Eindhoven University of Technology

BACHELOR
Surface reactions during atomic layer deposition of cobalt phosphate

Raaijmakers, S.H.L.
Award date:
2019

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain

Plasma & Materials Processing

3CBX0
surface reactions during atomic layer
deposition of cobalt phosphate

Sander Raaijmakers 0958938
Supervisors:

Dr. M. Creatore
M. Sc. V. Di Palma

Eindhoven, February 2019

Surface Reactions During ALD of CoPi

Abstract
A quadrupole mass spectrometry (QMS) study has been performed on the atomic layer deposition (ALD) of
cobalt phosphate (CoPi). Two CoPi ALD recipes were run and analyzed by measuring the deposition in time
with a quadrupole mass analyzer (QMA). For each recipe, measurements of different mass-to-charge (m/z) ratios
were done. The results were plotted and compared to the measurement results of the same recipes but without
either plasma or precursor dosing. The measurements show a combustion reaction happening during the first
oxygen plasma. They also show a combustion reaction happening during the second oxygen plasma, revealing
a possible reaction mechanism for the burning of the ligands of trimethyl phosphate (TMP). TMP was observed
to be adsorbing to the substrate surface, saturating after the third dosing. No reaction mechanisms for the
adsorption of TMP on the cobalt oxide (CoOx ) surface were able to be confirmed.
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introduction

Introduction
Renewable energy

With the worlds total final consumption (TFC) of energy expected to keep growing with about 1% each year for
the coming two decades[1], and the known finitude of fossil fuels and their effect on climate change, increasing
the share of renewable energy in the TFC is essential. One problem with renewable energy sources is that they
are inconsistent throughout the day; e.g. the wind speed dictates the energy output of wind farms. This means
the energy supply and demand mismatch throughout the day. When renewable energy supply is lower than the
demand, additional energy has to be provided by burning fossil fuels. When renewable energy supply is higher
than demand, the oversupply is wasted.
In order to address this issue, it is possible to store excess renewable energy, and then use that stored energy
when there is a shortage. This energy can be stored in different ways, one of which is in the form of fuels like
hydrogen[2]. Figure 1.1 shows that liquid hydrogen has an energy density of 8 MJ kg−1 [3], which is higher
than the energy density of 0.67 MJ kg−1 of lithium-ion batteries[4]. Highly compressed hydrogen can also
be transported over long distances relatively easily[5, 6], making hydrogen storage a viable option for solving
mismatching energy supply and demand.

Figure 1.1: Volumetric and gravimetric energy density of different fuels[3].

1.2

Hydrogen production

One possible method to produce hydrogen is water splitting. This can be done in several ways with the use of
solar or other renewable energy. One example is solar thermochemical water splitting (STWS), which gets its
thermal energy from solar energy[7]. This technique is based on the dissociation of water in a single step, direct
thermolysis, which is unlikely to become feasible in the near future due to the high temperature requirements
(>2000 K) needed to separate H2 and O2 [7, 8]. Two-step STWS is a promising technique where a metal oxide
is first heated to produce O2 , and then reoxidized by exposing it to H2 O, producing H2 [9, 10, 11]. However, the
temperatures required are still high (>1000 K)[9, 7], limiting the possible applications of this technique. Another
way to split water is water electrolysis, also known as electrochemical water splitting. Water electrolysis uses a
cathode for the hydrogen evolution reaction (HER) and an anode for the oxygen evolution reaction (OER)[12].
At the anode, water is split into oxygen, hydrogen ions, and electrons; as seen in equation (1.1)[12, 13]. At
the cathode, ionized hydrogen is combined with electrons to create hydrogen; as seen in equation (1.2)[12, 14].
Combining these half-reactions gives the full reaction, which can be seen in equation (1.3).
2H2 O (l) → O2 (g) + 4H+ (aq) + 4e- .
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2H+ (aq) + 2e- → H2 (g).

(1.2)

2H2 O (l) → O2 (g) + 2H2 (g).

(1.3)

The theoretical minimum potential required for this reaction is 1.23 eV[12, 15, 16]. However, due to the complexity and slow speed of the OER, an overpotential is required[12, 17, 13]. The higher the overpotential, the
lower the usable voltage, and thus the lower the efficiency of the process.
To solve this problem and make the process more efficient, nano-structured electrocatalysts are used. These
catalysts are introduced at the water-electrode interface and are able to lower the overpotential needed[12].
The approximate current density expected from a solar-water splitting device is 10 mA cm−2 , and while several
catalysts for the HER are known that could operate at this current density with an overpotential of <0.1 eV,
lowering the overpotential of the OER has proven to be a harder problem to solve[18, 17, 18]. At the moment,
the most promising materials for the OER are iridium (Ir) and ruthenium (Ru); which are capable of lowering the
overpotential to 400 meV at current densities of 10 mA cm−2 , as can be seen in Figure 1.2[12]. However, these
noble materials are expensive and rare[19, 20]. Because of this, lots of research is done to find other materials
that are less expensive.
Promising alternatives are cobalt (Co)-based catalysts, as can also be seen in Figure 1.2. In the past years, several
types of Co-based catalysts like sulfide [21], nitride [22], and phosphate (P) [23] have been studied. CoPi has been
acknowledged for its catalytic activity in neutral environments, and its long-term electrochemical stability[23].
As the ratio of Co/P is important for the activity of CoPi, it is preferable to be able to control the composition at
an atomic level[24]. One possible way to achieve this level of control is with ALD.

Figure 1.2: Overpotential of different materials for the HER and OER[18].

1.3

Atomic layer deposition

ALD is a thin-film deposition technique based on the sequential dosing of a gas or vapor phase precursor[25].
For ALD, this precursor typically is an inorganic coordination compound; which is a metallic center, surrounded
by bound molecules called ligands. A co-reactant, often a small molecule like O2 , N2 , etc., is also used during a
typical ALD cycle[26].
The advantages of ALD over more conventional deposition methods are the precise growth control, and the
conformality and uniformity of the deposited layers. A representation of these characteristics within a surface
can be seen in Figure 1.3. Due to the self-limiting nature of the surface reactions during ALD, growth can be
controlled at the monolayer level[25]. For these reasons, interest in ALD has been rising quickly since the 1990s,
especially for the production of silicon-based microelectronics[27]. As integrated circuits (IC) are being made
with increasing aspect ratios and decreasing film thickness, ALD has attracted attention in the IC industry as
well[28]. Some other applications of ALD are nanotechnology[29], electronic and optoelectronic materials[30],
and catalysts[31].
Because of the good control of material properties possible with ALD, it is a good candidate for the production of
CoPi electrocatalysts, as mentioned in section 1.2. Currently, CoPi is grown mainly through (photo)electrodeposition
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in solution, which means control of the growth is influenced by current, electrolytes, and PH[32, 33]. More precise control of the exact composition of the CoPi, with a different Co/P ratio, is expected to result in better water
splitting efficiency[24].

Figure 1.3: Visual representation of conformality, uniformity, and growth control on a substrate[34].

The ALD process described by V. Di Palma et al.[24] is one way of growing CoPi. Every ALD cycle consists of
four steps: first dosing of bis(cyclopentadienyl)cobalt(II) (CoCp2 ); second oxygen plasma; third dosing of TMP;
and fourth one more oxygen plasma step. While this ALD recipe is known to work for growing CoPi, little is
known about the reactions happening at the surface. This is a common occurrence with ALD processes, where
an ALD process is already in use for practical applications, while the exact physicochemical reactions are still
unknown[35]. Studying this aspect of the ALD process gives an insight into what is actually happening during
film growth.
To gain more insight into these reactions, this study will focus on looking at what is happening at the surface
during this ALD process by looking at different molecules that are present in the reaction chamber. This will be
done by using QMS to look at possible reaction byproducts and TMP ions during the TMP dosing step. Using
this, conclusions can be drawn about what is happening at the surface, gaining a better understanding of the
deposition process. This knowledge could then be used to make hydrogen production more efficient, which can
be used to make the transition to renewable energy easier.

1.4

Outline of the report

First, in section 2, the theoretical background of ALD and QMS will be discussed. In section 3 the details of the
setup used for the preliminary and final experiments are given. The next two sections, section 4 and 5, present
and discuss the results of the preliminary and final experiments. Finally, a conclusion will be drawn from these
results in section 6.
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theoretical background

Theoretical background
Atomic layer deposition

As already mentioned in section 1.3, ALD is a thin film deposition technique, ideal for depositing layers of solid
material with a high conformality, uniformity, and control of thickness. ALD relies on the self-limiting nature of
the reactions happening on the substrate surface. For a reaction to be self-limiting, the precursor and co-reactant
should only be able to react with available surface sites, and not with themselves, or the surface groups that they
create[26]. If these conditions are true, the precursor reacts with the substrate until it is saturated, and then
stops reacting completely.
2.1.1

Different ALD cycles

Most ALD processes consist of two reactants, creating a binary reaction sequence[25]. In this case, the total ALD
cycle consists of four steps. First reactant A is dosed. The dosing time is long enough to saturate the substrate.
This creates a single layer of reactant A on the substrate surface. The second step is a purging step. In this
step, the reaction products that are created during the surface reaction, together with the excess precursor, are
pumped away. It is necessary to pump these molecules away to avoid a reaction between reactant A and B in
the gas phase or on the surface, which can lead to impurities in the deposited material. The third step is the
dosing of reactant B, also to saturation. Lastly, another purging step pumps away all products in the reaction
chamber[26]. This process repeats itself x times in an (AB)x sequence and is depicted in Figure 2.1.
There are also other, more advanced, ALD cycles, consisting of more than two reactants. One example is a
multistep ALD cycle, which could have three reactants, dosed in an (ABC)x sequence with a purging step in
between. Another possibility is an ALD supercycle. A supercycle could, for example, combine two regular
binary ALD cycles to form one supercycle by dosing in an [(AB)x (CD)y ] sequence. These more advanced ALD
cycles open the possibility to create tertiary and quaternary compounds like SrTiO3 and InSnx Oy [26], together
with CoPi, which is researched in this study.

Figure 2.1: Schematic representation of a binary ALD cycle[26].

2.1.2

Thermal and plasma-assisted ALD

Most binary ALD cycles are done using thermal ALD. These reactions happen at various temperatures and are
referred to as thermal ALD because they can take place without the assistance of plasma[25]. The basic ALD
cycle described in section 2.1.1 is an example of thermal ALD.
Plasma-assisted ALD (PA-ALD) uses a plasma source to generate radicals; for instance hydrogen radicals. These
radicals are able to remove ligands from the reactant on the surface like described in the following reaction
scheme[25]:
Ta* + TaCl5 → TaTaCl5 *,
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·

TaCl5 * + 5H → Ta* + 5HCl,

(2.2)

·

where * denotes a surface species and denotes a radical. This way single element ALD materials can be grown,
and it is also useful for growing materials at lower temperatures. Low temperature PA-ALD enables the growth
of materials that would be impossible to grow using thermal ALD. An example of this is the reaction in equation
(2.2), where the hydrogen molecules are not reactive enough to reduce the Ta precursor using thermal ALD,
needing temperatures as high as 400 ◦C[36].
The ALD cycle researched in this study also uses PA-ALD but with oxygen radicals instead of hydrogen radicals.
This is necessary to remove the ligands from the CoCp2 after the Co dosing step.

2.2

Quadrupole mass spectrometry

QMS is done using a QMA. This analyzer consists of four parallel, cylindrical rods. While the rods would ideally
have a hyperbolic cross-section, most rods in actual QMAs are cylindrical, because of practical and economical
reasons[37]. Between each opposing pair of rods, a voltage is applied. This gives the analyzer the ability to
filter ions with a specific m/z ratio from a gas[38]. An example of a QMA can be seen in Figure 2.2. Because
QMA’s resolve ions based on their m/z ratio instead of their momentum or kinetic energy, unit mass resolution
is preserved even for populations with broad velocity distributions[37]. By also avoiding the use of magnets,
the cost, bulk, and weight can be kept low. This makes the QMA a popular device for making mass spectra, and
adaptations are even used in space flight and real-time environmental monitoring[39, 40].

Figure 2.2: Schematic of a QMA[38].

2.2.1

Qualitative description of the basic operating principle

To filter ions with only a specific m/z ratio, different potentials are applied between the two sets of opposing
rods, which are essentially electrodes. Two of them have an applied potential of (U + V cos(ωt)), and the other
two have an applied potential of −(U + V cos(ωt)), where U is a direct current (DC), V cos(ωt) an alternating
current (AC), t the time, and ω[38] the angular frequency of the applied waveform.
The electrodes spend half a cycle at a positive potential and half a cycle at a negative potential. When this
potential is positive, positive ions will be accelerated towards the center. When the potential is negative, positive
ions will be accelerated towards the electrodes. The effect the potential has on an ion is higher when the m/z
ratio of the ion is lower. A positive DC potential is applied between two of the electrodes. Ions with a larger m/z
ratio tend to be less affected by the AC potential, and more by the average, positive, DC potential. This means
they stay mostly in the center between the two electrodes. However, ions with a lower m/z ratio will be more
affected by the AC potential, and when sufficiently light, the acceleration during the negative potential causes
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the particle to collide with the electrodes. The ion is then discharged and pumped away. This means the two
electrodes with a positive DC potential work as a low pass filter[37].
The other two electrodes have a negative DC potential. This means that the ions with a larger m/z ratio, that tend
to be more affected by the negative DC potential than by the AC potential, are now drifting outwards towards
the electrodes. When they reach the electrodes they are also discharged and pumped away. This means the two
electrodes with a negative DC potential work as a high pass filter[37].
Combined these four electrodes can ensure only ions with a specific m/z ratio are able to remain inside the QMA
and reach the detector without being discharged.
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Experimental setup

3.1

ALD setup and deposition process

CoPi films were deposited using a home-built ALD machine as described in more detail by Y. Hajar et al.[41],
H.C.M. Knoops et al.[42], and S.B.S. Heil et al.[43]. In short, this setup consists of an inductively coupled
plasma source, connected to a deposition chamber, connected to a turbo pump that can reach a base pressure
of 10−6 mbar. The temperature of the substrate holder was set to 300 ◦C and the temperature of the walls of
the reaction chamber was set to 100 ◦C. CoCp2 and TMP (purity 97%) were used as precursors and both were
purchased from Sigma-Aldrich. Argon (Ar) (purity >99.999%; base pressure 2.2 · 10−2 mbar) was used as a carrier gas for the dosing of CoCp2 . As reactant, an oxygen plasma (8.0 · 10−3 mbar; 100 W) was used. The CoCp2
was contained in a stainless steel bubbler held at a temperature of 80 ◦C, which was connected to the reaction
chamber with a line held at 100 ◦C. The TMP was vapor-drawn from a stainless steel TMP bubbler with a temperature of 50 ◦C, through a line held at 70 ◦C, to the deposition chamber. An overview of the setup can be
found in Figure 3.1.
As the goal of this study is to find the surface reactions of TMP on CoOx , a fitting ALD cycle had to be designed.
To do this, preliminary tests were done. From these tests, two final experiments were designed.
In the first experiment, an ALD cycle for CoPi deposition was run with first 4 s of CoCp2 dosing, then 10 s of
oxygen plasma, then 1.2 s of TMP dosing, and lastly 4 s of oxygen plasma. This recipe is shown in Figure 3.2
as recipe 1. After each step, a purging step of 15 s was inserted to make sure all of the excess products in the
chamber were gone before the next step. This recipe was repeated 300 times to make sure the pressure in the
chamber is stabilized. Then this recipe was run again; once without turning on the plasma, and once without
dosing the precursors. Instead of the plasma and the precursors, a delay of the exact same length was introduced.
In the second experiment, an adjusted ALD recipe for CoPi deposition was run, which is shown in Figure 3.2.
The first two steps were exactly the same as before, but the TMP dosing step was repeated three times. After
this, the second oxygen plasma step is also repeated three times. This recipe was also run without the CoCp2
dosing step, instead introducing a delay of the same length.

Figure 3.1: A schematic overview of the ALD reactor setup[44].

3.2

In situ measurement

QMA was used to measure the reaction by-products and other molecules present in the reaction chamber. The
spectrometer used was the QME 200 from Pfeiffer and was attached to the top of the reaction chamber. This
spectrometer can measure ions with an m/z ratio of 1-100 and has an electron ionizing energy of 70 eV. The
1 Visual
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Figure 3.2: Scheme with the dosing time of each step (left) and the two recipes used (right).1

area of the chamber walls is considerably larger than the area of the substrate, meaning a part of the measured
signal of byproducts can originate from reactions on the chamber walls.
The m/z ratios chosen to follow were different during both recipes and chosen after the preliminary testing. The
reason that they are different is that the first recipe was mainly used to analyze steps A, B, and D; while the
second recipe was used to analyze step C. The reasons for this are discussed in section 4.2. The m/z ratios and
their corresponding possible ions are given in Table 3.1.
To keep track of the growth per cycle (GPC) during the ALD process, in situ spectroscopic ellipsometry (SE) was
done with a J.A. Woollam, Inc. M2000U (0.75-5.0 eV) ellipsometer. This was necessary to see if CoPi growth
could also take place without using oxygen plasma after TMP dosing.
Table 3.1: Table of all measured m/z ratios and their corresponding ions.

m/z
Ions
Recipe
number
Recipe 1
Recipe 2

s
s
m/z
Ions

Recipe
number
Recipe 1
Recipe 2

TU/e

s
s

12

15

28

29

30

31

32

C+

CH3 +

CO+

OCH+

OCH2 +

OCH3 +

O2 + or
HOCH3 +

x

x

x
x

x

x
40

44

47

64

79

95

Ar+

CO2 +

PO+

C5 H 4 +

PO3 + or
PO2 CH4 +

PO3 CH4 +

x
x

x
x

x
x

x
x

x

x

x
x
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Preliminary testing

To design the final experiments, preliminary testing on TMP had to be done. First, literature research into the
mass spectrum of TMP was done to find the expected peaks. Following this, measurements with the QMS were
done by dosing TMP into the reaction chamber and measuring the whole m/z range (10-100). After this, specific
m/z ratios were be chosen to be followed in time in the final experiments.

4.1

Literature research

Electron impact ionization spectra of TMP have been researched in different papers, and are also available in
some spectral databases. As can be seen in Figure 4.1, the main peaks are expected around an m/z of 110, 109, 95,
79, and 80. Some smaller peaks can be seen around 47, 28, and 15. Most of these are confirmed by experiments
done by Donald A. Bafus et al.[45], who also show the possible ions that are responsible for these peaks. A paper
by Brunengraber et al. also gives the ionization spectrum of TMP for m/z ratios from 70 to 160. The results
from Donald A. Bafus et al.[45] and Brunengraber et al.[46] can be found in Appendix A. The QMA used for the
experiments in this report is not able to measure m/z ratios higher than 100. Therefore, the highest peak at an
m/z of 110 is not reported.

Figure 4.1: Ionization spectrum of TMP[47].

4.2

Results

First, almost the whole m/z range was measured, from 20-100. TMP was dosed multiple times without purging of
the reaction chamber between the steps. Ions are expected to only have a single charge, making the m/z ratio the
same as their mass. After one dosing, no clear peaks are visible around the expected m/z ratios and background
noise is indistinguishable from the peaks. More dosings were done, and after dosing three times, peaks begin to
emerge. Large peaks are visible in Figure A.2a around m/z ratios of 28 (CO), 40 (Ar), and 44 (CO2 ). These peaks
could originate from Ar and CO2 that was still left in the chamber from dosing steps before the dosing of TMP.
Expected peaks in the higher range of the m/z spectrum are also visible. When zoomed in on this region, like in
Figure 4.2, the expected peaks around 79 and 80, and 95 can be seen, as well as a small peak around 63. Another
peak around 94 or 93 is visible, possibly originating from the same ion as 95 (PO3 CH4 + ), but with one or two
hydrogen atoms respectively removed. Selective measurements in the range of 60-68, 76-84, and 92-100 were
done to get a measurement of these regions with a better resolution. The results of these measurements and of
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Figure 4.2: Linear plot of the electron impact ionization spectrum of TMP (m/z from 60-100).

the whole spectrum can be found in Appendix A. For all these results the background signal is subtracted from
the measurements.
Because the peaks are only visible after three, longer, dosings of TMP, the base recipe mentioned in V. Di Palma
et al.[24] is changed to double timings, as already mentioned in section 3.1. Also, two recipes are used: one
full ALD cycle and one ALD cycle with step C and step D repeated three times. For the second recipe, QMS
measurement is only done during the TMP dosing. The rest of the cycle the valve to the QMA is closed.
Another issue is the background noise, which is still clearly visible in-between the peaks. To reduce this background noise a longer measuring time can be used, which makes the measurement more smooth. The drawback
of a longer measuring time is that the time needed to measure multiple masses increases too. This means that
when multiple masses are followed in time, the composition of the gas in the reaction chamber could change before all masses have been measured. Multiple tests were done to find the optimal measuring time, and eventually
a time of 50 ms was chosen.
The peaks with an m/z of 95 and 79 are the most visible ions of TMP and those were chosen to be followed for the
second recipe, the triple TMP dosing. Together with these Ar was followed as a reference signal, and methanol
(HOCH3 ) with an m/z of 32 was followed to be able to confirm if the reaction mechanism proposed by Mitchell et
al.[48], as mentioned in section 5.2.2, is happening. For the first recipe products related to the oxygen plasma and
Co dosing step were followed. As mentioned in section 5.2.3, OCH2 + is expected to be released during the oxygen
plasma. To be able to confirm this proposed reaction, the masses of OCH2 + and OCH+ (29 and 30 respectively)
were followed. An overview of the followed ions can be found in Table 3.1.
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Results and discussion
Cobalt reactions

The results of the time-resolved measurements of masses 28 and 44 can be seen in Figure 5.1 and 5.2 respectively.
These are the results of step A and B of the first recipe. An increase is visible for both masses during the full
ALD cycle while the oxygen plasma is turned on. This indicates a combustion reaction is taking place during
step B, resulting in an increase in the signal of CO2 , which in turn also results in an increase in signal from
CO, as CO2 disintegrates in the QMA. This is in agreement with results from M.E. Donders et al.[49] on ALD of
Co3 O4 thin films. They measured a similar rise in signal from CO2 + and CO+ and suggest the following reaction
mechanism[49]:
CoCp2 (s) → CoCp2 * (ads)

(5.1)

3CoCp2 * (s) + 79O (g) → Co3 O4 (s) + 30CO2 (g) + 15H2 O (g),

(5.2)

where a * again denotes a surface species. This gives an indication of the combustion reaction happening at the
surface, but the steps in-between are still unknown. To understand these steps better, following masses like 58
(C2 H2 O2 + ), 65 (Cp), and 71 (C3 H3 O2 + ) in future measurements might be useful, as these are possible fragments
of the Cp ligands of CoCp2 .
Another peak is visible around the 20 s mark in Figure 5.2. This could indicate a possible reaction happening.
However, the peak is also visible during the cycle without plasma, in which case the substrate should not be
growing and reactions are not expected. Upon closer inspection, a similar peak around the 20 s mark is visible in
Figure 5.3, a measurement of Ar, which is non-reactive. This suggests the increase in signal is due to a pressure
increase. The pressure increase can be explained by the switching of the Ar flow from flowing through the
bubbler to flowing directly into the chamber, causing a possible increase in pressure.
To account for the influence of pressure increases in future measurements, a non-reactive gas can be flowed
through the reaction chamber at a constant speed. This signal can be used as a reference signal, making it
possible to distinguish pressure changes from an increase of a certain ion. This would make it possible to verify
if the peaks observed around 20 s in Figure 5.1 and 5.2 are truly from a pressure increase. It would also help in
confirming if the first peak in Figure 5.4, as mentioned in section 5.2, is a result of the valve to the QMA opening,
or if it is the result of something else.

Figure 5.1: Time-resolved, normalized QMS measurement
results of step A and B of recipe 1. m/z=28.

TU/e

Figure 5.2: Time-resolved, normalized QMS measurement
results of step A and B of recipe 1. m/z=44.
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Figure 5.3: Time-resolved, normalized QMS measurement
results of step A and B of recipe 1. m/z=40.

5.2
5.2.1

results and discussion

Figure 5.4: Time-resolved, normalized QMS measurement
results of step C of recipe 2. m/z=32.

TMP reactions
Surface adsorption of TMP

As mentioned in section 4.1, the main peaks during TMP dosing are expected around mass 79 and 95. The
measurements from these masses during the triple dosing of recipe 2 can be seen in Figure 5.5 and 5.6 respectively.
The peaks of the full ALD cycle start off lower than the peaks of the cycle without Co. Each next cycle the top
of the peak of the full ALD cycle gets closer to the top of the peak of the cycle without Co. This is expected,
as during the cycle without Co the substrate cannot grow and therefore more TMP is able to reach the QMA,
creating a higher signal. During the full ALD cycle, some of the TMP adsorbs to the surface of the substrate, and
possibly also to the walls of the reactor, meaning less TMP reaches the QMA, creating a lower signal. After each
cycle, the surface is more saturated and less TMP can adsorb to the surface, creating a signal closer to the one of
the cycle without Co. As is visible from Figure 5.5 and 5.6, the surface is almost saturated after the third cycle.

Figure 5.5: Time-resolved, normalized QMS measurement
results of step C of recipe 2. m/z=79.
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Figure 5.6: Time-resolved, normalized QMS measurement
results of step C of recipe 2. m/z=95.
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results and discussion

Reaction mechanisms of TMP

Mitchell et al.[48] proposed a possible reaction mechanism for the adsorption of dimethyl methylphosphonate
(DMMP) on a metal oxide surface. DMMP is an organic molecule like TMP, which is similar in structure to TMP.
The mechanisms can also be assumed to be similar, as the ligands of DMMP that are most reactive are the same
as the ligands of TMP. The mechanism proposed by Mitchell et al.[48] is shown in Figure 5.7. For this reaction
to happen, adsorbed hydroxyl (OH) groups have to be present on the surface. If this is the reaction happening
at the surface, an increase in signal from methanol during the dosing of TMP is expected. In Figure 5.4 the
measurement results of mass 32 (methanol and O2 ) during the TMP dosing of the second recipe can be seen. The
peaks of this mass during the full ALD cycle are just as high as the peaks of this mass during the cycle without
Co. This means no distinguishable amount of methanol is being produced during this dosing step.
There are several possible reasons for these results. One possible reason is a lack of adsorbed hydroxyl or oxygen
groups, meaning this specific reaction mechanism would be unable to take place. Another reason could be that
oxygen is left over from the previous oxygen plasma step. This leftover oxygen could overshadow the relatively
low amount of methanol. Due to the lack of signal from methanol, the proposed reaction mechanism cannot be
confirmed.
A double peak at the beginning of Figure 5.4 is also visible. The first peak originates from before the first dosing
of TMP. As this double peak is not visible for other masses during recipe 2, which can be seen in Figure 5.5 and
5.6, something mass related is happening. As mentioned in section 4.2, the valve to the QMA during recipe 2 is
closed for most of the ALD cycle, and only opened during the dosing of TMP. This means a few seconds before
the first dosing of TMP, the valve to the QMA is opened. Opening of the valve can cause a sudden pressure
increase in the QMA. Leftover oxygen from the previous step together with the pressure increase could explain
the first peak in Figure 5.4. This would also be in line the lack of signal from methanol, as the leftover oxygen
could overshadow its signal during the dosing of TMP.
To be able to either in- or exclude the reaction mechanism proposed by Mitchell et al.[48], future QMS measurements can be done of not only methanol, but also of its fragmentation products like OCH3 , CH3 , and CH2 . These
masses do not overlap with other ions that are present in the reaction chamber, giving better insight into the
created byproducts.
Another possible reaction mechanism is proposed by Yong-Xi Li et al.[50] and is shown in Figure 5.8. For this
reaction adsorbed oxygen needs to be present on the surface, and it would result in the release of formic acid
(HCOOH), which has a mass of 46. This mass was not followed and therefore no conclusions about this reaction
can be drawn. To also either in- or exclude this reaction mechanism in the future, mass 46 of formic acid can be
followed.

Figure 5.7: First reaction mechanism of TMP on a metal oxide surface[48].

5.2.3

Burning of the ligands of TMP

Step B and D of recipe 1 for mass 29 and 30 can be seen in Figure 5.10 and 5.11 respectively. A steep rise in signal
from both masses is visible during the full ALD cycle, indicating a combustion reaction is taking place during
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Figure 5.8: Second reaction mechanism of TMP on a metal oxide surface[50].

this step. This is in line with results from Y. Bai et al.[51], who researched the degradation of dichlorvos under
the influence of an oxygen plasma. The degradation pattern proposed by Y. Bai et al.[51], presented in Figure 5.9,
shows TMP first fragmenting into O(OCH3 )2 PH and OCH2 . Then, after longer exposure to the oxygen plasma,
only PO4 3- , CO2 , and H2 O are left. If the ligands are burned in the same way as proposed here, production of
OCH2 (m/z=29) is expected. The measurement results of step B and D of recipe 1 for OCH2 and OCH are shown
in Figure 5.12 and 5.13 respectively. An increase in signal can be seen for both molecules when the plasma is
turned on, making it likely that the reaction mechanism suggested by Y. Bai et al.[51] is taking place when the
oxygen plasma is turned on.
A possible method that can be used in the future to check these results is to run the same recipes again, now
using Fourier transformed infrared spectroscopy (FTIR) to measure the molecules that are present in the reaction chamber. FTIR uses the absorption and emission properties of a solid, liquid, or gas, to obtain an infrared
spectrum[52]. From this infrared spectrum, the composition of e.g. a gas can be found. Because this measurement uses a different property of the gas to measure its composition than QMS, it can be used to independently
confirm or reject the conclusions drawn from these QMS measurements.

Figure 5.9: Reaction mechanism for the burning of ligands of TMP[51].
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Figure 5.10: Time-resolved, normalized QMS measurement
results of step B and D of recipe 1. m/z=28.

Figure 5.11: Time-resolved, normalized QMS measurement
results of step B and D of recipe 1. m/z=44.

Figure 5.12: Time-resolved, normalized QMS measurement
results of step B and D of recipe 1. m/z=29.

Figure 5.13: Time-resolved, normalized QMS measurement
results of step B and D of recipe 1. m/z=30.
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conclusion

Conclusion

A rise in signal from mass 28 and 44 is observed during both step B and D of the first recipe. This rise can be
attributed to a combustion reaction happening when the oxygen plasma is turned on. The measured combustion
reaction during step B is in agreement with measurements from M.E. Donders et al.[49] on Co3 O4 deposition. A
rise in signal from masses 29 and 44 is also observed during step D of the first recipe. This can be linked to intermediate products from the combustion reaction happening during this step. The combustion reaction happening
during step D, together with the creation of these intermediate products, is in agreement with measurements
from Y. Bai et al.[51].
The increase in signal from mass 44 during step A of the first recipe can be attributed to a pressure increase
caused by switching of the Ar flow from the bubbler, to going directly into the reaction chamber. This theory is
further strengthened by the same increase happening in the signal from Ar, which should be non-reactive.
TMP is observed to be adsorbing to the surface during step C of the second recipe, visible from the first and
second peak in mass 79 and 95 during the full ALD cycle being lower than these peaks in the cycle without Co.
After the third dosing the surface is saturated, as the signal from the full ALD cycle is just as high as the signal
from the cycle without Co.
No conclusions can be drawn regarding the two reaction mechanisms proposed in section 5.2. The intensity of
the signal from mass 32 observed during step C of recipe 2 is the same for both the full ALD cycle and the cycle
without Co. The double peak for mass 32 at the beginning of step C of recipe 2 can be attributed to the opening
of the valve to the QMA, resulting in a pressure spike. Leftover oxygen from the previous step, together with
this pressure increase, results in the initial peak before the first dosing of TMP.
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Preliminary Testing Figures

Figure A.1: Mass spectrum of TMP and the possible principal positive ions belonging to each m/z value.[45]

(a) Logarithmic plot with an m/z from 20-100.

(b) Linear plot with an m/z from 60-68.

(c) Linear plot with an m/z from 76-84.

(d) Linear plot with an m/z from 92-100.

Figure A.2: Plots of the electron impact ionization spectrum of TMP for different ranges.
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