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Abstract
Titanium dioxide (TiO2) is an important material for applications in thin film
technology such as electronic storage devices and solar cells due to its attractive
material properties such as a high refractive index combined with chemical stability
and good transparency to visible light. High quality films can be obtained through
plasma-enhanced atomic layer deposition (PE-ALD), which provides films with
conformal growth and precise thickness control. In this study the surface chemistry of
TiO2 PE-ALD is investigated using in-situ optical emission spectroscopy (OES). The
PE-ALD process of TiO2 was investigated using the (CpMe5)Ti(OMe)3 (Ti-Star) and
CpMeTi(NMe2)3 (Ti-Nitha) precursors in combination with O2, N2O and N2-O2
reactant plasmas at different substrate temperatures.
The OES system was successfully set up for the TiO2 PE-ALD process. In attempting
to obtain the best signal from the spectrometer, the optimal location for the placement
of the optical fiber was investigated. Out of two possible locations for the placement
of the fiber, the location in which the fiber was aimed directly at the reaction surface
provided the best results. Furthermore, by subtracting the reference spectrum from
every measurement automatically, instant and accurate spectra were obtained.
The OES results indicated identical reaction products for both precursors with the O2
plasma. Both spectra showed the presence of OH, O and H species, possibly caused
by H2O reaction products. The differences were more pronounced using the N2O and
N2-O2 plasmas; on top of the species observed with the O2 plasma, the process of both
precursors produced NH, while the Ti-Star process possibly produced slight amounts
of CN as well. OES measurements also showed lower reactivity at low temperatures
during Ti-Star N2O and N2-O2 processes (in agreement with the SE measurements),
but could not identify any new or missing species.
Additional experiments designed to mimic H2O and CO2 presence during the PEALD process confirmed that the OH, O and H species originate from H2O. They also
showed that CO2 is hard to detect with OES. While no definite identifying peaks
could be distinguished, the PE-ALD spectra did show a similar emission band
possibly caused by CO2. It is concluded that OES results indicate that the surface
reactions are at least partly driven by combustion-like reactions, as is often the case in
metal-oxide PE-ALD, with additional reactions in case of the N2O and N2-O2
plasmas. The OES results are inconclusive on the nature and effect of these additional
species.
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1 Introduction
1.1

Atomic layer deposition of titanium dioxide thin films

Titanium dioxide (TiO2) has become a widely studied material for thin film
applications, due to its attractive material properties, including a high refractive index
and chemical stability. It features a reasonably low band-gap, providing photocatalytic
activity while maintaining a good transparancy to visible light. The outstanding
electrical and optical properties of TiO2 provide applications in the fields of optical
coatings, electronic storage devices, solar cells and photocatalytic self-cleaning
coatings [1].
Not surprisingly, atomic layer deposition (ALD) of TiO2 has been widely studied.
However, despite the wide amount of research, there are still many unknowns about
the surface chemistry during the deposition process. The goal of this project is to
setup and utilize a measurement method called optical emission spectroscopy (OES)
for further investigation of the reaction mechanisms during TiO2 ALD.
The applications mentioned for TiO2 require conformal films with a precise control
over film thickness and composition. These requirements can be met by using atomic
layer deposition (ALD) as means of film deposition. ALD is a gas-vapor based
deposition method for growing ultrathin films with high conformality and monolayer
accuracy. Due to these unique features, ALD as a method of thin film depositioning
has gained increasing amounts of interest over chemical vapor deposition (CVD)
based depositions techniques.
The technique of atomic layer deposition is based on the use of two separate selflimiting surface reactions. Both these reactions are alternated, so that after one cycle
of two half-reactions, one layer of the material has been deposited. When depositing
metal oxides such as TiO2, these two half-reactions consist of firstly a metal precursor
chemisorption, followed by an oxidizing plasma exposure. Figure 1 shows a
schematic representation of the ALD process.
During the first ALD half-cycle, a gaseous precursor is introduced to the reaction
surface (as shown in Figure 1a) . This precursor consists of a metallic centre
surrounded by ligands, which are molecule groups that are specifically chosen to be
reactive with the deposition surface but not with each other. The precursor usually
bonds to the surface through precursor adsorption via one of these ligands. Therefore
the reaction automatically ceases after at most one layer of precursor molecules is
bonded to the surface. Using a precursor that does not react with itself eliminates
CVD-like reactions (which could occur under certain conditions), as under CVD-like
conditions film conformality and precise thickness control can no longer be
guaranteed.
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Figure 1: Schematic representation of thermal ALD and plasma-assisted ALD. a) Shows the first half-cycle
containing the precursor adsorption. b) Shows the second half-cycle, containing the gas or plasma exposure.

The second half-cycle (Figure 1b), is designed to remove the remaining precursor
ligands and incorporate specific species into the film that are required in the film's
composition. In this project, for example, the second half-cycle incorporates oxygen
molecules into the film to obtain TiO2. During the second half-cycle, the surface with
the precursor molecules attached is exposed to a reactant gas (thermal ALD) or
reactive plasma (plasma-assisted ALD, see section 1.2). The process is designed so
that the reactant molecules only remove and replace the remaining ligands, in a selflimiting fashion.
After each half-cycle, the reactor is purged by a noble gas in order to fully separate
the gas-phase precursor from the reactant gas or plasma. Without this step, any
remaining gaseous precursor from the first half-cycle might react with the reactants of
the second half-cycle, causing unwanted CVD-like depositions on the film.
After this process, one layer of material has been deposited, leaving the top layer of
the substrate in the same state as the starting surface, allowing the process to repeat
itself layer-by-layer.
1.2

Plasma-assisted ALD

In some cases, such as with most metal-oxides, the thermal ALD step is not reactive
enough to sustain the ALD process. In TiO2 ALD, for example, the cyclopentadienylbased precursors used in this study (which will be discussed in section 2.1) do not
react well with H2O. To overcome this difficulty, the thermal step can be substituted
with a plasma step. This method is called plasma enhanced atomic layer deposition
(PE-ALD). It has several merits over thermal ALD, like improved material properties,
reduced substrate temperatures during deposition and increased growth per cycle. [2].
In the case of TiO2 ALD, a reactive O2 plasma is used. The remaining precursor
ligands at the surface react with and are replaced by the plasma radicals. As the
plasma radicals react only with the surface, the second half-cycle is a self-limiting
process as well.
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The remainder of the ALD process is the same as during thermal ALD. The reactor is
purged as to avoid CVD-like deposition, leaving the substrate ready for the next ALD
cycle.
1.3

Plasma basics

The plasma exposure of the ALD process has become of great importance for
depositing metal oxide thin films such as TiO2, therefore some basic knowledge about
plasmas is required to better understand this research. A plasma is often referred to as
an ionized gas. More precisely, it is a collection of charged free particles and other
gas-phase species [2], which is neutral on average. Specifically for this study, the
plasma consists of highly energetic electrons, ions, neutral species (atoms and
molecules) and excited neutral species (radicals). In this case the plasma is cold
because of the low operating pressures: even though the electron temperature of ~ 3.5
x 104 K is relatively high, the actual gas temperature (Tion and Tneutral) remains in the
range of room temperature (300-500 K).
In this project, the plasma is generated by a radio frequency (RF, at 13.56 MHz)
inductively coupled plasma source (ICP) that consists of a coil wrapped around a
dielectric (alumina) tube. During plasma ignition, a reactant gas is continuously
injected into the tube. The electrons within the reactant gas are heated and accelerated
by the electric field of the RF coil. These highly energetic electrons can ionize the
gas-phase species through electron-induced collisions. They also create reactive
atomic and molecular neutrals (also known as "plasma radicals") by rotational,
vibrational or electronic excitation (typically referred to as "plasma excitation").
Some reaction pathways for these processes are given below for the case of oxygen.
Electronic ionization:

 +   →  + 2 

Electronic excitation:

 +   → ∗ +  

The "*" indicates that the specie is still neutral, yet in a higher state of energy. Once
these excited species relax to their ground states, photons with energy ħω are usually
emitted, thus explaining why most plasmas emit light.
Relaxation:
1.4

∗ →  + ℏ

Optical Emission Spectroscopy (OES): an in-situ diagnostic tool

Optical emission spectroscopy (OES) is a non-invasive diagnostic tool that can be
used to identify excited atoms and molecules inside a plasma by measuring their light
emission. This makes it a suitable diagnostic tool for studying the reaction products
formed during the plasma-step of PE-ALD.
With OES, spectra of the light emissions are measured by a spectrometer. The spectra
measured by OES are compared to existing knowledge about optical emission spectra
of species (or combinations of species) that may be present in the reactor. This
information can optionally be combined with data from other measurement methods
in order to better identify the species. With the reaction products properly identified,
hypotheses can be formed about the surface reactions that were involved. The OES
system can then also be used to monitor specific peaks in the spectrum during the
ALD process, making OES a suitable process monitoring tool for observing the
6

presence and intensity of certain species during key moments of the ALD process.
This perk is especially useful in long automated industrial processes, for example for
fault detection during the procedure.
It should be noted, however, that not detecting a specific species does eliminate the
possibility of its presence. Some species might be excited in non-radiative excitation
modes, or in modes that emit radiation at wavelengths beyond the detection range of
the spectrometer. Another possibility is that the optical emission originating from the
plasma source may interfere with the emission originating from the reaction products.
The fact that the optical path from the reaction surface to the spectrometer port
crosses the plasma source might cause such disturbance, as will be discussed in
section 2.3.2.
1.5

Molecular band systems

Excited molecules in the plasma also radiate in a unique way. Similar to atomic
transitions, the energy states of molecules are labeled with unique designations. In
this project, some of these designations will be mentioned. This requires a short
introduction.
An example of a molecular transition is A2Σ - X2Π. The capital X on the right side
indicates the ground state, while on the left side capital letters A, B, C... etc indicate
the excited states of the same multiplicity, usually with increasing energy. Small
letters are used if the multiplicity is different. The Greek symbols (Σ, Π, ∆, Φ)
indicate the orbital angular momentum along, and the numerals in superscript indicate
the electron spin multiplicity. [3]
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2 Experimental setup
2.1

Precursors: Ti-Star and Ti-Nitha

As explained in section 1.1, metal precursors are molecules consisting of a metallic
center surrounded by ligands. These molecules are designed to bond to the substrate
in a self-limiting fashion.

Figure 2: Precursors Ti-Star (left) and Ti-Nitha (right)

In this project, two metalorganic precursors were used for the deposition of TiO2.
These precursors, Cp*Ti(OMe)3 (Ti-Star) and CpMeTi(NMe2)3 (Ti-Nitha), are shown
in Figure 2. While they look similar, there are some key differences: Ti-star has
methoxy groups attached to the titanium core, while Ti-Nitha has amide ligands. The
Ti-Nitha precursor might also suffer less from steric hindrance than Ti-Star does, for
the Cp*-group of the Ti-Star precursor makes it more bulky than Ti-Nitha.
Ti-Nitha recently became of interest due to higher growth rates obtained with this
precursor (as will be shown in the preliminary results in section 3.1). The two
precursors will be compared using different depositing conditions, to determine if
they react similarly or differently during ALD.
2.2

The FlexAL ALD reactor

For the deposition of the TiO2 films, the Oxford Instruments FlexALTM reactor was
used [4]. The reactor consists of a stainless steel reaction chamber coupled to a turbo
pump that maintains a base pressure of ~10-6 Torr. The reactor is fitted with an
inductively coupled plasma source. Attached to the reactor chamber are several
diagnostic tools, such as a spectroscopic ellipsometer (SE), a quadrupole mass
spectrometer (QMS) and an optical emission spectrometer (OES). These devices are
used for in-situ measurements. A schematic representation of the FlexALTM reactor is
shown in Figure 3.
The reactor houses up to four precursors and allows connection of up to 10 source
gases like N2, O2, N2O, CO2, and H2. The FlexALTM supports plasma powers of up to
400 W and operating pressures between 1 to 200 mTorr. The pressure is regulated by
an automatic pressure control (APC) butterfly-valve located between the reaction
chamber and the turbo pump.

8

Figure 3: Schematic representation of the FlexAL reactor

The FlexAL reactor is controlled by a software suite that allows full control over
every parameter of the reactor, such as pressure, plasma power and the temperature of
the substrate and the reactor walls. With this software, the reactor can be programmed
to perform a complete ALD process by running multiple cycles of a ‘recipe’. These
recipes contain all of the separate reactor steps necessary to complete one full ALD
cycle, such as precursor dosing, purging, and plasma exposure. These cycles are
looped for as many layers as is required. The software is versatile enough to allow for
loops within loops, thus allowing an in-situ diagnostic step to be executed after a
predetermined amount of cycles.
In this project the PE-ALD process of TiO2 was investigated using three different
plasmas: O2, N2O and N2-O2. Another study indicated a higher growth-per-cycle
when using nitrogen-containing plasmas [5], hence in this project those plasmas are
also investigated in order to check if different mechanisms are involved. The most
important parameters during the deposition with and Ti-Star and Ti-Nitha precursors
using these plasmas are shown in Table 1.
Table 1: PE-ALD deposition parameters for each precursor.

O2 plasma

N2O plasma

N2-O2 plasma (4:1)

Ti-Star

Ti-Nitha

Ti-Star

Ti-Nitha

Ti-Star

Ti-Nitha

350 W

200 W

400 W

200 W

400 W

200 W

Pressure (mTorr)

12.5

50

100

50

100

50

Source gas flows
(sccm)

50 O2

50 O2

30 N2O

50 N2O

100 N2 +
25 O2

100 N2 +
25 O2

5s

5s

5s

5s

5s

5s

Plasma power

Exposure time
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The reactor conditions vary somewhat between the different plasmas and precursors,
for the research was conducted using existing deposition recipes which had already
been confirmed to provide optimal film growth. The complete recipe used in this
project can be found in Table 6 and Table 7 of Appendix B.
2.3

Setting up OES

The high sensitivity of OES makes it a suitable tool for monitoring the reaction
mechanism during the first few seconds of the plasma step in the ALD process.
During the first few moments of the plasma step in the PE-ALD process of a metaloxide film, the optical emission of the plasma is altered due to the presence of the
remaining ligands on the surface. The reaction products are excited and radiate at
different wavelengths than the species of the pure plasma, thus providing a visible
contribution to the emission spectrum. In the ALD process of Al2O3, this effect has
been called the "blue flash" [6], for its very pronounced blue glow that can even be
observed with the naked eye. In this project, a similar effect is expected to be
observed. The effect lasts less than a second, hence the need for a fast and accurate
detection method.
The OES measurement method is based on detecting the spectrum of the light emitted
by the radiating species inside the plasma. These species can be excited by the plasma
excitation, as discussed in section 2.1. The pattern of radiating wavelengths is unique
for atom or molecule, resulting in a spectral 'fingerprint'. Therefore the detection of
electromagnetic emission spectra is a suitable method for specie identification within
the plasma, without the need to disturb the system.
2.3.1 Ocean Optics USB4000 spectrometer
The optical emission spectroscopy system consists of an Ocean Optics USB4000
spectrometer [7], which is connected to the reactor chamber through a thin optical
fiber. The inside of the fiber consists of pure glass. Light emitted by the plasma will
enter the fiber which directs the light directly to the spectrometer through total
internal reflection.
This fiber can be connected to the reactor at the top and at the bottom. The top
connection is located directly on top of the plasma source, while the bottom window
was installed in a precursor injection line, thus parallel to the deposition surface. Both
at the top and at the bottom, the window ports contain a HOQ® 310 quartz window,
as to not absorb potentially important radiation of low wavelengths. The quartz used
is transparent for wavelengths of around 180 to 4000 nm [8], while ordinary fused
glass is only transparent from about 300 nm, potentially blocking essential spectral
information in the UV-region.
The USB4000 spectrometer has a spectral range of 200 to 1100 nm, with an optical
resolution of 0.3 nm at full width half maximum (FWHM). The spectrometer provides
a sensitivity of up to 60 photons/count at 600 nm, or 130 photons/count at 400 nm.
This dependence on λ may have several causes, such as wavelength-dependant
transmittance spectra of the optical components, or nonlinearities in the sensor.
Therefore the spectrometer is less suitable for comparing the relative emission
intensities between peaks, so it should be used mainly for identifying the wavelength
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belonging to an emission peak. A schematic representation of the spectrometer is
shown in Figure 4.

Figure 4: USB4000 Spectrometer [7] 1: Fiber connector. 2: Optional slit. 3: Filter. 4: Collimating
mirror. 5: Grating. 6: Focusing mirror. 7: Detector lens. 8: Detector. 9: Optional OLFV Filters for
blocking second- and third-order light. 10: Optional detector upgrade with quartz window to enhance
spectrometer performance..

The light enters the spectrometer through an optical fiber which is connected to the
connector (1) of the spectrometer. The light then passes through an optional slit (2)
for regulating the amount of light entering the optical bench. An optional filter (3)
behind this slit allows for filtering on specific wavelengths. The light hits the
collimating mirror (4) that focuses the light on the grating (5). This grating diffracts
the light onto a focusing mirror (6), which in turn focuses first order spectra on the
detector lens and plane (7+8). These signals are digitized, and sent to a computer
through a USB 2.0 datalink.
Because the measured spectra will be used to identify the species in the plasma, it is
important that the recorded wavelengths are as accurate as possible. Therefore the
spectrometer was calibrated before use. Four different gas-discharge lamps
(containing Hg, Ne, He and Zn) with well known emission spectra were used to
determine the error in the measurements of the spectrometer. These values were used
to fit a curve described in the spectrometer manual [7], which provided a number of
constants that could be programmed in the spectrometer. The calibration report can be
found in Appendix A.
2.3.2 Determining the best window location: top or bottom
When the first ALD spectra were measured through the top window of the FlexALTM
reactor, it was clear that the "blue flash" effect was not as pronounced as during Al2O3
PE-ALD. The additional radiation from the reaction products was very weak, and the
pure plasma emission overruled these changes, causing them to be nearly invisible.
The bottom port was installed with the intention to detect radiating reaction products
close to the surface of the film during the plasma step, preventing direct illumination
by the plasma source when the fiber is installed on top. Figure 5 shows a
measurement through the bottom window being compared to a measurement on the
top window. Both readings were taken on the same oxygen plasma.
11

Figure 5:: Measurement of the same oxygen plasma through the bottom window(a)
(a) and the top window
(b).

As can be seen in the figure, the bottom
bottom-port
port did not provide the desired results.
Emission was weak overall (notice the scale of the vertical axis), while the signal
signal-tonoise ratio was low. Any subtle ffeatures
eatures in the spectrum that can be seen through the
top window, could not be observed through the bottom window.
Reviewing the OES window configuration on the reactor, this can be explained by the
orientation of the optical fiber attached to these windows.
window On the top window the fiber
is aimed directly at the substrate, whereas on the bottom window the line-of
line of-sight of
the fiber is oriented parallel to the substrate (see the schematics in Figure 5).
). The fiber
at thee bottom window could not be adjusted to aim for the substrate, because for this
window a rigid precursor injection port was used. Any reaction products that start
radiating, can immediately be detected by the top window, whereas for the bottom
port any radiating
diating reaction products would have to travel through the plasma up to the
height of the bottom window, and then start radiating in order for the light to reach the
fiber. This process proves to be inefficient, leading to a weak, noisy signal.
Another issue with the bottom port arises when considering that not only the substrate
is coated with TiO2, but the reactor wall as well. This means that as more layers are
deposited, the bottom window would slowly become coated with a thick layer of
TiO2, obscuring the UV-region
region of any light emissions. The top window is not affected
by this problem, for the flow of gases does not allow the precursor to dep
deposit
osit near the
top window.
In this project,
ject, all spectra were thus acquired through the top OES window.
2.3.3 Software
The spectrometer is connected to a computer through a USB-cable,
cable, and the output
spectrum is recorded and saved by the Ocean Optics SpectraSuite software. The
software provides two key
ey acquisition parameters: the integration time,
time which
controls the duration of the measurement, and the number of scans to average over
each other. Increasing the integration time or the number of scans may provide a
better signal-to-noise ratio,, but also increases the total acquisition time. These two
parameters are tuned to provide the best measurement, while keeping the total
acquisition time low enough ((around 50~100
100 ms) to be able to record what happens
during the first
st few hundred milliseconds of the process. This is required to record the
rapid changes in the plasma due to the reaction products, a process that only lasts for
up to 0.5 s.
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The integration time is raised until the highest peak of the spectrum is cle
clearly
arly visible,
yet not off-scale, and the
he number of scans is maximized to a total acquisition time
between 50 and 100 ms. Every plasma needs its own specific settings, as each plasma
emits light with different intensities. For example, a pure oxygen plasma needs a very
short integration time duee to a very strong emission peak 777 nm, causing the detector
to saturate. Due to the very short integration time, however, the number of averaged
scans can be increased to enhance the signal-to-noise
signal
ratio. The integration times and
numbers of average scans
ns used in this project are shown in Table 8 of Appendix B.
The software also provides the possibility to store a dark spectrum, which is normally
used to subtract contaminations of the spectrum by ambient light before starting th
the
measurement. Section 2.3.4 will describe how this dark-spectrum
spectrum was utilized in this
project to obtain better measurements
measurements.
2.3.4 Measurement method
During the plasma step of the ALD process, the plasma itself emits a high intensity
intensit
background illumination that overshadows the relevant light emission of the reaction
products as they are excited by plasma excitation. The amount of radiating reaction
products emanating from the surface is much smaller than the amount of radiating
species
ies of the pure plasma. Therefore the reacti
reaction
on products only provide small
changes to the emission spectrum of the pure plasma. It is clear that only these
the
changes in the emission spectrum are of interest.

Figure 6: Measurement method examplified using an O2 plasma. 1: A pure plasma reference is
measured. 2: The reference is stored as dark spectrum, so during tthe pure plasma the intensity
oscillates around 0. 3: Measurement of darkness, i.e. no plasma present.. The reference is su
subtracted
from every measurement, so the iinverse of the reference is observed. 4: Plasma spectrum during
deposition. Any changes observed are caused by reaction processes.

Normally, these changes are visualized by subtracting the pure plasma reference
spectrum
um from the measurement after all data has been collected. This takes a lot of
time and is not always accurate, so in this project the pure plasma reference spectrum
is stored in the software as a dark spectrum, and is therefore automatically subtracted
from every measurement. This measurement process is shown in Figure 6.

13

In Figure 6.1, the reference plasma emission is recorded moments before the actual
PE-ALD process is started. Out of all the steps of an ALD cycle, only the plasma-step
is executed, so that the pure plasma emission can be recorded (no TiO2 deposition
takes place). Great care is taken in making sure that the reactor conditions (pressure,
temperature, plasma composition) for the reference plasma match the reactor
conditions that are used during deposition. This spectrum is stored as the dark
spectrum in the software, so that from every subsequent acquisition the reference
spectrum is automatically subtracted. Therefore, the reference plasma appears as a flat
line as shown in Figure 6.2. When the plasma is turned off (shown in Figure 6.3), the
reference is subtracted from pure darkness, providing a perfect inverse of the
reference from Figure 6.1. When the actual ALD process is executed (Figure 6.4), all
of the changes in the spectrum are certain to be caused by the reaction processes
during the ALD process, for if no deposition takes place, Figure 6.2 would be
observed.
The advantage of this method is that the effects of the reaction products in the plasma
are instantly visible during the process. This saves time and provides instant insight in
the development of the process. Additionally, as the reference plasma is each time
recorded only seconds before starting the actual process, intensity changes in existing
peaks are observed more easily. For instance, the intensity of the 777 nm oxygen peak
seems to increase during deposition (compared to the reference spectrum of the pure
plasma recorded just moments before), which can be overlooked when comparing the
deposition spectrum to the reference afterwards.
All spectra measured during the process are saved (at a rate of about 5 to 10 spectra
per second, depending on the integration time and number averaging-scans chosen)
and analyzed in more detail after the process has finished.
2.4

Additional measurement methods

Previous to this research, some results on the mechanisms of TiO2 PE-ALD were
already available. These measurement methods require brief mentioning in order to
better understand the data gathered with them. Preliminary results were gathered
through quadrupole mass spectrometry (QMS) and spectroscopic ellipsometry (SE).
2.4.1 Quadrupole mass spectrometry
Quadrupole mass spectrometry (QMS) is a measurement method that determines the
mass-to-charge-ratio of ionized species. Four conducting parallel metal rods are
arranged as shown in Figure 7. The potential over these rods is controlled in such a
way that only particles with a specific mass-to-charge ratio (m/z-ratio) can pass
through the electric field created by the rods. Species with different m/z-ratios cannot
abide the oscillatory pathway that is being imposed by the potential on the rods. They
are accelerated out of the rods, or collide with them, and thus do not reach the
detector.
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Figure 7:: Schematic representation of a QMS setup

By altering the voltages over the rods, the QMS system can provide a mass-spectrum
through successively tuning it to a range of m/z
m/z-ratios. The mass-spectra
spectra obtained
provide insight to the possible species that were present during the ALD process. This
method can be used during the entire ALD process, monitoring both the precursor
precurso
step and the plasma step.
2.4.2 Spectroscopic ellipsometry
Spectroscopic ellipsometry (SE), schematically shown in Figure 8,, is an optical tool
used in ALD processes for the monitoring of, amongst other material properties, the
film thickness. By measuring at intervals in between cycles as the ALD process of
multiple cycles progresses, the growth
growth-per-cycle
cycle (GPC) of a sample can be measured.
This data can be used to monitor film growth (or the absence thereof), and can also be
used to determine what optimizations of the process provide the highest GPC rate.

Figure 8:: Schematic setup of spectroscopic ellipsometr
ellipsometry

SE works by measuring the change of polarization in the light beam incident on the
film surface upon
on reflection. The phase
phase-difference
difference and polarization change of the
detected beam is caused by the sample's properties, such as thickness and refractive
index. The gathered data is inserted into a model for the deposited material, which
retrieves the thickness
ess of the film.
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3 Results and discussion
3.1

Preliminary results

The TiO2 PE-ALD
ALD process has been investigated by several measurement methods
other than OES prior to the start of this project. These results that these methods (SE
and QMS) provided are discusse
discussed in the next few paragraphs.
3.1.1 Growth rates for both precursors
In Figure 9 the spectroscopic ellipsometry (SE) data is shown for both precursors and
all three plasmas at different substrate temperatures: 100 ºC and the typical ALD
operating temperature
emperature for the specific precursor (2
(200 ºC for Ti-Nitha
Nitha and 350 ºC for
Ti-Star).
Star). Both temperatures were investigated, for low temperatures might prove to be
useful in industrialized processes
processes.
Clearly, the Ti-Nitha processs has an overall greater growth
growth-per-cycle (GPC)) than the
Ti-Star
Star process. Another interesting observation is that the Ti-Nitha
Nitha process is only
slightly affected by a relatively low substrate temperature of 100 ºC,, while the Ti
Ti-Star
process is notably impaired by this temperature differ
difference.
ence. Especially the N2O and
N2-O2 plasma driven reactions suffer a great loss in terms of GPC. These observations
could suggest that both processes exhibit different reaction processes, while the
precursors do not differ that much in terms of composition.

Figure 9: Growth-per-cycle for Ti--Star (left) and Ti-Nitha (right) at 100 ºC and operating temperature
for O2, N2O and N2-O2 plasmas

Using only the SE data, it was difficult to fully explain these observations,
observations hence
additional measurement methods were required in order to confirm the correctness of
the measurements and to assist in unraveling the unknowns of the TiO2 PE-ALD
process.
3.1.2 QMS results
QMS was used to aid in the investigation of TiO2 PE-ALD. Figure 10 shows the QMS
data of the ALD process with Ti-Star and Ti-Nitha, using the O2 plasma at 350 ºC and
200 ºC respectively. The graph shows exactly one cycle of the PE
PE-ALD
ALD process for
both precursors. The moment of plasma igniti
ignition can be clearly distinguished:
tinguished: for Ti
TiStar and Ti-Nitha
Nitha the plasma is ignited at t = 75 s and t = 33 s.
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Figure 10: QMS data of PE-ALD
ALD with Ti
Ti-Star and Ti-Nitha precursor. Exactly one ALD cycle is shown
for both precursors.

The detected masses and their
heir possible interpretations are listed in Table 2. The N+ for
the m/z-ratio of 14 in Ti-Star
Star might be attributed to backg
background
round nitrogen, due to the
nature of the setup: the turbo pumps are purged with nitrogen gas. In that case the
m/z-ratio
ratio of 14 is not caused by a reaction product. Another option for the m/z-ratio
m/z
of
14 could be doubly-ionized
ionized CO. The presence of CO2 hints on combustion-like
combustion
reactions during the process,, where species reacting with O2 result in H2O and CO2.
So H2O would then be expected as well, yet QMS systems commonly have
difficulties
ifficulties with the detection of water. The results also clearly show that the
measured data can be interpreted in several different ways, so QMS on its own also
cannott provide enough data to build a model for the surface reactions of the TiO2
ALD process.
Table 2:: QMS results for the two precursors.

Ti-Star

Ti-Nitha

Detected m/z

Possible specie

Detected m/z

Possible specie

44

CO2+

44

CO2+

30

OCH2+

30

NO+ / OCH2+

28

CO+

29

NMe+ / OCH+

14

N+ / CH2+

14

N+ / CH2+

3.2

OES results

While QMS has shown several possible reaction products, and SE has indicated some
peculiarities on the growth per cycle
cycle, it is clear that QMS and SE data alone do not
provide a clear picture of the surface reactions in the TiO2 ALD process. More
ore data is
needed
eeded through other measurement methods. T
The
he upcoming sections will show the
extensive OES data gathered on the process
process.. This will help confirm the QMS and SE
measurements, while simultaneously providing new data that can be used to put the
other readings in better perspective.
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3.2.1 Titanium oxide PE-ALD
ALD with an O2 plasma
Figure 11 shows the OES spectra of both precursors during the plasma step of the
ALD process with an O2 plasma, the blue curve being the Ti-Star
Ti Star precursor, and the
red curve being the Ti-Nitha
Nitha precursor. Both curves have been normalized to each
other through the 844 nm oxygen
oxygen-peak,
peak, in order to better compare both curves in one
figure. It should also be mentioned that the red and blue curve are enhanced (by
zooming in through the vertical axis only) for better visibility of the smaller nuances
in the spectra. The red and blue curves are only a fraction of the intensity of the
reference spectrum shown in the bottom of Figure 11.
It is immediately
y evident that both spectra are very similar, and only slightly differ in
the relative height of certain small peaks. OES suggests only minor differences
between both precursors using the O2 plasma.

Figure 11: OES spectra during the plasma step of PE
PE-ALD using an O2 plasma. The blue curve is the
spectrum of the Ti-Star
Star prectursor, tthe red curve is the spectrum of the Ti-Nitha
Nitha precurso
precursor and the
black curve is the O2 reference plasma.
plasma The blue and red curve have been normalized to eeach other
through the 844nm O-peak.
peak. The dotted lines indicate a saturation limit, for the 777nm O
O-peak
peak is very
high compared to the other peaks.

Both spectra show the presence of atomic O and H, and molecular OH (A2Σ - X2Π) in
the UV region around 309 nm
nm. Also a slight decrease in the O2+ emission is observed.
observed
This decrease might be caused by slightly changing plasma conditions.
conditions As the
reaction products enter the plasma, the pressure inside the reactor could perturb
slightly, shifting the energy distribution amongst the plasma particles and thus
resulting in slight perturbations in the emission spectrum
spectrum. This has been briefly
investigated by monitoring the effects on the reference spectrum when the reactor
pressure is slightly altered. With this the O2+ dips and the O peaks at 777 and 844 nm
could be reproduced, yet due to time limitations a full study of this effect has not been
executed. The magnitude of the pressure difference required to reproduce the results
has not
ot yet been determined, so no definite conclusion can be drawn at this moment.
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3.2.2 Investigating the presence of H2O and CO2
The observation of H, O and OH might hint at the presence of H2O as a reaction
product. In conjunction with the gathered QMS results that show CO2, it was
hypothesized that the surface reactions might be combustion-like in nature, thus
creating H2O and CO2. To confirm, the conditions of H2O presence were simulated by
igniting an O2 plasma at the ALD operating conditions (but without the wafer or
precursor step), and injecting a small amount of H2O directly into the reactor. This
would simulate H2O as a reaction product entering the O2 plasma. The resulting
spectrum is shown in Figure 12, and is compared with both precursors. The
similarities are well pronounced as all graphs share the characteristic OH, O and H
lines, and even some of the O2+ dips.

Figure 12: The black curve is the H2O test spectrum: H2O was injected under simulated ALD
conditions. The red line is the PE-ALD spectrum using Ti-Nitha, the blue line is the spectrum using TiStar. The PE-ALD spectra are very similar to the test spectrum. The dotted lines indicate the saturation
of the 777nm O-peak.

The next logical step in investigating the combustion-like nature of the surface
reactions is to check for CO2 using the same method as the H2O test. The result is
shown in Figure 13. A very broad and relatively weak emission band was observed in
the test spectrum. To compare this with the emission spectra of the TiO2 deposition,
the blue and red spectra were zoomed in to reveal the weak broadband emission.
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Figure 13: Black curve: CO2 test spectrum, CO2 was injected under simulated
ted ALD conditions. The
spectrum is heavily zoomed in upon to better show the broad
broad-band CO2 emission. The dotted lines
indicate the saturation of the irrelevant spectral lines.

As shown in the figure,, both the Ti
Ti-Nitha- and Ti-Star-based
based processes provide
spectra with this broadband CO2 feature. The emission is faint, in agreement with
earlier studies where there were slight difficulties in detecting CO* species OES in
the FlexALTM reactor [9]. While the emission of CO2 is weak and no uniquely
identifiable peaks can be disti
distinguished,
nguished, the results (combined with the QMS data) do
indicate the presence of CO2 as a reaction product. It can therefore be concluded that
the surface reactions of TiO2 PE-ALD
ALD are mainly or at least partially driven by
combustion-like
like reaction processes.
The exact experimental parameters of the H2O and CO2 injection experiments are
listed in Appendix A.
3.2.3 Titanium oxide PE-ALD
ALD with N2O and N2-O2 plasmas
In this section the observations made on the nitrogen plasma mixtures (N2O and N2O2) are shown. Figure 14 shows these spectra and compares them with the spectra
from the O2 plasma.
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Figure 14: OES spectra of Ti-Star
Star and Ti
Ti-Nitha precursors with N2O and N2-O2 plasmas.. The
Th reference
spectrum offset lines are caused by the unstable plasma.. The spectral lines at 356 and 386 nm in the
Ti-Star
Star case are labeled "CN", but this label is still debatable.

For both precursors the characteristic peaks for H2O can be observed,, indicating that
these processes
sses are most likely also partly driven by combustion
combustion-like
like reactions. CO2
could not be observed, for the spectrum was distorted with a 'reference spectrum
offset'. These bands and peaks are indicated in the graph, and are caused by the
reference plasma radiating
iating a little stronger or weaker during deposition. In the case of
Ti-Star
Star this is most obvious between 550 and 780 nm. The band shown matches the
fingerprint of a nitrogen plasma (shown
(
in Figure 16 of Appendix B). A possible
explanation could be that the reactor conditions (pressure, plasma power) slightly
change over time due to the film growth, causing minor changes in the energy balance
between the source species of the plasma.
The behavior of this offset seemed
see
to be somewhat erratic. A short series of trial
measurements with slightly different plasma exposure times was performed,
performed because
the first set of measurements that showed the effect seemed to indicate a relationship
between, on the one hand, the direction that the intensity of the reference-offset
offset effect
effec
progressed in as the number of cycles increased
increased, and on the other hand the plasma
exposure time used. A longer exposure time seemed to enhance the effect over time
time.
However, no definite trend could be observed in the trial measurements, and due to
time limitations this effect was not further investigated.
There are also some major differences between the N-containing
containing plasmas and the O2
plasma.. Several new emission lines are observed, like NH(A3Π - X3Σ-) [10] for both
Ti-Star and Ti-Nitha. The
he lines around
a
356 and 386 nm in case of Ti-Star
Star might be
related to the CN Violet system (B2Σ - X2Σ), but this is not entirely
ly certain, because
the lines would have been expected to appear around 358 nm and 388 nm [11].
[11] These
lines might indicate that the reaction
reaction processes are somewhat different for Ti-Star
Ti
and
Ti-Nitha,
Nitha, but this conclusion may be premature. It is still possible that these additional
species are created by plasma reactions with ligands that play no key role in the actual
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TiO2 deposition mechanism. NH and CN might be the result of plasma reactions with
the 'debris' of a precursor molecule, without actually contributing to the key reaction
mechanism.
The notion that CN (if observed) was only observed in case of Ti-Star might be
related to the fact that the methyl groups are bonded in a different way for both
precursors (see section 2.1): Ti-Star has most of its methyl groups attached to the
cyclopentadienyl molecule, while the methyl groups of Ti-Nitha are mainly bonded to
the nitrogen atoms. Whether or not this process plays an key role in the surface
reactions, cannot be determined with the data gathered by OES.
3.2.4 Temperature dependency during TiO2 ALD with the N2-plasmas
The growth-per-cycle measurements (section 3.1.1) showed an interesting trend in the
deposition of TiO2 using Ti-Star and a nitrogen-containing plasma; at 100 ºC the film
growth-per-cycle was severely impaired compared to the process at operating
temperatures. Therefore OES was also used at different temperatures to further
investigate this trend. Figure 15 shows the spectra of Ti-Star at both 100 ºC and at the
operating temperature of 350 ºC for both nitrogen plasmas.
The recordings of Figure 15 are all acquired using the same integration time, so that
the intensity of the spectra can be compared. For both the N2O and the N2-O2 plasma
the overall intensity of the spectrum at 100 ºC seems to be lower than the intensity
observed at 350 ºC. While this does imply that the reactivity at 100 ºC is lower,
resulting in a lower growth-per-cycle which is in agreement with the SE data of
section 3.1.1, it does not provide any new insights into the cause of this decreased
growth-per-cycle. The spectra at both temperatures are of nearly identical shape, thus
the OES measurements do not imply different reaction mechanisms at low
temperatures. Further research is required to determine the exact cause of the lower
growth rate of TiO2 at 100 ºC with nitrogen-containing plasmas.

22

Figure 15: Ti-Star spectra for N2O and N2-O2 at 100 ºC and 350 ºC (normal operating temperature).

The Ti-Nitha
Nitha deposition process was also monitor
monitored at both 100 ºC and operating
temperatures, but no definite trend in the intensities of the spectra could be
determined. The maximum height of the intensity of characteristic emission peaks
was erratic between subsequent deposition cycles for the Ti
Ti-Nithaa processes,
preventing the use of the spectrum intensity as an indicator for overall reactivity.
This error may be caused by the slightly longer integration time that was used for the
Ti-Nitha
Nitha processes as compared to the Ti
Ti-Star process (see Table 8 off Appendix B).
Due to the longer integration time, less measurements per second could be recorded.
It is possible that due to the longer acquisition time, the sweet
sweet-spot
spot of the reaction (the
very first milliseconds) was occasionally missed, so that the first measurement of the
reaction was acquired when the reaction had already progressed several tens of
milliseconds, thus showing a lower intensity. Because of this spread in the intensities
recorded, no conclusions onn the reactivity can be drawn for the Ti
Ti-Nitha
Nitha case.

23

4 Conclusion and outlook
Optical emission spectroscopy has been successfully set up for the investigation of the
plasma enhanced atomic layer deposition process of TiO2. It has been shown that the
method gives best results when the OES window port is aimed directly at the
substrate. Further improvement of the measured optical spectra was achieved by using
a data acquisition method that featured real-time reference spectrum subtraction,
providing immediate and accurate readings that are more easily interpreted.
Using OES it has been shown that H2O and CO2 were present in the reactor during the
ALD process of TiO2 using an O2 plasma. In conjunction with preliminary data
gathered from QMS and SE, it has been shown that the reaction processes of TiO2
deposition are mainly or at least partly driven by combustion-like reactions. OES
measurements also confirmed a lower reactivity for the TiO2 PE-ALD process using
Ti-Star with a N2O or N2-O2 plasma at temperatures of 100 ºC, as opposed to the
reactivity at temperatures of 250 ºC. This was in agreement with the preliminary GPC
study.
Some unexpected effects were observed, such as an offset in the reference spectrum
during deposition with N2O and N2-O2 plasmas. In the O2 plasma PE-ALD process,
the spectra showed a decreased intensity of the O2+ peaks.
In the future, further research could be conducted on the reference offset spectra that
were observed during the ALD process. The origin of the O2+ dips could also be
investigated by recording the reference plasma spectrum with OES while slightly
altering the reactor conditions (such as pressure and plasma power). Further data
interpretation, such as investigating the behavior of the intensity of the reaction
product peaks over time, might also improve the understanding of the reaction
mechanisms during TiO2 PE-ALD.
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Appendix A
Spectrometer calibration
Before any spectra were measured with OES, the spectrometer was calibrated. For
this, four gas-discharge lamps with different chemical elements were measured, being
Hg, Ne, He and Zn. The spectral lines of these lamps are well defined, thus very
suitable for calibration. Out of these four lamps, a total of 17 spectral lines were used
for calibration.
The calibration method used was the method provided by the USB4000 manual [7].
The pixel-numbers of the 17 lines were recorded, squared and cubed, as instructed in
the manual. In another column, the corresponding true wavelengths of the spectral
lines, as described in the literature [12], were inserted. Using this data, a linear
regression calculation was performed to determine the correct calibration coefficients.
The true wavelengths were selected as the dependent variable (Y), while the pixelnumbers, the pixel-numbers squared and the pixel-numbers cubed were selected as the
independent variable (X). The resulting coefficients are displayed in Table 3.
Table 3: Calibration coefficients for the USB4000 spectrometer

Intercept

176.6685

X Variable 1

0.217805

X Variable 2

-4.15116 · 10-6

X Variable 3

-5.60495 · 10-10

These coefficients were then transferred to the spectrometer through a USB
connection, using the Ocean Optics USBProgrammer application. Once this process
was completed, the spectrometer was properly calibrated. Table 4 shows the old
calibration values that were extracted from the spectrometer.
Table 4: Old calibration coefficients extracted from the USB4000 spectrometer

Intercept

177.4257

X Variable 1

0.219064

X Variable 2

-4.95841 · 10-6

X Variable 3

-4.10635 · 10-10

Experimental parameters for the H2O-check and CO2-check experiments
Table 5 shows the FlexAL recipe used for the H2O- and CO2-check experiment. In
case of H2O, the chamber and plasma source were pumped down for a total of 20
seconds. Then a pre-plasma step of 5 seconds was executed in order to let the reactor
pressure settle before igniting the plasma, followed by a 350 ms long puff of H2O
directly into the reactor. Then another 4 second long pre-plasma step was
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implemented so that the reactor could settle again for the actual plasma, conveniently
simulating the presence of low H2O concentrations during the plasma-step.
The CO2-check was performed in an analogous manner, with slightly different
timings for the CO2 dose and subsequent pre-plasma step.
Table 5: Experimental parameters for H2O and CO2 check experiments.

H2O-check
Duration

CO2-check
Parameters

Duration

Parameters

Chamber pump

10 s

Pump, no source
gases

10 s

100 sccm Ar @
100mTorr

ICP Pump

10 s

Pump, no source
gases

10 s

100 sccm Ar @
100mTorr

Pre-plasma

5s

50 sccm O2 @
50mTorr

5s

50 sccm O2 @
50mTorr

350 ms

50 sccm O2 @
50mTorr,
H2O-valve open

5s

50 sccm O2 + 30 sccm
CO2 @ 50mTorr

Pre-plasma

4s

50 sccm O2 @
50mTorr

3s

50 sccm O2 @
50mTorr

Plasma exposure

10 s

50 sccm O2 @
50mTorr
200W

10 s

50 sccm O2 @
50mTorr
200W

Purge

3s

200sccm Ar

3s

200sccm Ar

H2O / CO2 dose

End process
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Appendix B - Additional tables and figures
Table 6: Deposition recipes used for Ti-Star with the O2 ,N2O and N2-O2 plasma.

Ti-Star

O2 plasma

N2O plasma

N2-O2 plasma

Duration

Duration

Duration

Parameters

Parameters

Parameters

Pre-bubbling

1s

100 sccm Ar
@ 100mTorr

1s

100 sccm Ar
@ 100mTorr

1s

100 sccm Ar
@ 100mTorr

Precursor
dose

2s

100 sccm Ar
@ 100mTorr

2s

100 sccm Ar
@ 100mTorr

2s

100 sccm Ar
@ 100mTorr

Purge

2s

200 sccm Ar

10 s

200 sccm Ar

10 s

200 sccm Ar

Pre-plasma

5s

50 sccm O2
@ 12,5mTorr

5s

30 sccm N2O
@ 100mTorr

5s

100 sccm N2
+ 25 sccm O2
@ 100mTorr

Plasma
exposure

5s

50 sccm O2
@ 12,5mTorr
350W

5s

30 sccm N2O
@ 100mTorr
400W

5s

100 sccm N2
+ 25 sccm O2
@ 100mTorr
400W

Purge

2s

200 sccm Ar

2s

200 sccm Ar

2s

200 sccm Ar

End cycle

Table 7: Deposition recipes used for Ti-Nitha with the O2, N2O and N2-O2 plasma.

Ti-Nitha

O2 plasma

N2O plasma

N2-O2 plasma

Duration

Duration

Duration

Parameters

Parameters

Parameters

Pre-bubbling

1s

100 sccm Ar
@ 100mTorr

1s

100 sccm Ar
@ 100mTorr

1s

100 sccm Ar
@ 100mTorr

Precursor
dose

3s

100 sccm Ar
@ 200mTorr

3s

100 sccm Ar
@ 200mTorr

3s

100 sccm Ar
@ 200mTorr

Purge

2s

200 sccm Ar

10 s

200 sccm Ar

10 s

200 sccm Ar

Pre-plasma

5s

50 sccm O2
@ 50mTorr

5s

50 sccm N2O
@ 50mTorr

5s

100 sccm N2
+ 25 sccm O2
@ 50mTorr

Plasma
exposure

5s

50 sccm O2
@ 50mTorr
200W

5s

50 sccm N2O
@ 50mTorr
200W

5s

100 sccm N2
+ 25 sccm O2
@ 50mTorr
200W

Purge

3s

200 sccm Ar

3s

200 sccm Ar

3s

200 sccm Ar

End cycle
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Table 8:: OES integration times and number of average scans used.

Ti-Star

Ti-Nitha

Int. time

Aver. scans

Total time

Int. time

Aver. scans

Total time

3,8 ms

5

19 ms

3,8

10

38 ms

N2O plasma

8 ms

5

40 ms

12

5

60 ms

N2-O2 plasma

8 ms

5

40 ms

12

5

60 ms

O2 plasma

Figure 16:: Reference spectrum of a N2-O2 plasma. Notice the characteristic nitrogen emission band
from 550-770 nm.
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