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Abstract 

In this work, the deposition and conformality of plasma-assisted atomic layer deposition (PA-ALD) in 

high aspect ratio (HAR) trenches is studied. (MeCp)PtMe3 was used as a precursor, with an O2 

plasma as a reactant. A study of the composition of the deposited material was performed based on 

scanning electron microscopy (SEM) images. They revealed a transition from PtOx to Pt inside the 

HAR trenches, for conditions that yield PtOx for planar substrates (precursor exposure time = 5 s, O2 

plasma exposure time = 5 s). A detailed study revealed that the normalized position along the trench 

of the transition from PtOx to Pt depends on a balance between the reducing effects of the 

precursor, and the oxidizing effect of the O2 plasma. By optimizing the process conditions, an 

average conformality of 90% was obtained for trenches of AR 9, using 10 and 20 seconds exposure 

time for respectively the precursor and O2 plasma. 

Furthermore, Preliminary work was performed at the PA-ALD process of iridium. Some initial 

depositions were conducted and from the data of those depositions, a spectroscopic ellipsometry 

(SE) model for iridium was created. The iridium model was compared to data from the literature. It 

was found that the optical constants of the created model, n and k, were higher than the optical 

constants of the reference model. The differences were ascribed to a higher density, which was 

confirmed by Rutherford Backscattering Spectroscopy (RBS).  
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1. Introduction 

 

1.1. Atomic Layer Deposition (ALD) 

The ALD process consists of two steps, as shown in Figure 1, which are repeated until a satisfactory 

thickness has been reached. In the first step, a precursor is led into the reactor, containing the 

element (In this case, Pt) to be deposited. The precursor ligands react with the surface groups on the 

substrate and forms a sub-monolayer of adsorbed precursor molecules on the substrate. The new 

surface groups do not react with the precursor, so the reaction is self-limiting. 

 

Figure 1: Schematic overview of the PA-ALD process with the Pt(Cp
Me

)Me3 precursor and the O2 plasma as the oxidizing 

agent. 

In the second step, a reactant (in this case, an O2 plasma) is brought into the reactor, which reacts 

with the surface groups formed in the first step. This results in the removal of ligands on the surface 

of the substrate and/or the formation of an oxide (e.g. PtOx). The resulting surface of the substrate 

does not react with the reactant, so this reaction is also self-limiting. After each step, a purge is 

necessary to remove the remaining particles in the reactor chamber. In Figure 2, an example of a 

typical process cycle is displayed. The two half-cycles are shown in this figure. In the first cycle, the 

carrier gas, Ar, flows through the line for 14 seconds. After a few seconds, the precursor is let in the 

reactor for 10 seconds. In the second half-cycle a O2 gas is switched on first, to stabilize the oxygen 

pressure. The O2 plasma is switched on for 10 seconds.  

 

Figure 2: An example of a typical PA-ALD process cycle. 
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In this work, the focus will be on the deposition of PtOx in HAR structures using PA-ALD. The 

precursor used in the experiments for depositing PtOx in HAR structrures is Pt(CpMe)Me3 

(methylcyclopentadienyl)(trimethyl)platinum (Sigma Aldrich, 98% purity) and using an oxygen 

plasma as the oxidizing agent. In Figure 3 the structural formula for this precursor is shown.  

 
Figure 3: Structural formula of the precursor Pt(Cp

Me
)Me3 

 

1.2. Applications of PtOx 

PtOx can have a wide variety of applications. PtOx can be applied in, for example, catalysis, 

microelectronics and sensing. In catalysis, PtOx is often employed, where it has been shown to have 

an increased selectivity towards the catalytic oxidation of CO.[29] An example for microelectronics is a 

thin PtOx layer that is used as an active layer in the fabrication of super-resolution near-field 

structure disks (super-RENS), which can overcome the optical diffraction limit[30], and PtOx is also 

mentioned as an interface layer for non-volatile resistive switching memory[31]. A possible 

application for PtOx in sensing is shown in Figure 4. This is an example of a TiO2 nanotube gas sensor. 

On this type of sensor, PtOx nanoparticles could be deposited since they have proven to enhance the 

performance of such sensors because of the catalytic properties of PtOx as was shown by Haridas et 

al.[32,34,35] Many of the applications of PtOx require the deposition of thin films with thicknesses in the 

order of only several nm.[30,31] Furthermore, the continued demand for miniaturization in 

microelectronics, and the need for high surface to volume ratio in catalysis and ultra low-power 

sensing, will increasingly require deposition in high aspect ratio (HAR) structures. 

 

 

Figure 4: An example of a TiO2 Nanotube gas sensor.  
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1.3. PA-ALD of PtOx in HAR structures 

The deposition of thin films of PtOx by means of ALD can be challenging due to the limited stability of 

PtOx against reduction into metallic Pt. To the best of our knowledge, growing PtOx thin films using 

ALD has rarely been reported in literature, to date. In those cases, a relatively strong oxidizing agent 

was used in order to oxidize the films. Hämäläinen et al.[6] describe the deposition of PtO using 

Pt(acac)2 and ozone. Knoops et al.[12] reported on the deposition of PtO2 using (MeCp)PtMe3 and an 

O2 plasma. In this work, we will report more extensively on the latter process. When doing plasma-

assisted ALD (PA-ALD) with (MeCp)PtMe3, the enhanced reactivity of an O2 plasma offers several 

advantages, such as a negligible nucleation delay, deposition at lower temperatures (even room 

temperature), and the ability to deposit both metallic Pt and PtOx. The latter obviously requires good 

composition control over the deposited material, with well-defined deposition regimes for both Pt 

and PtOx. When doing PA-ALD, a possible challenge can be the conformality in HAR structures. 

Knoops et al.[12] describes how the recombination of plasma radicals at the surface can reduce the 

conformality in HAR trenches. These effects may require adjustments of the process parameters for 

depositions in HAR structures. 

It was shown by Knoops et al.[12] that reaching high conformality can be challenging when depositing 

in HAR structures using PA-ALD. They describe three regimes that can occur when depositing in HAR 

structures. These regimes are shown in Figure 5. The regimes can be described as follows: Figure 5a 

shows the reaction-limited regime, where growth occurs simultaneously everywhere throughout the 

trench until saturation is reached. During the deposition, a constant particle density is present within 

the complete trench. In Figure 5b the diffusion-limited regime is dominant. In this case, a deposition 

front can be observed moving downward in the trench. The particle density in the trench decreases 

to zero at the deposition front. The last regime is the recombination-limited regime (Figure 5c). In 

this case, growth occurs throughout the trench but the rate is reduced near the bottom of the 

trench. Particles can be present throughout the trench but their density decreases significantly 

toward the bottom.  

 

Figure 5: Illustration of the three deposition regimes: (a) reaction-limited regime in which growth occurs simultaneously 
everywhere 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 occurs everywhere but with a rate that is reduced near 
the bottom of the trench where the condition of saturation is fulfilled the last.

[12] 
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1.4. Preliminary work on PA-ALD process of Ir and IrOx 
 

In this work also the preliminary work on the PA-ALD process of iridium and iridium oxide is 

reported. In this startup process, some first depositions are conducted. From these depositions SE 

models are constructed for analysis of the different samples. Furthermore, the resistivity is 

measured using Four Point Probe (FPP) and the purity is checked of the deposited layers using 

Rutherford Backscattering Spectroscopy (RBS). Finally an overview is created of all the depositions 

conducted of iridium and iridium oxide. All these results can be found in Chapter 7.  
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2. Goals of this project 

As mentioned in the introduction, the deposition of PtOx in HAR structures using PA-ALD is not trivial 

due to the limited stability of PtOx against reduction to metallic Pt. Also the reduced conformality, as 

was shown in the regimes by Knoops et al.[12], can be challenging. Therefore, the first goal of this 

project is to deposit conformal layers of PtOx in HAR structures using PA-ALD and study the 

conformality of those deposited layers using the SEM.  

The second goal of this project is the understanding of the composition of the deposited layers as a 

function of depth. 
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3. Experimental details 

 

3.1 ALD reactor 

In Figure 6 the reactor is shown which is used in the ALD process. It is an open load home-built 

reactor. It consists of a deposition chamber containing a substrate heating stage. The deposition 

chamber is connected to a turbomolecular pump and an inductively coupled plasma source (100 W) 

through gate valves. Oxygen is fed into the reactor through the plasma source. The precursor enters 

the reactor through the back flange. On the reactor, a spectroscopic ellipsometer is mounted to the 

reactor for analysis of the samples. The whole reactor is computer-controlled which makes it 

possible to perform fully automated depositions. 

Figure 6: Overview of the ALD-I reactor. 

For pumping down the reactor the pumping system consists of two pumps. When pumping down 

the reactor the first pump, the rotary pre-pump, starts pumping down the reactor to 0,11 mbar. At 

this pressure the second pump, the turbo molecular pump, can switch on. The turbo pump takes the 

pressure down to the operating pressure of  ~10-6 mbar. 

The spectroscopic ellipsometer consists of two elements. A detector and a light source. These 

elements are mounted at a fixed angle. This angle is close to the Brewster angle for Silicon (68°) to 

maximize the sensitivity. Fine tuning the intensity can be done by slight changes in the position of 

the detector. 
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3.2 Spectroscopic Ellipsometry 

Spectroscopic ellipsometry (SE) uses polarized light to measure the thickness (and other optical 

properties) of (thin) films. This polarization of this light changes as it interacts with the sample. Two 

values are measured to determine the thickness of the depositions. These values are expressed as 

Psi (Ѱ) and Delta (Δ). Ѱ and Δ describe the change in polarization. The incident light beam contains 

electric fields both parallel (p-) and perpendicular (s-) to the plane of incidence. In Figure 7 a 

schematic view is shown of the SE process.  

Figure 7: Schematic view of SE measurement principle. 

The change in the polarization is represented by both an amplitude ratio (tan(Ѱ)) and a phase 

difference (Δ). 

           
  

  
   ,       (1) 

Where Rp and Rs are the complex Fresnel reflection coefficients for the p- and s- polarized light, 

respectively.[8] In equation (1) ρ stands for the complex ellipsometric parameter. As mentioned 

above, the thickness and other optical properties can be determined using SE. Although, they can be 

expressed using the refractive index n and the extinction coefficient k, they are often expressed in 

terms of the real(ε1) and imaginary(ε2) parts of the complex dielectric function ε. These real and 

imaginary parts are related to the refractive index and the extinction coefficient as follows: 

     
     ,     (2) 

        ,     (3) 

Although the change in polarization is often represented in terms of the parameters Ѱ and Δ, it can 

also be expressed by the pseudo-dielectric function: 

                     
      

   

   
 
 
      ,        (4) 

With Θ the angle of incidence and ρ the complex ellipsometric parameter as mentioned above. 

Equation (4) suffices only for non-layered samples (e.g. opaque). The pseudo-dielectric function is 

then equal to the dielectric function.  
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3.3 Scanning Electron Microscopy 

The scanning electron microscope (SEM) uses a focused beam of high energy electrons to generate 

various signals at the surface of solid samples. The signals that derive from these electron-sample 

interactions contain information about e.g. chemical composition, texture and crystalline structure 

of the sample.  

Accelerated electrons in a SEM carry kinetic energy. This energy is dissipated when the incident 

electrons interact with the solid sample. This dissipation causes various signals and these signals 

include secondary electrons, backscattered electrons, diffracted backscattered electrons, photons, 

visible light and heat. The secondary electrons, together with the backscattered electrons are 

commonly used for imaging samples. The backscattered electrons are valuable for illustrating 

contrasts in composition in multiphase samples and the secondary electrons are valuable for 

showing topography and morphology on samples.[28] 

3.4 Four Point Probe 

Four Point Probe (FPP) is a technique used to measure the bulk resistivity of deposited layers. The 

bulk resistivity is an important semiconductor parameter because it can be related directly to the 

impurity content of a sample. In figure 8 a schematic representation of the FPP is shown. 

 

Figure 8: Schematic representation of the FPP. 

The FPP contains four thin collinear tungsten wires which make contact with the sample. A fixed 

current flows into the sample via the outer probes. A voltage is measured between the two inner 

probes. Let S be the uniform spacing between the probes and let the sample be semi-infinite. The 

resistivity,  , is given by: 

   
    

 
 s << t,     (5) 

And: 
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 s >> t,     (6) 

As can be seen from figure 8, t stands for the thickness of the thin film.[27] 

3.5 Rutherford Backscattering Spectroscopy 

Rutherford Backscattering Spectrometry (RBS) is an ion scattering technique that can be used for 

analyzing the composition of thin films. The uniqueness of RBS is that it allows quantification 

without using reference standards. During an RBS analysis, high-energy (MeV) He2+ ions (i.e. alpha 

particles) are directed onto the sample and the energy distribution and yield of the backscattered 

He2+ ions at a given angle is measured. The backscattering cross section for each element is known, 

so this makes  it possible to obtain a quantitative compositional depth profile from the RBS spectrum 

obtained, for films that are less than 1 μm thick.[26] 

3.6 Determining the thickness of the layers 

To see whether the films are conformal in trenches, SEM measurements are done on specially 

prepared samples. There are different aspect ratios (AR) on the sample, varying from AR 1.33 to AR 

34 as can be seen in figure 9. 

 

Figure 9: Overview of HAR trenches varying from AR 1.33 to 34.The trenches are composed of Si and a SiO2 layer which 

has a thickness of approximately 100 nm. In this work, only AR 9 and AR 22 are investigated. 

Let h be the height and w the width of the trench. The AR can then be defined as: 

   
 

 
 ,     (7) 

In Figure 10 an overview is shown of a trench sample, used in this work. It shows the different 

dimensions of the trenches and how the trenches are located on the trench sample.  
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Figure 10: Overview of a trench sample. The AR’s correspond to the first row of trenches on the trench sample. The leg of 

each cross consists of five trenches, 50 μm apart from each other. 

To measure the thickness of the layers, SEM images are used. As an example, Figure 11 shows an 

SEM image of a trench of AR 22 with PtOx deposited on it. To make accurate measurements, a 

zoomed-in image is necessary. Figure 12 shows a zoomed in SEM image of the trench in Figure 11. 

The measurements are done using Adobe Photoshop CS4. The thicknesses are measured at several 

positions in the image, using Adobe Photoshop CS4. With these measurements, a mean thickness is 

determined. First, the scale is set using the white bar in the settings bar of the image. After setting 

the scale, the thickness is measured at three different positions as can be seen by the yellow bars in 

the image of figure 13. With these measurements a mean thickness is determined. 

Figure 11: SEM image of trench of AR 22. Settings of the           Figure 12: SEM image of the right bottom of the trench 

SEM are shown in the bar below the image.                                 shown in figure 11. Settings of the SEM are shown in the 

                                                                                                                 bar below the image. 

 

 

 

 

 

 

 

           Figure 13: Example of a SEM image with measurements. 
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3.7 Aspect Ratio Depth 

The SEM is used for analyzing the conformality of the deposited PtOx on the different samples. The 

SEM can also be used to see if  there is a transition in the trench of PtOx to Pt as will be shown in 

Section 3.8. To explain this method, data from the first deposition in this work is used. In Figures 14 

and 15 two SEM images are shown. The features that can be seen on the side of the trench are most 

likely flakes of Pt that peeled off during the breaking of the sample. In Figure 14, a transition of PtOx 

to Pt is clearly shown. In the top of Figure 14, a dark layer (indicated with PtOx) is shown and at the 

bottom of this image a bright layer (indicated with Pt) is shown. The SEM image in Figure 15 shows a 

transition of Pt to PtOx near the bottom of the trench. In the top of this SEM image a bright layer 

(again indicated with Pt) is shown and at the bottom of the trench, a dark layer is shown (indicated 

with PtOx). 

 

Figure 14: SEM image half-way down     Figure 15: SEM image at the bottom of the trench of AR 22. Also 

the trench of AR 9. The transition is clearly           here the transition is shown near the bottom.  

shown. 

Figure 16 and 17 show SEM images of a trench of AR 22. A transition of PtOx to Pt in the trench of AR 

22 takes place at a quarter down the trench. Also here the dark layer in the top of the image and the 

bright layer at the bottom of the image. 
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Figure 16: SEM image of a trench of AR 22, a                  Figure 17: SEM image of the same trench of AR 22 at the bottom  

quarter down the trench. Again the transition             of the trench. No transition taken place at the bottom. 

is shown. 

Based on these images it is difficult to compare the two trenches. It looks like the deposition of PtOx 

went deeper in A9 than in A22. However, as was shown in Chapter 3.6, the trenches have different 

dimensions. So in order to compare the different AR’s, a correction is preferred. In Figure 18 this 

correction is shown.  

 

Figure 18: Schematic overview of the transitions of PtOx to Pt. On the left, the situation observed with the SEM. On the 

right, the situation after normalization. 

On the left in Figure 18 are the schematics of the SEM images of Figures 14 - 17. The red lines 

represent the PtOx layers and the blue lines represent the Pt layers. On the right of Figure 18, the 

correction is applied. The width of the trenches are normalized. If the width is 1, the height is 9 and 

22 for AR 9 and AR 22, respectively. With this correction applied, it can easily be seen that the 

deposition of PtOx went to relatively the same normalized depth, for AR 9 and AR 22. From these 
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data it is concluded that the transition of PtOx to Pt occurred at Aspect ratio depth (ARD) 4.5 for AR 9 

and at ARD 5.5 for AR 22. To determine the ARD of a transition, the following relation can be stated:  

          
                     

       
,    (7) 

Where htransition in trench is the position of where the transitions occurs and wtrench is the width of the 

trench. From here on now the term ARD will be used in the analysis of the different depositions. 

 3.8 Previous research 

A previous deposition (using thermal ALD) has shown a similar effect that can occur when depositing 

in HAR structures. Analysis with the SEM showed transitions of Pt to PtOx in the trenches. The SEM 

images of that deposition are shown in Figure 19. The left image of Figure 19 is an overview of one 

of the trenches that was deposited. In the second SEM image, there is a clear transition visible. In 

the upper part of the image there is a bright layer, where it is more dark going to the center and 

again near the bottom a color change back to bright. On this sample, some Energy-dispersive X-ray 

Spectroscopy (EDX) measurements are conducted. The results are shown in the two graphs on the 

right in Figure 19. The first EDX measurement is performed on the dark layer. The results of this EDX 

measurement are shown in the upper (blue) graph. There are three sharp peaks. The first sharp peak 

at 0.5 keV is the oxygen peak. This sharp peak indicates that there is oxygen in this layer. Since there 

is a SiO2 layer underneath this deposited layer, a part from this peak is due to the oxygen in this SiO2 

layer. At 1.75 keV is the second sharp peak. This is the Silicon peak. This peak is due to the SiO2 layer. 

The third sharp peak is at approximately 2.0 keV. This is the Pt peak, indicating that there are Pt 

particles in the deposited layer. 

 

Figure 19: SEM images and the results of conducted EDX measurements. This deposition was conducted using Thermal 

ALD. The bubbler temperature was kept at 30 °C, the substrate temperature at 300 °C, the precursor dosing time was set 

to 20 seconds and the O2 plasma exposure time was set to 10 seconds. 

The lower graph shows a relatively low peak at 0.5 keV. This is most likely the oxygen measured from 

the SiO2 layer underneath the deposited layer. Furthermore it shows the same peaks as in the upper 
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graph. Based on these data and the visual inspection by SEM, it is assumed that the dark region of 

the deposited layer is PtOx and the bright region of the deposited layer is Pt. 

In earlier work, conducted by Reijnaerts[1], the deposition temperature was investigated as a 

function of the O2 plasma exposure time. The diagram in Figure 20 was composed. Three regions can 

be distinguished from this figure. At a deposition temperature of 100 °C only PtOx was deposited. At 

a deposition temperature of 300 °C only Pt was deposited. The third region is at a deposition 

temperature window of 150 – 250 °C where both PtOx and Pt can be deposited. 

Figure 20: Composition diagram. This diagram shows the O2 plasma exposure time as a function of the deposition 

temperature. Three regions can be distinguished. At a deposition temperature of 100 °C only PtOx was deposited. At a 

deposition temperature of 300 °C only Pt was deposited. The third region is at a deposition temperature window of 150 – 

250 °C where both PtOx and Pt can be deposited.
[1] 

Aside from the dependency of the O2 plasma exposure time and the deposition temperature, there 

are several other variables of influence on whether PtOx or Pt is deposited. The precursor pressure 

was found to be of high influence by Erkens.[2] A high precursor pressure gave a higher probability of 

depositing Pt due to the reduction by precursor ligands. A low precursor pressure gave a higher 

probability of depositing PtOx. Although no experiments have been conducted with varying the 

oxygen pressure, it is also expected to be of high influence since a higher oxygen pressure causes 

more oxygen in the trenches and has therefore a higher probability for depositing PtOx. A low 

oxygen pressure is expected to have a higher probability to deposit Pt. There are several variables 

that can be changed in the depositions. To have a well-controlled experiment, only the precursor 

dosing time and the O2 plasma exposure time will vary. 
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 3.9 Experimental Parameters 

In Table 1 the different depositions are listed. A total of four depositions have been conducted. The 

first deposition was deposition A which is conducted with a precursor dosing time of 5 seconds and 

an O2 plasma exposure time of 5 seconds. The next deposition was deposition B and so on. For all 

the depositions, some parameters were kept constant. The bubbler temperature was kept at 30 °C, 

the walls of the reactor at 80 °C, the substrate temperature at 100 °C. All the depositions, except 

deposition C, had 1500 cycles, the carrier gas was Argon and all the trench samples had an O2 plasma 

pre-treatment of ~ 5 minutes. Because of time constraints, deposition C had 1401 cycles. 

Table 1: Overview of the conducted depositions. 

 

  



19 
 

4. Results 

In this section, the results are shown per deposition. From each deposition, AR 9 and AR 22 are 

investigated. The first deposition will be deposition A and the first trench investigated of this 

deposition was AR 9. This will be indicated with A9, so the subscript represents the AR that is 

investigated. Similar to AR 22 of deposition A, that will be indicated as: A22. A complete overview of 

all the depositions and the results is shown in Table 2 at the end of this section. 

4.1. Deposition A: precursor dosing time = 5 s, O2 plasma exposure time = 5 s 

4.1.1. Sample A9 

Figure 21 and 22 show SEM images of trench A9 that is investigated. The features that can be seen in 

the trench are most likely flakes of Pt that peeled off during the breaking of the sample. The goal of 

this project is to deposit conformal layers of PtOx in HAR structures. Instead of a conformal layer of 

PtOx, a transition of PtOx to Pt occurred (see Figures 21 and 22). Notice that all the different layers 

are denoted. In the top of Figure 21 a dark layer (indicated with PtOx) is shown and at the bottom of 

this image a bright layer (indicated with Pt) is shown. In Figure 22 a SEM image is shown of the 

bottom of A9. In the top of this image a bright layer is shown and at the bottom a dark layer is 

shown, both indicated with Pt and PtOx, respectively. The transitions of PtOx and Pt take place at 

ARD 4.5 and at the bottom. An overview of these transitions are schematically displayed in Figure 

25. For a complete overview of all the depositions, see Figure 42. 

 

Figure 21: SEM image of A9 at ARD 4.5. The         Figure 22: SEM image at the bottom of the trench of A9. Also 

transition is clearly shown.                                      here the transition is shown.  

4.1.2. Sample A22 

Transitions were also observed in the SEM images of trench A22 (see Figures 23 and 24). These 

transitions take place at ARD 5.5 and again at the bottom. The different colored layers are again 

indicated. 
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For planar surfaces of SiO2, a precursor dosing time and O2 plasma exposure time of 5 seconds is 

enough for growing PtOx. However, based on the visual inspection using the SEM, it must be 

concluded that these settings are not enough to grow PtOx throughout the trenches of AR 9 and AR 

22. Apparently not enough oxygen (either O-radicals or O2) reaches the whole trench to oxidize the 

complete layer of Pt. Therefore, the O2 plasma exposure time was increased in the next deposition. 

 

Figure 23: SEM image of A22 at ARD 5.5. Again the            Figure 24: SEM image of A22 at the bottom of the trench. No 

transition is shown.                   transition taken place at the bottom.  

 

Figure 25: Schematic overview of the ARD of sample A. A complete overview of all the samples is shown in figure 42. 
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4.2.  Deposition B: precursor dosing time = 5 s, O2 plasma exposure time = 10 s 

4.2.1. Sample B9 

With an increased O2 plasma exposure step, the following results are observed in SEM images. 

Figures 26 and 27 show SEM images of trench B9. In these SEM images, signs of poor conformality 

are visible. Figure 27 shows this poor conformality the best. Although there is a conformal layer at 

the bottom of the trench, there are signs of poor conformality going up the trench (denoted with 

arrows). These signs of poor conformality can also be found in Figure 26. Figure 26 shows that the 

poor conformality occurs at ARD 6.75. A complete schematic overview of the ARD’s is displayed in 

Figure 42. 

 

Figure 26: SEM image of B9 at ARD 6.75. In this          Figure 27: SEM image of B22 at the bottom of the trench. This image 

image, the poor conformality is shown.                       shows the transition of poor conformality to a conformal layer at the 

                 bottom. 

4.2.2. Sample B22 

Just like for B9, also for this trench, there were signs of poor conformality. This is stated based on the 

visual inspection with the SEM. The SEM images of B22 are shown in Figures 28 and 29. For B9 the 

poor conformality occurs at ARD 6.75 where the poor conformality for trench B22 occurs at ARD 17.6 

(see Figure 42).  



22 
 

 

             Figure 28: SEM image of B22 at ARD 11.               Figure 29: SEM image of B22 at ARD 17.6 to bottom. This 

             It is shown in this image that the con-                   image shows the poor conformality at ARD 17.6. 

             formality at ARD 11 is decreasing. 

Apparently, more O2 creates a deeper layer of PtOx, but also bad conformality. Therefore in the next 

deposition, the precursor dosing time will be increased to 10 seconds. 
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4.3. Deposition C: precursor dosing time = 10 s, O2 plasma exposure time = 10 s 

4.3.1. Sample C9 

Figures 30 and 31 show the results of the observation with the SEM. Again there are transitions of 

PtOx to Pt found in C9. In Figure 30 the first transition of PtOx to Pt has taken place at ARD 6.75. In 

Figure 31 the transition at the bottom is shown. A schematic overview can be found in Figure 42. 

 

         Figure 30: SEM image of C9 at ARD 6.75.           Figure 31: SEM image of C9 at the bottom of the trench. The transi- 

         The transition is clearly shown.                              tion takes place again at the bottom. 

4.3.2. Sample C22 

Also for C22, transitions of PtOx to Pt take place in the trench. The ARD of where the transition of PtOx 

to Pt takes place is ARD 4.4 (see Figure 32). Figure 33 shows the transition of Pt to PtOx at the 

bottom. From ARD 4.4 - 13.2 again signs of poor conformality were found. The SEM image in Figure 

34 shows signs of peeled off Pt (denoted with the arrow). Since Figure 33 shows signs of Pt near the 

bottom, it is therefore assumed that the poor conformality in the region ARD 4.4 – 13.2 is most likely 

Pt that peeled off during the breaking of the sample. Again a schematic overview can be found in 

Figure 42. 
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     Figure 32: SEM image of C22 at ARD 4.4 with the tran-     Figure 33: SEM image of C22. This image shows the poor 

     sition taken place.        conformality and the transition taken place at the bottom. 

 

 

Figure 34: SEM image of C22 at ARD 13.2. This image 

shows the peeled of layer of Pt. 

Despite the fact that the ARD’s of deposition A and C are different from each other, they show 

similarities in terms of transitions of PtOx to Pt that take place in the trenches. Apparently the O2 

plasma exposure step is too low since there is still Pt in the trenches. The precursor dosing time of 

10 seconds is most likely high enough to reach the whole trench. Increasing the precursor step will 

therefore probably result in an increase of the area covered in Pt. In the final deposition the O2 

plasma exposure step is increased to 20 seconds. 



25 
 

4.4. Deposition D: precursor dosing time = 10 s, O2 plasma exposure time = 20 s 

4.4.1. Sample D9 

As can be seen in Figures 35 - 37, a layer of PtOx was successfully deposited throughout the trench. 

Apparently the precursor and oxygen steps are high enough to create a conformal layer of PtOx 

throughout the trench of D9. In Figure 38 the depth profile is shown of this conformal layer. It can be 

concluded that this layer has an average conformality of 90 % throughout the trench. The 

thicknesses are measured using the method described in Chapter 3.6. A schematic overview is 

shown in Figure 42. 

 

          Figure 35: SEM image of D9 at the top of the trench.        Figure 36: SEM image of D9 at ARD 4.5. The image 

         This image shows a conformal layer of PtOx at the            shows a conformal layer of PtOx at ARD 4.5. 

         top of the trench. 

 

 

 

 

 

 

 

 

 

             Figure 37: SEM image of D9 at the bottom of the trench. 

                                                              It shows also a conformal layer of PtOx  at the bottom. 
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Figure 38: depth profile of D9. It shows an average conformality of 90 %. 

4.4.2. Sample D22 

Although a precursor dosing time of 10 seconds and an O2 plasma exposure time of 20 seconds is 

high enough to create a conformal layer of PtOx throughout the trench for D9, these settings are not 

high enough for D22 as can be seen in Figures 39 - 41. The SEM images show poor conformality again 

at ARD 16.5 (see Figure 40). A schematic overview is shown in Figure 42. 

 

 

 

 

 

 

 

 

 

                 

  Figure 39: SEM image of D22 at ARD 13.2. This            Figure 40: SEM image of D22 at ARD 16.5. It shows 

   image shows that the conformality is getting              poor conformality at ARD 16.5. 

   poorer at ARD 13.2.  
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        Figure 41: SEM image of D22 at the bottom of the trench. 

        This image shows poor conformality and even no growth 

        at some places near the trench. Again at the bottom a  

        conformal layer of PtOx. 

 

 

  



28 
 

Table 2: Complete overview of the different depositions conducted in this work, together with the results. 

 

 

Figure 42: Complete schematic overview of the depositions in the HAR trenches. This overview is derived from the 

different SEM images taken during the observation with the SEM. The red lines represent the PtOx, the blue lines 

represent the Pt, the green lines represent the poor conformality and the yellow line represents the peeled off layer of 

Pt.  

Sample 
Ref. 

sample 
P (s) O2 (s) AR Pt (ARD) PtOx (ARD) Conformality 

A9 Pt751A 5 5 9 4.5 – 8.5 0-4.5 & 8.5-9  

A22 Pt751A 5 5 22 
5.5 & 

bottom 
0-5.5  

B9 Pt756 5 10 9 - 0-6.75 & bottom poor in 6.75-bottom 

B22 Pt756 5 10 22 - 0-17.6 & bottom 
poor in 17.6 - 

bottom 

C9 Pt755 10 10 9 6.75-9 0-6.75 & bottom  

C22 Pt755 10 10 22 4.4-13.2 0-4.4 & bottom 
peeled off Pt in 13.2 

- bottom 

D9 Pt757 10 20 9 - 
Conformal layer 

of PtOx 
Average of 90 % 

D22 Pt757 10 20 22 - 0-16.5 & bottom 
poor in 15.6 - 

bottom 
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5. Discussion 

In this chapter, the previous results that are summarized in Figure 42 will be discussed. The observed 

transitions from PtOx to Pt and vice versa along the trenches will be explained based on a balance 

between two effects. The first effect is the ability of the precursor to reduce PtOx into Pt, which is 

described by Setthapun[33] and was also observed by Erkens[2]. The second effect is the oxidation of 

Pt into PtOx by the O2 plasma. For clarity, a model describing the influence of these two effects will 

be discussed first. 

The composition of the deposited material is expected to depend on the balance between the 

reducing effect of the precursor on the one hand, and the oxidizing effect of the O2 plasma on the 

other hand. In short, PtOx is deposited if the oxidizing effect of the O2 plasma is strong enough (i.e. if 

the O2 plasma exposure time is sufficiently long), and if the reducing effect of the precursor is weak 

enough (i.e. if the precursor exposure time is sufficiently short). On the other hand, Pt is deposited if 

the O2 plasma exposure is insufficient to oxidize the material, or if the precursor exposure is 

sufficiently high to reduce any formed PtOx. Naturally, for the deposition of either Pt or PtOx, both 

the precursor and O2 plasma exposure need to be sufficiently high to enable growth at all. Although 

the relative impact of reduction and oxidation depends on the deposition temperature, this is not 

considered here since all depositions were carried out at 100 °C 

Samples A9 and A22 were deposited for 5 seconds of precursor dosing time and O2 plasma exposure 

time, which yields PtOx for planar substrates as can be seen in Figure 20. Both samples A9 and A22 

show a transition of PtOx to Pt at an ARD of approximately 5 (i.e. 4.5 for A9 and 5.5 for A22). This 

transition is observed at similar ARD even though the trenches with AR 9 and 22 have different 

dimensions (dept/width is 27/3 μm for AR 9, and 22/1 μm for AR 22). Based on the model, the 

formation of the Pt could either be caused by an increased precursor exposure (reducing the PtOx), 

or insufficient O2 plasma exposure (never forming any PtOx) deeper in the trench (ARD > 5). Given 

that the flux of the both the precursor and the O2 plasma is expected to decrease down the trench, 

the formation of Pt is ascribed to an insufficiently high O2 plasma exposure time. Whether the 

decrease in the oxygen flux for higher ARD values is diffusion limited or recombination limited 

requires further study. The fact that PtOx was deposited at the very bottom of sample A9 can be 

explained by an increase in oxygen flux at the bottom caused by direct line of sight collisions. This 

was also observed in the simulations reported by Knoops et al.[12] For sample A22 the flux at the 

bottom, caused by direct line of sight collisions, is smaller because of its higher AR, and appears to 

be insufficient to form PtOx. The goal of this project was to deposit PtOx conformally throughout the 

trenches. Since the O2 plasma exposure time was apparently insufficient, it was increased to 10 

seconds for samples B9 and B22. 

One effect of the longer O2 plasma exposure time on sample B9 are that PtOx is now deposited up to 

ARD 6.75 instead of ARD 4.5. For B22 PtOx is even deposited up to ARD 17.6. This can be attributed to 

the longer O2 plasma dose, which allows the oxygen radicals to penetrate the trench farther. 

Another effect is that a layer of very poor conformality (Pt or PtOx) is deposited in the lower part of 

both trenches, instead of a conformal Pt layer. Based on the ARD image, it would be expected that 

sample B9 would be completely and conformally deposited PtOx, since the O2 plasma particles can 

reach an ARD of 17.6. If the actual dimensions of the trenches are concerned however, the 

conformal layer of PtOx reaches a depth of 20.25 μm in sample B9, and a depth of 17.6 μm in sample 



30 
 

B22. The fact that the conformal deposition of PtOx reaches similar depths despite the different 

aspect ratios indicates that the deposition is diffusion limited. Given that the O2 plasma time was 

doubled, the limiting step is probably the diffusion of the precursor down the trench. The fact that 

the precursor dose is insufficient for deposition B while it was sufficient for deposition A, can be 

explained by an increased GPC caused by the longer O2 plasma exposure time. This non-saturation of 

the O2 plasma exposure time has been observed for PtOx by Reijnaerts (Figure 14 on page 17)[1], and 

for Pt by Vos (Figure 3.3. on page 21)[36]. This increase of the GPC can cause the precursor to be 

depleted before it reaches the bottom part of the trenches. The logical step would therefore be to 

also increase the precursor exposure time to 10 seconds, which was done for deposition C. 

The composition profiles of samples C9 and C22 look very similar to those of A9 and A22, with the 

conformal layer of PtOx reaching an ARD of approximately 5.5 (6.75 and 4.4 for C9 and C22 

respectively). If sample C9 is compared to sample B9, it becomes clear that the area of bad 

conformality is replaced with Pt of good conformality. This indicates that the theory of an 

insufficient precursor dose was correct, since an increase of the precursor dose led to an 

improvement in conformality. If sample C22 is compared to sample B22 however, the reducing effect 

of the precursor becomes apparent. An increase of the precursor dose has led to a reduction of the 

area covered with PtOx from ARD 17.6 to ARD 4.4. Since the O2 plasma exposure remained the same 

for depositions B and C, the reducing effect of the precursor seems the most likely explanation. The 

ratio of precursor/O2 plasma exposure time is the same for depositions A and C, and those 

depositions show similar composition profiles. This is further evidence that the composition is 

determined by the balance between precursor reduction and O2 plasma oxidation. In order to reach 

a conformal deposition of PtOx, a further increase in the O2 plasma exposure time appears to be 

required. 

For deposition D the precursor exposure time was kept at 10 seconds, while the O2 plasma exposure 

time was increased to 20 seconds. The increase in O2 plasma exposure time was sufficient to 

completely oxidize all the deposited material in sample D9. In sample D22, the conformal layer of PtOx 

reaches an ARD of 16.5, indicating that trenches with an aspect ratio of up to 16.5 could be coated 

conformally with PA-ALD of PtOx. 
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6. Conclusions 

In this work, four depositions in HAR trenches (of which only AR 9 and AR 22 were investigated) 

using PA-ALD have been conducted. In these depositions, only the precursor dosing time and the O2 

plasma exposure time have been varied. The SEM is used for analyzing the conformality of the 

deposited material on the different samples. It was found that the composition of the deposited 

material depends on the balance between the reducing effect of the precursor on the one hand, and 

the oxidizing effect of the O2 plasma on the other hand. 

It was found in the last deposition, that having an O2 plasma exposure time of 20 seconds and a 

precursor dosing time of 10 seconds is high enough to deposit a conformal layer of PtOx in AR 9. This 

deposited layer had an average of 90 % conformality throughout the trench. Observation with the 

SEM for AR 22 however, showed signs of poor conformality. It was found however, that these 

settings of the precursor dosing time and the O2 plasma exposure time would be high enough to 

deposit PtOx up to AR 16.  

Based on the visual inspection with the SEM, it is concluded that having a 1:1 ratio of the precursor 

dosing time and the O2 plasma exposure time results in transitions of PtOx to Pt in trenches of AR 9 

and AR 22. Depositions for both AR 9 and 22 had this 1:1 ratio and showed similar transitions which 

indicates that the results are reproducible. Based on the visual inspection with the SEM, it is also 

concluded that having a 1:2 ratio of precursor dosing time and O2 plasma exposure time results in a 

shift of the  PtOx - Pt transition to an ARD of approximately 16.  

In order to deposit PtOx conformally for higher aspect ratios, the precursor and O2 plasma exposure 

time needs to be increased further. Based on the results presented here however, the ratio between 

the 2 exposures should not drop below 1:2, in order to prevent Pt formation. 

  



32 
 

7. Preliminary work on PA-ALD of Ir and IrOx 

As was mentioned in the introduction, some preliminary work has been done on the PA-ALD process 

of iridium and iridium oxide. The precursor that is used in this process is Ir(EtCp)(COD). An O2 plasma 

was used as the oxidizing agent. From the ALD deposited layers, SE models are constructed for 

analysis of the different samples. Furthermore a Growth Per Cycle (GPC) of Ir is determined, the 

resistivity is measured using Four Point Probe (FPP) and the purity is checked of the deposited layers 

using Rutherford Backscattering Spectroscopy (RBS). Finally an overview is created of all the 

depositions conducted of iridium and iridium oxide. 

7.1. SE model iridium 

The SE model for Iridium is created using the SE model for Platinum as a reference model. Platinum 

is, just like Iridium, a noble metal and therefore the models are expected to be similar.  

In Figure 43 a time slice (of the program CompleteEASE) of the in-situ SE data is shown together with 

a reference model of CompleteEASE. This figure shows the epsilon 1 and 2 which are explained in 

Chapter 3.3. This model is used for fitting sputtered Iridium films and should therefore correspond to 

the thin films achieved by PEALD. The in-situ SE data shows the same shape as the reference model 

so we can therefore conclude that based upon this information, the model made for iridium seems 

valid. 

 

Figure 43: Time slice of in-situ SE data of Iridium thin film. The Iridium material file of CompleteEASE matches the model. 

Woollam et al.[9] made this reference model and described it in their paper. Woollam et al.[9] also 

showed the graphs of the extinction coefficient k and the index of refraction n. In Figure 44 the built 

model is shown together with the optical constants n and k from the reference model. What stands 

out is the difference between the created model and the reference model. The created model gives 

higher values for the optical constants. The in-situ SE measurements, done by Woollam et al.[9], are 
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done by an angle of incidence of 60 degrees. Our measurements are done by a larger angle of 

incidence, namely 68 degrees, close to the Brewster angle. Because the sample is cubic crystalline, it 

should not matter what the angle of incidence is, so this is most likely not the cause for the 

differences.  

The differences are most likely due to the difference in density of the samples. A higher density 

means a higher index of refraction. A higher density also means that the extinction coefficient ‘k’, is 

higher because the light of the SE beam cannot penetrate the sample deeper than samples with 

lower densities. As can be seen in Figure 44, the extinction coefficient and index of refraction of the 

created model are both higher than the reference model which is consistent with the before-

mentioned  explanation. In Table 3 the results are shown of the RBS measurement, done on Ir018d. 

The density calculated from these results is: 23.94 g/cm3. The bulk density of iridium is 22,42 g/cm3 

which means that this is still in line with our model. It can be concluded with all the above 

arguments that this model is a reliable model which can be used in further depositions with Iridium. 

 

Figure 44: Optical constants n and  k of Ir as a function of the wavelength. The optical constants of the created model 
have a higher value than the optical constant of the reference model. This is most likely due to a higher density of the 
deposited layers than the sample used for the reference model.   
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7.2. Growth Per Cycle (GPC) of iridium 

 

Figure 45: GPC of Iridium as a function of the precursor dosing time. Graph shows the dependency of the precursor 
dosing time on the GPC, with an exponential fit. 

From the data of sample Ir018b it was possible to determine a GPC. The graph of Figure 45 shows 

the GPC at different precursor dosing times. The results are consistent with the literature. Choi et 

al.[10] reported about a GPC of 0.04 nm/cycle using the same precursor, Ir(EtCp)(COD) and the same 

plasma, the O2 plasma.[10] In another report, by Lim et al.[23], the same precursor is used and also an 

O2 plasma. In this report the GPC is 0.033 nm/cycle. 

7.3. Four Point Probe measurement 

A FPP measurement is done on sample Ir018d (thickness of 39.89 nm). The mean resistivity of this 

measurement is 11.58 μΩ cm. In the experiments of Aaltonen et al.[14] it was found that iridium films 

of approximately 70 nm, at a temperature window of 225 – 400 °C have resistivities lower than 12 

μΩ cm which is comparable to the bulk value of 5.5 μΩ cm. Since our deposition was done at 330 °C, 

it is concluded that the mean resistivity of Ir018d is consistent with the experiments done by 

Aaltonen et al.[14] 

7.4. Rutherford backscattering spectroscopy measurement 

With RBS, the chemical composition of sample Ir018d is determined. In table 3 the results of a RBS 

measurement are shown. The results show a high purity of 98.5% iridium and a low carbon 

contamination which means that the deposition of iridium was successful. 

Table 3: Results of the RBS measurements. The results show a successful deposition of Ir. The purity of the deposited 

layer is 98.5% (± 3%). 

 Ir018d at 330 °C 

Iridium purity 98.5% (± 3%) 

C contamination 1.52% (± 20%) 

Density (g/cm3) 23.94 
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Appendix A 

In this section, all the observations with the SEM are shown per deposition. Only the crucial areas of 

the trenches are shown. For all the depositions, some parameters were kept constant. The bubbler 

temperature was kept at 30 °C, the walls of the reactor at 80 °C, the substrate temperature at 100 

°C. All the depositions had 1500 cycles. 

A.I Deposition A 

This deposition was conducted with a precursor dosing time of 5 seconds and a O2 plasma exposure 

time of 5 seconds. 

Sample A9 

 

Figure 46: SEM images of sample A9. 

Sample A22 

 

 

 

 

 

 

 

 

Figure 47: SEM images of sample A22.  
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A.II Deposition B 

This deposition was conducted with a precursor dosing time of 5 seconds and a O2 plasma exposure 

time of 10 seconds. 

Sample B9 

 

Figure 48: SEM images of sample B9. 
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Sample B22 

 

Figure 49: SEM images of sample B22. 
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A.III deposition C 

This deposition was conducted with a precursor dosing time of 10 seconds and a O2 plasma exposure 

time of 10 seconds. 

Sample C9 

 

Figure 50: SEM images of sample C9. 
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Sample C22 

 

Figure 51: SEM images of sample C22.  
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A.IV deposition D 

This deposition was conducted with a precursor dosing time of 10 seconds and a O2 plasma exposure 

time of 20 seconds. 

Sample D9 

 

Figure 52: SEM images of sample D9. 
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Sample D22 

 

Figure 53: SEM images of sample D22. 

 

 

  



 
 

Appendix B: Overview of all the depositions of the Ir/IrOx PA-ALD process 

 

Sample  Material Process 
T(bub) 

(°C) 
T(sub) 

(°C) 
T(line) 

(°C) 
T(wall) 

(°C) 
Precursor 
dose (s) 

Oxygen 
dose (s) 

Hydrogen 
dose (s) 

# cycles 

  Ir001  
 

Plasma 73 270 80-110 80 2/5/2 2/10/2 
 

70 
  Ir001b 

 
Plasma 80 270 80-110 80 2/7/2 2/1/2 

 
90 

  Ir001c 
 

Plasma 88 270 80-110 80 2/10/2 2/5/2 
 

100 
  Ir001d 

 
Plasma 82 270 90-110 80 2/5/2 2/10/2 

 
100 

  Ir002*  
 

Plasma 85 270 
  

2/7/2 2/5/2 
 

209 
  Ir003  Ir  Plasma 85 270 

  
2/7/2 2/5/2 

 
400 

  Ir003b 
 

Plasma 100 270 
  

2/10/2 2/10/2 
 

270 
  Ir004  

 
Plasma  100 330 100 

 
2/3/2 2/10/2 

 
120 

  Ir004b 
 

Plasma 100 330 100 
 

2/5/2 2/10/2 
 

200 
  Ir004c 

 
Plasma 100 330 100 

 
2/5/2 2/7/2 

 
91 

  Ir004d 
 

Plasma 100 330 100 
 

2/5/2 2/10/2 
 

100 
  Ir005 ** 

 
Plasma 105-107 330 

  
2/5/2 2/10/2 

 
100 

  Ir006  
 

Plasma  105 330 
  

2/5/2 2/10/2 
 

210 
  Ir006b 

 
Plasma 108 330 

  
2/5/2 2/10/2 

 
350 

  Ir007  Ir  Plasma 108 330 
  

2/10/2 2/10/2 
 

200 
  Ir008  

 
Plasma  108 330 

  
2/7/2 2/10/2 

 
400 

  Ir008b 
 

Plasma 110 330 
  

2/7/2 2/10/2 
 

400 
  Ir009  

 
Plasma 110 330 

  
2/12/2 2/10/2 

 
200 

  Ir010  
 

Plasma  110 330 120 
 

2/7/2 2/10/2 
 

200 
  Ir011***  Ir  Plasma 95 330 110-150 120 2/7/2 2/1/2 

 
120 

  Ir012  
 

Plasma  91 330 110-150 120 2/7/2 2/1/2 
 

200 
  Ir013  

 
Plasma 96 330 110-150 120 2/7/2 2/1/2 

 
150 

  Ir014 

 

Plasma 100 330 110-150 120 2/7/2 2/1/2 
 

200 
  Ir015 

 

Plasma 106 330 180-120 120 ?? ?? 
 

300 
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Sample  Material Process 
T(bub) 

(°C) 
T(sub) 

(°C) 
T(line) 

(°C) 
T(wall) 

(°C) 
Precursor 
dose (s) 

Oxygen 
dose (s) 

Hydrogen 
dose (s) 

# cycles 

  Ir016 

 

Plasma  106 330 180-120 120 2/7/2 2/5/2 
 

200 
  Ir017 

 

Plasma 106 330 180-120 120 2/10/2 2/5/2 
 

200 
  Ir018****

 

 

Plasma  105,7 330 180-120 120 
 

2/5/2 
    Ir018b 

 

Plasma  105,7 330 180-120 120 2/10/2 2/5/2 
 

600 
  Ir019 

 

Plasma 95 330 140 80 2/10/2 2/5/2 
 

200 
  Ir020***** 

 

Plasma  95 330 140 80 2/10/2 2/5/2 
 

300 
  Ir021 

 

Plasma 95 330 140 80 2/7/2 2/5/2 
 

50 
  Ir022****** 

 

Plasma  95 330 140 80 2/10/2 2/5/2 
 

100 
  Ir023 

 

Plasma 95 330 120-140 80 2/10/2 2/5/2 2/5/2 
   Ir024 

 

Plasma  100 330 120-140 80 2/10/2 2/5/2 
 

101 
  Ir025 

 

Plasma 100 330 130-140 120 2/10/2 2/0.5/2 
    Ir026 

 

Thermal 100 350 120-140 110-120 2/10/2 2/0.5/0.5 2/5/0.5 800 MFC=10 
 Ir027 

 

Thermal 100 350 120-140 110-120 2/10/2 2/0.5/0.5 2/5/0.5 600 MFC=10 Changed plasma power to 25 W 
Ir028 

 

Thermal 100 350 120-140 110-120 2/10/2 2/0.5/0.5 2/5/0.5 600 MFC=10 
 

 
 

 
           

* Ir002 was a deposition on a Pt723 seed layer of approximately 13 nm Pt. 

** first 71 cycles with 100 degrees, last 29 cycles with 105 degrees. 

***RBS confirmed 98,5% pure iridium. 

**** Sample of Ir011 is used as seedlayer for GPC measurements. First prec. = 10 s (50 cycles), prec. = 5 s (50 cycles), prec. = 7 s (50 cycles), pre c. = 15 s (50         

cycles) and prec. = 10 s (200 cycles). 

***** A seed layer is used for this deposition for GPC measurements. 

****** After this deposition, a 10 min H2 plasma at 8*10^-2 mbar was let in the reactor to reduce the oxide in the reactor chamber. 
 


