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Abstract  
The deposition process of PtOx with Plasma-Enhanced Atomic Layer Deposition (PEALD), using  the 
MeCpPtMe3 precursor and O2 plasma was studied. Both the process itself and the material properties 
were researched. 

Firstly, this combination of precursor and reactant is able to deposit both Pt and PtOx. Therefore, a 
composition diagram was made to determine when Pt was deposited and when PtOx. The 
parameters were the deposition temperature and the O2 plasma exposure time. Pt was consistently 
produced at 300°C and PtOx at 100°C for all exposure times. Deposition temperatures  in between 
these temperatures could produce both Pt and PtOx and are therefore less suitable as deposition 
parameters. The crystallinity and resistivity showed a clear distinction between the Pt and PtOx, with 
the resistivity of Pt below 300μΩcm and that of PtOx above 104μΩcm. Furthermore, the resistivity of 
Pt showed that higher temperatures produce a lower resistivity. 
 
To date, ALD of PtOx has a lower limit of 100°C as deposition temperature. In this study,  this was 
successfully lowered to room temperature. Saturation curves showed a typical ALD process and the 
material was comparable to the material deposited at 100°C, in terms of the Pt:O ratio (2.7±0.2), 
although the density of the material was slightly lower at room temperature. The carbon 
contamination was low, at 2%. 
 
Finally, the conformality of the deposition was researched, since good conformality is considered one 
of the advantages of ALD. Depositions done at both 100°C and room temperature were researched. 
Both showed a less than ideal conformality, with the deposition done at room temperature being 
less conformal than the deposition done at 100°C. 
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1 Introduction 

1.1 Introductory remarks 
Atomic Layer Deposition (ALD) is a suitable technique to deposit thin layers with high control of 
thickness and material properties. One of the metals that is deposited with ALD is Pt and its oxide, 
PtOx. The deposition of PtOx is the focus of this study. PtOx can be used in a variety of applications, 
like gas sensors. Gas sensors are used to monitor the concentration of gasses in hazardous industrial 
environments, as well as in private residences and other environments. A gas sensor that is drawing 
some attention is the gas sensor based on semiconducting metal oxides, like PtOx, due to its low 
production cost, the simplicity of use and the large number of possible applications.  

The deposition of PtOx is not trivial, since it requires a strong oxidizing agent. This is because it has a 
strong tendency to reduce to Pt. In appendix A, an attempt is made to understand this process 
further. 
As far as could be determined, only two studies have been done into the ALD process of PtOx. The 
first is by Hämäläinen et al. (2008), which used the Pt(acac)2 precursor and ozone as a reactant.1 The 
other study is by Knoops et al. (2009) which used the MeCpPtMe3 precursor and O2 plasma as a 
reactant, which is also the combination of precursor and reactant used in this study.2 This 
combination of precursor and reactant is able to deposit both Pt and PtOx.  
In this study, the deposition of PtOx on SiO2 is further researched. 

1.2 Atomic Layer Deposition 
Atomic Layer Deposition is a technique which 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 reacts with the surface groups on the substrate and forms a monolayer of 
adsorbed precursor molecules on the substrate. The new surface groups do not react with the 
precursor, so the reaction is self-limiting. 
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 another atomic layer (e.g. oxygen) 
and/or the removal of ligands on the surface of the substrate. The resulting surface of the substrate 
does not react with the reactant, so this reaction is also self-limiting. The result is a surface with 
ligands that can react with the precursor, thus completing the cycle.  
After each step, a purge is necessary to remove the remaining particles in the reactor chamber. 

Figure 1: A schematic overview of the ALD process 
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In this study, a variation of the standard ALD process (also known as thermal ALD) is used, namely 
plasma-enhanced ALD (PEALD). Instead of inserting a gas as reactant, a plasma is used in the second 
step. During this plasma exposure, the plasma radicals react with the surface groups. The advantages 
of PEALD are its shorter incubation period and the possibility to work at lower temperatures than 
with thermal ALD. A faster growth rate and being able to deposit more materials than thermal ALD 
are advantages as well. 

This report will focus on the deposition of PtOx via PEALD. The precursor used in this research is 
(Methylcyclopentadienyl)trimethylPlatinum [MeCpPtMe3] (Sigma Aldrich, 98% purity). Figure 2 
shows a schematic view of this molecule.   

 

Figure 2: a schematic view of the precursor molecule, MeCpPtMe3 

On average, one of the methyl groups reacts with the surface bound oxygen on the substrate in the 
first half-cycle, which results in a chemisorbed molecule on the surface. The second half-cycle 
combusts the remaining methylgroups and cyclopentadienyl ring, which leaves pure Pt or PtOx, 
depending on the deposition parameters. 

1.3 Goal of the Study 
Since the combination of precursor and reactant is able to deposit both Pt and PtOx, it is crucial to 
understand what the influence of the substrate temperature and the plasma exposure time is on the 
composition of the material. These results are shown in a composition diagram. The crystallinity, 
density and composition of some of these depositions was determined as well. 
 
To date, all deposition processes of PtOx have been done at temperatures of at least 100°C. In this 
study, the process for Room-Temperature ALD of PtOx was developed. Room-temperature ALD has 
the advantage that it can be used on materials that cannot tolerate the temperature used with 
standard ALD settings, such as plastics. Several properties of the material were examined as well. 

Finally,  the conformality of the deposition process was researched. Good conformality is an 
important aspect of ALD. High-aspect ratio substrates were examined using SEM to determine 
whether the thickness was the same throughout the trench. This was done with depositions done at  
temperatures of both 100°C and room temperature. 
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2 Experimental setup 
During the course of this study, several devices were used. The ALD reactor was used extensively, as 
well as Spectral Ellipsometry, Scanning Electron Microscopy, Four-Point Probe, X-Ray Diffraction and 
Rutherford Backscatter Spectroscopy. 

2.1 ALD reactor 
Figure 3 shows a schematic overview of the ALD-I reactor, the reactor used in this research. The ALD-
I is a cold-wall, open-load reactor. The samples are placed inside the main chamber. The plasma 
source, spectroscopic ellipsometry system, a pumping system, the substrate heater and various 
dosing systems for reactants and precursors are connected through gate valves. The reactor is 
controlled via a computer with an automated process. 

 

Figure 3: a schematic overview of the ALD reactor 

The aforementioned plasma source generates a radio frequency plasma with a power of up to 100W. 
Possible gasses are O2, H2, N2 and NH3. 
The spectral ellipsometry system consists of a light source and a detector, mounted at a fixed angle, 
close to the Brewster angle for silicon of 68° in order to maximize the intensity. Some fine calibration 
can still be made by slightly changing the position of the detector. 
The pumping system consists of two pumps, which are used sequentially when pumping down the 
system. First, a rotary pre-pump is used to pump the reactor down to 0.1  mbar. At this pressure, a 
turbo molecular pump takes over and pumps the reactor down to the operating pressure (~10-6 
mbar) 
The precursor is kept in a steel bubbler, held at a temperature of 30°C. Argon gas is sent trough the 
bubbler as a carrier gas for the precursor. The pipes are kept at a temperature of 50°C and the walls 
of the reactor are kept at 80°C, unless stated otherwise. 

2.2 Spectroscopic Ellipsometry 
Spectroscopic Ellipsometry (SE) is a technique used to measure the thickness and optical properties 
of the deposited films. During a measurement, a light-beam with known polarization is reflected 
from the surface of the sample into the detector, which measures the change in polarization. A 
schematic view of the setup can be seen in figure 4.  
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Figure 4: A schematic view of the spectroscopic ellipsometry setup. 
 

The detector measures the ratio between the p- and s-polarization reflection amplitudes, as given in 
equation 1, where Ψ is the amplitude ratio, Δ the phase angle, ρ the complex ellipsometric 
parameter and Rp and Rs are the complex Fresnel reflection coefficients for p- and s-polarized light, 
respectively. 

𝜌 = Rp
Rs

= tanΨ exp(𝑖Δ)                                                      (1) 
 
In order to analyze the film thickness and optical properties, the refractive index n and the extinction 
coefficient k are introduced, although these are often represented in terms of the real (ε1) and 
imaginary (ε2) parts of the complex dielectric function ε. The parameters n and k correspond to them 
via the definitions  𝜀1 = 𝑛2 − 𝑘2 and 𝜀2 = 2𝑛𝑘. 
The change in polarization is due to the interaction with the film and, if applicable, reflections from 
other layers of the sample. The data obtained by the detector can be expressed in the pseudo-
dielectric function given in equation 2. 

〈ε〉 = 〈ε1〉 + 𝑖〈ε2〉 = sin2 Θ (1 + �1−𝜌
1+𝜌

�
2

tan2 Θ)                 (2) 

 
Here, Θ is the angle of incidence and 𝜌 the ellipsometric parameter, as defined by equation 1. In the 
instance of opaque, non-layered samples, the pseudo-dielectric function is by definition equal to the 
dielectric function. In the more general case however, equation 2 does not suffice. Instead, model 
analysis is required. For each layer, a separate model is required. The model of the investigated layer 
is fitted to the data (whilst the models of the other layers are fixed), from which the corresponding 
dielectric function is determined. The properties of the sample are then construed from this function. 
The mean square error (MSE) then expresses the extent to which the model corresponds to the 
experimental data and thus, in how far the calculated propertied correspond to the actual properties 
of the sample. 
 
Here, the Drude-Lorentz model was used for the Pt films and a Tauc-Lorentz model for the PtOx films. 
The Drude-Lorentz model consists of a combination of a Drude term (accounting for free electron 
intraband absorption) and several Lorentz oscillators (accounting for bound electron interband 
absorption). Figure 5 is a graphical representation of the imaginary part (ε2) of the Drude-Lorentz 
model. 
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Figure 5: A typical example of the dielectric function (imaginary part (ε2) only) of a Drude-Lorentz model. 

 
The Tauc-Lorentz model includes one Lorentz oscillator, amended by a Tauc factor which results in a 
band gap, unique to amorphous materials. Figure 6 shows the dielectric function of amorphous 
silicon. Both ε1 and ε2 are shown.3 

 

Figure 6: An example of a Tauc-Lorentz model for amorphous silicon 

 

2.3 Scanning Electron Microscopy 
A Scanning Electron Microscope (SEM) is a type of electron microscope that images a sample by 
scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons then interact 
with the atoms of the sample, which produces signals that contain information about the sample. 
There are various types of signals produced by a SEM and corresponding detectors, but the most 
common is the detector which measures the secondary electrons. This imaging method is called 
Secondary Electron Imaging (SEI). With this method, the SEM can produce high-resolution images of 



10 
 

the sample surface, revealing details less than 1 nm in size. Due to the very narrow electron beam, 
the SEM has a large depth of field, making it possible to image the surface structure of the sample. 

Figure 7 shows a schematic view of a SEM.  The electron gun emits an electron beam, which is then 
focused by one or two condenser lenses to a spot with a diameter of 0.4 to 5 nm.  The beam then 
passes through pairs of scanning coils or pairs of deflector plates, which deflect the beam in the x- 
and y-axes, in order to let the beam scan over the surface in a raster pattern.  

 

Figure 7: A schematic view of a SEM 

When the electron beam hits the sample, there is an exchange in energy between the two . This 
results in the reflection of high-energy electrons by elastic scattering, emission of secondary 
electrons by inelastic scattering and the emission of electromagnetic radiation, which can all be 
detected by detectors in the SEM. The image constructed by the chosen detector is then displayed 
on a computer monitor. Depending on the settings, the computer image can have a high or low 
refresh rate. However, a higher refresh rate has an impact on the quality of the image. When the 
image is of satisfactory quality, it can be saved unto the computer. The SEM used in this study is a 
JEOL 7500 FA. 

2.4 Four-Point Probe 
The four-point probe method is a method which is used to determine the resistivity of a material. 
Figure 8 shows the four probes within the used electrical circuit. A current is passed through the 
outer electrodes, whilst the floating potential is measured between the two inner electrodes.  The 
advantage of this method compared to other methods is that the minority carrier injection normally 
seen at one of the current carrying contacts, which affects the measured resistivity of the material, 
does not play a role here.4 
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Figure 8: The circuit used in the four-point probe method 

 
2.5 X-Ray Diffraction 
X-Ray Diffraction (XRD) is a technique capable of providing information about the crystal structure of 
the material. Its working principle is based on constructive and destructive interference of coherent 
X-ray radiation that is diffracted on the sample. The criterion for constructive interference is given in 
equation 3, where d is the distance between two planes in the crystal, 𝜃 the angle at which the x-ray 
beam is set relative to the sample and 𝑛𝜆 a multiple of the x-ray wavelength. 

2𝑑𝑠𝑖𝑛 𝜃 = 𝑛𝜆                                                                           (3) 

By changing 𝜃 and inspect at which values of d a signal is detected, the crystal orientation can be 
determined. 

2.6 Rutherford Backscattering Spectroscopy 
Rutherford Backscatter Spectroscopy (RBS) is a analytical technique used to investigate of what 
elements a sample consists. The basic principle of RBS is shown in figure 9. The sample is hit with a 
monoenergetic 4He+ ion beam. Some of the ions are elastically scattered from the sample, while 
others penetrate the sample, lose some of their energy and are then backscattered. These 
backscattered particles are then detected and analyzed. The obtained energy spectrum contains 
information about the various elements present in the sample and their depth distribution.5 

 

Figure 9: The basic principle of Rutherford Backscatter Spectroscopy 
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3 Experimental details 
This study consist of four parts. The experimental setup of these parts are explained in the following 
paragraphs. 

3.1 Composition Diagram 
In order to determine what the effects of the deposition temperature and O2 plasma exposure time 
are on the composition, a composition diagram was made. For this, Pt and PtOx was deposited on 
SiO2 substrates using MeCpPtMe3 as precursor and O2 plasma as reactant in the ALD-I with varying 
substrate temperatures and O2 plasma exposure times. The precursor was set at 5s of exposure, 
whilst the temperature was varied between 100°C and 300°C and the O2 plasma exposure time 
between 0.5s and 5s (and one measurement at 20s). All samples were pretreated with an O2 plasma 
for at least 60s. The composition was determined with in situ SE and four-point probe 
measurements, the latter of which measured the resistivity as well. The crystallinity of the deposited 
films with 5s of O2 plasma exposure was determined using XRD and the material deposited at 100°C 
and 5s of O2 plasma exposure time was analyzed with RBS as well. 

3.2 Room-temperature Atomic Layer Deposition 
Previous research has been done at a deposition temperature of 100°C or higher. In this study, the 
Room-Temperature ALD process of PtOx thin films is researched. PtOx films were deposited in the 
ALD-I, where the deposition temperature was set at 30°C and the walls of the reactor were brought 
to room temperature. The films were grown on SiO2 substrates, which were first pretreated for 5 
minutes. Saturation curves were measured for both the precursor and the O2 plasma, after which 
depositions were done at saturated levels of exposure to examine the material properties. During 
the deposition, in-situ SE was performed to determine the composition and thickness of the film. RBS 
was used to determine of what elements the resulting material consisted. 

3.3 Conformality of the Deposition 
To look at the conformality of the depositions, PtOx thin films were deposited on two high aspect 
ratio substrates in the ALD-I. The first was deposited at 100°C. First, the sample was pre-treated for 
30s with an O2 plasma. The precursor exposure time was 15s and the O2 plasma exposure time was 
5s for 1000 cycles. The second was deposited at room temperature. First, the sample was pre-treated 
for five minutes with an O2 plasma. The precursor exposure time as well as the O2 plasma exposure 
time were set at 5s for 1000 cycles. 
The trenches with a ratio of 20 (1μm wide, 20μm deep) were researched using the SEM. The 
thickness was determined at  a normalized depth of 0, 0.25, 0.5, 0.75 and 1 of the trench. 
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4 Results and discussion 
Here the results of the various parts of this study are presented. First, the composition diagram is 
discussed, after which the hydrogen exposure,  high-aspect ratio samples and room temperature ALD 
are discussed, respectively. 

4.1 Composition diagram 
In order to determine the influence of the deposition temperature and the O2 plasma exposure time 
on whether Pt or PtOx is deposited, a composition diagram was made. Figure 10 shows this 
composition diagram, with the deposition temperature and O2 plasma exposure time as variables 
with a constant precursor exposure time of 5s. The colour marks the composition: black squares for 
Pt, red circles for PtOx. The composition was determined using both SE and four-point probe. With 
SE, the distinction was determined by fitting the results to the Drude-Lorentz (Pt) or Tauc-Lorentz 
model (PtOx). For four-point probe, the difference was between a measurable resistivity (Pt) or a 
resistivity outside the range of the four-point probe (PtOx). For all measurements, these 
determinations were the same for both SE and four-point probe, except for the measurement at a 
temperature of 250°C and 3s of exposure, where the four-point probe measurement was 
inconclusive. One measurement does not feature in the graph for practical reasons: at a deposition 
temperature of 300°C and 20s of exposure time the composition was still Pt. 
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Figure 10: composition diagram of Pt and PtOx, with the deposition temperature and O2 plasma  exposure time as 
variables 
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Several conclusions can be drawn from the composition diagram. Firstly, at higher deposition 
temperatures Pt is more likely to be deposited than PtOx. Secondly, a lower exposure time is more 
likely to lead to Pt. The results at a deposition temperature of 150°C and 1s of exposure and for 
200°C and 4s of exposure were ambiguous. These depositions were done twice, giving Pt for one 
measurement and PtOx for the other. As explained earlier, PtOx has a tendency to reduce to Pt. Once 
Pt starts to deposit, for whatever reason, the rest of the deposition will likely be Pt as well. It is 
therefore likely that not only these two points can give both Pt and PtOx, but that this applies to the 
whole temperature range of 150°C to 250°C. 
The growth per cycle (GPC) of the depositions was determined using in situ SE. The GPC varied 
between 0.028 nm/cycle and 0.064 nm/cycle, but no correlation with the deposition temperature 
and O2 plasma exposure time was found. A table with the GPC for the various depositions can be 
found in Appendix B. 

The resistivity of the samples was determined as well. As mentioned earlier, a clear distinction could 
be made between the resistivity of Pt and that of PtOx, where the resistivity of the latter fell outside 
the range of the four-point probe. For the Pt samples, the resistivity was measured and set against 
the number of cycles and the deposition temperature, which can be seen in figure 11a and 11b, 
respectively. One measurement (200°C, 4s of exposure time, 448 cycles) is not shown in the graphs, 
since its resistivity of 1437.6μΩcm can be considered an outlier. Figure 11a shows that the resistivity 
increases significantly at a low number of cycles. For that reason, the two measurements that 
showed a resistivity of more than 200μΩcm were excluded from figure 11b. Figure 11b shows that 
the resistivity decreases as the deposition temperature gets higher. This could be due to a higher 
purity at the higher temperatures, since the carbon is then combusted to a higher extent. The lowest 
resistivity measured is lower than the bulk resistivity of PtOx, this could be due to an incorrect offset 
of the four-point probe. 
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Figure 11: The resistivity of the Pt samples set against the (a) number of cycles (b) deposition temperature 

With XRD, the crystallinity of the sample was determined for the samples at a deposition 
temperature of 100, 150, 250 and 300°C, 5s of precursor exposure time (except for the sample at 
100°C, which was 15s) and 5s of reactant exposure time. In the composition diagram, these are all 
part of the top row. Figure 12 shows the XRD patterns of these samples. The sample that was 

  (a)            (b)  
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manufactured at 300°C has the largest peaks at the various typical crystal structures, with a 
preference for the (111) and (222) directions, whereas the others only show small peaks or no peaks 
at all. This suggests that only the sample manufactured at 300°C has crystalline Pt and that the others 
are amorphous. This corresponds to the composition of the material, because the only sample 
measured with XRD that was crystalline, was Pt. However, in the other samples, some crystalline Pt 
in the (111) and (311) direction can be seen as well. No PtOx crystalline structures could be detected 
from the XRD measurements, since there are no peaks visible at 21° and 28°.6 This points to the 
formation of some crystalline Pt inside the amorphous PtOx.  
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Figure 12: XRD patterns of the samples at 100°C, 150°C, 250°C and 300°C 

Finally, the material that was deposited at 100°C and 5s of O2 plasma exposure time (but with a 
precursor exposure time of 3s, contrary to other depositions, which were done at 5s of precursor 
exposure time) was researched using RBS, as shown in table 1. The ratio between Pt and oxygen 
shows that the material is overstoichometric, as can be seen in Knoops et al. (2009) as well, although 
the relative amount of oxygen is somewhat higher in this experiment, probably due to different 
deposition parameters.2 The density of the material is somewhat higher than in Knoops et al. (2009), 
where the density was 8.9 g/cm3, probably due to different deposition parameters as well.2 

(111) 

 (311) 

(222) 
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Table 1: The material properties, measured with RBS 

Pt:O ratio 2.5 (±0.1) 
Density (g/cm3) 9.51 
 

4.2 Room-temperature Atomic Layer Deposition 
Up till now, the lower limit of the deposition of PtOx is 100°C. Here, the process is developed for 
room temperature, lowering the lower limit significantly. Firstly, the saturation curves for both the 
precursor and reactant were researched, after which the material properties were determined. 
Figure 13 shows the dependence of the precursor exposure time on the growth per cycle (GPC). The 
deposition rate was saturated at about 0.066 nm/cycle with an exposure time of 5s. 
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Figure 13: The dependence of the precursor exposure time on the growth per cycle (GPC) 

Figure 14 shows the dependence of the reactant exposure time on the GPC. The deposition rate was 
saturated at about 0.072 nm/cycle at an exposure time of 4s.  Since the GPC saturates for both the 
precursor and the reactant, the deposition process follows the ALD characteristic of self-limiting 
behaviour.  
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Figure 14: The dependence of the reactant exposure time on the growth per cycle (GPC) 

With RBS, the material properties were determined, which can be seen in table 2. For reference, the 
RBS data given earlier for a deposition at 100°C is shown as well. The ratio of Pt and oxygen is not 
significantly different from the deposition done at 100°C. The carbon contamination of the sample at 
room temperature was low, at 1.98%. This points to a successful ALD process.  

Table 2: The composition of the product of the ALD deposited PtOx 

 100°C Room temperature 
Pt:O ratio 2.5 (±0.1) 2.7 (±0.2) 
C contamination - 1.98% (±0,3%) 
Density (g/cm3) 9.51 8.33 
 

The density of the product was determined with RBS as well. The density of the PtOx deposited at 
room-temperature is 8.33 g/cm3 compared to 9.51 g/cm3 for the PtOx deposited at 100°C. The 
density of the PtOx is thus somewhat influenced by the deposition temperature. Earlier, Hämäläinen 
et al. (2011) showed that this occurs for IrO2 as well, so this is not uncommon. 

4.3 Conformality of the Deposition 
One of the advantages of ALD is the excellent conformality of the deposition. To see whether the 
depositions of PtOx are indeed conformal, PtOx was deposited on High Aspect Ratio substrates at 
deposition temperatures of both 100°C and room temperature. Using SEM, pictures were taken at a 
normalized depth of 1, 0.75, 0.5, 0.25 and 0 (with 0 the top and 1 the bottom of the trench). The 
thickness was measured at these places in the trench five times with the ImageJ software and then 
averaged. Figure 15a trough e shows the SEM images of the deposition done at 100°C, with 
increasing depth. In figure 15e, an explanation is given for what is shown. The green part represents 
the PtOx and the orange part the SiO2 layer. Figure 16a through e shows the SEM images of the 
deposition done at room temperature. 
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Figure 15: the SEM pictures of the trench were PtOx was deposited at a temperature of 100°C at a normalized depth of  
(a) 0  b) 0.25 (c) 0.5 (d) 0.75 (e) 1 

 

  

Figure 16: the SEM pictures of the trench were PtOx was deposited at room temperature at a normalized depth of (a) 0  
b) 0.25 (c) 0.5 (d) 0.75 (e) 1 

A        B           C 

    D             E 

A        B           C 

    D             E 
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Figure 17 then shows the relation between the thickness and the depth for the deposition done at 
100°C. The thickness on the vertical axis is normalized. In a perfectly conformal deposition, the 
thickness should then be at 1.0 at every place inside the trench. This is however not the case, as can 
easily be seen.  At a normalized depth of 0.75, the thickness is only 36% of the thickness at the top of 
the trench. The thickness increases again at the bottom of the trench, because the bottom has direct 
line of sight from the top. 
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 Figure 17: The thickness of the deposition set against the depth for the deposition done at 100°C 

 
Figure 18 shows the relation between the thickness and the depth for the deposition done at room 
temperature. Already at a normalized depth of 0.5, the thickness is down to 26% of the thickness at 
the top. It can therefore be concluded that the deposition done at room temperature is less 
conformal than that done at 100°C. A possible explanation might be that the amount of oxygen is 
somewhat higher at room temperature (although no significant difference was found with RBS). This 
increases the amount of recombination.  
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Figure 18: The thickness of the deposition set against the depth for the deposition done at 100°C 

In a study about the conformality of thin layers deposited with ALD by Knoops et al. (2010), a model 
is made for the conformality inside trenches.7 Two of the possible explanations for the results in this 
study are that the precursor and O2 plasma do not reach saturation deeper inside the trench, making 
the process reaction-limited. Another possibility is that the O2 radicals in the reactant recombine, 
making the process recombination-limited. The development of the thickness as one gets deeper 
inside the trench found in this study concurs with the development shown in the study by Knoops et 
al. (2010) for the recombination-limited process.7 A combination of reaction-limited and 
recombination-limited is also possible.  
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5 Conclusion 
In this study, several characteristics of the deposition of PtOx were researched.  
Because the combination of precursor and reactant is able to deposit both Pt and PtOx, a 
composition diagram was made with the deposition temperature and O2 plasma exposure time as 
parameters. A deposition temperature of 100°C always gave PtOx and Pt at 300°C. Deposition 
temperatures  in between these temperatures could produce both Pt and PtOx and are therefore less 
suitable as deposition parameters. A clear distinction is found between the composition (measured 
with SE), resistivity and crystallinity. 
For Pt, a correlation between the resistivity of the Pt and the deposition temperature was found: 
Higher temperatures resulted in a lower resistivity. With XRD, it was determined that the PtOx is 
amorphous, but contains some crystalline Pt. The amount of crystalline Pt increases with increasing 
temperature. 
 
To date, the lower limit of the deposition of PtOx was 100°C. This study has successfully lowered this 
limit to room temperature. The saturation curves showed that both the precursor step and the 
reactant step reached saturation and the carbon contamination in the material was low. The Pt:O 
ratio was the same for both 100°C and room temperature, being 2.5±0.1 for 100°C and 2.7±0.2 for 
room temperature. The density of the material was slightly lower at room temperature, but it is not 
uncommon to have lower densities at lower temperatures. Therefore, it can be concluded that the 
developed process  is a typical ALD process and the produced material is comparable to the material 
deposited at 100°C. 

Finally, the conformality of the deposition of PtOx at both 100°C and room temperature was 
researched. Good conformality is one of the advantages of ALD. However, both depositions showed a 
less than ideal conformality. The deposition done at room temperature was less conformal than the 
deposition done at 100°C. 
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6 Recommendations for further research 
In this section, recommendations for further research are given. Firstly, the composition diagram 
might be expanded to include more deposition temperatures and exposure times. In order to truly 
determine whether a correlation between the resistivity and the deposition temperature, reactant 
exposure time and number of cycles exists, more measurements have to be done as well. 

Furthermore, the room temperature PEALD process for PtOx was developed in this research. In 
applications, such as gas sensors, other metals and metal oxides are of importance as well. The room 
temperature process for other metals and metal oxides should therefore be the subject of further 
research. One of these metals is iridium. In the next chapter, an overview is given of the various 
iridium precursors and recommendations are made as to which would be the most suitable. 

Finally, current results pertaining the high aspect ratio substrates showed that room-temperature 
ALD gave a less than satisfactory conformality, even less so than at a temperature of 100°C. In further 
research, trenches with a different ratio can be researched, in order to ascertain at which ratio 
satisfactory conformality occurs. The problem could be that the precursor and O2 plasma might not 
have reached the lower parts of the trench in a high enough dose, in which case the deposition inside 
the trench is reaction-limited. Another possibility is that the O2 radicals might have recombined, in 
which case the deposition is recombination-limited. A combination of both is possible as well. Higher 
exposure times for the precursor and/or O2 plasma are possible solutions to both these problems, as 
explained in Knoops et al. (2010).7  
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7 A Complete Study on Iridium Precursors 
In further research, the PEALD process of the deposition of iridium could also be examined. Until 
now, almost all research into the deposition of iridium has been done using thermal ALD. Using 
PEALD, room-temperature deposition of ALD could be a possibility. For that reason, an overview of 
the various precursors is given below. 

Three precursors that have been used for the deposition of iridium and iridium oxide films with ALD 
will be discussed here. (Ir(thd)(COD), has only been used once,  for a non-standard ALD process, and 
will therefore not be discussed here)  
Here, the growth characteristics (e.g. growth per cycle) of the three precursors will be discussed and 
compared in combination with various reactants, as well as some material properties. 
Most of the research has been done using thermal ALD with the exception of some NH3 plasma-
enhanced ALD using the precursor Ir(EtCp)(COD).8,9 PEALD may have significant effects on the 
characteristics of the various processes, especially the lower limit of the temperature window. An 
overview of the precursors, combined with the composition, reactants and growth rate is given in 
table 1. All of the precursors were able to produce both iridium and iridium oxide, so this is not a 
factor to be taken into account. 

The first precursor is Ir(acac)3. First used in 2004,10 it is still one of the most used precursors in the 
field. It has a wide temperature window ranging from 165°C to 400°C. Typically, saturation occurs at 
0.5s with a flow rate of 60 sccm via N2 bubbling or open boat. The reactant typically flows into the 
reactor at 5 to 40 sccm and saturates at 0.7s of exposure (for air, O2, O3 and O3 combined with a H2 
reduction step). The precursor is kept inside the bubbler at a temperature of 150°C to 190°C, which is 
relatively high when compared with the other precursors.10-19 Given this relatively high bubbler 
temperature, this precursor is most likely less suited for low temperature deposition. 

Another popular precursor is Ir(EtCp)(COD) which is typically dosed by argon carrier gas at a flow rate 
of 50 sccm. The saturation time varies between 7s and 10s depending on the study, which is 
relatively high. This might be due to the volatility of the precursor, which, at 0.1, is relatively low 
compared to other precursors.20 The reactant (being O2 or a NH3 plasma) is usually saturated at 5s to 
10s at a flow rate of 100 to 120 sccm. The temperature of the precursor in the bubbler is normally 
kept at 85°C to 100°C. The temperature window for this precursor is 230°C to 420°C.8,9,21-24 However, 
at 420°C, significant decomposition effects can be seen, since Ir(EtCp)(COD) starts to thermally 
decompose at 370°C . Ideally, the substrate temperature should be held between 330°C and 360°C 
for the deposition of iridium.22 

The third precursor used in the deposition of iridium and iridium oxide with ALD is (MeCp)Ir(CHD). 
This precursor was first used in 2010 and has thus far been the subject of two papers from the same 
research group.25,26 With a wide temperature window from 100°C to 350°C, it has the lowest lower 
limit of all the investigated precursors. The actual lower limit might even be lower, since the 
precursor temperature in the bubbler is set at 45°C to 50°C. The precursor was led into the reactor 
via an open boat system in a flow reactor. Saturation typically occurred at 1s at an unknown flow 
rate. The reactant (being O2, O3 or O3 combined with a H2-reduction step) also saturated at 1s with a 
flow rate varying from 8.3 to 20 sccm.25,26 
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It is important to note that while in the above paragraphs several lower temperature limits were 
given,  the actual lower limits of all three precursors are subject of further research, since PEALD 
usually allows for lower substrate temperatures than thermal ALD and as of yet, not all lower limits 
have been fully researched. 

Table 3 gives an overview of the growth per cycle, considering the desired composition, precursor 
and reactant that were used. Different studies into the same composition, precursor or reactant 
sometimes gave different growths per cycle, these are given as separate rows in table 3. Other 
parameters might be a contributing factor there, such as the precise reactor setup.  
Generally, the growth rate is about 0.04 nm/cycle. Two notable exceptions are the GPC’s found by 
Kim et al., who found growth rates of 0.145 nm/cycle and 0.47 nm/cycle for, respectively, the 
creation of iridium and iridium oxide.21 As far as could be determined, no parameters in the research 
explain this vastly different growth rate, so it can be considered a peculiarity. Other notable 
deviations can be contributed to a reduction step, which decreased the growth per cycle, since this 
effect can be seen in other studies with a reduction step as well.16,18 At first, deposition of IrO2 occurs 
at an average growth rate, after which a H2 exposure reduces the IrO2 to Ir, decreasing the growth 
per cycle. 

Table 3: An overview of the combination of the precursor, desired composition and reactant with its growth per cycle 

Precursor Composition Reactant Growth per cycle (nm/cycle) 
(MeCp)Ir(CHD) Ir O2 0.03-0.0426 
(MeCp)Ir(CHD) Ir O3+H2 reduction 0.02-0.0325 
(MeCp)Ir(CHD) IrO2 O3 0.03-0.0625 
Ir(acac)3 Ir air 0.0410 
Ir(acac)3 Ir O2 0.02315 
Ir(acac)3 Ir O2 0.04614,16 
Ir(acac)3 Ir O3+H2 reduction 0.02216,18 
Ir(acac)3 IrO2 O2 0.04513 
Ir(acac)3 IrO2 O3 0.0416,17 
Ir(EtCp)(COD) Ir NH3 plasma 0.0398 
Ir(EtCp)(COD) Ir NH3 plasma 0.0559 
Ir(EtCp)(COD) Ir O2 0.03322 
Ir(EtCp)(COD) Ir O2 0.0424 
Ir(EtCp)(COD) Ir O2 0.14521 
Ir(EtCp)(COD) IrO2 O2 0.4721 

 

As for the density of the deposited material, one paper has researched the density of iridium and 
found a value of 22.4 g/cm3, which corresponded well with the bulk density of iridium, which is 25.5 
g/cm3.8 Iridium oxide was also researched in one paper. In this paper, both crystalline and 
amorphous iridium oxide were produced. The crystalline iridium oxide corresponded well with the 
bulk density of iridium oxide, with experimental values of around 11 g/cm3, whilst the amorphous 
iridium oxide gave values of 5 to 8 g/cm3,25 which is significantly lower than that of the bulk density, 
which is 11.68 g/cm3.27 
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When considering the resistivity of the produced films, a comparison between different situations is 
complicated, since it depends on the thickness of the film (a thicker film has a lower resistivity). As 
for iridium, the resistivity varied  between 8.3μΩcm and 18μΩcm8,10,14,18,21,23,25,26, with a bulk 
resistivity of 5.5 μΩcm.10 The resistivity of iridium oxide varied between 120μΩcm and 
200μΩcm17,21,25.  

In conclusion, the Ir(acac)3 precursor has been used often in the past, but is deemed to be unsuitable 
for the room-temperature ALD process, because of the high temperature at which it is kept in the 
bubbler. 
Of the precursors Ir(EtCp)(COD) and (MeCp)Ir(CHD), the first has been used more extensively and can 
be considered the safer choice. However, its bubbler temperature is still significantly above room-
temperature (85 to 100°C), which might still compromise the possibility of room-temperature ALD. 
The exposure times for the precursor and reactant are relatively long as well. If room-temperature 
ALD is researched, (MeCp)Ir(CHD) might be more suitable.  
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9 Appendix A: Reduction of PtOx to Pt 
PtOx reduces easily to Pt. Therefore, the  influence of hydrogen gas on PtOx was researched. This was 
done by exposing PtOx films to hydrogen gas to examine the decomposition of the PtOx layer into a Pt 
layer, as analyzed with SE. The resistivity was measured with four-point probe at various intervals to 
acquire a calibration. SEM images were made to examine the structure of the samples of exposure. 

As preparation, PtOx films were created on eight SiO2 substrates simultaneously, with 1000 cycles of 
5s precursor and 5s O2 plasma at 100°C. The substrate was first pretreated for 60s with an O2 plasma. 
With in-situ SE, the thin film (on one of the substrates) was determined to be 52.58nm thick. 
These films were then exposed to hydrogen gas in the ALD-I reactor with varying exposure time. In-
situ SE was performed in order to examine the composition and the layer thickness, four-point probe 
for its resistivity and SEM to determine the structure of the material. 

After exposure to hydrogen gas, a change in the layer surface was visible even to the naked eye. The 
surface seemed rougher and not closed, as can be seen in figure 19, which is a sample that was 
exposed to hydrogen gas for 12 minutes at a temperature of 100°C. 

 

Figure 19: Image of the sample after exposure to hydrogen gas. This sample was exposed to hydrogen gas for 12 minutes 
at a temperature of 100°C 

Four-point probe measurements did not show a change between before the exposure and after. In 
both instances, no correct fit could be made (in the case of the measurement before hydrogen 
exposure, this points to PtOx). In-situ SE showed that after some time, the detected surface was the 
SiO2 substrate instead of PtOx or Pt. With SEM images however, these effects can easily be explained. 
Figure 20 shows a sample which was exposed to hydrogen gas for 12 minutes at a substrate 
temperature of 100°C. Figure 20A shows an overview of the sample. It can be clearly seen that the 
layer has ruptured. The pattern in which it has ruptured could be due to the form of stress the layer 
encountered. Figure 20B and 20C have a higher magnification, which brings out the pattern of 
rupturing and the curling up of the deposited layer even more. 
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Figure 20: SEM images of a SiO2 sample with a PtOx layer, after being exposed to 12 minutes of hydrogen gas at 100°C. a) 
45x magnification b) 400x magnification (of the middle left side of the image in a) c) 4300x magnification (of the middle 
of b) 

Since the thin layer ruptures, the reduction of PtOx to Pt could not be researched further. Further 
attempts can be made to ascertain a correlation between the two. Previously Hämäläinen et al.1 
showed that a thicker layer of PtOx might resolve the problem encountered in this experiment.  
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10 Appendix B: Growth per Cycle of the Composition Diagram 
 
The composition diagram, as shown in section 4.1, did not incorporate the growth per cycle. In table 
4, these growth rates are given. The left column shows the O2 plasma exposure time, the bottom row 
the deposition temperature. All growth rates are given in nm/cycle. The fields that are blank are 
depositions done before the start of this study, for which the data was not readily available. Two 
parameter settings have had multiple depositions. For both, the lowest growth rate belongs to the 
deposition that resulted in Pt, the other growth rates to the deposition(s) that resulted in PtOx. 

Table 4: The growth per cycle of the various depositions done for the composition diagram. In the left column the O2 
plasma exposure time is shown, in the bottom row the deposition temperature 

5 0.058 0.048 0.049 0.054 0.064 
4  0.052 0.037/0.054/0.053 0.043  
3  0.051 0.051 0.032  
2  0.049 0.061 0.048  
1  0.047/0.028 0.062 0.046  
0.5  0.049 0.064   
 100 150 200 250 300 
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11 Appendix C: Sample Numbers 
For reference, the internal sample numbers of the various depositions are given in this section. Table 
5 shows the depositions done for the composition diagram. Note that this list is not complete. 
Several depositions were already done before the start of this study. These are not shown in table 5 
(with the exception of Pt400, which was used for RBS measurements). 

Table 5: The depositions done for the composition diagram 

sample nr. 
Deposition 
Temperature 

O2 plasma 
exposure time 

400 100 5 
626 100 5 
628 150 5 
629 250 5 
630 200 5 
631 200 0,5 
632 200 2 
633 200 1 
634 300 5 
635 250 1 
636 250 2 
637 250 3 
638 250 4 
662 300 20 
663 150 0,5 
664 150 1 
720 150 2 
721 150 1 
722 200 3 
726 200 4 
735 150 3 
736 150 4 
737 200 4 
738 200 4 

 

The saturation curves of the precursor and O2 plasma for the room temperature process were Pt716 
and Pt713, respectively. 
The high-aspect ratio substrates have the sample numbers Pt626 and Pt715 for 100°C and room 
temperature, respectively. 
The reduction of PtOx to Pt, as shown in Appendix A has sample number 706. 
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