will consider the reduction of platinum oxide during ALD, and 

the role of the precursor as a reducing reagent. Figure 6.1 shows that at 300 

°C, PtOx could be deposited when pprec was lowered from 0.012 to 0.005 

mbar. This is a clear indication that during each O2 plasma step the surface 

layer of the film is oxidized. For sufficiently high precursor exposure 

however, the precursor can act as a reducing reagent, reducing the PtOx that 

is formed during the plasma step into Pt. Reduction by the (MeCp)PtMe3 

precursor during initial growth of  Pt by ALD has also been reported by 

Setthapun et al., who performed a detailed study into the state of the Pt 

during ALD using (MeCp)PtMe3 and O2 gas (39). They observed that after an 

O2 pulse at 300 °C, the Pt was converted from the precursor-bound state to 

the oxidized state of PtOx. During the subsequent precursor pulse, 

performed at 100 °C however, most of the PtOx was reduced into Pt. This 

reduction was ascribed to the organic precursor ligands, which can react 

with the oxygen (25). 

Summarizing, the formation of PtOx during plasma-assisted ALD appears 

to depend on a balance between oxygen radicals acting as an oxidizing 
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reactant driving the process towards the deposition of PtOx, and the 

precursor ligands acting as a reducing reagent driving the process towards 

the deposition of metallic Pt. Based on our results it can be assumed that for 

100≤ Tsub ≤300 °C, the surface layer of the deposited film is oxidized during 

each O2 plasma step. If this oxidized layer is reduced by a sufficiently high 

precursor exposure during the subsequent precursor step, Pt is deposited. If 

the precursor dose is not sufficient to reduce the oxidized layer, PtOx is 

deposited. The stability of the oxidized surface layer against reduction by 

the precursor appears to depend on tplasma. Consider for example the fact 

that at 250 °C, PtOx is deposited for tplasma = 5 s, but Pt is deposited for tplasma 

= 4 s. As mentioned, it is assumed that during the O2 plasma steps of the 

deposition of both films, the surface layer is oxidized. During the precursor 

steps however, both films are also exposed to identical precursor exposures, 

while only the film with tplasma = 4 s is reduced. Apparently, the oxide layer 

created by the longer plasma exposure is more stable against reduction. 

Another important parameter in PtOx formation during ALD is Tsub. Figure 

6.1 clearly shows that for higher temperatures, a longer plasma exposure 

time is required to obtain PtOx. This indicates a decrease in the ability of the 

deposited material to withstand reduction by the precursor for higher 

temperatures. Apparently, reduction occurs at higher rates for higher 

temperatures. Purely temperature-driven spontaneous reduction does not 

appear to occur for Tsub ≤ 300 °C, since PtOx can be deposited even at 300 °C. 

This agrees with reports in the literature where thermal decomposition of 

PtOx was observed to occur above 300 °C (28,35,36). Another way in which 

Tsub may influence the formation of PtOx is through the O/Pt ratio of the 

deposited material. From our results and reports in literature it can be 

concluded that for lower temperatures, material with a higher O/Pt ratio is 

obtained. At a Tsub of respectively 30, 100, and 300 °C, PtOx films with an 

O/Pt ratio of 2.7, 2.5, and 2.2 were deposited (7). Therefore, it can be 

concluded that the (MeCp)PtMe3 precursor and the O2 plasma counteract 

each other in terms of PtOx formation. An increase in O2 plasma exposure 

will promote the formation of PtOx, while an increase in the precursor 

exposure will promote the formation of Pt. The reaction mechanism behind 

the formation of PtOx depends on temperature through the temperature 

dependence of the reduction of PtOx by the precursor and/or through the 

temperature dependence of the obtained O/Pt ratio.  
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Conclusions 

 

A comprehensive study of PtOx formation by the ALD process using 

(MeCp)PtMe3 and O2 plasma has been presented. We demonstrated that by 

controlling O2 plasma exposure time and precursor pressure, PtOx can be 

deposited in a temperature window ranging from 30 to 300 °C. At higher 

substrate temperature, longer O2 plasma exposure and/or lower precursor 

exposure is required to obtain PtOx. Whether PtOx or Pt is deposited, 

therefore appears to be governed by a temperature dependent balance 

between the oxidation by the O2 plasma, and reduction by the organic 

ligands of the (MeCp)PtMe3 molecules. The initial growth regime of the PtOx 

is characterized by the formation of PtOx nanoparticles, which form, grow, 

and finally coalesce. A closed layer with a density approaching the bulk 

density (10 g/cm
3
) is formed after approximately 40 cycles, corresponding to 

a minimum thickness of only ~2 nm. The nucleation delay and GPC were 

found to be very similar on all investigated surface materials (Si, SiO2, TiO2, 

and Al2O3). In-depth analysis of the deposited material at 100 °C showed a 

GPC of 0.052 nm/cycle, an O/Pt ratio of 2.5, and a density of 9.5 g/cm
3
. The 

bulk of the deposited films consists of PtO2 (possibly mixed with PtO3 and/or 

PtO2.H2O), while the Pt in the surface layer is more bonded as PtO, most 

likely through exposure to reducing gasses in the ambient. The material 

properties of the PtOx deposited at 30 °C were comparable to those at 100 

°C, although a slightly higher O/Pt ratio (2.7), a higher GPC (0.059 nm/cycle), 

and a lower density (8.3 g/cm
3
) were found. Finally, the conformality of the 

PtOx films deposited at 100 °C was found to be 90 % for trenches with an 

aspect ratio of 9. 
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Chapter 7 

Controlling the Composition of Pt/PtOx ALD Films in                                   

High Aspect Ratio Trenches by tuning the Precursor Doses  

 

 

 

 

 

 

Abstract 

By controlling the substrate temperature and the (MeCp)PtMe3 vapor and 

O2 plasma doses, atomic layer deposition (ALD) can be used to deposit both 

Pt and PtOx. The coating of high aspect ratio trenches poses an additional 

challenge to the control of the composition, as the precursor and plasma 

doses depend on the depth position inside the trench. Cross-section 

scanning electron microscopy (SEM) and energy dispersive x-ray 

spectroscopy (EDX) studies confirmed that at 100 °C under the dosing 

conditions chosen, spatially separated Pt and PtOx can be simultaneously 

deposited in single trenches with aspect ratios of 9 and 22. Furthermore, it 

was demonstrated that the composition profile (Pt or PtOx) of the deposited 

material inside HAR trenches can be tuned through the precursor and O2 

plasma exposure times.  
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Introduction 

Pt thin films have many applications in the fields of catalysis, 

microelectronics, and sensing (1-4). Depending on its O/Pt ratio, PtOx has 

several additional applications. For example, PtO2 has been examined for 

catalytic oxidation of ethanol and CO, and  PtO has been shown to 

catalytically enhance the performance of gas sensors (5,6). Many of these 

applications for Pt and/or PtOx would benefit greatly from the use of high 

aspect ratio (HAR) nanostructured surfaces because of their increased 

surface-to-volume ratio (7). However, it is not trivial to deposit thin films of 

these materials with precise thickness control, and good uniformity in 3-D 

structures.  

Atomic layer deposition (ALD) has proven to be a technique capable of 

depositing thin layers conformally on substrates containing HAR 3D 

topologies. Recently, we have demonstrated that ALD based on 

(MeCp)PtMe3 and O2 plasma offers the possibility to deposit planar thin 

films of both Pt and PtOx (2.2 < x <2.7) (8,9). Given the relatively high 

resistance of Pt against oxidation however, depositing Pt and PtOx requires 

good control over both the O-radical dose and the (MeCp)PtMe3 dose. As 

we have demonstrated, the composition of the deposited material depends 

on a careful balance between the oxidizing influence of the O-radicals and 

the reducing influence of the precursor molecules (9). During each O2 

plasma step, the surface layer of the deposited film is oxidized, provided the 

O2 plasma exposure is sufficiently high. If this oxidic surface layer is not 

subsequently reduced, PtOx is deposited. If the precursor dose is sufficiently 

high however, the oxidized surface layer that was formed during the O2 

plasma step can be reduced into metallic Pt by the precursor ligands. In this 

case Pt is deposited. The tendency of the deposited film to oxidize or reduce 

depends on the temperature. With increasing substrate temperature, the 

reducing activity of the precursor ligands will increase. Correspondingly, a 

higher O2 plasma dose and/or lower (MeCp)PtMe3 dose are required to 

obtain PtOx at higher temperatures. 

The deposition of Pt or PtOx on planar substrate surfaces is therefore not 

trivial because of the dependency of the composition on temperature, and 

precursor and O2 plasma doses. The challenge to deposit Pt or PtOx films 

conformally on substrates with demanding 3D topology becomes even more 

challenging since precursor and O-radical doses may vary inside these 3D 
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structures. For the deposition inside HAR structures, the precursor and co-

reactant doses are generally optimized to ensure that saturation of the 

surface reactions is achieved throughout the features. However, it is also 

necessary that the delivered doses lead to the desired conformality as well 

as composition across the entire feature depths. Here, four aspects have to 

be considered. 

Firstly, as described in Chapter 5, the (MeCp)PtMe3 precursor and the O-

radicals have close-to-unity sticking probability s. As a result, the wall 

collisions profile (i.e. the particle dose as a function of position inside the 

trench) depends on the position inside the trench and will change during the 

diffusion-limited deposition (10). In order to deliver the saturation dose to 

the deeper parts of the trench, a relatively large dose needs to be delivered 

to the more shallow parts of the trench. Secondly, considering the 

recombination probability r of 0.01 (see also Chapter 5), O-radicals can 

recombine at the Pt surface with O- atoms with a and be lost, whereas 

(MeCp)PtMe3 molecules do not recombine (11). Thirdly, the required O-

radical dose is much greater than the precursor dose, since approximately 

20 O-radicals are required to combust the ligands of one (MeCp)PtMe3 

molecule (12). The collisions profile for precursor particles is therefore very 

different from that of O-radicals, which may have significant consequences 

for the composition of the deposited material inside HAR trenches. Finally, 

as discussed in Chapter 6, there are restrictions to the choice of precursor 

and O2 plasma exposure doses as their interplay affects the composition (i.e. 

Pt vs. PtOx) of the deposited film.  

To gain control over the composition and compositional profile of Pt and 

PtOx inside HAR trenches, the influence of the (MeCp)PtMe3 precursor and 

O2 plasma exposures on the composition of ALD-deposited films inside HAR 

trenches has been studied in this work. The composition of films deposited 

in trenches with aspect ratios of 9 and 22 has been examined using a 

combination of cross-section scanning electron microscopy (SEM) and 

energy dispersive X-ray spectroscopy (EDX). The obtained composition 

profiles will be interpreted, and the implications for ALD of Pt and PtOx will 

be discussed. The insights gained here are also relevant for other noble 

metal ALD processes for which the composition of the deposited material 

depends on precursor and/or reactant doses, such as Ir/IrOx and Ru/RuOx 

(13-15). 
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Experimental setup 

All depositions were performed in an open-load ALD reactor as described 

before (12). The deposition chamber containing the substrate heating stage 

is connected to a turbomolecular pump through a gate valve. An inductively 

coupled plasma source, operated at 100 W input power, is located 

approximately 30 cm above the heating stage. This remote plasma source is 

connected to the deposition chamber through another gate valve. Oxygen is 

fed into the reactor through the plasma source. The pressure inside the 

deposition chamber varied from a base pressure in the order of 7.5∙10
-3 

mTorr during the pump-down step in the ALD cycle, to 75 mTorr during the 

O2 pulse. The temperature of the reactor walls was kept at 80 °C for all 

depositions. The substrate temperature was always 100 °C. The 

(MeCp)PtMe3 precursor (98 % purity, Sigma-Aldrich) was kept at 30 °C and 

was injected into the reactor through a back flange using Ar as a carrier gas 

at a pressure of ~7.5 mTorr.  

Films were deposited on Si trench-samples with trench arrays etched with 

deep reactive ion etching (DRIE) (16). The trenches had the following ARs 

and dimensions (depth [µm] x width [µm]): AR 9 (30.4 x 3.4), AR 22 (22 x 1). 

After the trench etching the Si trench-substrates were covered with 

approximately 100 nm of thermally grown SiO2. The ALD process using 

(MeCp)PtMe3 and O2 plasma was used for 4 separate deposition series 

(labelled A,B,C, and D) with the following O2 plasma and precursor exposure 

times in seconds: A: 5/5, B: 10/5, C: 10/10, D: 20/10. During each deposition, 

both the AR 9 and AR 22 trenches were coated simultaneously. In the 

discussion below, the individual trench samples are named according to 

their O2 plasma/precursor exposure label and their aspect ratio, e.g. A9 

refers to the sample with AR 9 with 5 s O2 plasma and 5 s precursor 

exposure. Each deposition consisted of 1500 cycles.  

Cross-section SEM images were used to characterize the films deposited in 

each of the trenches of interest. Trench samples were imaged after they 

were cleaved perpendicular to the trench heartline as illustrated in Figure 

7.1 (a). SEM images were made on a high-resolution JEOL 7500 FA 

microscope using secondary electron imaging mode.  In addition, energy 

dispersive X-ray spectroscopy (EDX) was used to determine the composition 

of the deposited material of trench A9. EDX measurements were carried out 

perpendicular to the cleavage plane, using an EDAX spectrometer with an 
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SUTW window installed on an FEI Nova 600 DualBeam system. The X-rays 

were collected at a take-off angle of 35°. For each film segment, an EDX 

spectrum was obtained by measuring at a fixed position in the center of the 

deposited layer for 30 seconds with constant beam current (0.4 nA at a 

voltage of 5 kV). The radius of the spot size was in the order of 20 nm, while 

the thickness of the deposited layer of trench A9 was ~90 nm at the trench 

top and ~80 nm at the trench bottom. Therefore, some of the collected X-

rays may originate from the SiO2 underlayer on which the ALD layer was 

deposited. 

 

Aspect ratio depth 

In this work, we will often compare features inside trenches with different 

aspect ratios and dimensions. A convenient unit for these comparisons is the 

normalized position defined as the aspect ratio depth (ARD): 

ARD = D/W.        (Equation 7.1)  

Here, D is the depth position along the trench wall and W is the width of the 

trench. ARD therefore represents the position along the trench wall, 

normalized for the width of the trench. For example, a feature located 15.3 

µm down trench A9 (W = 3.4 µm) has an ARD of 4.5. However, a feature 

located 15.3 µm down trench A22 (W = 1 µm) has an ARD of 15.3.  

Using ARD when comparing features between trenches with different 

dimensions is convenient since only the aspect ratio determines the shape 

of the particle dose profiles (10). After all, the composition of the deposited 

films depends on the precursor and O-radical dose delivered to the surface. 

According to kinetic theory, the mean free paths of the diffusing gas 

particles at their respective pressures of 75/7.5 mTorr are larger than the 

dimensions of the trenches used here, which means that the particles can be 

considered to be in the molecular flow. As a result, particles can be assumed 

to only interact with the walls and not with each other, such that only the 

aspect ratio of the trench influences the collision profiles.  
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Results 

SEM 

We will first discuss the results for sample A9 quite extensively since it can 

serve as an example for the other samples. The SEM images for sample A9 

are shown in Figure 7.1. Figure 7.1 (a) shows an overview of the entire 

trench. Figures 1 (b-h) show close-ups of cross-sections of the trench from 

the trench opening down to the bottom. Figure 7.1 (b) shows the top part of 

the trench which displays a periodic roughness (so-called scallops), which is 

characteristic for the Bosch DRIE etching process (16). The scallop curvature 

is most pronounced in the top part of the etched trench, but it can also be 

seen in the other images for parts deeper in the trench. In Figure 7.1 (d) the 

Si substrate, the thermal SiO2 layer, and the ALD-deposited layer are all 

indicated for clarity. 

In Figures 1 (b-d), the deposited layer is very similar in brightness to the SiO2 

layer, and appears relatively dark.  Figure 7.1 (e) shows a section of the 

trench wall halfway down the trench. Remarkably, a transition in the 

brightness of the deposited layer can be observed, as indicated by the arrow 

in image (e). In the top half of Figure 7.1 (e), the deposited layer appears 

dark, similar to the thermally-grown SiO2 layer underneath. In the bottom 

half of the image however, the deposited layer appears much brighter, and 

a clear brightness distinction can be observed between the deposited layer 

and the SiO2. This change in contrast indicates a change in the composition 

of the deposited material, since the contrast depends on the number of 

detected secondary electrons. The escape probability of the secondary 

electrons depends on the work function of the imaged material, and 

therefore, on the composition (17). Figures 1 (f-g) show sections located 

further down the trench. In these images, the deposited layer also appears 

relatively bright compared to the underlying SiO2 layer. In Figure 7.1 (h), the 

lowest part of the trench wall and part of the trench bottom are shown. As 

can be seen, the layer deposited on the trench wall appears bright, while the 

layer deposited on the actual trench bottom appears darker. Based on these 

and additional images (not shown here) it was established that the 

deposited material appeared darker from the top of the trench down to ARD 

4.5. For 4.5 < ARD < 9, the material deposited on the trench walls appeared 

bright white, while on the trench bottom (ARD = 9) the deposited material 

appeared dark. The brightness profile showed a clear symmetry with respect 
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to the trench heartline, i.e. the transition in brightness was observed at the 

same height for both sidewalls of the same trench. This therefore suggests 

that two distinct materials with different composition were deposited inside 

trench A9. This hypothesis has been confirmed by performing EDX studies, 

as will be discussed below. 

 

 

Figure 7.1. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (5 s exposure) and O2 plasma (5 s exposure) in a trench that has an 

aspect ratio of 9 (trench A9). The trench is etched in Si, and then covered with a 

100 nm thermally grown SiO2 film. The images show the side views of (a) the full 

trench, and (b-h) a subsequent series of images from trench top to trench bottom.  

A similar trend in the transition in brightness of the deposited layer as a 

function of height were made for trench  A22. Figure 7.2 shows cross-

section SEM images of trench A22. Figure 7.2 (a) shows an overview of the 

entire trench, while Figures (b-g) show higher magnification images from the 

entrance of the trench down to the bottom. In Figure 7.2 (b) the deposited 

layer appears dark, while in Figure 7.2 (c) a transition can be seen from dark 

in the top part, towards brighter white in the lower part. In Figure 7.2 (d-g) 

the deposited layer appears bright white, even on the trench bottom. Again, 

based on these and additional images it was established that the deposited 

layer appears dark from the top of the trench down to ARD 5.5, and bright 

white from ARD = 5.5 down to the trench bottom. 
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Figure 7.2. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (5 s exposure) and O2 plasma (5 s exposure) in a trench (trench A22). 

The trench has an aspect ratio of 22 and is etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-e) a subsequent series of images from trench top to trench bottom.  

EDX 

EDX measurements were performed to determine the composition of the 

deposited material along the trench walls and bottom of trench A9. As an 

example, two spectra that were measured 13 µm down the trench (ARD = 

3.8) and 24 µm down the trench (ARD = 7) are shown in Figure 7.3 (a) and 

(b), respectively. Both spectra display the Pt Mα peak originating from the 

deposited ALD-film, the Si Kα peak originating from the SiO2 layer on which 

the ALD-film was deposited, and the O Kα peak from both the ALD-film and 

the SiO2 layer. The peaks of the C Kα signal (0.28 keV) and the Pt N signal 

(0.25 keV) are challenging to assign due to their overlap. The spectrum 

shown in Figure 7.3 (a), displays a relatively intense O-peak and weaker Pt-

peak compared to the spectrum shown in Figure 7.3 (b). The Si-peaks in 

both spectra have similar intensity. This indicates that the ALD-film consists 

of PtOx at ARD = 3.8, while it consists of oxygen-poor Pt at ARD = 7. From 

these EDX studies, one cannot unambiguously prove that the oxygen-poor 

regions consist of metallic Pt. However, taking into account the difference of 

nearly an order of magnitude in oxygen peak heights between the oxygen-

rich and -poor regions and the fact that no stable platinum oxides have been 
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reported with an O/Pt ratio below 1, we conclude that the oxygen-poor 

regions to consist of metallic Pt. The small oxygen-peak measured in these 

regions most likely originates from the SiO2 substrate layer. 

 

In Figure 7.4, the intensity of the O-peak (corrected for background signal) is 

plotted as a function of trench depth. In the upper part of the trench the 

intensity is high, indicating the presence of PtOx. At an ARD of approximately 

4.4, the O-peak intensity drops, indicating a relatively sharp transition from 

PtOx to Pt. The intensity is low for the entire lower part of the trench, with 

the exception of the very trench bottom, where the intensity increases 

again. 

If the results from Figure 7.4 are compared to the images from Figure 7.1, it 

becomes apparent that the dark film segments in Figure 7.1 (b-d) 

correspond to PtOx films. The transition from dark to bright film segments in 

Figure 7.1 (e) coincides with the decrease in O-peak intensity in Figure 7.4. 

Clearly, the composition of the deposited film changes from PtOx to Pt at 

this point. Based on both Figure 7.1 (e) and Figure 7.4, the distance over 

which the transition in composition takes place seems confined to several 

µm. The bright film segments in Figure 7.1 (f, g) are clearly of Pt deposited in 

the region from ARD = 4.5 down to ARD = 9. The transition in brightness 

near the trench bottom shown in Figure 7.1 (h) coincides with the increase 

in O-peak intensity in Figure 7.4 and is clearly due to a transition from Pt to 

PtOx.  
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Figure 7.3. EDX spectra acquired by spot analysis halfway the thickness of the 

deposited Pt/PtOx layer, measured (a) at ARD = 3.8 in trench A9, and (b) at ARD = 

7 in trench A9. Both spectra display the Pt-Mα peak from the ALD-film, the Si-Kα 

peak originating from the SiO2 layer on which the ALD-film was deposited, and O 

Kα peaks from either the ALD-film or the SiO2 layer. The peak that appears at 

approximately 0.25 keV is that the position of C Kα (0.28 keV) and Pt N (0.25 keV) 

and can therefore not be uniquely assigned. 
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Figure 7.4. Intensity of the O-Kα peak as measured using EDX, as a function of 

depth for trench A9. The line serves as a guide to the eye.  

Given the agreement between the EDX results and the brightness profiles 

visible in the SEM images, the composition of the deposited layer for the 

other trenches (series B, C, and D) was determined based solely on SEM 

images. A more elaborate and representative selection of these SEM images 

can be found in the Appendix. Schematically represented results as a 

function of ARD for all the deposition experiments are summarized in Figure 

7.5. In this figure, the composition is indicated by color for each trench: red 

for PtOx and blue for Pt. Each trench is depicted schematically, and only the 

left part of each trench is shown, since the deposition profiles were 

symmetric. For clarity, the precursor and O2 plasma exposure times are 

indicated above. The black braces indicate these trench areas for which it 

was more challenging to determine the composition due to peel-off of the 

deposited layers that occurred in sample preparation for SEM inspection. 

This peeling is due to the poor adhesion between the Pt / PtOx layer and the 

SiO2. Despite this peeling however, the composition could still be 

determined with reasonable certainty. 

Figure 7.5 shows that for trenches A9 and A22, PtOx is deposited in the top 

part of the trench for 0 < ARD < ~5. This illustrates the advantage of 

comparing the deposition profiles in terms of ARD. In both trenches Pt is 

deposited down the remainder of the trench, with the exception that for A9 



 
141 Chapter 7 

PtOx is deposited at the very bottom. The similarity in the composition 

profiles (when regarded as a function of ARD) can be attributed to the 

identical precursor and O2 plasma exposures that were used for both 

trenches. This is evidence for the assumption that for trenches of these 

dimensions, the collision profile of the particles is determined by the aspect 

ratio rather than the actual dimensions of the trench. 

Figure 7.5 furthermore shows that when the O2 plasma exposure time is 

increased to 10 s, PtOx is deposited throughout both trenches, as indicated 

for B9 and B22. If then the precursor exposure time is also increased to 10 s 

(C9 and C22), Pt is again deposited for ARD > ~5 with the exception of the 

trench bottoms. Finally,  precursor and O2 plasma exposure times of 10 and 

20, respectively, again result in the deposition of PtOx throughout both 

trenches. 

 

Figure 7.5. Schematic representation of the composition profiles of the ALD-films 

in the trenches, indicating the deposition of either PtOx (red) or Pt (blue). The black 

braces indicate trench segments where layer peeling occurred during SEM sample 

preparation. The precursor and O2 plasma exposure times (in s) are indicated for 

clarity. 
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Discussion 

For ALD using (MeCp)PtMe3 vapor and O2 plasma, the composition of the 

deposited material depends on the balance between the O-radical dose and 

the precursor dose. The composition of the deposited material tends to be 

PtOx for higher O-radical doses and/or lower precursor doses. Figure 7.5 

shows that for a precursor and O2 plasma exposure time of 5 s, PtOx is 

deposited in the top parts of the trenches (0 < ARD < ~5). Clearly, the O-

radical dose in this segment is high enough to create stable PtOx. In the 

lower parts of the trench (ARD > ~5) Pt is deposited, with the exception of 

the bottom of trench A9. The deposition of Pt in the lower parts of the 

trench can be ascribed to a change in the ratio of the precursor/plasma 

doses. This change in the ratio can be due to either an increase in the 

precursor dose, or to a decrease in the O-radical dose as a function of ARD. 

Given that both the precursor and O-radical doses will decrease as a 

function of ARD, the formation of Pt is apparently due to a decrease in the 

O-radical dose. Deposition of PtOx on the bottom of trench A9 can be 

explained by the O-radical dose that is caused by O-radicals impinging on 

the bottom without first interacting with the walls (i.e. direct line-of-sight 

impact) (10). 

The assumption that the deposition of Pt can be ascribed to a reduced O-

radical dose is consistent with the observation that for an increased O2 

plasma exposure time PtOx is deposited throughout both trenches. This is 

shown in Figure 7.5 for trenches B9 and B22, where the O2 plasma exposure 

time was increased to 10 s. This demonstrates again that the composition of 

the deposited material inside the trenches can be controlled using the O2 

plasma exposure time. 

For the deposition in trenches C9 and C22, the precursor exposure time was 

increased to 10 s. This led to a composition profile that is roughly the same 

as that of deposition A. Given that the O2 plasma exposure times for 

depositions B and C are the same and only the precursor exposure time 

changed, this is clear evidence of the reducing activity of the precursor. This 

experiment also demonstrates that the O2 plasma and precursor exposure 

times can be used independently to control the composition of the 

deposited material inside the trenches. This is demonstrated once more by 

the composition profiles of trenches D9 and D22, which are virtually 

identical to those of B9 and B22. 
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We furthermore note that the deposition of Pt is remarkable since plasma-

assisted ALD of Pt without any additional reducing gasses at 100 °C has not 

been reported before to the best of our knowledge. Clearly, the O-radical 

dose in the trenches can be tuned such that it is high enough to saturate Pt 

ALD-surface reactions but low enough to prevent the formation of stable 

PtOx at 100 °C. 

Our findings emphasize that in order to deposit either Pt or PtOx inside HAR 

features, the O-radical and precursor dose must be well controlled to ensure 

the desired composition of the deposited material. This can be done directly 

by controlling the O2 plasma and precursor exposure times. For the 

deposition of Pt inside HAR features, it may be necessary to deposit either at 

higher substrate temperatures, or make use of an additional reducing 

gas/plasma (i.e. H2). For the deposition of PtOx sufficiently high O-radical 

doses are required, preferably with minimal precursor doses. 

Finally, we note that the observations reported here may also be relevant 

for other noble metal (oxide) ALD processes such as Ir/IrOx and Ru/RuOx (13-

15). For example, the composition of the deposited material in the Ir/IrO2 

ALD process has also been shown to depend on temperature and oxygen 

pressure (13). 

Conclusion 

Both Pt and PtOx can be deposited inside high aspect ratio trench structures 

using plasma-assisted ALD at 100 °C. The composition and compositional 

profile were found to depend on the (MeCp)PtMe3 precursor and O2 plasma 

doses, which can be tuned by controlling the precursor and O2 plasma 

exposure times. This stems from the fact that inside HAR trenches, the O-

radical and precursor doses depend on the vertical depth position inside the 

trench (i.e. the aspect ratio depth (ARD)). At the conditions under which 

both materials were deposited inside the same trench, PtOx was deposited 

in the upper parts of the trench, while Pt was deposited in the lower parts. 

By increasing the O2 plasma exposure time the transition from PtOx to Pt 

could be shifted deeper into the trench. Conversely, by increasing the 

precursor exposure time this transition could be shifted towards the upper 

parts of the trench. Furthermore, this work demonstrates that Pt can be 

deposited using plasma-assisted ALD at 100 °C without additional reducing 

gasses.   



 
144 Chapter 7 

Bibliography 

1.   N. Fu, X. Xiao, X. Zhou, J. Zhang, and Y. Lin, J. Phys. Chem. C 116, 2850 

(2012). 

2.   L. C. Tien, P. W. Sadik, D. P. Norton, L. F. Voss, S. J. Pearton, H. T. 

Wang, B. S. Kang, F. Ren, J. Jun, and J. Lin, Appl. Phys. Lett. 87, 222106 

(2005). 

3.   A. L. Marsh and J. L. Gland, Surf. Sci. 536, 145 (2003). 

4.   C. T. Hsieh, Y. Y. Liu, D. Y. Tzou, and W. Y. Chen, J. Phys. Chem. C 116, 

26735 (2012). 

5.   M. D. Ackermann, T. M. Pedersen, B. L. M. Hendriksen, O. Robach, S. 

C. Bobaru, I. Popa, C. Quiros, H. Kim, B. Hammer, S. Ferrer, and J. W. 

M. Frenken, Phys. Rev. Lett. 95, 255505 (2005). 

6.   D. Haridas, K. Sreenivas, and V. Gupta, Sensors and Actuators B-

Chemical 133, 270 (2008). 

7.   G. Pardon, H. K. Gatty, G. Stemme, W. van der Wijngaart, and N. 

Roxhed, Nanotechnology 24, 015602 (2013). 

8.   H. C. M. Knoops, A. J. M. Mackus, M. E. Donders, M. C. M. van de 

Sanden, P. H. L. Notten, and W. M. M. Kessels, Electrochem. Solid-

State Lett. 12, G34 (2009). 

9.   I. J. M. Erkens, H. C. M. Knoops, T. F. Landaluce, A. J. M. Mackus, M. 

Verheijen, F. Roozeboom, and W. M. M. Kessels, Accepted for 

publication in Chemical Vapor Deposition (2014). 

10.  H. C. M. Knoops, E. Langereis, M. C. M. van de Sanden, and W. M. M. 

Kessels, J. Electrochem. Soc. 157, G241-G249 (2010). 

11.  D. S. Hacker, S. A. Marshall, and M. Steinberg, J. Chem. Phys. 35, 1788 

(1961). 

12.  I.J.M. Erkens, A. J. M. Mackus, H. C. M. Knoops, P. Smits, T.H.M. van 

de Ven, F. Roozeboom, and W. M. M. Kessels, ECS Journal of Solid 

State Science and Technology 1, 255 (2012). 

13.  S. W. Kim, S. H. Kwon, D. K. Kwak, and S. W. Kang, J. Appl. Phys. 103, 

023517 (2008). 

14.  T. Aaltonen, P. Alen, M. Ritala, and M. Leskelä, Chem. Vap. Deposition 

9, 45 (2003). 

15.  K. G. Kreider, M. J. Tarlov, and J. P. Cline, Sensors and Actuators B-

Chemical 28, 167 (1995). 



 
145 Chapter 7 

16.  F. Lärmer et al., in Handbook of Silicon Based MEMS Materials and 

Technologies (eds. V. Lindroos et al. ),Elsevier (Oxford, 2010) p. 349. 

(2010). 

17.  J. Cazaux, Journal of Electron Microscopy 61, 261 (2012). 

 

 

 

 



 
146 Chapter 7 

Appendix: SEM images 

Figure 5 shows a schematic representation of the composition profiles of 

ALD films deposited inside the trenches A9 through D22. Each segment is 

indicated to consist of either PtOx or Pt. The composition has been 

determined on the basis of the brightness of the deposited film compared to 

the brightness of the thermally grown SiO2 layer underneath in SEM images 

of the respective trenches. In this appendix, we show a representative 

selection of these images for trenches B9 through D22. As mentioned 

before, the individual trench samples are named according to their O2 

plasma/precursor exposure times (A: 5/5, B: 10/5, C: 10/10, D: 20/10) and 

their aspect ratio, e.g. A9 refers to the sample with AR 9 with 5 s O2 plasma 

and 5 s precursor exposure. 

SEM images for trench B9 

 

Figure 7.6. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (5 s exposure) and O2 plasma (10 s exposure) in the trench. The 

trench has an aspect ratio of 9 and has been etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-f) a subsequent series of images from trench top to trench bottom, their 
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positions indicated by the aspect ratio depth (ARD). In this trench, PtOx is observed 

along the entire trench wall. 

SEM images for trench B22 

 

Figure 7.7. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (5 s exposure) and O2 plasma (10 s exposure) in the trench. The 

trench has an aspect ratio of 22 and has been etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-f) a subsequent series of images from trench top to trench bottom. In this 

trench, PtOx is observed along the entire trench wall. 
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SEM images for trench C9 

 

Figure 7.8. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (10 s exposure) and O2 plasma (10 s exposure) in the trench. The 

trench has an aspect ratio of 9 and has been etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-f) a subsequent series of images from trench top to trench bottom. In this 

trench, a higher brightness region is observed in image (e). 
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SEM images for trench C22 

 

Figure 7.9. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (10 s exposure) and O2 plasma (10 s exposure) in the trench. The 

trench has an aspect ratio of 22 and has been etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-f) a subsequent series of images from trench top to trench bottom. In this 

trench, a higher brightness region is observed stretching from ARD = 4.5 to 22. 
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SEM images for trench D9 

 

Figure 7.10. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (10 s exposure) and O2 plasma (20 s exposure) in the trench. The 

trench has an aspect ratio of 9 and has been etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-f) a subsequent series of images from trench top to trench bottom. In this 

trench, PtOx is observed along the entire trench wall. 
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SEM images for trench D22 

 

Figure 7.11. SEM images of an ALD film deposited using 1500 cycles of 

(MeCp)PtMe3 (10 s exposure) and O2 plasma (20 s exposure) in the trench. The 

trench has an aspect ratio of 22 and has been etched in Si, covered with a 100 nm 

thermally grown SiO2 film. The images show the side views of (a) the full trench, 

and (b-f) a subsequent series of images from trench top to trench bottom. In this 

trench, PtOx is observed along the entire trench wall. 
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Chapter 8 

 

Room Temperature Sensing of O2 and CO by 

Atomic Layer Deposition Prepared ZnO Films 

Coated with Pt Nanoparticles* 
 

 

 

 

 

Abstract 

 

Ultralow-power gas sensing devices need to operate without an energy 

consuming heater element. This requires the design of sensing devices that 

are so efficient that they can operate at room temperature (RT). Here, we 

report on the RT sensing performance of atomic layer deposition (ALD) 

prepared i-ZnO and Al-doped ZnO sensing devices. The sensitivity of these 

devices has been catalytically enhanced with ALD Pt nanoparticles (NPs). It 

was shown that the size distribution of the Pt NPs can be controlled by the 

number of Pt-ALD cycles. The Pt-enhanced sensing devices showed a 

reversible, proportional change in current response at RT upon exposure to 

O2 and CO. O2 could be detected, diluted in N2, down to 0.5%. CO could be 

detected, diluted in N2 in the presence of O2 and H2O, down to 20 ppm. 

Reference devices without Pt NPs showed no response, indicating the 

importance of the Pt NPs for the sensing mechanism.  

 

 

 

 

 

 

 

 

*Published as: I.J.M. Erkens, M.A. Blauw, M.A. Verheijen, F. Roozeboom and 

W.M.M. Kessels, ECS transactions 58,  203 (2013) 
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Introduction 

 

Metal-oxide (MO) thin-film gas sensors have attracted a lot of attention due 

to their low cost, simple fabrication, and long life (1). Zinc oxide (ZnO) is 

considered one of the most promising materials for gas-sensing applications, 

because of its chemical sensitivity to many gases, high chemical stability, 

suitability to doping, non-toxicity, and low cost (2). The working principle of 

most MO-based gas sensors depends on the change in conductivity of the 

MO layer upon a change in concentration of oxidizing or reducing gases in 

the environment of the sensor (1,3). The sensing mechanism is mainly 

governed by oxygen vacancies on the surface which are electrically and 

chemically active. In an n-type semiconductor MO, the majority charge 

carriers are electrons. When a layer of the MO is exposed to charge-

accepting molecules such as O2, oxygen species (O2
-
, O

-
, O

2-
) are ionosorbed 

on the surface, where they will trap electrons from the conduction band of 

the MO layer (4). The trapping of electrons leads to a reduction of the 

conductivity of the MO layer, proportional to the concentration of the 

oxidizing gas (1,3). Therefore, by measuring the change in conductivity, the 

gas concentration can be determined. Similarly, reducing molecules can be 

detected, provided ionosorbed surface oxygen species are available (from 

O2 in the ambient). In this case, molecules such as CO and H2 can react with 

the surface-adsorbed oxygen thereby releasing trapped electrons and 

increasing the conductance. For e.g. O2 and CO the gas sensing responses by 

an n-type MO can therefore be represented as follows: 

  

Oxidizing response: O2 (g) + e
-
 → O2

-
surface .      (Equation 8.1) 

 

Reducing response: CO (g) + O
-
 surface → CO2 (g) + e

-
     (Equation 8.2)  

 

For p-type MO films where the majority charge carriers are holes, the 

reaction mechanism with respect to reducing/oxidizing response will be 

reversed: the trapping of electrons (oxidizing response) will lead to an 

increase in the number of holes, and therefore to an increased conductivity 

(5,6). Although it is generally accepted that this mechanism describes MO 

sensing, it is recognized that effects of the microstructure of the MO, such 

as the ratio of surface area to volume, grain size, pore size, and film 

thickness play an important role (3). 
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The key parameters of a sensor are its sensitivity, response time, and 

recovery time. The sensitivity S is generally defined as the ratio of change of 

resistance for the test gas mixture Rt, to the resistance in a reference gas 

mixture Rr (1): 

 

S =|Rr-Rt|/Rr .        (Equation 8.3)  

 

The response time of a sensor can be defined as the 1/e time required for 

the transition from Rr to Rt upon exposure to a certain test gas 

concentration. Similarly, the recovery time can be defined as the 1/e time 

required for returning from Rt to Rr.  

 

The sensitivity, response time, and recovery time of ZnO thin-film sensing 

devices depend strongly on the operation temperature of the sensing layer, 

because adsorption and desorption are temperature-activated processes. 

The optimal operating temperature in conventional ZnO sensing devices is 

usually between 200 and 500°C. This requires a heating element next to the 

sensing layer, leading to extra power consumption in the order of several 

mW. This is too high for application in autonomous ultralow power systems 

which operate preferably at ~100 µW. Therefore, in order to reduce power 

consumption, the sensitivity of these devices needs to be increased, 

preferably such that room temperature (RT) operation becomes possible.  

 

One way to increase the sensitivity of a ZnO layer to gases is to increase its 

surface to volume ratio, e.g. by making use of ZnO ultrathin-films (7,8). The 

smallest practical ZnO film thickness is approximately 40 nm, which is the 

critical thickness with respect to the resistivity (9). Below this critical value, 

the resistivity increases abruptly due to the scattering of electrons at grain 

boundaries. A higher sensitivity can also be achieved by nanostructuring the 

ZnO sensing devices (10,11). For example, high aspect ratio ZnO nanowires 

show a significant increase in response at room temperature compared to 

thin films (10). Another method to optimize the sensitivity of sensing devices 

at RT is to make use of doping. For example, if ZnO is doped with Al, its 

conductivity is increased. We note, that the level of Al doping is very 

important and needs to be controlled precisely (12).  
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Another method for optimizing the sensitivity of sensing devices is by 

catalytic enhancement. Several studies have shown remarkable 

improvement in gas sensing performance upon loading the sensing layer 

with metallic catalyst such as Pt, Pd, Ag, etc. (11,13-17). To explain the 

performance enhancement by the catalytic materials, two effects are 

mentioned (14): 

 

Firstly, the work function of noble metal catalysts is generally higher than 

that of the semiconducting MO layer. This work function may lead to the 

formation of a space charge barrier at the metal -semiconductor interface 

due to the transfer of electrons from the MO into the noble metal. This has 

been shown to lead to an increased value of Rr at room temperature for 

SnO2-metal catalyst structures, improving the Rr / Rt response (14). 

 

Secondly, another property of noble metals that is mentioned regarding 

their use in gas sensors, is their ability to dissociate many molecular bonds. 

This has led not only to a wide use in catalytic reduction and oxidation 

processes but also to the detection of reducing or oxidizing gases (18). After 

dissociation, the molecular fragments can spillover from the noble metal to 

the MO, where they can adsorb on the surface and/or react with the surface 

species. For the application of catalysts to the surface of an MO sensing 

layer, the surface coverage, size distribution, and shape of the added 

catalytic material are very important (16). Noble metal nanoparticles (NPs) 

have a high catalytic activity due to nano-size effects and their high surface 

to volume ratio. Therefore, they are often employed in catalysis (19). 

 

Opportunities for ALD in sensing 

 

Atomic layer deposition (ALD) is a thin-film deposition technique, consisting 

of self-limiting chemical reactions between volatile precursor or reactant 

molecules and surface groups, carried out in a cycle-wise fashion. Due to the 

unique merits of ALD, it shows great potential for gas sensing applications. 

Firstly, ALD offers sub-nanometer thickness control with high uniformity 

over large substrates. Precise thickness control is very important since the 

sensitivity in thin-film sensing devices depends on film thickness, and shows 

an optimum when dimensions are in the order of the Debye length (9). 

Doping by ALD is also relatively straightforward, due to the cycle-wise 
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fashion of the process. This enables the use of super cycles, in which dopant 

cycles are carried out in between the cycles of the MO matrix. In this 

manner, ALD can be used to deposit, e.g. both i-ZnO and Al-doped ZnO with 

excellent material properties (20,21). High quality Pt can also be deposited 

using ALD, with the ability to deposit Pt NPs as well as thin films (19,22,23). 

Pt NPs can catalytically enhance sensing devices. Furthermore, due to the 

self-limiting nature of the ALD half-reactions, extremely conformal layers 

can be deposited in 3-D substrates such as high aspect ratio trenches and 

anodized aluminum oxide (AAO) substrates. For example, conformal ALD 

ZnO films have been deposited in AAO pores with aspect ratio well over 100, 

and for plasma-assisted ALD of Pt, trenches with aspect ratios up to 22 have 

been coated conformally (24,25). All these aspects make ALD a promising 

technique to fabricate ZnO thin-film sensing devices and to coat these 

devices with Pt nanoparticles.  

 

ALD can be used to deposit i-ZnO by subsequently exposing a substrate to 

diethyl Zn (DEZ, Zn(C2H5)2) and deionized water vapor: 

 

ZnOH* + Zn(C2H5)2 → ZnOZn(C2H5)* + C2H6   (Equation 8.4)  

 

Zn(C2H5)* + H2O → ZnOH* + C2H6,    (Equation 8.5) 

 

where asterisks denote surface species (21). Between the exposure to the 

precursor and the deionized water vapor, purge steps are applied to remove 

excess gases and reaction products. Each ALD cycle consists therefore of a 

precursor step, a purge step, a de-ionized water vapor step, and another 

purge step. The growth per cycle (GPC) for ZnO at 250°C is typically 0.16 

nm/cycle. Al-doped ZnO can also be deposited using ALD by working in 

super cycles. This basically means that the DEZ is replaced by trimethyl 

aluminum (TMA, AlMe3) after a certain number "n" DEZ cycles (20). An Al-

doped ZnO supercycle can therefore be defined as n cycles with DEZ, plus 1 

cycle with TMA, where n is referred to as the cycle ratio. The GPC of a single 

Al2O3 cycle on a ZnO matrix is 0.15 nm/cycle. By tuning n, the Al 

concentration in the Al-doped ZnO can be controlled very precisely. 

 

For the deposition of thin films of Pt the ALD process using (MeCp)PtMe3 

and O2 gas has become very popular (26-32). As a result, the reaction 
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mechanism has been studied quite extensively, and can be expressed 

through an overall expression such as (29,30): 

 

2 (MeCp)PtMe3(g) + 3 O(ads) →  

 

2 (MeCp)PtMe2(ads) + CH4(g) + CO2(g) + H2O(g)    (Equation 8.6)  

 

 

2 (MeCp)PtMe2(ads) + 24 O2(g) →  

 

2 Pt(s) + 3 O(ads) + 16 CO2(g) + 13 H2O(g).    (Equation 8.7)  

 

Instead of O2 gas, an O2 plasma can also be used as a reactant. The 

advantages of using an O2 plasma rather than O2 gas are an extended 

temperature window (RT-300°C), faster nucleation on oxidic surfaces, and 

the possibility to deposit PtOx as well as metallic Pt. During the nucleation 

stage, the Pt ALD process is characterized by a Volmer-Weber growth mode, 

where Pt NP islands form, grow, and coalesce during the initial cycles. A fully 

closed layer of Pt is not formed until a thickness of approximately 7 nm is 

reached in the case of the plasma-assisted process (23,31). This makes it 

possible to use ALD to deposit Pt NPs as well as thin films with control over 

the NP size distribution through the number of cycles. The nucleation of the 

Pt ALD process depends on the wetting condition of the substrate surface, 

and may therefore differ from one substrate material to another.  

 

The primary goal of this work was to demonstrate that ALD can be used to 

fabricate ZnO sensing devices with Pt NPs, and to evaluate the RT sensing 

performance of these devices for O2 and CO. Since to the best of our 

knowledge, the deposition of ALD Pt NPs onto i-ZnO has not been studied to 

date, we also report on the nucleation behavior of Pt ALD on ZnO. We note 

here, that combining Pt and Zn-based materials in a stacked layer does not 

necessarily yield two well separated material systems. The reason is that the 

diffusion of Zn through Pt has been reported in the literature, both when Pt 

was deposited on Zn-based materials and vice versa (33-35). The diffusion 

coefficient for Zn into Pt is estimated to be 5∙10
-15

 cm
2
sec

-1
 at 100 °C, while 

the diffusion coefficient for Zn into e.g. Cu is 4∙10
- 22

 cm
2
sec

-1
 (36). 
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Furthermore, Zn and Pt are reported to be able to form alloy phases of 

different stoichiometries, e.g. PtZn and Pt3Zn (37). 

 

 

Experimental setup 

 

The i-ZnO layers that were used to study the nucleation and growth of Pt 

NPs consisted of 40 nm ZnO films deposited on Si substrates with 450 nm 

thermally grown SiO2 on top. Diethyl-Zn (Zn(C2H6)2) was used as precursor 

and de-ionized water vapor as reactant and the substrate temperature was 

250°C. The ZnO films were deposited on an open-load Oxford Instruments 

OPAL
TM

 reactor. Pt was deposited onto the ZnO films using (MeCp)PtMe3 

precursor (98% purity, Sigma-Aldrich) and O2 plasma at 300°C, in a home 

built open-load reactor, described elsewhere (28). Prior to each Pt 

deposition, the ZnO samples received a 60 s O2 plasma pre-treatment to 

remove any possible organic contaminants. 

 

i-ZnO / Al-doped ZnO

Si

Pt NPs
electrode electrode

SiO2

 
Figure 8.1. Schematic of the gas sensing device. More details are described in Refs. 

(7,8). 

 

The thickness of the deposited Pt and ZnO layers was determined using a J. 

A. Woollam, Inc. M2000U ellipsometer. The Pt layers were modeled using a 

Drude-Lorentz parameterization, while the model for the ZnO layer 

contained a Drude term and a PSemi-M0 oscillator. To study the formation 

of Pt nanoparticles on ZnO, several TEM windows (14 nm thick Si3N4 

membranes) were first coated with approximately 3-5 nm thick ZnO film 

using the same ALD process as used for the SiO2/Si substrates. Next, 30, 60, 

75, 250, 350, and 500 cycles of Pt ALD were applied on these TEM windows. 

TEM studies were performed using an FEI Tecnai F30ST microscope 
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operated at 300 kV in high angle annular dark field (HAADF) - scanning TEM 

(STEM) mode. XPS experiments were performed on a Thermo Scientific K-

Alpha KA1066 spectrometer with monochromatic Al Kα X-ray sources (hν = 

1486.6 eV). 

A schematic of the gas sensing devices is shown in Figure 8.1. The i-ZnO films 

were deposited at 360°C in an ASM reactor with an EmerALD module. Al-

doped ZnO films with a thickness of 40 nm were deposited by alternating 20 

cycles DEZ and water vapor with 1 cycle of TMA and water vapor at 180°C 

(20). The ZnO films were deposited on substrates consisting of 500 nm 

thermal SiO2 on Si. To measure the conductivity of the ZnO layer (sample 

area approximately 1 cm²), Al electrodes (200 nm thick and 500 μm wide) 

were deposited on the ZnO layer using a shadow mask. Rapid thermal 

annealing (RTA) at 400°C in flowing N2 was used for 60 s to decrease the 

contact resistance and improve the ZnO conductivity. Pt nanoparticles were 

deposited on both the i-ZnO and Al-doped ZnO sensing devices using 30, 50, 

and 70 cycles of Pt ALD. After the deposition of the Pt NPs, the devices were 

again treated with an RTA at 400°C for 60 s in N2. The performance of 

reference sensing devices (without Pt NPs) was compared to that of Pt 

enhanced sensing devices.  

 

The sensitivity of the ZnO sensing devices to O2 and CO was tested in a gas-

tight probe station, where a constant gas flow of 1 slm was maintained. O2 

and CO concentrations in the probe station were prepared by mixing a 

synthetic air flow with pure O2 or CO (0.1% volume percentage in N2). The 

humidity in the probe station was regulated by bubbling the main gas flow 

through bubblers containing distilled water. The O2 concentrations could be 

mixed with accuracy of 0.1% (volume percentage). The CO concentrations 

with an accuracy of below 1 ppm could be maintained and the relative 

humidity could be varied from 0 to 100%. The current response of the ZnO 

layer was measured at a constant DC voltage of 1 V by using a 

semiconductor parameter analyzer (Agilent B1500A). All the gas sensing 

experiments were performed at room temperature. 

 

Results 

Pt ALD on ZnO 

Figures 2 (a-g) show TEM images of the ZnO-covered TEM windows after 0, 

30, 60, 75, 250, 350, and 500 cycles of plasma-assisted ALD of Pt. Figure 8.2 
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(c) shows a zoomed in section of Figure 8.2 (b) (30 cycles) as indicated by the 

black square. In these images, the formation and subsequent coalescence of 

Pt NPs becomes apparent. In Figure 8.3, the size distribution of the NPs for 

30, 60, and 75 cycles is plotted. In Figure 8.4, the total surface coverage (a), 

average particle size (b), and the particle density (c) of the deposited Pt NPs 

are plotted as a function of number of cycles between 0 and 250 cycles. 

 

Figure 8.2 (a) shows the bare ZnO-covered TEM window (0 cycles Pt ALD), 

where the ZnO grains can clearly be seen. After 30 cycles of ALD (Figure 8.2 

(b)), Pt NPs can be distinguished as bright spots on top of the granular ZnO 

background (see also the zoomed in section in Figure 8.2 (c)). Figure 8.3 and 

4 show that there is a relatively large number of small particles at the 

surface (no NPs with an area larger than 4 nm² were detected), that cover 

only a small part (~5 %) of the surface. After 60 cycles, these NPs have 

grown (average size is ~7 nm
2
) and started to coalesce. The ZnO grains in the 

background can hardly be discerned anymore. After 75 cycles (Figure 8.2 (e)), 

the NPs have continued to grow and coalesce into islands-like structures. 

After 250 cycles, Figure 8.2 (f) shows almost 70 % of the ZnO substrate 

covered with Pt. In Figure 8.2 (g) (350 cycles) the Pt layer completely covers 

the surface and has formed relatively large granular structures. The darker 

regions in Figure 8.2 (g) are believed to be due to differences in height of the 

Pt layer, rather than indicating uncovered ZnO. The same holds for Figure 

8.2 (h), where the same granular structure appears after 500 cycles. The 

projected area of the Pt grains in both Figure 8.2 (g) and (h) is approximately 

35 nm
2
.  
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Figure 8.2. HAADF-STEM images of 4 nm thick ZnO covered TEM windows with, 0, 

30, 60, 75, 250, 350, and 500 cycles of plasma-assisted ALD of Pt carried out on top. 

Panel (c) shows a zoomed in section of panel (b) (30 cycles) as indicated by the 

black square. 

 

 

 

 
 

Figure 8.3. The size distribution on a logarithmic scale for Pt nanoparticles 

deposited on ZnO using 30, 60, and 75 ALD cycles. 
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Figure 8.4. The total surface coverage (a), average particle size (b), and the 

particle density (c) of the Pt nanoparticles deposited on ZnO as a function of the 

number of Pt-ALD cycles. 

 

 

To investigate the diffusion of Zn through Pt, XPS analysis was carried out on 

Pt films prepared by 2 to 2000 ALD cycles. The data (not shown here) 

showed the presence of both Zn and Pt for each sample, even for those with 

Pt films with a thickness of over 90 nm (XPS penetration depth ~10 nm). This 

clearly indicates the diffusion of Zn through the ALD-deposited Pt films. The 

diffusion behavior of Zn in the presence of Pt NPs requires further study. 

 

Gas sensing measurements 

into the for Figure sex underground Figure 8.5 shows the current response 

of Al-doped ZnO sensing devices to exposure to O2 diluted in pure N2 at RT, 

with Pt NPs (a), and without Pt NPs (b). The Pt NPs were deposited using 50 

cycles of Pt ALD. During the experiments, different O2 levels were admixed 

to the N2 gas, as indicated by the dotted lines. Each O2 dose lasted 1 hour. 

Although Figure 8.5 (a) and (b) have different baselines, the displayed range 

in both graphs is the same. As can be seen, the sensing device without Pt 

NPs shows no discernible current response to exposure to O2 at RT. The 

sensing device with Pt NPs however, shows a clear proportional increase in 

current response upon exposure to O2. For a fraction of 0.5 % the baseline 

current response (Ib) is ~4.21 (arbitrary units) at the onset of O2 dosing and 
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increases until the saturation current response (Is) of 4.45 is reached. The 

sensitivity can now be defined as: 

 

S = |Is - Ib|/Ib,       (Equation 8.8)  

 

yielding a sensitivity of 5.7 % for a fraction of 0.5 %. For higher oxygen 

fractions the sensitivity was also calculated, and the results are shown in 

Figure 8.6 (a). Since for an oxygen fraction of 5 % and higher, Is is not 

reached within the 1-hour oxygen flow period, the sensitivity was calculated 

by replacing Is by the maximum current response Im. This will however lead 

to an underestimation of the sensitivity and the response and recovery 

times. 

 

 Figure 8.6 (b) shows the response and recovery times as a function of 

oxygen fraction. Response time is defined as the time it takes the current 

response to transit from Ib to Ib+(1-1/e)∙(Is-Ib) where Is may be replaced by Im 

when appropriate; in short, the response time is the time required to reach 

~63% of the saturation current response or the maximum current response. 

The recovery time is defined as the time it takes the current response to go 

from Is to Ib+(1/e)∙(Is-Ib). The response and recovery times are relatively 

similar in magnitude and show that the sensing mechanism is relatively slow. 

Even for low oxygen fractions, response/recovery time is of the order of 

minutes. 

 

The sensing devices with 30 and 70 cycles of Pt ALD also showed a response 

although both displayed a lower sensitivity than those with 50 cycles of Pt 

ALD: the sensitivities for 20% O2 fraction was 15% for 30 cycles, and 4% for 

70 cycles. The response of the sensing devices with 50 cycles of Pt ALD was 

also tested in the presence of H2O (40% relative humidity), which showed a 

slight increase in the sensitivity compared to the results in pure N2: ~55% for 

an O2 fraction of 20%. The i-ZnO sensing devices with NPs also showed a 

similar response to O2 at RT with a sensitivity of ~7% for an O2 fraction of 

20%. Compared to the Al-doped ZnO devices, the response and recovery 

times of the i-ZnO devices were somewhat longer. 
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Figure 8.5. Current response upon exposure to different levels of O2 in N2 at room 

temperature for Al-doped ZnO with (a) Pt nanoparticles, and without (b) Pt 

nanoparticles. Dotted lines indicate when the O2 gas flow was turned on. The O2 

percentages ranged from 0.5 to 20 %. 

 

 

 

 

 
 

 

Figure 8.6. Sensitivity, response time, and recovery time as a function of the gas 

fractions (O2 and CO) to be detected for the Al-doped ZnO sensing devices 

operated at room temperature. 
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Figure 8.7. Current response upon exposure to different levels of CO in N2 mixed 

with 20% O2 and H2O at 40% relative humidity at room temperature for Al-doped 

ZnO with Pt nanoparticles (a), and without Pt nanoparticles (b). CO fractions are 

indicated alongside the dotted lines that indicate when the CO gas flow was turned 

on. 

  

 

Figure 8.7 shows the change in current response of an Al-doped ZnO sensing 

device with Pt NPs (50 ALD cycles) for CO exposure. At t = 0, pure N2 is mixed 

with 20 % O2 and H2O at 40 % relative humidity. This causes an increase in 

the current response which stabilizes after approximately 1 hour. CO was 

added to this gas mixture at 20, 50, 100, and 200 ppm for 0.35 hours (21 

minutes) as indicated by the dotted lines, causing a proportional and 

reversible decrease in current response. The sensitivity for CO as a function 

of CO fraction is given in Figure 8.6(b), and the response and recovery times 

are given in Figure 8.6 (d).  

 

Conclusions 

 

It was demonstrated that coating ALD-prepared i-ZnO and Al-doped ZnO 

sensing devices with ALD-deposited Pt nanoparticles enables room 

temperature sensing of O2 and CO. It was shown that the size distribution of 

the Pt nanoparticles, deposited on ZnO, can be controlled through the 

number of ALD cycles. The Pt-enhanced sensing devices showed a reversible, 

proportional change in current response at room temperature upon 
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exposure to O2 and CO. The Al-doped ZnO device with 50 cycles of plasma-

assisted ALD of Pt carried out on top could detect O2, diluted in N2, down to 

0.5%. The sensitivity for O2 was almost 40% for an O2 fraction of 20%, with a 

response time of 0.4 hours and a recovery time of 0.65 hours. CO could be 

detected, diluted in N2 in the presence of O2 andH2O, down to 20 ppm. The 

sensitivity for CO was 20% for a CO fraction of 200 ppm, with a response 

time of 0.05 hours and a recovery time of 0.2 hours. Reference devices 

without Pt nanoparticles showed no response at room temperature, 

indicating the importance of the Pt nanoparticles for the sensing mechanism. 
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Chapter 9 

Conclusions and Recommendations 

In this thesis, several aspects concerning thermal and plasma-assisted ALD 

of Pt have been investigated. The main goal of this work was to gain a better 

understanding of plasma-assisted ALD of Pt and PtOx, and to use this 

understanding to explore possible practical applications. The following 

general conclusions can be drawn from the study: 

• Temperature dependence of the Pt ALD process and reaction 

mechanism. 

Thermal ALD of Pt has a lower temperature limit at around 250 °C 

which narrows the thermal Pt ALD process window. As discussed in 

Chapter 4, this temperature limitation is due to inhibited ligand 

combustion. During the precursor pulse, the precursor ligands may 

undergo dehydrogenation and combustion reactions on the catalytic 

Pt surface, forming respectively methane and carbon dioxide. As a 

result of the surface reactions, a carbonaceous layer is formed at the 

end of the precursor pulse which prevents O2 dissociation at lower 

temperatures. The relatively narrow temperature window of the 

thermal Pt ALD process is one of the main reasons for using plasma-

assisted ALD of Pt. 

 

• One of the main new insights that we have gained concerning plasma-

assisted ALD based on (MeCp)PtMe3 and O2 plasma, is the great 

importance of the (MeCp)PtMe3 and O2 plasma doses. The 

importance of dosing for this process goes beyond one of the 

fundamental requirements for ALD, namely that the saturation dose 

needs to be delivered to the surface. In fact, the (MeCp)PtMe3 and O2 

plasma doses each influence the composition of the deposited 

material, where the ratio between the doses and the substrate 

temperature is important. For deposition in high aspect ratio 

trenches, the importance of (MeCp)PtMe3 and O2 plasma doses 

becomes even more apparent. Inside these trenches, the ratio 

between (MeCp)PtMe3 and O2 plasma doses varies. This can result in 

the deposition of spatially separated Pt and PtOx material zones inside 

a single trench, where the deposition profile can even be controlled 
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through the precursor and O2 plasma doses, as shown in Chapter 7. To 

deposit films consisting only of Pt or PtOx inside high aspect ratio 

trenches, precursor and plasma exposures need to be optimized 

carefully, as demonstrated in Chapters 5 and 6. 

 

• Influence of precursor sticking and radical recombination in plasma-

enhanced ALD of Pt in 3D features 

Reaching saturation for ALD in high aspect ratio structures may 

require an optimization of precursor and/or reactant doses compared 

to ALD of planar substrates. Whether an optimization is necessary 

depends on the sticking probability of the precursor/reactant, and the 

aspect ratio of the feature. For plasma-assisted ALD the 

recombination probability of the plasma radical may also influence 

the saturation dose. Depositing conformal Pt films in high aspect ratio 

structures requires an optimization of the precursor and O2 plasma 

exposures due to the near-unity sticking probabilities of the 

(MeCp)PtMe3 precursor molecules (as determined in Chapter 3) and 

O-radicals and the surface recombination probability of the O-

radicals. As demonstrated in Chapter 5, by making use of optimized 

exposures, conformal Pt thin films can be deposited in trenches with 

aspect ratios up to 34. 

 

• Process window extension from metallic Pt to oxidic PtOx films 

One highly significant outcome from this thesis work is the finding 

that plasma-assisted ALD based on (MeCp)PtMe3 and O2 plasma can 

be used to deposit both metallic Pt and PtOx in a temperature window 

ranging from room temperature to 300 °C, as demonstrated in 

Chapter 6. The composition of the deposited material can be 

controlled through the (MeCp)PtMe3 and O2 plasma exposures. With 

increasing substrate temperature, the thermal stability of PtOx 

decreases and the reducing activity of the precursor ligands increases. 

Therefore, longer O2 plasma exposures and/or lower (MeCp)PtMe3 

exposures are required to obtain PtOx at higher temperatures. At 

lower temperatures, Pt can be obtained by reducing the O2 plasma 

exposure, by increasing the (MeCp)PtMe3 exposure, or by making use 

of an additional reducing gas. 
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• ALD for room temperature gas sensing 

By exploiting the merits of ALD such as precise thickness control, the 

ability to produce doped materials using super-cycles, and the ability 

to deposit catalytic nanoparticles, the design of applications such as 

gas sensing devices can be optimized. As demonstrated in Chapter 8, 

ALD can be used to fabricate gas sensing devices that are capable of 

detecting O2 and CO down to ppm levels at room temperature. The 

precise thickness control of ALD can deliver ZnO thin films with the 

optimum balance between surface-to-volume ratio and conductivity 

for gas sensing. Moreover, by using super-cycles of ZnO combined 

with Al2O3 ALD, the doping level could be controlled and thus the 

conductivity of the deposited Al-doped ZnO was improved. By using 

ALD to add catalytically active Pt nanoparticles to the surface of the 

sensitive Al-doped ZnO layer, room temperature gas detection is 

enabled. 

The results and insights obtained in this work allow for the description of a 

number of directions for future research: 

• To deposit Pt at lower temperatures using ALD based on 

(MeCp)PtMe3 and O2 plasma, H2 is now employed to reduce the PtOx 

that is formed during the O2 plasma step. However, as we have 

demonstrated in Chapter 7, Pt can be deposited at temperatures as 

low as 100 °C inside trenches where the O2 plasma exposure is 

sufficiently reduced. Further investigation, both experimentally and 

by modeling, could determine whether the O2 plasma exposure can 

be controlled such that the deposition of Pt on planar substrates 

becomes possible at 100 °C or even room temperature, without 

making use of H2. This could be done e.g. by igniting a short O2 plasma 

at low O2 gas pressures. 

 

• As we have demonstrated in Chapter 8, the unique features of ALD 

make it a very promising technique to improve the design of gas 

sensing devices. The design we have presented, exploits the excellent 

thickness control of ALD, as well as the possibility to produce Al-

doped ZnO and the ability to deposit catalytic Pt nanoparticles. 

Although we have demonstrated the working principle of this design 

for room temperature sensing, additional optimization steps are still 
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required. For example, the influence of Al doping, the thickness of the 

Al-doped ZnO layer, or the size distribution and loading of the Pt 

nanoparticles on sensitivity and selectivity should be investigated 

extensively. The sensitivity and selectivity may also be improved 

significantly by the use of nanoparticles of other catalytic materials 

such as PtOx, Pd, Ir, etc. 

 

• One feature of ALD that could be used to further improve the design 

of gas sensing devices, and which has yet to be fully explored, is the 

ability to conformally deposit inside high aspect ratio features. By 

making use of high aspect ratio nanostructured surfaces, the 

interaction with the target gasses could be improved significantly. The 

excellent conformality of ALD makes it the ideal deposition technique 

for the fabrication of devices based on this improved sensing design. 

ALD could be used for example to coat anodized aluminum oxide or 

other nanostructured substrates with a conformal gas sensitive metal 

oxide layer.  

The sensitivity of gas sensing devices that make use of high aspect 

ratio nanostructured surfaces could be further improved by 

depositing catalytic nanoparticles on the gas sensitive layer, as was 

already demonstrated for planar surfaces. Uniform size distribution of 

these particles throughout the high aspect ratio feature is important 

because the nanoparticle size influences the catalytic activity. The size 

distribution of Pt nanoparticles depends on the oxygen exposure, 

which may vary inside high aspect ratio structures. This warrants a 

more detailed study into the size distribution of Pt nanoparticles on 

high aspect ratio surfaces.  

 

• As discussed in Chapter 6, the reaction mechanism of ALD of PtOx 

depends on precursor and O2 plasma exposure, and the temperature 

of the substrate. Remarkably, the GPC of PtOx is comparable to that of 

Pt, despite the fact that the density of PtOx is only approximately half 

that of Pt. This indicates that during a PtOx ALD cycle only half the 

amount of Pt is deposited on the surface. Further study is required to 

elucidate the reaction mechanism of ALD of PtOx. This may also prove 

relevant for the conformal deposition of PtOx inside high aspect ratio 

structures, which proved more challenging compared to Pt. Monte 
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Carlo simulations similar to those mentioned in Chapter 5 could be 

extended to include oxidation and reduction reactions in order to 

obtain more information on the ALD of Pt and PtOx. A more detailed 

SEM/TEM study could be performed to investigate the conformality of 

ALD of PtOx in high aspect ratio features. 
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Summary 

 

Understanding and Controlling  
Atomic Layer Deposition 

of Platinum and Platinum Oxide 

Atomic layer deposition (ALD) is a thin-film deposition technique, yielding high-
quality thin-film materials with precise thickness control, excellent uniformity 
over large-area substrates, and superior conformality over demanding 3-D 
topologies. The standard ALD approach is thermally activated growth using two or 
more self-limiting half-reactions. Novel technology options arise by going beyond 
this standard, such as e.g. plasma-assisted deposition enabling low substrate 
temperatures, the deposition of nanoparticles, or the deposition of doped 
materials. This makes ALD a promising technique in emerging applications using 
heterogeneous device integration in the so-called More than Moore domain. Pt 
and PtOx are relevant materials in these new application fields, with many 
potential uses for both thin films and nanoparticles deposited on planar 
substrates as well as on challenging surface topologies. In this dissertation, the 
process windows of Pt and PtOx layer growth by ALD from (MeCp)PtMe3 vapor 
and O2 gas/plasma have been explored and expanded using both planar and 3D 
substrates. 

First, the reaction mechanism of the thermal Pt ALD process was elucidated by 
studying the volatile reaction products during the precursor and oxygen step 
using in situ mass spectrometry. This showed that the lower limit of the 
temperature window (250-300 °C) is determined by the accumulation of 
carbonaceous surface species at the Pt surface thus inhibiting the dissociation of 
oxygen molecules. When using an O2 plasma instead of O2 gas, O-radicals are 
created and supplied directly from the gas phase to the surface. The O-radicals 
make surface-mediated dissociation no longer necessary and enable the 
combustion of the carbonaceous surface species at much lower temperatures, 
thus extending the lower limit of the temperature window down to room 
temperature. 

The composition of the deposited films for the plasma-assisted ALD process based 
on (MeCp)PtMe3 and O2 plasma was found to be governed by three main 



 

 

parameters: the substrate temperature, the O2 plasma exposure, and the 
(MeCp)PtMe3 precursor exposure. By an extensive investigation of the influence 
of these three parameters, we succeeded in adding PtOx to the ALD materials 
toolbox. It has been established that with increasing substrate temperature, the 
thermal stability of PtOx decreases and the reducing activity of the precursor 
ligands increases. Therefore, longer O2 plasma exposures and/or lower 
(MeCp)PtMe3 exposures are required to obtain PtOx at higher temperatures. 
Finally, it was shown that both PtOx nanoparticles and ultrathin films can be 
deposited in a temperature window ranging from room temperature to 300 °C. 

For the conformal deposition of thin films of Pt and PtOx in high aspect ratio (HAR) 
features, the (MeCp)PtMe3 vapor and O2 plasma exposures need to be carefully 
chosen in order to ensure that the surface reactions are saturated throughout the 
feature. It was demonstrated that Pt-films can be deposited conformally in 
trenches with an aspect ratio of up to 34. Films of PtOx were deposited 
conformally in trenches with an aspect ratio of up to 9. Remarkably, by tuning the 
substrate temperature, and precursor and O2 plasma exposure, both Pt and PtOx 
can be deposited concurrently in a single HAR feature. In this case, even the 
composition profile along the feature can be explained and controlled. 

Furthermore, an example of how ALD of Pt can be applied in future applications 
was given. Gas sensing structures prepared from Al-doped ZnO layers were 
coated with catalytic ALD-Pt nanoparticles. It was demonstrated how this paves 
the way for room temperature detection of O2 (down to 0.5 % O2 in N2) and CO 
(down to 20 ppm CO in N2). Room temperature gas detection would make the 
necessary heating element in today’s gas sensing devices obsolete, and thus open 
up pathways for the further reduction or ultimately the elimination of heating 
power for ultralow power (< 100 μW) ZnO-based sensing devices used in wireless 
autonomous sensing networks.  

In summary, the work presented in this dissertation has led to a better 
understanding of ALD of both Pt and PtOx. The insights that were obtained at the 
atomic level enable an extremely accurate degree of materials and process 
control required for future applications in electronics and other fields. It is this 
level of control that allows the properties of ALD-grown layers of Pt and PtOx to 
be tailored to the envisioned next-generation More than Moore-type devices.  
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