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Abstract

Silicon nitride is a material that is used in a variety of applications, e.g., as a gate spacer,
barrier layer or sacrifical layer in microelectronics. Due to the downscaling of semiconductor
devices, precise layer thickness control, uniformity, conformality and low deposition temper-
atures are becoming more important. Plasma-assisted atomic layer deposition (ALD) is a
cyclic deposition technique that could meet these requirements.

Therefore, an ALD process for silicon nitride was developed with the metalorganic precur-
sor bis(t-butylamino)silane (BTBAS) and a N2 plasma, since the hydrogen-containing plasmas
NH3 and H2-N2 resulted in extremely low growth rates. Saturation curves for this process
confirmed the self-limiting behavior characteristic for ALD. The resulting films showed a
relatively high carbon content and N/Si ratio. The material properties were optimized by
increasing the plasma exposure time, increasing the temperature and decreasing the plasma
pressure.

The temperature window that resulted in films with good quality was 200◦C-500◦C. The
refractive index, N/Si ratio and mass density reached values close to those of stoichiometric
Si3N4 and the carbon and hydrogen contents decreased to ≈ 5 at% each. The uniformity
of thickness and refractive index improved with increasing temperature as well. Also, the
long-term stability of the films improved and for plasma exposure times ≥ 7.5 seconds, tem-
peratures ≥ 200◦C and pressures ≤ 40 mTorr the films showed no signs of oxidation in the
two months after they were deposited. ALD behavior was also obtained for a temperature
of 100◦C, but further optimization of the low-temperature process parameters is needed to
improve the material quality under these circumstances.

Quadrupole mass spectrometry and optical emission spectroscopy were employed to pro-
vide insight into the reaction mechanism. The main reaction product during the precursor
step was the t-butylamine ligand of BTBAS and the precursor adsorption on the surface
was not limited by steric hindrance. The main reaction products during the plasma step
were cyanogen, propane, hydrogen cyanide, ammonia and hydrogen. Since the reaction
products in the plasma exposure step contained t-butylamine ligand fragments, it was as-
sumed that BTBAS adsorbed monofunctionally during the precursor step by splitting off
one t-butylamine ligand and that the other t-butylamine ligand was removed by the nitrogen
plasma.

The effect of hydrogen, when added to the plasma, was investigated to gain insight into
the reaction mechanism leading to the reduced GPCs. The hydrogen-containing plasmas
were able to remove t-butylamine ligands, but poisoned the surface, which limited precursor
adsorption in the next cycle, hence reducing the growth. N2 plasmas could remove the poison-
ing partly. Three possible reaction mechanisms that could explain the poisoning mechanism
have been proposed.
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Chapter 1

Introduction

The focus of this work is on atomic layer deposition (ALD) of silicon nitride. Therefore,
the first three sections in this chapter will be used to introduce the applications of silicon
nitride and ALD. In the fourth section the project goal and the main research questions will
be stated. The last section contains the outline of this work.

1.1 Silicon nitride and its applications

Silicon nitride is a material that is used in a variety of applications, as some examples in
figure 1.1 show. In photovoltaics it is used as an antireflection coating and passivation layer,
in microelectronics silicon nitride can be used as a gate spacer, barrier layer or sacrificial layer
[1–3]. For each application films with different properties are required and these material
properties depend on the deposition techniques and conditions.

Due to the downscaling of the 3D structures in semiconductor devices, precise layer thick-
ness control, uniformity and conformality are becoming more and more important. Also, the
thermal budget should be reduced. The most common used deposition techniques for silicon
nitride (e.g., for gate spacers and encapsulation) are low pressure chemical vapor deposition
(LPCVD) and plasma enhanced chemical vapor deposition (PECVD) [4]. LPCVD deposited
silicon nitride films need a relatively high deposition temperature (> 700◦C), although they
do result in good conformality, while PECVD films can be deposited at temperatures below
400◦C, but generally show poor conformality [4, 5]. Atomic layer deposition (ALD) is a de-
position technique that can combine the requirements of very accurate thickness control in
3D structures and a low deposition temperature [4, 6] and will therefore be discussed in more
detail in the next section.

Depending on the application, specific requirements of certain material properties can

Figure 1.1: Three examples of silicon nitride applications: solar cells (left), gate spacers [4]
(center) and as sacrificial spacer layer in spacer defined double patterning [2] (right).
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2 CHAPTER 1. INTRODUCTION

be necessary, for example the ratio between nitrogen and silicon, the refractive index, the
maximum impurity content and the mass density. The hydrogen content of the films is also
important, since high hydrogen concentrations can degrade the film characteristics and the
device performance in microelectronics [7–9], while in solar cells hydrogen can be beneficial
by passivating defects [1]. Also, the stability of the deposited films can be an issue. Unstable
films can oxidize after deposition, while stable films do not/hardly oxidize after deposition.

1.2 Atomic layer deposition

Atomic layer deposition is a deposition technique that theoretically allows for the deposition
of one monolayer per cycle. The key feature of an ALD process is that it consists of two self-
limiting half-reactions in one cycle. Each cycle consists of several steps, of which the four most
important steps are shown in figure 1.2. During the first half-cycle the precursor is exposed
to the surface. It adsorbs on the surface and when all active surface sites are occupied, no
more precursor is adsorbed, because it cannot react with itself. After the precursor exposure
all remaining precursor molecules and reaction products are removed from the reactor by a
purge step. The second half-cycle starts with the reactant exposure. The reactant, which is
typically a gas for thermal ALD, replaces or modifies the surface groups. When all surface
groups are converted into groups the precursor can adsorb on, the reaction stops, because
the reactant cannot react with these modified surface groups. After the reactant exposure, a
purge step is used to remove all remaining reactant species and reaction products from the
reactor. The surface can then be exposed to the precursor again in the next cycle and these
cycles are repeated until the desired film thickness is achieved. Note that the purge steps are
necessary to avoid that precursor and reactant species are in the reactor at the same time,
which could lead to CVD-like growth.

In plasma-assisted ALD the reactant is a plasma and the merits of plasma-assisted ALD
over thermal ALD are the production of more reactive species, improved and controlled ma-
terial properties, increased choice of precursors and materials, increased GPC, more process
versatility and a low thermal budget [6]. The low thermal budget of a plasma-assisted pro-
cess is due to the fact that a plasma leads to reactive species without requiring thermal
equilibrium. Even though the gas temperature is relatively low (300K-500K), the electron
temperature can be high (10.000K-50.000K) [6]. The electrons in the tail of the energy dis-
tribution can ionize and dissociate the gas-phase molecules, creating reactive species. These
reactive species can induce surface reactions, which lead to the deposition of the film.

To ensure the self-limiting behavior of each half-cycle the cycle steps need to be optimized.
The growth per cycle (GPC) should be independent of the precursor and reactant dosages.
Since saturation is necessary for ALD, the duration of each step must be long enough to
achieve this, but the cycle time should be optimized as well to improve throughput. When
saturation is achieved, other process parameters can be varied to optimize the film properties
(e.g., film composition, refractive index and mass density).

Plasma-assisted ALD can be used to deposit a wide variety of materials, also materials
that cannot be deposited with thermal ALD. For many materials, plasma-assisted ALD is
a deposition technique that allows for deposition temperatures below the conventional tem-
perature windows provided by thermal ALD or LPCVD. However, the temperature window
in which the ALD process exhibits the self-limiting half-reactions can be limited (e.g., due
to the decomposition temperature of the precursor). Although plasma-assisted ALD pro-
cesses generally result in improved material quality, the incorporation of impurities due to
non-ideal processing parameters can still be an issue. Therefore, it is important to under-
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Figure 1.2: A schematic overview of the most important steps in an ALD process. The top
figure shows a thermal ALD process and the bottom figure shows a plasma-assisted ALD
process.

stand the growth mechanism of the process and the influence of the processing parameters
on this mechanism, since variation of processing parameters can be used to tune the material
properties.

1.3 Atomic layer deposition of silicon nitride

In the development of a plasma-assisted ALD process the choice of precursor and reactant
is important. There are many precursors that can be considered to deposit silicon nitride
with ALD, the main types being metal hydride, metal halide and metalorganic precursors.
Ammonia, nitrogen or hydrogen-nitrogen can be considered as reactants, either as a gas or
as a plasma.

Metal halide precursors (SiCl4, SiH2Cl2 or Si2Cl6) are mostly reported in the literature
and are mainly used in combination with NH3 gas or plasmas and result in GPCs between
0.9 Å and 2.7 Å [3, 10–13]. The refractive index of these films ranges from 1.6 to 2.01 [3,
10, 12, 13]. The hydrogen content for a film deposited with SiH2Cl2 and an NH3 plasma
is 13 at% [11, 13]. A disadvantage of using metal halide precursors is that they can lead
to formation of ammonium chloride, which accumulates at/in several reactor parts [5, 14].
Therefore frequent cleaning is required, reducing the available processing time [14].

King reported an ALD process for silane gas and a nitrogen plasma, which resulted in
GPCs between 0.25 Å and 2 Å [15]. Plasma exposure times of 60-90 seconds were needed
to achieve saturation, leading to relatively long cycle times [15]. The refractive index of the
deposited films (1.749) was low compared to the refractive index of stoichiometric Si3N4 (2.05)
[15, 16]. King reported that the addition of NH3 to the plasma resulted in a GPC below 0.03
Å and suggested that this is due to the formation of an N−H terminated surface, while SiH4
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adsorption only occurs on nitrogen dangling bonds [15]. This process could be difficult due
to the low reactivity of the Si−H bond in silane [17].

Metalorganic precursors do not lead to the formation of ammonium chloride, but the
resulting films can contain carbon impurities. ALD processes for metalorganic precursors
were reported by Fang et al., but did not result in stable films [18]. In this work the metalor-
ganic precursor bis(t-butylamino)silane (BTBAS) was used in combination with an ammonia,
nitrogen or hydrogen-nitrogen plasma. The plasma is not only important to remove the pre-
cursor ligands remaining on the surface after precursor dosing, but also to prepare the surface
for precursor adsorption in the next cycle. Using different plasmas could result in different
surface groups, which could be important for silicon nitride growth by ALD.

1.4 Project goal and research questions

As discussed in this chapter, silicon nitride is an interesting material for many applications.
Furthermore, thickness control of the sub-nanometer level is becoming more important nowa-
days and the deposition temperature needs to be reduced to extend the application range of
silicon nitride films even further. Therefore, the main goal of this work is the deposition of
high quality silicon nitride with plasma-assisted ALD in a wide temperature window. To this
end, an ALD cycle for silicon nitride was developed in this work and the saturation behavior
of this cycle was investigated. To guide the research and provide focus to this work, the
following research questions were stated:

- What is the temperature window in which this ALD process can be used?
As stated before, it is important to extend the temperature window for silicon nitride
depositions to lower temperatures. At the same time, high temperature applications
remain. Therefore, the influence of deposition temperature on the self-limiting behavior
and the material properties was investigated.

- What are the properties of the resulting films and is it possible to control these proper-
ties?
The influence of the plasma composition and other deposition parameters on the GPC
was studied. Films were deposited for varying deposition parameters to investigate
whether the material properties could be tuned. The properties studied in this work
were the refractive index, film composition, sputter rate, mass density, thickness and
refractive index uniformity and stability.

- What are the reaction products and what are the characteristics of the growth mecha-
nism?
Mass spectrometry and optical emission spectroscopy measurements were performed to
investigate the reaction products during the process and to provide information about
the reaction mechanism.

These questions will be addressed in the following chapters.

1.5 Outline of the thesis

In the next chapter the deposition setup and the diagnostic techniques that were used in this
work will be described. The chapters that follow will answer the questions that were stated
in the previous section.
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Since the temperature window is an important issue for a deposition process, it is impor-
tant to determine the deposition temperature accurately. Therefore, chapter 3 will address a
measurement method for the substrate temperature.

In chapter 4 the development of the plasma-assisted ALD process will be discussed and the
material properties will be investigated as a function of several process parameters. The fifth
chapter will show systematic experiments to study the growth mechanism of the developed
ALD process. Moreover, a growth mechanism will be proposed. In the last chapter the
conclusions of this work will be presented.
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Chapter 2

Experimental setup and diagnostics

In this chapter a short overview of the experimental setup will be given. The ALD reactor
FlexAL2, which is used for the deposition of silicon nitride, will be described in the first
section. To provide a better understanding of the ALD process, the second section will explain
the various steps in the ALD cycle used in this work. Some diagnostic techniques that were
used have already been mentioned in chapter 1. An overview of all the diagnostics used in
this work will be given in section 2.3. The basics of these diagnostics and the measurement
procedures will be explained.

2.1 The atomic layer deposition tool (FlexAL2)

The deposition of silicon nitride was done in the remote plasma ALD reactor FlexAL2,
developed by Oxford Instruments. A schematic of this reactor is shown in figure 2.1. Samples
for deposition enter the reactor via a loadlock system. Depositions were done on 2 and 4 inch
wafers or pieces thereof. Single side polished wafers could directly be handled by the loadlock
system, for double side polished wafers or wafer pieces a carrier wafer had to be used.

The wafer table can be heated up to 500◦C, while the maximum wall temperature is 150◦C.
When the heater in the wafer table is set to a temperature ≥ 150◦C, the wall temperature
is set to 150◦C. For heater temperatures below 150◦C, the temperature of the walls is set to
the same value as the heater temperature.

The temperature of the BTBAS bubbler is set to 50◦C and the precursor is introduced
by the vapor draw method, where argon can be used as a carrier gas. The temperature of
the lines was set to 70◦C to avoid precursor condensation in the lines. The precursor was
injected below the plasma source.

On top of the reactor chamber the remote plasma source is positioned. The ICP source is
controlled by an automatic matching network for an efficient power coupling into the plasma.
The input power can be set to a maximum of 600W. In this work the processing gases entered
the chamber via the top of the plasma source, but there is also a gas inlet below the plasma
source.

The angle of the butterfly valve (above the pumping unit) determines the effective pump-
ing of the reactor. This angle (0◦-90◦) together with the gas flow determines the pressure in
the reactor. To achieve low pressures the valve is opened more than for high pressures. The
maximum allowed pressure is 250 mTorr.

There are three in situ diagnostics used in this work. The optical windows for spec-
troscopic ellipsometry are positioned under an angle of 70◦. These windows are closed by
valves during the deposition to avoid deposition on the windows. The quadrupole mass spec-

7
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Figure 2.1: A schematic overview of Oxford Instruments’ FlexAL2 reactor, showing the main
components of the reactor. The valves are depicted in red and the heated substrate holder is
shown in blue in the reaction chamber. The ICP source is positioned on top of the reaction
chamber, the turbo pump at the bottom of the chamber. The in situ diagnostics SE, QMS
and OES are depicted as well. The loadlock, precursor pots and precursor delivery lines are
not shown.
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trometer is also connected to the reaction chamber through a valve and for optical emission
spectroscopy a fiber is positioned on top of the plasma source to vertically probe emission
from the plasma through a small window.

2.2 The silicon nitride ALD cycle

An ALD process consists of the repetition of a cycle and the basic ALD cycle for silicon
nitride in this work consists of seven steps.

1. Pre-dosing: The argon flow through the precursor lines is switched on to
clean the precursor delivery lines.

2. Precursor dosing: The bubbler valve is opened and BTBAS is transferred to
the reaction chamber. During this step the argon flow is
diverted to the exhaust.

3. Reaction step: Because the precursor dosing time is very short, a reaction
step is included to allow the precursor to adsorb on the sur-
face. The precursor lines are purged with argon to keep
the lines clean. To limit precursor removal from the reac-
tor chamber but allow the removal of reaction products, the
butterfly valve is nearly closed by setting the angle to 10◦.

4. Precursor purge: The precursor lines are purged with argon and the reaction
chamber is pumped down to remove the remaining precursor
and reaction products.

5. Pre-plasma: The plasma gases are switched on to guarantee that the flows
have stabilized when the plasma is ignited.

6. Plasma: The plasma is ignited.
7. Purge plasma: The reaction chamber is pumped down to remove the re-

maining plasma species and reaction products.
This cycle is repeated and after a certain number of cycles an SE measurement (see section
2.3.1) is done to determine the thickness of the deposited film. This procedure is repeated
until the desired film thickness is deposited.

2.3 Diagnostics

In this section the diagnostic techniques will be described. For each technique a short expla-
nation will be given, followed by the measurement procedure and analysis methods.

2.3.1 Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry (SE) is a non-invasive optical technique that can be used to obtain
information about the film thickness and the optical constants of the film. It measures the
change in polarization of a light beam that is reflected off a sample [19].

During an SE measurement the difference in amplitude ratio Ψ and phase difference ∆
between the incoming and reflected beam are measured [19, 20], as shown in figure 2.2.
Modelling this data correctly can give the thickness and the optical constants (or dielectric
function) of the film.

These optical constants can be expressed in terms of the real and imaginary part of the
complex refractive index ñ = n − ik, where n is the refractive index and k the extinction
coefficient. However, the optical constants can also be expressed in terms of the real (ε1)
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Figure 2.2: The principle of an SE measurement, showing the different orientations of the
electric field.

and imaginary (ε2) part of the complex dielectric function, which are related (to the complex
refractive index) via ε1 = n2−k2 and ε2 = 2nk. ε1 and ε2 must be Kramers-Kronig consistent
[20].

The spectrometer used for in situ SE measurements was a J.A. Woollam Co., Inc. M-
2000F (1.2 eV - 5.0 eV) and the J.A. Woollam Co., Inc. M-2000D spectrometer (1.2 eV - 6.5
eV) was used for ex situ SE measurements.

SE measurements

After the sample was loaded into the reaction chamber and the sample temperature had
stabilized, the SE was calibrated using a crystalline silicon sample with native oxide on top by
employing the model Si Temp JAW (Temp Library) by J.A. Woollam. After the calibration,
a single measurement of the substrate was performed and modelled with a temperature
dependent model for the silicon substrate. With these data the wafer temperature, the
angle offset and the thickness of the native oxide layer were determined. When depositions
followed, these values were fixed for the following measurements and the thickness of the
deposited layer could be monitored when an additional layer, representing the deposited
material, was added to the model. For the temperature tests in chapter 3 the SE measured
continuously, while for ALD deposited films the SE was used in a light triggered mode, only
allowing measurements when the SE valves were opened, which was always between two ALD
cycles to avoid deposition on the optical windows.

The angle of incidence for the in situ measurements was 70◦. For the ex situ SE mea-
surements the angles of incidence were 70◦, 75◦ and 80◦. CompleteEase software was used to
measure and analyze the data.

Optical modelling and data analysis

An optical model is needed to deduce the dielectric function from the acquired data. As
mentioned before, a temperature dependent model of the silicon substrate was used for in
situ SE measurements to provide the substrate temperature and the thickness of the native
oxide. The deposited silicon nitride films were modelled with a Tauc-Lorentz model. This
model is used to model the dielectric function of amorphous materials and is a combination
of the Tauc joint density of states and the Lorentz model [20, 21]:

ε2(E) =


AE0C(E − Eg)2

(E2 − E2
0)2 + C2E2

· 1

E
if E > Eg

0 if E ≤ Eg

(2.1)
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Figure 2.3: An example of linear regression of the thickness data that is obtained by depositing
stacked layers with three different deposition conditions (140-190 cycles, 190-240 cycles and
240-290 cycles). The red lines are linear fits of the data points and their slope corresponds
to the GPC.

Eg is the bandgap energy, E0 the peak transition energy and C the broadening term. ε1 can
then be calculated by using the Kramers-Kronig relations and its expression can be found in
[22].

The thickness and dielectric function obtained by the modelling are often related, which
is undesired as it complicates the unique determination of the real physical values. This
correlation increases for decreasing film thickness, which makes it difficult to fit very thin
films correctly [19].

In situ SE has the advantage that it can be used to determine the growth per cycle
(GPC) for several conditions on one substrate, while ex situ diagnostic techniques require a
new sample for every condition. In situ SE can therefore easily be used to investigate the self-
limiting properties of the process by varying a certain parameter (e.g., plasma time, precursor
dosing time, purge time) and determining the GPC per condition by linear regression, as
shown in figure 2.3. This way a so-called saturation curve can be made, which shows the
GPC for the variation of one parameter.

Other advantages of in situ SE are that the experiment can be stopped when the film has
reached the desired thickness and that it is immediately seen when the process does not run
properly due to deviations from the linear relation between thickness and number of cycles.

The optical band gap (Eg) of the material can be deduced from ε2 by means of a Tauc plot.
First, for a material with an indirect band gap,

√
ε2E

2 is plotted as a function of the photon
energy [19]. Then, the linear part of this parameter is extrapolated and the intersection with
the line

√
ε2E

2 = 0 determines the optical band gap [19, 20]. An example is shown in figure
2.4.

Furthermore, the results of SE mapping experiments will be shown. These experiments
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Figure 2.4: An example of how a Tauc plot can be used to determine the optical band gap of
a silicon nitride film. The red line shows the extrapolation of the linear part of the parameter√
ε2E2.

were used to determine the thickness uniformity and the uniformity of the refractive index
across the wafer. Due to the presence of (dust) particles on top of the samples, some small
areas could not be fitted properly. Therefore, data points with a modelling error that was
more than the average modelling error were not taken into account when the uniformity was
calculated.

2.3.2 Quadrupole mass spectrometry (QMS)

Quadrupole mass spectrometry (QMS) is a non-invasive technique, that extracts a small
fraction of gas phase species from the reactor. Typically, only stable species are detected
with QMS, since radicals in the plasma mostly recombine at surfaces before entering the
QMS [23]. These stable gas species are ionized by electron impact ionization which results
in ionized parent molecules, but also, depending on the electron energy, in ionized fragments
of the parent molecules due to dissociation. The quadrupole mass filter separates these ions
according to their mass to charge ratio (m/Z). Most ions will be singly charged and therefore
their m/Z value is the same as their mass, but for ions with charge different from one, the
mass and m/Z value do not correspond. The detection of the ions that pass through the
mass filter occurs in a secondary electron multiplier. The QMS used in this work is a Pfeiffer
Vacuum QMS 200 with an electron energy of 70 eV and a m/Z range of 200 atomic mass
units.

QMS measurements

In this work, QMS measurements were done to monitor the process and to determine the
reaction products. Since each molecule has a typical fragmentation spectrum, which acts as
a fingerprint for that molecule, typical m/Z values in these so-called cracking patterns can
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be used to follow certain species during the ALD cycle. Many cracking patterns are listed
in the NIST database [24] and can be used to identify the parent molecules for the m/Z
spectra that are measured. The time resolution depends on the number of m/Z values that
are measured in a time-dependent measurement.

To monitor the process, 8 representative m/Z values were measured during the deposition
processes: 2, 15, 17, 27, 28, 29, 40 and 58. m/Z = 58 is related to the precursor, as will be
shown in section 5.1.2, and this signal was used to monitor whether there still was precursor
in the bubbler. Determination of the reaction products was done in a separate study and the
measurement procedure for this study will be addressed in section 5.1.1.

2.3.3 Optical emission spectroscopy (OES)

With optical emission spectroscopy (OES) the light that is emitted by the plasma is measured.
The atoms and molecules in the plasma can be excited by collisions (e.g., with electrons) and
the resulting electronically excited states of these species can decay by emission of a photon.
The emission lines in an OES spectrum are caused by these photons. Since specific transitions
correspond to certain energies, the emission lines can provide information about the atoms
and molecules present in the plasma. The spectrometer used in this work was an Ocean
Optics USB4000-UV-VIS spectrometer.

OES measurements

There are two types of measurements that can be done with OES. The first one is the
measurement of spectra, which provides information in the whole wavelength range of the
spectrometer. The second method, which was used in this work, is the measurement of a
few specific wavelengths over time. When these wavelengths are chosen carefully, they can
provide information about the reaction products and/or surface reactions, as will be shown
in chapter 5. OES was used qualitatively to observe relative changes in reaction products in
this work.

2.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique to determine the relative atomic
concentrations in the surface region of a sample. This is done by irradiating a sample with
soft monochromatic X-rays in a ultra high vacuum chamber, which results in ejection of
electrons from the core levels of the atoms. The kinetic energy of these electrons is measured
and can be used to calculate their binding energy. Since each element has a characteristic
set of electrons with specific binding energies (corresponding to the electron configuration), a
binding energy spectrum can be used to determine which elements are present in the surface
region (XPS has a penetration depth of a few nanometers). The peak areas are related to the
concentrations. It is also possible to measure a depth profile, which is done by sputtering the
sample with argon ions. After each sputter step, the elements of interest can be measured.
Hydrogen and helium cannot be detected by XPS, the instrumental detection limit for other
elements is 0.1%.

The chemical shift is the change in binding energy due to a change in chemical bonding
of the atom. Because the binding energy of the ejected electrons depends on the chemical
environment of the atoms, these energies can be used to determine the chemical state of the
elements in the sample. Therefore, deconvolution of each peak results in separate peaks that
provide information about the different chemical states of the atom. The binding energies
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determined by deconvolution can be compared to binding energies listed in the NIST X-ray
Photoelectron Spectroscopy database [25].

A Thermo Scientific K-Alpha spectrometer with an Al Kα monochromator X-ray source
(hν = 1486.6 eV) was used in this work.

XPS measurements

Ex situ XPS measurements were performed to determine the composition of the films and
to investigate the chemical state of the elements silicon, nitrogen, carbon and oxygen. This
was done by measuring the depth profiles of the deposited films. The concentrations were
calculated by dividing the XPS signal by a sensitivity factor (specific for each element).
These sensitivity factors were loaded from a database in the software and the accuracy of
these factors is within 1%, depending on the calibration material used. In this work, the
concentrations were determined in the bulk film, while the interfaces (i.e., the surface and
the interface with the native oxide) were neglected.

As a result of sputtering, the stoichiometry of the film can be changed due to preferential
sputtering of some elements and the chemical state of the element can be changed. Oxygen
in the background of the XPS chamber penetrates into the film after sputtering and the effect
in the measurements can be minimized by measuring oxygen as the first element after each
sputter step.

Due to the combination of the uncertainty in the sensitivity factors and the effect of
sputtering, it is difficult to obtain accurate absolute values for the calculated concentrations.
However, the observed trends are representative since the aforementioned uncertainties result
only in systematic errors. A comparison with other diagnostic techniques is required to
determine how accurate the absolute values are. Also, since hydrogen cannot be detected, the
calculated percentages are higher than the actual concentrations, but they can be corrected
when the hydrogen content is known from other diagnostics.

The peak position of the binding energy depends on the chemical environment of the
element. To determine the chemical state of the elements, the peaks were deconvoluted
and the resulting peak positions were compared to the binding energies in the NIST X-ray
Photoelectron Spectroscopy database [25]. The chemical shifts were observed for changing
compositions due to the difference in electronegativity of the elements in the films (oxygen
has the highest electronegativity, followed by nitrogen, carbon and silicon). The higher
the electronegativity of the environment, the higher the binding energy. The areas of the
deconvoluted peaks were used to determine the relative amounts of chemical bonds for each
element.

2.3.5 Rutherford backscattering spectrometry (RBS) and elastic recoil de-
tection (ERD)

Rutherford backscattering spectrometry (RBS) and elastic recoil detection (ERD) measure-
ments are ex situ ion-beam-assisted techniques, used to determine the composition and mass
density of the films [26]. Furthermore, the number of adsorbed atoms per unit area per cycle
could be calculated as well. For RBS a beam of 1.85 MeV helium ions is directed at a sample
and after reflection off the sample the energy of the ions is measured [26]. This energy is
reduced compared to the incident energy due to the stopping power of the material. The
energy lost in the collision with an atom depends on the ratio of the helium ion mass to the
mass of the atom. In ERD the helium ion beam hits the surface of the sample at a grazing
angle, resulting in recoiled hydrogen atoms (in a forward direction) [26]. To prevent the
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Figure 2.5: The RBS and ERD measurement configurations, showing the angles of incidence
and reflectance for which the energy of the reflected helium ions and the recoiled hydrogen
atoms were measured.

detection of scattered helium ions a stopper foil is used, which stops the helium ions, while
the recoiled hydrogen atoms can pass [26].

RBS and ERD measurements and simulations

The experiments and the simulations were performed by AccTec B.V. The angle of incidence
of the ion beam for RBS was 90◦. Silicon and nitrogen contents were determined by RBS,
with an angle of reflection of 170◦, while the angle of reflection for carbon and oxygen was
110◦, as shown in figure 2.5. The hydrogen content was determined by ERD, with an angle
of incidence of 15◦ and an angle of reflection of 25◦. Simulations were used to determine the
concentrations of the elements.

The quality of the model determines the accuracy of the concentrations. The first model
assumed that the film had the same composition across the whole thickness and that there
was no native oxide between the wafer and the film. However, the simulations with this
model resulted in a difference between the simulated and measured ion energies, suggesting
that oxygen and carbon were accumulated at the surface and that a native oxide was present.
Incorporation of a native oxide layer in the model resulted in a better correspondence between
experiment and simulation, but still there was a difference due to the accumulation at the
surface. When the oxygen and carbon accumulations at the surface were also taken into
account, the correspondence between simulation and experiment improved, but resulted in a
zero carbon concentration in the bulk of the film, while XPS data showed a (small) carbon
content in the film. Therefore, the model with a native oxide layer but without accumulated
oxygen and carbon at the surface was used. This could result in a slight overestimation of
the carbon content in the film.
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Chapter 3

Temperature measurement and
control

One of the goals of this work was the deposition of silicon nitride in a wide temperature
window. Therefore it was important to determine the temperature of the samples accurately.
This determination was done by SE measurements with a temperature dependent substrate
model, as will be discussed in the following two sections. There were several parameters that
influenced the substrate temperature. The influence of one of them, the helium backflow
in the ICP-CVD system, is addressed in section 3.3. An important question was of course
whether the measured SE temperature corresponded to the actual sample temperature and
this question will be answered in section 3.3 as well. The information obtained on the
ICP-CVD system was used to determine the sample temperature and the influence of the
chamber pressure and gas flows on the wafer temperature in FlexAL2, as will be shown in
section 3.4. The accuracy of the measured SE temperature is also discussed in this section.
The last section of this chapter addresses the possibility to control the temperature by using
SE measurements.

3.1 Substrate temperature basics

The temperature of the sample depends on various parameters, as is illustrated in figure
3.1. Depending on the thermal contact between the wafer table and the sample, the sample
temperature (Tsample) can be any temperature between the temperature of the walls (Twall)
and the temperature of the wafer table (Ttable). The wafer table temperature is the same as
the setpoint temperature (Tset), which has been determined by thermocouple measurements.
Thus, Twall < Tsample < Ttable = Tset.

There are three heat transfer mechanisms: radiation, conduction and convection. In the
absence of gases in the reactor, convection does not play a role. The heat flux due to radiation
can be described by

Qrad = εσT 4, (3.1)

where Qrad is the heat flux (W/m2), ε the emissivity, σ the constant of Stefan-Boltzmann
(5.67·10-8 W m-2 K-4) and T the temperature of the radiating object in Kelvin. Each object
radiates, the wafer thus receives a heat flux from the wafer table and the walls, but also emits
radiation itself. The emissivity is the efficiency with which an object emits radiation com-
pared to a black body [27] and it depends on the material, the surface roughness, doping levels
and the temperature [27, 28]. The absorptivity of a material is the fraction of the incident
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Figure 3.1: A schematic overview of a reactor chamber, indicating the parameters that influ-
ence the sample temperature.

radiation that is absorbed. The emissivity is sometimes assumed to be equal to the absorp-
tivity [28]. Lightly doped silicon has a very low emissivity for temperatures below 300◦C [28,
29], the radiation loss at these temperatures is thus negligible. Above this temperature the
emissivity increases due to an increase of the free-carrier concentration towards its maximum
value of ≈ 0.7 [27–29]. The emissivity also increases for increasing surface roughness [27].

The heat flux due to conduction can be defined as

Qcond = λ
Thot − Tcold

x
, (3.2)

with λ the thermal conductivity (W m-1 K-1) of the conducting material and x the distance
between the hot and cold surface. From figure 3.1 it is clear that, since the wafer lies on
top of the table, x is very small for the thermal contact between wafer and table, while x is
relatively large between the wafer and the reactor walls. The thermal contact between the
wafer and the wafer table is therefore the most important contribution to Qcond. λ depends
on the temperature and gas types in the reactor. When there is no gas in the reactor, the
thermal contact is determined by the thermal conductivity of the wafer table and the contact
area between the wafer and the wafer table.

The thermal contact between the sample and the wafer table depends on the roughness
of the wafer table and the wafer, but also on the presence of gases in the reactor and the
pressure of these gases. Depending on the roughness of the wafer and the table, the contact
between these two can be limited to several points, while the presence of a gas increases the
contact area by the formation of a very thin gas film between the wafer and the table. In
the ALD literature, experiments are mostly performed at relatively high pressures (1 Torr),
where the difference between Tset and Tsample will be small. However, for low pressures the
thermal contact can be less and the heat loss from the top of the sample (although small)
can lead to a relatively low sample temperature compared to the setpoint temperature.
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The temperature is not measured with a thermocouple, because it can be difficult to
achieve a good thermal contact when the thermocouple is glued onto the wafer and with a
thermocouple attached, wafer handling is less straightforward. Instead, the temperature is
determined by in situ SE, which is an optical, contactless and non-invasive technique. This
diagnostic does not influence the thermal contact.

In order to get accurate results with SE, the calibration is very important. For an increas-
ing temperature the calibration starts to drift due to expansion of the reactor parts, which
causes an increasing misalignment. It is therefore important to calibrate the SE every time
the reactor temperature is changed. When this setpoint temperature is increased, the tem-
perature of the wafer table and the sample increase gradually. After the setpoint temperature
is reached, the wafer needs some time to reach a stable temperature.

3.2 The dielectric function of the silicon substrate

A temperature dependent SE model is used to measure the sample temperature. The model
consists of the material files of the temperature dependent silicon substrate (Si Temp JAW
(Temp Library) by J.A. Woollam) and its native oxide on top (NTVE JAW) [30]. The optical
constants resulting from this model are plotted in figure 3.2 for temperatures between 0◦C and
500◦C. The shape of these curves is determined by the band structure of silicon. ε2 is related
to the absorption of the material and it shows a peak around 3.4 eV, which corresponds to
two nearly degenerate direct band gap transitions of silicon [31, 32]. However, silicon is an
indirect band gap material, which explains why there is already absorption below 3.4 eV. In
this range the absorption occurs due to interaction with phonons, which are needed in indirect
transitions for the conservation of momentum. The indirect band gap is approximately 1.1
eV [31, 33]. Other direct band gap transitions occur around 4.3 eV, explaining the peak in
ε2 at that position [32, 34].

The temperature of the substrate influences the shape of the optical constants, which
is caused by thermal expansion and the electron-phonon interaction [32]. The higher the
temperature the more phonons become involved in the absorption process [31]. For an in-
creasing temperature the direct band gaps move towards lower photon energies [31–33] and
the absorption features broaden [31, 32].

3.3 Helium backflow

A helium backflow can illustrate the importance of the thermal contact between the wafer
table and the substrate. The influence of the helium backflow on the substrate temperature
was investigated on an ICP-CVD system (Oxford Instruments PlasmalabSystem100 (ICP
180)), because FlexAL2, the ALD system, had no helium backflow installed. In the ICP-
CVD system the substrate was clamped onto the wafer table, which was not the case for
FlexAL2. The temperature of the walls in the ICP-CVD system was 40◦C.

A helium backflow was used to enhance the thermal contact between the substrate and
the wafer table, because helium has a high thermal conductivity [35]. The high thermal
conductivity (λ = 146.0 mW m-1 K-1 at 273.15K [36]) is important for the minimization of
the temperature difference between the wafer table and the sample. Even though hydrogen
has a higher thermal conductivity than helium, helium is preferred above hydrogen. This is
due to the high ionization potential of helium (24.6 eV). Hydrogen can be dissociated and has
a relatively low ionization potential of 13.6 eV. Therefore, very small amounts of hydrogen
can already influence the plasma chemistry [35].
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Figure 3.2: The optical constants of the silicon substrate for different temperatures according
to the temperature dependent SE model by J.A. Woollam.

The ICP-CVD system is equipped with helium backflow and the amount of helium that
flows through the channel is controlled by setting the helium pressure in the gas line, for
which the standard value is set to 5 Torr. The effect of the helium backflow on the substrate
temperature was measured for a setpoint temperature of 200◦C and 390◦C (the maximum
operating temperature of the system is 400◦C). Because the emissivity and absorptivity are
relatively small at these temperatures, heat transfer will mainly be governed by conduction.

Figure 3.3 shows that the substrate temperature increased when the helium backflow was
turned on; as expected, the helium enhanced the thermal contact between the wafer table and
the substrate. When the helium backflow was turned off again, the temperature decreased
to the same value it had before the helium flow was activated, showing that the effect of the
helium on the temperature was reversible. When there was no helium backflow, the wafer
table heated the wafer via radiation and thermal conduction through small contact points
(due to the surface roughness). After a certain time an equilibrium situation was obtained.
By enabling the helium backflow an additional heat transfer mechanism was switched on:
thermal conduction via the thin helium gas film between the sample and the wafer table.
This resulted in a new equilibrium situation with an increased thermal contact between the
wafer and the wafer table, leading to a higher sample temperature. When the helium flow
was turned off again, the ‘old’ equilibrium situation applied, since the additional heat transfer
mechanism due to the helium gas was switched off again and the sample temperature returned
to its original value.

Figure 3.4 shows the temperature increase for a wafer that was inserted into the reaction
chamber, which was set to a temperature of 200◦C. Again, the wafer temperature was closer
to the setpoint temperature when the helium backflow was used and the final temperature
was also reached faster than without helium backflow.

In figures 3.3 and 3.4 the setpoint temperature (indicated by the dashed lines) was not
reached. For 390◦C the difference between the setpoint temperature and the wafer tempera-
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Figure 3.3: The reversible effect of the helium backflow on the measured SE temperature for
a setpoint temperature of 200◦C and 390◦C. The dashed lines indicate the setpoint temper-
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Figure 3.5: The effect of an increasing helium pressure on the measured sample temperature
for a setpoint temperature of 200◦C and 390◦C. The black and red line serve as guides to the
eye. The dashed lines indicate the setpoint temperatures.

ture was larger than for 200◦C, as shown in figure 3.3. This might be due to an insufficient
flow of helium at a standard helium pressure of 5 Torr. In order to test this, the helium
pressure was varied for both setpoint temperatures and figure 3.5 shows the effects on the
temperature. For an increasing helium pressure the difference between the setpoint temper-
ature and the sample temperature reduced. For a setpoint temperature of 200◦C a helium
pressure of 2-3 Torr was sufficient for the wafer to reach a stable temperature, while for a
setpoint temperature of 390◦C a helium pressure of 15 Torr was required for the wafer to
reach 390◦C. The thermal conductivity of helium increases for increasing temperature, which
explains why at a setpoint temperature of 200◦C this temperature was not reached, while
the setpoint temperature of 390◦C could be reached with a sufficiently high helium pressure
[36].

An increase in helium pressure corresponds to an increase in helium flow, which might
influence the plasma characteristics, since the helium flows into the chamber and dilutes the
plasma. The amount of helium that flowed into the chamber as a function of the helium
pressure is shown in figure 3.6 and the resulting effects on the chamber pressure are noted
in table 3.1. Processing flows can range between 10 sccm and 100 sccm. The helium flow
could thus be a significant fraction of these processing flows for high helium pressures, which
must be considered when increasing the thermal contact between the wafer table and the
sample. The effect on the chamber pressure was in most cases negligible, since the processing
pressures were often two or three orders of magnitude higher than the pressure effect of the
helium backflow.

The results on the helium backflow show that the measured sample temperature increased
when the thermal contact between the substrate and the wafer table was increased and that
the thermal contact depended on the applied helium pressure. The setpoint temperature
could be reached for high temperatures, while for lower temperatures the thermal conductivity
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Table 3.1: The influence of the helium pressure on the chamber pressure.

Helium pressure Chamber pressure
(Torr) (mTorr)

0-5 0 ±0.1
8 0.1
10 0.1
12 0.2
15 0.3
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of helium was not sufficient to reach the setpoint temperature. These observations confirm
that in situ SE can be used to measure the temperature of the sample accurately.

3.4 Temperature measurement on FlexAL2

At FlexAL2 the first temperature measurements performed with in situ SE resulted in tem-
peratures lower than the setpoint temperature and the difference between these temperatures
increased for increasing setpoint temperature. Therefore, the temperature of the wafer table
was measured with a thermocouple as a function of the setpoint temperature to see whether
the heater was working properly. Since the wafer table temperature and the setpoint tem-
perature corresponded to each other, the low measured sample temperature was most likely
due to a decreased thermal contact compared to the ICP-CVD system. As mentioned before,
the FlexAL2 has no helium backflow and the wafers are not clamped onto the wafer table,
which might explain the reduced thermal contact.

To verify that the low measured temperatures were not due to systematic errors in the SE
measurements/modelling, the wafer temperature was measured with a thermocouple, while
at the same time in situ SE measurements were performed. This was done for a pressure of 0
mTorr and a pressure of 200 mTorr because the gas pressure (during processing) might influ-
ence the thermal contact. The results are shown in figure 3.7. The error in the thermocouple
measurements was ±1◦C, while the noise in the SE measurements increased from ±3◦C to
±9◦C for setpoint temperatures from 200◦C to 400◦C. The measured thermocouple and SE
temperatures showed the same trends and the difference between these two were ascribed to
the systematic error in the SE measurement, which also increased with temperature. The
measured temperature deviated from the setpoint temperature (Ttable) for both thermocouple
and SE for setpoint temperatures of 200◦C and higher. The difference between the measured
temperature and the setpoint temperatures increased for increasing setpoint temperature.

There was also a difference between the measured temperatures for the different pressures:
at the same setpoint temperature the measured temperature was higher for a pressure of 200
mTorr than for 0 mTorr. The difference between the measured temperature at 200 mTorr and
the measured temperature at 0 mTorr increased for increasing setpoint temperatures as well.
As expected, this indicates that the sample temperature depended on the gas pressure, which
influenced the thermal contact between the wafer and the wafer table. Since this thermal
contact was poor, even for a pressure of 200 mTorr, the temperature of the chamber walls
played an important role, because of the large area of these walls compared to the area of the
heater. The wall temperature was set to its maximum allowed value of 150◦C for Tset ≥150◦C,
explaining why the difference between the substrate and wafer table temperature increased
for increasing setpoint temperature.

A calibration is needed to know the sample temperature that corresponds to a certain
setpoint temperature at a certain pressure. Table 3.2 can be used as a guideline for the
relationship between the setpoint temperature and the sample temperature. The temper-
atures mentioned in the following chapters are the setpoint temperatures unless
stated otherwise.

A question that arised was whether the type and amount of gas flow influenced the thermal
contact. Therefore, the sample temperature was measured at a setpoint temperature of 500◦C
(the maximum setpoint temperature for FlexAL2) for various combinations of gas flow and
pressure for three different gases: N2, Ar and H2. The results are shown in table 3.3. For all
three gases the sample temperature increased for increasing pressure, while the influence of the
gas flow was not significant. The sample temperature never reached the setpoint temperature
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Table 3.2: A guideline for the relation between the sample temperature (measured with in
situ SE) and the setpoint temperature for a pressure of 0 mTorr. For a plasma process with
a pressure of 40 mTorr and a gas flow of 100 sccm N2 (as mainly used in the next chapters)
the sample temperature is approximately 25◦C to 40◦C higher.

Tset (◦C) Tsample (◦C)

100 85
200 155
300 210
400 275
500 355
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Table 3.3: The influence of N2, Ar and H2 gas on the sample temperature for different
pressures and flow rates at a setpoint temperature of 500◦C.

Gas flow Pressure Temperature (◦C)
(sccm) (mTorr) N2 Ar H2

0 0 316 319 317
50 20 329 328 325
100 20 329 328 330
100 100 360 354 359
100 240 384 374 386
200 240 - 375 -

of 500◦C, but, depending on the gas type and pressure, was 115◦C to 185◦C lower than the
setpoint temperature. The thermal conductivity at a temperature of 600K is 309.1 mW m-1

K-1 for hydrogen, 44.8 mW m-1 K-1 for nitrogen and 30.3 mW m-1 K-1 for argon [37]. As
expected from these values, the hydrogen and nitrogen gas gave the best thermal contact,
argon the poorest. Note that, although the trend fits, the exact differences in the resulting
temperatures cannot be explained by the thermal conductivities. The thermal contact did
not only depend on the gas pressure, but also on which gas was used. The influence of the gas’
thermal conductivity on the temperature difference between the setpoint temperature and
the wafer temperature showed the contribution of thermal conduction to the heat transfer.
Although the emissivity of the wafer was low for these temperatures, the radiation of the
wafer was still significant, since the temperature of the wafer did not reach temperatures of
400◦C or higher for improved thermal contact between the wafer table and the wafer.

The observation that both the pressure and gas type determined the sample temperature
was a reason to investigate the sample temperature during a regular process. In figure 3.8
the SE temperature and thickness of the native oxide are plotted for regular processes, but
the valve of the BTBAS bubbler was closed to avoid silicon nitride film growth. For the ‘gas’
processes mentioned in figure 3.8 the plasma power was set to 0W, while for the ‘plasma’ pro-
cesses the power was 600W. Each process consisted of 20 cycles. The temperature increased
when both processes were run. After the process had ended, the substrate temperature de-
creased slowly again. For a ‘gas’ only process (1A, 2A and 3A in figure 3.8), the temperature
always decreased back to initial temperature, while for the first ‘plasma’ process the temper-
ature after the process was about 15◦C higher than before (1B in figure 3.8). Since the stable
temperature after the ‘plasma’ processes 2B and 3B was the same as the temperature before
the processes were started, it is likely that the first plasma changed the native oxide layer,
probably by nitridation. This influenced the optical constants of the top material, leading to
an incorrect temperature. The ‘plasma’ test was also done for 100 cycles and this experiment
showed that the temperature stabilized after approximately 20 cycles and only changed again
when the process was ended. The difference between the maximum and minimum value of
the sample temperature at a setpoint temperature of 200◦C was between 15◦C and 20◦C (2B
and 3B in figure 3.8). One consequence of this is that the sample temperature dropped when
an SE measurement was done, but since these only lasted for 25 seconds the temperature
drop was negligible (less than 5◦C for a setpoint temperature of 200◦C) and the temperature
stabilized in less than 10 cycles after each measurement. The fact that the temperature was
affected for both types of processes indicated that the process temperature depended on the
presence of a gas flow and not on the plasma power.

The thickness of the native oxide, however, was only influenced by the plasma (1B, 2B
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Figure 3.8: The influence of a N2 plasma and the N2 gas flow on the measured SE temperature
and native oxide thickness for a setpoint temperature of 200◦C. Each process consisted of 20
cycles.

and 3B in figure 3.8) and not by the gas flow (1A, 2A and 3A). The thickness increased with
each plasma process, but each process resulted in less thickness increase than the one before.
The thickness increase of the native oxide layer can be explained by nitridation of the native
oxide and the underlying silicon wafer [38]. Even for wafers from which the native oxide
layer was removed, these oxynitride layers existed, due to nitridation by the N2 plasma and
oxidation in the reactor due to background species and high temperatures. The oxidation
and nitridation of the silicon wafer and the native oxide on top might influence the initial
growth and the measurement of this initial growth.

3.5 Temperature control

The SE measurements gave an accurate value of the sample temperature and could therefore
also be used for temperature control. When, for instance, a carrier wafer was used to bring
the sample into the chamber, the wafer temperature was further reduced compared to the
case without a carrier wafer. The setpoint temperature could then be increased, while the
wafer temperature was monitored with SE until it reached the desired value. When the
temperature was stable again, the SE could be calibrated and after that, the SE could be
used to measure the film properties during the deposition process, which then ran at the
same wafer temperature as when there would be no carrier wafer.
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Chapter 4

Atomic layer deposition of silicon
nitride: growth & material
properties

In this chapter the development of the ALD process for silicon nitride with the metalorganic
precursor bis(tertiary-butylamino)silane (BTBAS) will be discussed. As a first test for the
precursor, experiments were done to deposit silicon dioxide as this material is generally easier
to deposit by ALD than silicon nitride. The process showed the saturation behavior that is
expected for an ALD process and the growth per cycle (GPC) was close to the values reported
for ALD of SiO2 using BTBAS [18]. The results for the SiO2 process can be found in appendix
A. Further improvement of this process might be possible, but this was outside the scope of
this work.

After the test with SiO2 the deposition of silicon nitride was investigated. There are
several steps in an ALD cycle that can be optimized to obtain saturation behavior and a
reasonable cycle time and GPC, which will be discussed in the first section. Since it was
expected that the plasma properties and the deposition temperature are important for the
growth and material properties, section 4.2 will address the properties of the deposited films
as a function of three deposition parameters; plasma exposure time, deposition temperature
and plasma pressure. A short summary of the results and a comparison with other deposition
techniques will be given in the last section of this chapter.

4.1 Optimization of the deposition process

For a plasma-assisted ALD process, minimization of the cycle time, while ensuring saturation,
means optimization of the precursor dose, the precursor purge, the plasma and the plasma
purge steps. This can be achieved by measuring the saturation curves for these four steps.
Additionally, the plasma exposure parameters were optimized to get the highest GPC. These
optimization experiments were done by the deposition of stacked layers on a substrate and
the thickness was measured by in situ SE, as was explained in section 2.3.1. The resulting
step times and plasma exposure parameters were used to establish a ‘standard’ recipe for
which a film was deposited on a separate wafer to investigate the film properties with ex situ
diagnostics.

29
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Table 4.1: The deposition conditions for the determination of the saturation curves.

Deposition parameter Condition A Condition B

Temperature (◦C) 350 varied
BTBAS dosing time (ms) 200 200
Precursor purge time (s) 1 1
Plasma exposure time (s) 5 3
N2 plasma flow (sccm) 50 100
Plasma pressure (mTorr) 25 40
Plasma power (W) 600 600
Plasma purge time (s) 1 1

4.1.1 Saturation curves

Saturation curves can be used to investigate the ALD behavior. They show the growth per
cycle (GPC) as a function of the step time and it can be concluded that saturation occurs
when the GPC becomes independent of the step time. The saturation behavior can also be
temperature dependent and was therefore investigated at several temperatures.

Obtaining the saturation curves is an iterative process, because the length of each step
can influence the length of another step. After starting with one set of deposition conditions,
optimization of some parameters led to a new set of deposition conditions and these new
conditions were used to measure saturation curves at different temperatures. Therefore,
there were two sets of deposition conditions for the saturation curves in figure 4.1. The used
conditions are listed in table 4.1. For these processes, the argon flow was used as a carrier
gas during the precursor dosing and the butterfly valve of the reactor was closed during the
reaction step.

Figure 4.1a shows the saturation curves for the precursor dosing at three different setpoint
temperatures. The GPC showed a reasonable saturation for increasing precursor dose times,
although a small CVD component was observed for long dose times at higher temperatures.
This might be avoided by using longer precursor purge times at these dosages. When the
temperature was increased the GPC decreased.

The saturation curve for the precursor purge time is shown in figure 4.1b for a setpoint
temperature of 350◦C. The GPC saturated for purge times of 0.75 seconds and longer.

Figure 4.1c shows the GPC for varying plasma exposure times for a N2 plasma. The
GPC saturated for plasma exposure times above 1.5 seconds. For longer plasma exposure
times the GPC seemed to decrease a little. In figure 4.1d the saturation curves for N2

plasma exposure times at setpoint temperatures between 100◦C and 500◦C are shown. For
temperatures between 150◦C and 350◦C the GPC first saturated and then decreased again
for longer plasma exposures. This effect is investigated in more detail in section 4.2.1.

The GPC is plotted as a function of plasma purge time in figure 4.1e. Saturation occurred
for plasma purge times longer than 0.5 seconds.

The process with the N2 plasma showed the saturation behavior that is required for an
ALD process; the two half-reactions were self-limiting. King reported a silicon nitride ALD
process with alternating exposures of SiH4 gas and a N2 plasma, resulting in a GPC between
0.25 Å and 2 Å [15]. When NH3 was added to the N2 plasma, the GPC was reduced to less
than 0.03 Å [15]. This is surprising, since NH3 plasmas do result in growth when metal halide
precursors are used [11, 13]. When the N2 plasma was replaced by an NH3 or H2-N2 plasma
in this work the GPCs were approximately 20% and 10% of the GPC for a N2 plasma of 5
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Figure 4.1: The saturation curves for the silicon nitride process, showing the variation of (a)
the precursor dosing time (condition B), (b) the precursor purge time (condition A), (c) the
plasma exposure time (condition A), (d) the plasma exposure time for various temperatures
(condition B) and (e) the plasma purge time (condition A). For all graphs the plasma is a
nitrogen plasma, but in (c) the GPC for depositions with NH3 and H2-N2 plasmas is plotted
as well. The temperature was 350◦C, unless stated otherwise, and note that the plasma purge
time in (b) was 5 seconds instead of 1 second. All lines serve as a guide to the eye.
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seconds, as shown in figure 4.1c. Therefore, the process investigation was continued with a
N2 plasma. An explanation for the reduction in GPC for hydrogen-containing plasmas will
be addressed in section 5.3.

For the standard recipe, that will be shown in section 4.1.3, the step times determined
from the saturation curves were 5 seconds for the N2 plasma exposure time and 1 second
for both purge times (see table 4.2). The purge times were chosen longer than necessary for
saturation to avoid CVD-like growth at other temperatures. The plasma exposure time was
chosen longer because the saturation curve at low temperatures did not show saturation for a
plasma exposure time of 1.5 seconds. For the following experiments a precursor dosing time
of 200 ms was chosen, because for longer dosing times longer purge times were required.

4.1.2 Plasma exposure parameters

After determination of the duration of the process steps, the plasma conditions were optimized
further. This was done at a temperature of 350◦C and because the GPC saturated for plasma
exposure times of 1.5 seconds at 350◦C, these experiments were performed with this plasma
exposure time to shorten the deposition time. For all other parameters condition A in table
4.1 applied.

Figure 4.2a shows the GPC as a function of the N2 plasma flow rate. There was only a
slightly higher GPC for N2 flow rates between 40 and 50 sccm (standard cm3/min). However,
for the standard recipe a N2 flow rate of 100 sccm was chosen, which was the maximum flow
that was allowed by the N2 mass flow controller. This was done because the higher the flow
rate, the more the butterfly valve of the reactor was opened. The more the butterfly valve
was opened, the shorter the residence time, because particles were pumped away faster, lim-
iting redeposition of reaction products (i.e., reaction products can interact with the plasma,
resulting in the formation of new species that can deposit on the surface again [23]).

The influence of the plasma pressure is shown in figure 4.2b. Pressures between 40 mTorr
and 55 mTorr resulted in the highest GPC and therefore 40 mTorr was chosen to be the
standard plasma pressure. In section 4.2.3 it will be shown that the film quality improved
for lower pressures, which implies that a pressure below 40 mTorr would be a better choice.
However, the lower the pressure, the higher the energy of the ions impinging on the surface.
Thus a plasma pressure of 40 mTorr could be a good compromise when the ion energy is an
issue.

Figure 4.2c shows an increasing GPC for an increasing plasma power. Therefore, the
maximum plasma power allowed on the system, 600 W, was chosen for the standard recipe.

4.1.3 Standard recipe

The deposition parameters of the standard process are listed in table 4.2. The deposition
temperature was 200◦C, because a compromise was made between high GPC and short
cycle time. The lower the temperature, the higher the GPC. However, at a temperature of
200◦C there was still saturation for a plasma exposure time of 5 seconds, which was not the
case for a temperature of 100◦C. The BTBAS dosing time was reduced to 150 ms, because
optimization of the dosing step and the consecutive reaction step resulted in more efficient
use of the precursor (by diverting the argon flow to the exhaust during precursor dosing and
setting the angle of the butterfly valve to 10◦ in the reaction step).

Depositing 1100 cycles with this recipe resulted in a GPC of 0.33 Å and a film with
a refractive index of 1.76 (at 2 eV). Figure 4.3 shows the XPS depth profile of this film.
The N/Si ratio was 1.87, while that for stoichiometric Si3N4 is 1.33. The high N/Si ratio is
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Figure 4.2: The GPC as a function of (a) the N2 plasma flow, (b) the plasma pressure and
(c) the plasma power. Depostion condition A applied, except for the plasma exposure time,
which was set to 1.5 seconds. All lines serve as a guide to the eye.

Table 4.2: The deposition parameters for the standard recipe. These conditions were used
throughout the rest of this work unless mentioned otherwise.

Deposition parameter Standard condition

Temperature (◦C) 200
BTBAS dosing time (ms) 150
Precursor purge time (s) 1
Plasma exposure time (s) 5
N2 plasma flow (sccm) 100
Plasma pressure (mTorr) 40
Plasma power (W) 600
Plasma purge time (s) 1
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Figure 4.3: The XPS depth profile for a film deposited with the standard recipe. The film was
sputtered within approximately 300 seconds, after which the native oxide and the substrate
were sputtered.

remarkable, because for silicon nitride deposited with PECVD it is not possible to obtain
N/Si ratios higher than 1.4, but the high ratio will be confirmed by RBS measurements later
in this work. The carbon and oxygen contents were approximately 12.6 at% and 4.4 at%
respectively. However, as explained in section 2.3.4, sputtering could lead to penetration
of oxygen, resulting in a measured oxygen content that was higher than the actual oxygen
content in the film. Since XPS resulted in a non-zero oxygen content in the substrate (which
should not contain any oxygen), the oxygen content of the film was probably less than the
4.4 at% shown in figure 4.3.

4.1.4 Initial growth

Initial growth is an issue for some ALD processes and was therefore studied in this work
as well. In the previous chapter it was already mentioned that it was difficult to study the
initial growth of the films due to the influence of a plasma on the thickness and composition
of the native oxide layer. As soon as the deposition started it was impossible to differentiate
between changes in the native oxide layer and thickness of the film.

However, when the film thickness was fitted as a function of the number of deposition
cycles a small intercept of approximately 0.4 nm was needed, indicating an enhanced initial
growth. When the deposition was done on a wafer that was immersed in a 1% HF solution for
one minute to remove the native oxide, this intercept was approximately 2 nm (an example
of the data for deposition on an HF-dipped wafer is shown in appendix B). The difference
between these intercepts is most probably due to the fact that the wafers with native oxide
were treated with a N2 plasma before the deposition started, which already resulted in a
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change in thickness and properties of the native oxide layer, while the HF-dipped wafers were
not subject to a plasma treatment and the first cycles might then have resulted in a thickness
increase and change of properties due to nitridation.

4.2 Characterization of silicon nitride films

In this section the properties of the deposited films as a function of three deposition param-
eters will be discussed: plasma exposure time, deposition temperature and plasma pressure.
These deposition parameters were varied and for each condition investigated a separate wafer
was used to enable ex situ measurements of the resulting film. Before the deposition, each
wafer was exposed to a N2 plasma (600 W, 40 mTorr, 100 sccm) for 1 minute as pre-treatment.

The film properties were analyzed with in situ and ex situ SE, XPS, RBS and ERD.
Although the process was monitored with in situ SE and the initial growth was investigated
with this technique, the GPC was determined by dividing the thickness measured with ex
situ SE by the total number of deposition cycles. Note that XRD measurements showed that
all films were amorphous (data not shown).

4.2.1 Plasma exposure time series

The saturation curves for plasma exposure time at different temperatures (figure 4.1d) showed
an increasing GPC for increasing plasma exposure time until the maximum GPC was reached
and a decreasing GPC for even longer plasma exposure times. Furthermore, figure 4.3 showed
a relatively high carbon content. It was expected that less carbon would be incorporated in
the films when longer plasma exposures were used and the lower GPC was due to the carbon
removal. To study these effects, a plasma exposure time series was performed. The standard
recipe (table 4.2) was used and the plasma exposure time was the only parameter that was
varied.
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Figure 4.4: The thickness as a function of the number of cycles for varying plasma exposure
times measured with in situ SE. The lines are linear fits of the data.
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Figure 4.5: (a) The GPC as a function of plasma exposure time. The black line corresponds
to the fit GPC = 0.60 ·

(
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)
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)
with t the plasma exposure time

in seconds. (b) The refractive index (at 2 eV) as a function of plasma exposure time. The
black line serves as a guide to the eye.

The in situ SE data in figure 4.4 show the thickness as a function of the number of
deposition cycles for a variation of plasma exposure time. There was no growth delay, but a
small enhancement in the first cycles, as already mentioned in section 4.1.4. The thickness
increased linearly with the number of cycles, which is shown by the linear fits.

Figure 4.5a shows the GPC as a function of the plasma exposure time and a fit of the
results with two exponents, because the GPC showed two different time scales: one for the
increase of the GPC for short plasma exposure times and one for the decrease of GPC for
longer exposure times. The GPC increased for plasma times increasing up to approximately
2.3 seconds with a time constant of 0.76 seconds and then decreased with a time constant of
6.76 seconds towards saturation for longer plasma exposure times. This might be due to a
modification of the material. Calculated from the fit, the saturated GPC would be 0.24 Å
for plasma exposure times of 45 seconds and longer.

The refractive index for these films is plotted in figure 4.5b. For short plasma exposure
times the refractive index increased rapidly, for plasma exposure times between 5 and 15
seconds it increased more slowly for increasing plasma exposure time.

Figure 4.6 shows the impurity content of the deposited films. The XPS content was
determined from the depth profiles of each film. These profiles can be found in appendix
C.1. As expected, the carbon content decreased for longer plasma exposures, while the
oxygen content increased a little. For RBS and ERD there is only data for 10 second and 15
second plasmas. The concentrations were not directly comparable to those of XPS because
hydrogen was also included in the calculation of the percentages for RBS and ERD. However,
the concentrations seemed to follow the same trends. Morin et al. reported a decrease in
hydrogen content for increasing exposure of PECVD silicon nitride films to N2 plasmas,
which corresponds to the observed hydrogen trend for the ALD films in figure 4.6 [39]. The
hydrogen concentration seemed to follow the carbon trend. Even though concentrations were
not directly comparable for XPS and RBS, the N/Si ratios were. These ratios are plotted
in figure 4.7. The N/Si ratios were relatively high compared to PECVD silicon nitride films
that result in N/Si ratios of 1.4 at the maximum, but the XPS ratios were confirmed with
RBS. RBS resulted in even higher N/Si ratios than XPS, but the closer the films were to a
stoichiometric Si3N4 composition, the better the RBS and XPS N/Si ratios corresponded.
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Figure 4.6: The graph on the left shows the carbon and oxygen contents measured with XPS.
The graph on the right shows these contents measured with RBS and the hydrogen content
determined by ERD. It was difficult to determine the error in the XPS measurements, as
explained in section 2.3.4.
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Figure 4.7: The nitrogen over silicon ratios measured with XPS and RBS as a function of
the plasma exposure time.
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Figure 4.8: The binding energies of the elements (a) silicon, (b) nitrogen, (c) carbon and
(d) oxygen and the reference values for the investigated ranges from the NIST X-ray Photo-
electron Spectroscopy database [25]. The width of the bars indicates the range in which the
binding energy for a specific peak occurs.

The binding energies for the four elements measured with XPS are shown in figure 4.8 and
compared to the values of the NIST X-ray Photoelectron Spectroscopy database [25]. The
silicon binding energy showed two ranges of interest. The first one for a binding energy around
99.5 eV, corresponding to silicon-silicon bonds in the substrate, the second one, around 102
eV, corresponded to silicon-nitrogen bonds, which could also be observed in the nitrogen
binding energy. The number of silicon-nitrogen bonds in the films increased for increasing
plasma time (as shown in the areas of the deconvoluted peaks in appendix C.1), which was
also shown by Morin et al. [39]. The peaks around 403 eV in the nitrogen binding energy had
a very low intensity, which made it difficult to determine their position exactly. The carbon
in the films was bonded to silicon (carbides), carbon and nitrogen. The binding energies of
silicon and nitrogen did not show this possibility, because the amount of carbon incorporated
in the films was small. Because of this, the peaks of silicon and nitrogen bonded to carbon
were negligible compared to the silicon-nitrogen peaks. The oxygen binding energy showed
that the oxygen was bonded in hydroxides. The fact that carbon and oxygen concentrations
showed opposite trends (see figure 4.6) made it unlikely that the oxygen was bonded to
carbon, even though the −COH groups are in the right range of binding energy. The most
probable explanation is that oxygen was included in the films due to reactor impurities and
impurities in the gases.
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Figure 4.9: The XPS sputter rate as a function of the plasma exposure time. The black line
serves as a guide to the eye.

For all elements, the binding energy of each bond shifted towards lower binding energies
for longer plasma exposures. The XPS data showed an increase in silicon content and a
decrease in carbon content for increasing plasma time. Since silicon is less electronegative
than carbon, the environment became less electronegative, explaining the shift towards lower
binding energies for longer plasma exposure times. Because the film quality improved for
increasing plasma time, a negative shift in binding energies could be taken as an improvement
of film quality, as will be shown in section 4.2.2 and 4.2.3.

The XPS sputter rate decreased with increasing plasma exposure time, as is shown in
figure 4.9. This could indicate a change of composition and/or a densification of the material.
The latter was reported by Morin et al. for increasing N2 plasma treatment times of silicon
nitride films [39]. Both effects could also explain the decreasing GPC for increasing plasma
exposure time. Figures 4.6 and 4.7 showed a difference in composition between the 10 and
15 second plasmas, while the mass density, as determined by RBS, increased from 2.2 g/cm3

for a 10 second plasma to 2.4 g/cm3 for a 15 second plasma, indicating densification of the
film for longer plasma exposure times.

For the following series a plasma exposure time of 10 seconds was chosen as a compromise
between the duration of the deposition process and the properties of the films.

4.2.2 Temperature series

One of the goals of this work was the deposition of silicon nitride in a wide temperature win-
dow. In order to investigate the material properties for various temperatures a temperature
series was deposited. The temperature was varied between 100◦C and 500◦C. It is important
to remember that the temperatures mentioned are the setpoint temperatures, which can de-
viate significantly from the actual wafer temperature, as shown in chapter 3. Also, at room
temperature depositions were performed in a related project [40]. These depositions also
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Figure 4.10: (a) The GPC as a function of the setpoint temperature and the substrate
temperature measured with in situ SE. (b) The refractive index as a function of the setpoint
temperature. The dashed lines indicate the refractive indices of bulk Si3N4 and SiO2 [16].
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Figure 4.11: The optical constants as a function of photon energy (a) and the corresponding
Tauc plots (b) for deposition temperatures between 200◦C and 500◦C. The dashed lines in
(b) indicate the extrapolation of the linear parts of the Tauc plots.

showed the saturation curves that are typical for ALD, but that work is outside the scope of
this report and therefore these results will not be shown.

In figure 4.10a the GPC is shown as a function of the temperature. The GPC decreased for
increasing temperature for temperatures up to 500◦C. Even though the setpoint temperature
covered the range between 100◦C and 500◦C, the actual temperature window was not so
wide. The substrate temperatures measured with in situ SE after the plasma treatment
ranged from 109◦C to 376◦C. Note that data reported by O’Neill et al. suggests that BTBAS
decomposes for temperatures above 500◦C [41].

The refractive index of the deposited films is shown in figure 4.10b. It increased for in-
creasing temperature and stabilized at a value of 1.96 for temperatures of 400◦C and higher.
The optical constants and corresponding Tauc plots are shown in figure 4.11. By extrapola-
tion of the linear part of the Tauc plots the band gap could be obtained by determining the
intercept with the x-axis, which shows an increasing band gap for increasing deposition tem-
perature. The higher the temperature, the closer the band gap was to that of stoichiometric
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Figure 4.12: The concentration of impurites as a function of temperature measured by XPS
(left) and RBS and ERD (right).

Si3N4, which is ∼ 5 eV [16].

The XPS depth profiles from which the composition was determined can be found in
appendix C.2. The impurity content of the films, as determined by XPS, RBS and ERD, is
shown in figure 4.12. For increasing temperatures the carbon and hydrogen content decreased
and the oxygen content remained approximately constant. The XPS and RBS and ERD
results are not directly comparable, because for RBS and ERD the hydrogen concentration
was measured and calculated as well. When the RBS data was recalculated neglecting the
presence of hydrogen, the values of RBS could be compared with those of XPS (data not
shown). The RBS and XPS concentrations showed the same trends, but the carbon content
was higher for the RBS measurements. From the XPS depth profiles (appendix C.2) it is
known that there was more carbon at the surface of the film than in the bulk and therefore
only the average bulk concentration was plotted in the XPS composition plots, while with
RBS modelling the carbon content of the whole film (the accumulated carbon at the surface
included) was determined, leading to a higher carbon concentration for RBS. The ratio of
nitrogen to silicon is shown in figure 4.13 and shows a decrease towards stoichiometric Si3N4

for increasing substrate temperatures. The RBS and XPS values corresponded very well to
each other for temperatures of 300◦C and higher.

The binding energies of the elements silicon, nitrogen, carbon and oxygen were deter-
mined by XPS. A comparison of these values with values from the NIST X-ray Photoelectron
Spectroscopy database [25] and the areas of the deconvoluted peaks are shown in appendix
C.2. The silicon and nitrogen in the film were mainly bonded in silicon-nitrogen configura-
tions and the oxygen was incorporated due to impurities in the reactor and the gases. For
temperatures of 100◦C and 200◦C the carbon could be bonded to silicon, nitrogen and car-
bon. For higher temperatures the carbon-carbon peak disappeared, which indicates a better
t-butylamine ligand removal. The binding energy of nitrogen for the film deposited at 100◦C
was shifted towards higher binding energy compared to the other temperatures due to a more
electronegative environment at 100◦C, since there was more carbon and less silicon in the
film.

Figure 4.14a shows the sputter rate determined by XPS. It shows a decreasing sputter rate
for an increasing temperature, which might indicate a densification of the film and/or a change
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Figure 4.14: The XPS sputter rate (a) and the mass density (b) as a function of temperature.
The dotted lines indicate the mass density of bulk stoichiometric Si3N4, SiO2 and BTBAS
[16, 42].
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Figure 4.15: The GPC (a) and refractive index (b) as a function of plasma pressure for a
temperature of 100◦C and 200◦C. All lines serve as a guide to the eye.

in composition of the material. Figures 4.12 and 4.13 showed the change in composition and
figure 4.14b shows the mass density as a function of temperature as measured with RBS. The
mass density increased for increasing temperature towards the mass density of stoichiometric
Si3N4 (3.1 g/cm3 [16]), confirming the densification of the material.

4.2.3 Plasma pressure series

For the pressure series the standard condition was used with a plasma exposure time of 10
seconds. The standard plasma pressure chosen before was 40 mTorr, because this resulted in
the highest GPC. However, the conditions with the highest GPC not necessarily resulted in
the best quality films, as observed for the plasma exposure time series. Therefore the plasma
pressure was varied. The material properties of a film deposited at 100◦C (higher carbon
content compared to 200◦C) might also be improved by using a lower plasma pressure, which
was investigated for a pressure of 10 mTorr.

Figure 4.15a shows the GPC as a function of plasma pressure for depositions at 100◦C
and 200◦C. The GPC decreased for decreasing plasma pressure for both temperatures, but
the change was much larger for a deposition temperature of 100◦C.

The refractive index as a function of plasma pressure is plotted in figure 4.15b for both
temperatures. It increased for decreasing plasma pressure and again, the largest change was
observed for a deposition temperature of 100◦C.

The composition of the films was determined by XPS (the depth profiles can be found in
appendix C.3) and the impurity content is shown in figure 4.16. The oxygen concentration
hardly changed, while the carbon content decreased for decreasing pressure. The N/Si ratio,
shown in figure 4.17a, decreased for decreasing plasma pressure. The sputter rate is plotted
in figure 4.17b and showed a decrease for decreasing plasma pressure. Again, this could
indicate a change in density and/or composition. Figures 4.16 and 4.17a showed the change in
composition. The mass densities of these films were not measured and therefore densification
could not be confirmed, but it is likely that the films grew denser for decreasing pressure.

The binding energies (see appendix C.3 for a comparison with the NIST X-ray Photo-
electron Spectroscopy database [25]) show that silicon and nitrogen were mainly bonded to
each other. Some carbon was bonded to silicon and nitrogen as well. The carbon-carbon
bond was present for all pressures, except for 10 mTorr at 200◦C, which suggests a better
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Figure 4.16: The impurity content, measured with XPS, as a function of plasma pressure for
a temperature of 100◦C and 200◦C. All lines serve as a guide to the eye.
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Figure 4.17: (a) The N/Si ratio as determined by XPS. (b) The XPS sputter rate as a function
of plasma pressure. The lines serve as a guide to the eye.

t-butylamine ligand removal at these conditions. The shift towards lower binding energies,
which indicates material improvement, was observed for decreasing plasma pressure.

4.2.4 Stability

For some films the XPS composition and the refractive index did not seem to correspond,
e.g., the film deposited with a plasma exposure time of 1 second, which could indicate that
post-oxidation occurred in these films. Post-oxidation would mainly affect the ex situ SE
measurements, because these measurements were done approximately half an hour after the
sample was removed from the reactor, while the sample was transferred to the XPS within a
few minutes. The GPC and XPS sputter rate of films that oxidized relatively fast were also
influenced, because they were determined by dividing the thickness that was measured with ex
situ SE by the total number of deposition cycles or the sputter time. This thickness sometimes
increased due to oxidation and oxidized films were sputtered faster than non-oxidized films.
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Figure 4.18: The refractive index as a function of plasma exposure time for as-deposited films
compared to those of the same films 1 month and 2 months after deposition.

To investigate the (long-term) stability of the films they were measured again with ex
situ SE, 1 month and 2 months after deposition. The refractive index of a film could already
indicate whether the film had changed or not, because oxidation of the film would lead to a
decrease in refractive index towards ∼ 1.46 for SiO2 [16]. Some of the films were also measured
again with XPS to see whether the composition had changed.

The XPS depth profile of the film deposited with a plasma exposure time of 1 second (see
appendix C.1) already shows a higher oxygen content at the surface than the other films in the
same series, indicating that post-oxidation occurred in a relatively short time after removal
from the reactor, explaining the low refractive index for the film shown in figure 4.5b. To
investigate whether post-oxidation occurred, the refractive indices after 1 month and 2 months
after deposition were compared to the refractive indices directly after the deposition for the
plasma exposure time series in figure 4.18. The films deposited with plasma exposure times
up to 5 seconds show a decrease in refractive index over time, indicating that post-oxidation
occurred, while the longer plasma exposure times resulted in stable films. To confirm the
change in composition, the XPS depth profiles measured directly after deposition and 1 month
later for a 3 second and a 15 second plasma are shown in figure 4.19. For a 3 second plasma
exposure an increase in oxygen content was clearly seen, while for a plasma of 15 seconds
there was only a slight increase in oxygen concentration at the surface of the film.

In the temperature series the film deposited at 100◦C was the only film that oxidized
directly after deposition. The corresponding XPS depth profile (appendix C.2) shows an
oxidation front directly after deposition. The refractive indices for all films in figure 4.20
only show a slight decrease, which was probably caused by a little surface oxidation.

The refractive indices of the plasma pressure series (figure 4.15b) show no fast post-
oxidation except for the film deposited at 100◦C and 40 mTorr, which is the same film as
in the temperature series. Figure 4.21 shows that the films deposited at 70 mTorr and 100
mTorr at 200◦C oxidized within a month after deposition, while the films at 10 mTorr and
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Figure 4.19: The XPS depth profiles measured directly after deposition and 1 month after
deposition for a film deposited with a plasma exposure time of (a) 3 seconds and (b) 15
seconds.
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Figure 4.20: The refractive index as a function of setpoint temperature for as-deposited films
compared to those of the same films 1 month and 2 months after deposition.



4.2. CHARACTERIZATION OF SILICON NITRIDE FILMS 47

0 2 0 4 01 . 5 0

1 . 5 5

1 . 6 0

1 . 6 5

1 . 7 0

1 . 7 5

1 . 8 0

1 . 8 5

1 . 9 0

1 . 9 5

 

 T s e t  =  1 0 0 ° C

Re
fra

ctiv
e i

nd
ex

 (@
2e

V)

P l a s m a  p r e s s u r e  ( m T o r r )
0 2 0 4 0 6 0 8 0 1 0 0

 d i r e c t l y  a f t e r  d e p o s i t i o n
 1  m o n t h  a f t e r  d e p o s i t i o n
 2  m o n t h s  a f t e r  d e p o s i t i o n

 

T s e t  =  2 0 0 ° C

 

P l a s m a  p r e s s u r e  ( m T o r r )

Figure 4.21: The refractive index as a function of plasma pressure for as-deposited films
compared to those of the same films 1 month and 2 months after deposition. All lines serve
as a guide to the eye.

40 mTorr hardly oxidized. The films deposited at 100◦C both oxidized after deposition, the
film deposited at 40 mTorr very rapidly, because it already had a low refractive index directly
after deposition, while the film deposited at 10 mTorr oxidized slowly after deposition and
its refractive index decreased slower than the unstable films deposited at 200◦C. In appendix
C.3 the development of an oxidation front is shown.

In conclusion, the films with low carbon content and a N/Si ratio close to stoichiometric
Si3N4 also resulted in the most stable films and the stability could be determined by ex situ
SE measurements of the refractive index. Also, stable films showed some oxidation of the
surface, but no increased amount of oxygen in the bulk of the film.

4.2.5 Uniformity of thickness and refractive index

The uniformity of the thickness and refractive index of the films was determined with SE
mapping software on half 4-inch wafers. Figure 4.22 shows the film thickness across the
wafer deposited with a plasma exposure time of 10 and 15 seconds. The non-uniformity is
mentioned in the upper left corner of each plot and is defined as

Non-uniformity =
σ

average thickness
· 100%, (4.1)

where σ is the standard deviation. At each data point the measured thickness was divided
by the average film thickness. The thickness uniformity of both films was excellent and for
long plasma exposure times the uniformity was stable.

The thickness uniformity of the films deposited at different temperatures is shown in
figure 4.23. For all but the film deposited at 100◦C the non-uniformities were good. At
low temperatures a longer plasma exposure time was needed to achieve saturation, which
explains why the film at 100◦C was less uniform. Furthermore, because the film deposited at
100◦C was already oxidized and since the model used was a model for SiNx, the modelling
was not accurate for this film, because it contained so much oxygen that it was more like
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Figure 4.22: The film thickness across the wafer relative to its average thickness for films
deposited with 10 second and 15 second plasma exposures. The black dots indicate the data
points and the percentages in the graphs are the non-uniformities.

SiO2, resulting in high modelling errors. The non-uniformities are plotted as a function of
deposition temperature in figure 4.24, which shows an improvement in the uniformity for
increasing deposition temperature. The only film that did not fit into this trend was the film
deposited at 200◦C. However, this film was deposited in a different run, 1 month before the
other films in this series. A different batch of BTBAS was used and the reactor conditions
could have been different. The thickness uniformity might thus be sensitive to the reactor
conditions. Therefore, the thickness uniformity at 200◦C was considered a ‘bad’ data point in
the uniformity of the temperature series and an interpolated non-uniformity data point was
added in the graph for this temperature. This effect was only visible in the uniformity, while
for other trends (e.g., GPC, refractive index and composition) this film followed the trend
of the other samples. This interpolated value for the non-uniformity was also used to make
a fair comparison with the uniformities of the films deposited at different plasma pressures,
because these were deposited in the same run as the temperature series.

The non-uniformity of the film thickness across the wafer deposited at 200◦C with a
plasma pressure of 10 mTorr was 0.84% (see appendix D.1 for the thickness across the wafer),
which was less than the interpolated non-uniformity of 2.44% at 40 mTorr. Apparently,
decreasing the plasma pressure resulted in better thickness uniformity.

The thickness uniformities of all films show a circular symmetry, with only a small differ-
ence in thickness between the center and the edge of the wafer. This difference is probably
due to small deviations in the plasma properties across the wafer area and/or a temperature
difference between the center and the edges of the wafer. The thickness uniformity does not
depend on the position the precursor enters the reactor chamber, because the uniformity
would not be expected to show circular symmetry in that case. The conditions that show an
improved material quality also result in a better thickness uniformity.

For the refractive index uniformities the average thickness in equation 4.1 was replaced
by the average refractive index. The same plots as for the thickness uniformity were made
and these plots can be found in appendix D.2. The non-uniformity of the refractive index of
the films deposited with a plasma exposure time of 10 and 15 seconds was 0.24% for both
films. They showed an excellent and stable uniformity for long plasma exposures. For the
temperature series the non-uniformities are shown in figure 4.25, indicating a very uniform
refractive index across the wafers. At first, the non-uniformities did not seem to follow a
temperature-dependent trend. However, since the sample deposited at 200◦C was considered
to be a bad data point for the refractive index as well, the ‘expected’ non-uniformity would
therefore in this series be higher as well. The film deposited at 500◦C could only be measured
with relatively high modelling errors compared to the other temperatures and might be a bad
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Figure 4.23: The film thickness across the wafer relative to its average thickness is plotted
for films deposited at temperatures of 100◦C and ranging from 300◦C to 500◦C. The black
dots indicate the data points and the percentages in the graphs are the non-uniformities.
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Figure 4.24: The non-uniformity of the thickness as a function of setpoint temperature.
Because the film deposited at 200◦C was deposited in a different run than the other films,
this non-uniformity deviated from the trend. Therefore, an interpolated non-uniformity is
included for this temperature, which value was also used for comparison in the plasma pressure
series.
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Figure 4.25: The non-uniformity of the refractive index and the MSE as a function of tem-
perature. The red arrow indicates the direction in which the data point at 200◦C probably
would move when deposited in the same run as the other films.

refractive index uniformity data point as well. Therefore, an improvement of refractive index
uniformity with temperature could be possible. At a pressure of 40 mTorr the non-uniformity
of the refractive index was 0.24% (but deposited in a different run) and for 10 mTorr it was
0.19%. Therefore, a decrease in plasma pressure resulted in an improved uniformity of the
refractive index.

The non-uniformity of the refractive index was less than 1% for all films, so for all condi-
tions the refractive index was very uniform.

4.3 Discussion and comparison with literature

In the first section of this chapter the saturation curves of the developed process confirmed
the ALD behavior of the process. The self-limiting reactions were observed for a setpoint
temperature range between 100◦C and 500◦C, which corresponded to a wafer temperature
between 100◦C and approximately 350◦C. The films deposited at 100◦C were not stable, but
their oxidation can be avoided by capping the layer with Al2O3 before removing them from
the reactor, as was shown in a related project at room temperature [40].

The film quality was analyzed for varying plasma exposure time, deposition tempera-
ture and plasma pressure. The contamination with carbon decreased for increasing plasma
exposure time and temperature and for decreasing plasma pressure. At the same time the
N/Si ratio, the uniformity and the stability of the films improved, but the GPC decreased.
Therefore, compromises between deposition time and film quality need to be made.

Good quality was obtained for plasma exposures longer than 7.5 seconds, temperatures
of 200◦C-500◦C and pressures of 40 mTorr and below. In this parameter range typical GPCs
were 0.14-0.32 Å and refractive indices ranged between 1.8 and 2.0. For temperatures below
200◦C, low pressure plasmas could be used to improve the material properties as well.
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Temperature windows reported for other ALD processes are 225◦C-650◦C for metal halide
silicon precursors and NH3 (gas or plasma) or N2H4 gas [3, 10–13, 43–46], which is generally
higher than the temperatures reported in this work. The film characteristics of the good
quality films in this work are compared to the material properties reported for other ALD
processes in table 4.3. The GPCs reported are higher for the metal halide precursors [3,
10–13, 43], but the precursor exposure times that are reported are 15 seconds for Si2Cl6 [43]
and 60-90 seconds for SiH2Cl2 [12, 13], which is 100 to 600 times longer than the 150 ms used
in this work, resulting in a very long cycle time. The GPCs reported for other metalorganic
precursors are comparable to the GPCs reported in this work, but precursor dosing times of
one second or longer were needed. Fang et al. also reported silicon nitride growth with BTBAS
as a precursor, but no self-limiting growth was obtained [18]. The refractive indices reported
in this work for temperatures between 200◦C and 500◦C were higher than reported for other
metalorganic precursors and comparable to those reported for the metal halide precursors [3,
10, 12, 18, 43]. The refractive indices for the metalorganic precursors reported by Fang et al.
are relatively low due to post-oxidation (as is the case for the low temperature ALD process
in this work), but they reported that in situ measurements resulted in a refractive index of
1.950 for 3DMAS, which is comparable to the refractive indices reported in this work [18].
The films reported in this work were nitrogen rich compared to the films reported for metal
halide precursos, which are closer to stoichiometric Si3N4 or even silicon rich [3, 10–13, 43].
The high nitrogen contents observed in this work might be due to the structure of BTBAS.
The relatively low N/Si ratio of the 3DMEAS film reported by Fang et al. [18] does not
correspond to the refractive index measured, because a silicon-rich film should lead to a high
refractive index. Compared to the other ALD processes, BTBAS resulted in average oxygen
and hydrogen contents and mass densities closer to that of stoichiometric Si3N4, which is
3.1 g/cm3 [16]. The exact temperatures at which these properties were determined have not
been reported for the metal halide precursors and therefore it cannot be excluded that these
properties vary across the temperature ranges investigated.

A more common deposition technique for silicon nitride is plasma enhanced chemical
vapor deposition (PECVD). This technique requires temperatures between 200◦C and 400◦C
[7], which is comparable to the temperatures reported in this work. However, films deposited
with PECVD contain a substantially larger amount of hydrogen (up to 30 at%) and can
contain some oxygen (1-4 at%) [7, 9, 47]. The amount of hydrogen in the films with the ALD
process developed in this work was much lower and the oxygen content was comparable. The
N/Si ratio for PECVD films is between 1.2 and 1.4 [7, 47], which is closer to stoichiometric
Si3N4 than the N/Si ratios of the ALD films. PECVD films are thus more likely to be silicon
rich, while ALD films are nitrogen rich. The refractive index for PECVD films is 1.99, within
the range of the refractive indices of the good quality ALD films [7, 47].

Generally, LPCVD processes for silicon nitride require deposition temperatures of 700◦C
and higher [4], but for the combination of BTBAS as the precursor and NH3 as the reactant,
deposition temperatures between 550◦C and 600◦C are reported [5, 14]. This temperature
range is still well above the temperature window reported in this work. The carbon contents
for these LPCVD films are 5-7 at%, which is comparable to the values reported in this work
for the high temperature process [5, 14]. The hydrogen contents reported in this work were
lower than those for the LPCVD films with BTBAS, which were 10-16 at%, but with SiH2Cl2
(700◦C-800◦C) hydrogen contents of 3.6 at% were reported [5, 14].

In summary, the silicon nitride ALD process developed in this work resulted in high quality
films in a wide temperature window. This temperature window might even be extended
towards room temperature when the process is optimized further. The films showed almost
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no post-oxidation unlike processes with other metalorganic precursors. The GPC of the
developed process was relatively low compared to processes with metal halide precursors, but
relatively short cycle times, mitigating the effect of a low GPC in terms of thickness increase
per unit of time, and high uniformity could be achieved in a wide temperature window.
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Chapter 5

On the growth mechanism of
plasma-assisted atomic layer
deposition of silicon nitride

This chapter deals with the results of a study on the growth mechanism of silicon nitride when
prepared by ALD. In order to actually determine the growth process, specific information
is required about the reaction products during the precursor dosing and the plasma step,
and the surface groups before and after these steps. Quadrupole mass spectrometry (QMS)
and optical emission spectroscopy (OES) can give information about the reaction products,
but not directly about the surface groups. Knowledge of the surface groups is needed for
conclusive determination of a growth mechanism and in situ infrared spectroscopy could
provide this information directly, but since this diagnostic was not available, assumptions
had to be made. Where possible, the experimental results will be used to support these
assumptions.

The process was thus investigated with QMS and OES. In the first section the determi-
nation of the reaction products with QMS will be discussed. The second section will address
the proposed reaction mechanism for the standard process and this mechanism will be used
to explain the trends observed in the previous chapter. It was shown before (figure 4.1c) that
hydrogen-containing plasmas resulted in relatively low GPCs compared to pure N2 plasmas
at 350◦C. A similar effect was observed at 200◦C, as will be shown in section 5.3. In the
same section the influence of hydrogen, when added to the plasma, will be shown using data
obtained with OES. The mechanism leading to the reduced GPC for hydrogen-containing
plasmas will be discussed in this section as well. In the last section a short summary of the
observations in this chapter will be given.

5.1 Determination of reaction products

During the precursor dosing and the plasma exposure, surface reactions occur. Gas phase
reaction products can be formed, which can be detected by QMS measurements. When a
systematic approach is used, reaction products during the precursor dosing and plasma step
can be determined. This approach will be addressed first, followed by the determination of
the reaction products. Note that reactions at all surfaces in the reactor contribute to the
QMS signal (not only those at the surface of the substrate) and that some of these surfaces
have a relatively low temperature compared to the substrate temperature. The GPC at

55
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Figure 5.1: The cracking pattern of BTBAS (SiH2(NHtBu)2), determined at 200◦C. The
list on the right shows the most probable assignments for some peaks. Note that due to
recombination in the mass spectrometer other assignments are possible as well (see text).

these low-temperature surfaces is higher than the GPC on the substrate. Combined with the
differences in t-butylamine ligand removal in the plasma step at different temperatures (as
shown by the difference in carbon and hydrogen impurities in the films in section 4.2.2), this
leads to a large impact on the measured QMS signal.

5.1.1 Procedure

In this work the quadropole mass spectrometer was used to measure both with a low and
a high temporal resolution. The measurements with low temporal resolution consisted of
several scans in which a wide range of m/Z values was measured per scan. This method was
used to determine the cracking pattern of BTBAS, which is shown in figure 5.1. There is
no peak observed at m/Z = 174, which would correspond to ionized BTBAS. This suggests
that the BTBAS molecules fragmented when ionized. Other peaks are observed for ligand
fragments, e.g., m/Z = 72 ([NHtBu]+). Some signals could not directly be ascribed to
ligand fragments, but were a result of recombination. This could be recombination of ligand
fragments (e.g., [SiH2NHC(CH2)(CH3)]

+at m/Z = 86) or recombination of ligand fragments
with hydrogen that was adsorbed on the walls of the mass spectrometer, as was suggested
before [48]. m/Z = 58 ([HtBu]+) and m/Z = 103 ([SiH3(NHtBu)]+) are examples of cases
where an additional hydrogen atom bonded to the ligand fragments. McElwee-White showed
that mass spectrometry can be used to identify which bonds in a precursor are most likely
to break during deposition, since they also easily break in the mass spectrometer [49]. The
peak at m/Z = 103 suggests that one Si−N bond is relatively easy to break, while the second
bond is much more stable.

The reaction products were determined by measurements of the m/Z values 2 and 7-60
as a function of time. In order to obtain a high temporal resolution, only 4 m/Z values were
measured in the same run. In every run, one of these values was m/Z = 40, which represents
argon and was used as a reference signal to synchronize the data. There were three different
cycle modes and comparing these modes in a systematic way gave information about the
reaction products. The three cycle modes were:

- ALD : this mode consisted of regular ALD cycles. During the precursor step cracking of
BTBAS, reaction products and background signals contributed to the measured signal.
Stable plasma species, reaction products and background signals determined the QMS
signal during the plasma step.
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- Precursor only : this mode consisted of cycles in which there was no plasma. To keep
all other conditions the same, this was achieved by setting the plasma power to 0 W.
In this mode there were BTBAS cracking products and background signal, but there
were no reaction products, as no ALD reactions took place.

- Plasma only : this mode consisted of cycles in which there was no precursor dosing.
This was done by keeping the bubbler valve closed. In this mode there were no reaction
products, only gas phase species and background signal.

For each group of 4 m/Z values, 10 deposition cycles of each mode were run. The data
was then synchronized and normalized to the argon signal and all but the first cycle of each
run were averaged to reduce the noise. The first cycle was not used, since it might have
been influenced by the conditions of the previous run. The procedure, synchronization and
normalization of the data is explained in more detail in references [23, 50]. An example of the
resulting data is shown in figure 5.2 for 4 m/Z values measured in the ALD mode. m/Z = 27
can be assigned to HCN during the plasma exposure, which was a reaction product (as will
be shown later), m/Z = 28 corresponds mostly to N2, m/Z = 40 is the argon reference signal
and m/Z = 57 is t-butyl, one of the lines in the spectrum of the precursor. The cycle steps
are indicated in figure 5.2 as well. The cycle was extended with a post-plasma step compared
to the normal ALD cycle used in the previous chapter. The pre-dose, precursor purge and
pre-plasma step were longer than in the normal ALD cycle to better visualize the influence
of each step. Since the precursor dosing time (2) was very short (200 ms in this case), the
influence of the dosing was seen in the consecutive reaction step (3) by the increase in the
intensity of the m/Z = 57 line. In the pre-plasma (5) the N2 flow was turned on (increasing
m/Z = 28), so that it was stable when the plasma was ignited.
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Figure 5.2: An example of the synchronized, normalized and averaged QMS signals for the
ALD mode for m/Z = 27, 28, 40 and 57. The cycle steps are indicated. During step 1-4
and 8 the argon flow was used to purge the precursor delivery lines and entered the reaction
chamber, while during the other steps it was diverted directly to the exhaust.
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Figure 5.3: An example of the 3 cycle modes for m/Z = 18 for the precursor step (left) and
for m/Z = 17 in the plasma step (right). The grey line indicates the expected background
signal in the plasma step.

5.1.2 Reaction products

By subtracting the different modes from each other the reaction products could be quantified.
As an example the three modes are plotted for m/Z = 18 for the precursor step and for m/Z
= 17 in the plasma step in figure 5.3. Note that in the ideal case all three modes should
show the same background. In figure 5.3 this is approximately the case for m/Z = 18 in the
precursor step. However, the background of the plasma only and precursor only modes were
different than that of the ALD mode (indicated by the grey line) for the plasma step of m/Z
= 17. Therefore, for some m/Z values an offset was added to these two signals to serve as a
good background.

Comparing the ALD and plasma only modes (A), the contribution of the reaction products
in the precursor step and cracking of the precursor can be determined. The cracking products
of BTBAS can be determined by comparing the precursor and plasma only signals in the
precursor step (B).

In the ideal case the reaction products in the plasma can be determined by subtracting
the plasma only mode from the ALD mode. However, even with the correction for the
background, the plasma only signal did not overlap with the expected background of the
ALD mode in the plasma step. The difference in background between the plasma only mode
and the ALD mode is probably caused by the absence of precursor in the background of
the QMS signal for the plasma only mode. Therefore, instead of the rescaled plasma only
mode, the rescaled precursor only mode was subtracted from the ALD mode to determine
the reaction products in the plasma step (C in figure 5.3).

When this procedure is used for the whole range of m/Z values, mass spectra of the reac-
tion products can be obtained and compared to spectra in the NIST database to identify the
reaction products [24]. The spectra in the NIST database were obtained on a different spec-
trometer, which will account for slight differences between the spectra in the NIST database
and the spectra in this work.

The spectrum for the reaction products in the precursor step and cracking of the pre-
cursor (signal A) is shown in figure 5.4a. Figure 5.4b shows the cracking pattern of BTBAS
(signal B). Figure 5.4a and b show good correspondence, indicating a large contribution of
the BTBAS cracking products in the signals in figure 5.4a. When the cracking pattern is
subtracted from the spectrum in figure 5.4a the reaction products in the precursor step re-
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Figure 5.4: (a) The reaction products and BTBAS cracking products in the precursor step
during the normal ALD cycle and (b) the cracking pattern of BTBAS during the precursor
only cycle.
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main. These reaction products are shown in figure 5.5 and compared to the spectrum of
t-butylamine (H2N

tBu, one ligand of BTBAS with an additional hydrogen atom) that is
taken from the NIST database [24]. There is good overlap between the two spectra. This
strongly suggests that t-butylamine was the main reaction product during precursor dosing.
Some of the other lines can (partly) be explained by fluctuations in the argon (m/Z = 20
and 40) and water (m/Z = 16-18) levels.

The reaction products in the plasma step are shown in figure 5.6 for a temperature of
350◦C and in figure 5.7 for a temperature of 200◦C. For 200◦C only a few representative m/Z
values have been measured. A comparison with molecules in the NIST database is made [24].
Cyanogen (C2N2), ammonia (NH3), hydrogen (H2) and the ligand fragments propane (C3H8)
and hydrogen cyanide (HCN) were detected as reaction products. Nitrogen was consumed
during the plasma exposure and there was a high background level of water in the reactor.
The presence of argon explains the signals at m/Z = 20 (Ar2+) and 40 (Ar+). Since the
cracking pattern of the t-butylamine ligand is also observed, there were still t-butylamine
ligands at the surface before the plasma was ignited. Some t-butylamine ligands were thus
removed completely (i.e., not in fragments) during the plasma step. At 200◦C some BTBAS
was left in reactor regions that were difficult to purge in the precursor only mode. The
relatively high signal at m/Z = 14 is somewhat unexpected. Since there is no high (positive)
signal at m/Z = 28, it cannot be ascribed to N2. It could be due to oxygen contamination
in the reactor or in the processing gases, which could lead to formation of NxOx species,
which would also (partly) explain the signal at m/Z = 30. The high signal at m/Z = 14
might also be explained by a long lifetime of nitrogen radicals, which are a result of the
reaction e– + N2 → 2N + e–, as suggested by the lifetimes reported by Wróbel et al. [51].
Note that other reaction products (e.g., ethane (C2H6)) might have been present, but that
their contribution was relatively low. To determine whether other reaction products, like
isopropylamine, acetonitrile, propylamine, isobutene and ethylamine, were present or not,
the spectrum should have been measured in a wider m/Z range.

Although at both temperatures the same reaction products were measured, there was a
difference in their ratios: at 200◦C there was relatively more hydrogen and propane present
compared to HCN than at 350◦C. Note that the films deposited at 200◦C contained more
carbon and hydrogen than the films deposited at higher temperatures. The observation of
more hydrogen and carbon in the plasma and higher contaminations in the resulting films
suggests that redeposition of these species caused the impurities in the film (i.e., reaction
products interact with the plasma forming new species that can be deposited on the surface
[23]).

5.2 Proposed growth mechanism

In this section a growth mechanism will be proposed. The trends that were observed in the
previous chapter will be explained with the proposed growth mechanism.

5.2.1 Precursor adsorption

In section 5.1.2 it was observed that the BTBAS ligand with one additional hydrogen atom
(t-butylamine) was the main reaction product in the precursor step. There were also intact
t-butylamine ligands present before the plasma was ignited, since complete t-butylamine
ligands were detected as reaction products in the plasma exposure step. Therefore, the
simplest assumption, that only one t-butylamine ligand was removed during the adsorption
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Figure 5.6: The reaction products in the plasma step compared with possible reaction prod-
ucts for a temperature of 350◦C [24]. Note that the molecules in the legend are listed in order
of decreasing m/Z values.
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Figure 5.7: The reaction products in the plasma step compared with possible reaction prod-
ucts for a temperature of 200◦C [24].
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Figure 5.8: The proposed adsorption mechanism of BTBAS molecules: a strong hydrogen
bond between a nitrogen atom of the precursor and a hydrogen atom at the surface eventually
leads to migration of the surface hydrogen atom to the nitrogen atom of the precursor,
resulting in the release of a t-butylamine ligand and the adsorption of H2SiNHC(CH3)3.

of the precursor and that the other t-butylamine ligand was removed by the plasma, is made.
This also corresponds to dissociation of precursor molecules in CVD, where splitting off one
amine ligand strengthens the bond with the other amine ligand, as suggested by McElwee-
White [49], and the BTBAS cracking pattern in figure 5.1.

Figure 5.8 shows the proposed adsorption mechanism of BTBAS molecules on the surface.
The adsorption is assumed to occur due to a strong hydrogen bond between a nitrogen atom
of the precursor and a hydrogen atom at the surface, as is the case in ALD of SiO2 using
BTBAS [52]. Migration of the surface hydrogen atom to the nitrogen atom of the precursor
leads to dissociation of the BTBAS molecule resulting in the adsorption of H2SiNHC(CH3)3
and the release of a t-butylamine molecule into the gas phase [52].

A rough calculation in the ChemBio3D Ultra program results in a BTBAS radius of
approximately 5 Å. The number of BTBAS molecules (and thus silicon atoms) that would
fit on 1 nm2 is then approximately 1.27, which is roughly one order of magnitude higher
than the values determined by RBS (0.5-0.7 atoms/nm2/cycle), as shown in figure 5.9. This
indicates that steric hindrance is not the limiting factor, since less BTBAS molecules adsorb
on the surface than would spatially fit. Therefore, it is assumed that the surface is not fully
covered with active surface groups.

As mentioned before, there was no direct information available on the surface groups
and therefore it was assumed that the nitrogen plasma formed a surface with −NHx groups
(x = 0, 1, 2). According to Perrine et al. the number x is determined by the temperature
[53]. For increasing temperatures the −NH2 surface groups are converted into =NH surface
groups between 227◦C and 377◦C and further into =N− surface groups after 527◦C [53],
as is illustrated in figure 5.10. The dangling bonds can react with the surface to form −−−N
bonds. Although the actual temperature range in this work would allow for the presence of
−NH2 and =NH surface groups, it is assumed that a plasma enhances the dehydrogenation
process, because it was shown before that the exposure of a silicon nitride film to a nitrogen
plasma results in reduction of the hydrogen content in the film [39] and the ERD data in
the previous chapter showed decreasing hydrogen concentrations for increasing temperatures.
This suggests that there were mainly =NH and =N− or −−−N surface groups. Furthermore,
other experiments suggested that it is unlikely that −NH2 surface groups were the reactive
surface groups, as will be shown in section 5.3.
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Figure 5.9: The number of adsorbed silicon atoms per nm2 per cycle (determined by RBS)
as a function of temperature (left) and plasma exposure time (right). In the left figure the
plasma exposure time is 10 seconds, in the right figure the temperature is 200◦C.
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Figure 5.10: A schematic representation of the conversion of -NHx surface groups as a function
of temperature as suggested by Perrine et al. [53].

Since steric hindrance was not the limiting factor for the BTBAS adsorption, it was
suggested that the surface was not fully covered with active surface groups (i.e., not all −NHx

surface groups were considered to be reactive) and therefore another assumption was made:
BTBAS only adsorbs on =NH surface groups. Since an increase in temperature resulted
in a decreasing GPC (figure 4.10) and a decreasing number of adsorbed silicon atoms per
nm2 (figure 5.9), but also in dehydrogenation [53], this suggests that =N− or −−−N surface
groups are not reactive. For a temperature of 200◦C an increasing plasma exposure time
resulted in an increasing number of adsorbed silicon atoms (figure 5.9), which could suggest
that more −NH2 surface groups were dehydrogenated by longer plasma exposures, leading
to more reactive =NH surface groups. Longer plasma exposure times also resulted in more
carbon removal (as shown in the previous chapter), which could make more incorporated
nitrogen atoms (bonded to hydrogen) accessible for BTBAS to adsorb on.

5.2.2 Plasma exposure

The reaction products during the plasma step have been determined to be t-butylamine,
cyanogen, propane, hydrogen cyanide, ammonia, and hydrogen (see section 5.1.2). Depend-
ing on the plasma conditions the t-butylamine ligands, that remained at the surface after
precursor adsorption, were removed by the plasma. The fragments that were removed could
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Figure 5.11: The proposed reaction mechanism during the plasma step. The nitrogen plasma
removes (part of) the ligands and these ligand fragments can react in the plasma to form the
detected reaction products.

interact with each other or with the plasma species and form new species, which might lead
to redeposition on the surface [23]. The redeposited species could be removed again by the
plasma. The reaction products measured in section 5.1.2 could originate from any of these
processes. This is schematically drawn in figure 5.11. In the ideal ALD cycle all ligands
would be removed, but even in the best quality films some ligands were only partly removed
by the plasma, since it was observed that there was still carbon and hydrogen left in the films.
Furthermore, XPS data shows silicon-carbon bonds, which suggests redeposition of reaction
products, since this type of bond is not present in the precursor molecule. The presence of
these bonds in the film shows that the redeposited species have not been removed completely
by the plasma. During the plasma step Si−N and Si−Si bonds at the surface of the film could
be broken and formed, such that the material reorganized towards a stoichiometric Si3N4 con-
figuration. In literature it is suggested that the N+

2 ions and/or the reactive dangling bonds
are responsible for this reorganisation [15, 39].
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5.3 Growth inhibition with hydrogen-containing plasmas (NH3

and H2-N2)

Figure 4.1c showed that hydrogen-containing plasmas resulted in GPCs that were significantly
lower than for a N2 plasma. In this section the mechanism leading to this reduced growth
will be investigated. OES is a useful tool for identifying t-butylamine ligand removal, as
will be shown for the normal ALD cycle. It will be shown how OES data can be used to
explain the reduction of carbon content for low pressure plasmas and the limitations of OES
will be addressed with data from the temperature series. Since OES can provide information
about t-butylamine ligand removal, an OES study was performed for the hydrogen-containing
plasmas. Two types of tests were used to investigate the limited growth with hydrogen-
containing plasmas and the results of these tests led to insight into the reaction mechanism,
which will be explained in the last part of this section. Since there was almost no growth, no
significant signal of reaction products was expected and therefore QMS measurements were
not performed.

5.3.1 Identifying ligand removal

OES is a diagnostic tool that can be used to study the reaction mechanism. Even though
it can only obtain information during the plasma step, it can provide information about
the precursor step as well. For this study, only the time-dependent acquisition mode was
used. The five wavelengths that were measured are intense lines in the spectra of NH, CN, H
and CH, since they could be related to the reaction products, and one wavelength where N2

emission is expected [54, 55]. Compared to QMS, OES data needed little processing to get
useful information, as is shown in figure 5.12. In this figure the N2 plasma only (a) and ALD
mode (b), as defined in section 5.1.1, are plotted for a cycle with a N2 plasma. The signal in
the plasma only mode (a) was caused by the emission of the N2 plasma at these wavelengths
and can be considered as a background signal for the ALD mode. The difference between the
two spectra in figure 5.12 is mainly seen in the CN signals, which is thus a strong indicator for
t-butylamine ligand removal. Therefore, the CN emission will be used to obtain information
about the mechanism leading to the reduced GPC for hydrogen-containing plasmas. The
NH and H emission also show a small increase in emission in the ALD mode compared to
the plasma only mode. The CH signal was very low, probably due to the great number of
collisions the reaction products (e.g., propane) need before excited CH can be formed. The
small peaks in the first half-second after the plasma was ignited, were caused by changes
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Figure 5.12: The OES spectra for a N2 plasma in a cycle without precursor dosing (plasma
only mode) (a) and with precursor dosing (ALD mode) (b).
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Figure 5.13: The integrated intensity of the CN emission (after subtraction of background
emission) as a function of plasma pressure. The emission of the N2 plasma at 670.48 nm is
plotted as a reference.

in the matching network for optimized power coupling of the ICP. As soon as the matching
network stabilized, the OES signal stabilized as well, as can be seen in figure 5.12a. This
effect is also visible in the CN peak in figure 5.12b, which shows a small peak on top of the
main peak.

First, the increase of the carbon content as a result of increasing plasma pressure (see
section 4.2.3) will be explained with the OES data of the same series. Because the CN
emission is a strong indicator for ligand removal, the integrated intensity (after subtraction
of the background) provides information about the amount of CN in the reactor. Figure 5.13
shows that there was more CN detected in the reactor for increasing plasma pressures, while
the N2 emission showed an increase that was less strong. The increase of CN emission for
increasing plasma pressure can be explained by the fact that the butterfly valve was opened
less for high pressures, resulting in a longer residence time and higher CN concentration in
the plasma. Due to the longer residence time, there was more chance of redeposition and
therefore there were more carbon impurities in the films deposited with high pressure plasmas,
as shown by XPS.

For the temperature series the amount of CN in the reactor was approximately constant,
as is shown in figure 5.14, while the XPS data showed that the ligand removal improved for
increasing temperature. The temperature of the walls is important in this case. OES (and
QMS as well) does not only measure products from the surface reactions at the substrate,
but also species coming from other reactor surfaces. The deposition on the wall can therefore
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Figure 5.14: The integrated intensity of the CN emission (after subtraction of background
emission) as a function of deposition temperature.

contribute significantly to the signal. For temperatures below 150◦C, the wall temperature
was the same as the temperature of the wafer table. For temperatures higher than 150◦C
the wall temperature was 150◦C. Due to this difference in temperature for high setpoint
temperatures, there was more deposition on the walls than on the substrate. The plasma
also interacted with the deposition on the walls, which led to ligand removal there as well.
Because the wall surface is relatively large, the OES and QMS signals are mainly determined
by the low temperature reactions and a temperature dependent trend will be obscured. Such
trend might only be observed when the wall temperature can be set to the same value as the
temperature of the wafer table, which limits the possibilities of OES and QMS to observe
temperature dependent trends.

5.3.2 Different plasmas and multiple plasmas in different sequences

The GPCs for hydrogen-containing plasmas were much lower than those for pure N2 plasmas.
To understand why the GPCs were lower, three questions were investigated:

1. How much hydrogen must be added to a nitrogen plasma to reduce the GPC?

2. Is it possible for a hydrogen-containing plasma to remove the t-butylamine ligands?

3. Is there no or less BTBAS adsorption due to the hydrogen-containing plasmas?

In order to answer these questions and to investigate the influence of hydrogen on the reaction
mechanism two types of experiments were performed. The first test was the addition of an
increasing amount of hydrogen to a nitrogen plasma, to see for which plasma composition
the hydrogen became the limiting factor. In the second experiment an extra plasma step was
added to the regular ALD cycle. By combining a nitrogen plasma and a hydrogen-containing
plasma in one cycle in a systematic way, insight into the reaction mechanism could be gained.
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Figure 5.15: The GPC as a function of the amount of hydrogen that was added to a nitrogen
plasma. The total flow rate was constant. The deposition temperature was 200◦C.

For both tests the experiments with hydrogen-containing plasmas (50 cycles) were separated
by 30 normal ALD cycles with a pure N2 plasma to ensure a ‘reactive’ surface for each
experiment as was also the case during a regular ALD cycle for silicon nitride.

The influence of the addition of hydrogen to a nitrogen plasma is shown in figure 5.15.
The addition of a small amount of hydrogen already resulted in a GPC that was less than
50% of the GPC when a pure nitrogen plasma was used. The negative GPCs at higher H2

flows might be due to densification of the already deposited material (as a result of carbon
removal in the silicon nitride film that was deposited in the 30 normal ALD cycles before
the experiment with a hydrogen-containing plasma). The OES data for different plasma
compositions is shown in figure 5.16. For an added hydrogen flow of 5 sccm there was still
some t-butylamine ligand removal in the second and third cycle, but for higher hydrogen
flows, there was only a peak in the CN emission during the first cycle, which was expected,
because the first cycle was started on a ‘reactive’ surface, while the following cycles were not.
For hydrogen flows up to 10 sccm the OES data shows that the first seconds of the plasma
step the hydrogen-containing plasma had the same emission as a pure nitrogen plasma and
then suddenly changed. In these first seconds the hydrogen was probably adsorbed at the
walls and when the walls were saturated, the hydrogen remained in the plasma, which led
to the formation of NH3, as shown in the increase of NH emission. Because of the formation
of ammonia, the background emission changed as well, explaining the peaks observed in the
CN emission (e.g., at 17.5 s for the addition of 10 sccm H2). When more than 10 sccm of
hydrogen was added to the plasma, the ammonia formation started directly when the plasma
was ignited.

It is thus shown that the addition of the smallest amount of hydrogen resulted in a
reduced GPC. To investigate why the GPC was reduced when a hydrogen-containing plasma
was used, the ALD cycle was extended with another plasma step. One of the plasmas was a
hydrogen-containing plasma (NH3 or H2-N2), the other plasma was a pure nitrogen plasma.
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Figure 5.16: The time-dependent OES measurements of the first three cycles for different
plasma compositions at 200◦C.

The GPCs for these processes are shown in figure 5.17. As a reference the GPC for a pure
N2 plasma is shown as well. There was no growth when the nitrogen plasma was the first
plasma after BTBAS dosing and the H2-N2 plasma was the last plasma in the cycle. A H2-N2

plasma in a cycle without a nitrogen plasma did also not result in growth. When the N2

plasma was the last plasma in the cycle after a H2-N2 plasma, there was growth and the GPC
increased when the N2 plasma exposure time was increased. However, even for a N2 plasma
of 40 seconds after a H2-N2 plasma, the GPC was only half that of a regular ALD cycle with
a pure N2 plasma. For an ammonia plasma instead of a H2-N2 plasma the same trends were
observed: hardly any growth when a nitrogen plasma was used before the NH3 plasma or
when only a NH3 plasma was used in the cycle and an increasing GPC for increasing N2

plasma exposure times after an NH3 plasma. Also for N2 plasmas after NH3 plasmas the
GPC of a regular ALD cycle with a pure N2 plasma was never achieved. These observations
were used to answer question 2 and 3.

If a hydrogen-containing plasma cannot remove t-butylamine ligands, the plasma does not
create reactive surface groups, which would prevent BTBAS from adsorbing during the next
precursor dosing step. However, this was not the case, as is shown in figure 5.18. When the
hydrogen-containing plasma was the first plasma after BTBAS dosing, there was a peak in
the CN emission, indicating that hydrogen-containing plasmas can remove the t-butylamine
ligands of BTBAS. The consecutive nitrogen plasma showed no peak in the CN emission,
suggesting that the hydrogen-containing plasma removed all the t-butylamine ligands.

The third question can be answered with the CN emission of two plasmas in one cycle,
where the nitrogen plasma was the first plasma after the precursor dosing, as shown in figure
5.19. In the first cycle both plasmas showed a peak in CN emission, indicating that the ni-
trogen plasma did not remove all ligands, and that the hydrogen-containing plasma removed
the remaining ligand fragments. In the second cycle there were no peaks in CN emission
anymore, which leads to the conclusion that the hydrogen-containing plasma poisoned the
surface somehow. This poisoning deactivated the surface groups, preventing BTBAS adsorp-
tion in the next cycle. Therefore, there is hardly any growth observed in figure 5.17 when
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Figure 5.17: The GPC for ALD cycles that include 2 plasma steps: one with a pure N2

plasma and one with a NH3 or H2-N2 plasma. The plasma exposure time of the 2 plasmas
was varied as well. The deposition temperature was 200◦C.
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Figure 5.18: The CN emission for ALD cycles with a N2 plasma (left), the combination of an
NH3 and a N2 plasma (center) and the combination of a H2-N2 and a N2 plasma (right).
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Figure 5.19: The CN emission for the first two ALD cycles with a nitrogen plasma after the
BTBAS dosing, followed by a hydrogen-containing plasma.

the hydrogen-containing plasma was the last plasma in a 2 plasma cycle.

When the nitrogen plasma was the last plasma, there was growth, indicating that the
nitrogen plasma could partly undo the surface poisoning induced by the hydrogen-containing
plasmas. An increasing N2 plasma exposure time led to an increasing GPC, as shown in
figure 5.17 and the integrated intensity of the CN emission in figure 5.20 shows an increase
for increasing N2 plasma exposure time. The longer the exposure time of the N2 plasma,
the more surface poisoning was removed, leading to an increased number of reactive surface
groups, which resulted in more BTBAS adsorption and higher GPCs. For a N2 plasma of
40 seconds after an NH3 plasma at 200◦C the GPC was comparable to the GPC of the high
temperature ALD process with only a N2 plasma. The quality of the resulting films might also
be better, because the hydrogen-containing plasmas might be more capable of t-butylamine
ligand removal than a N2 plasma, since the hydrogen-containing plasmas removed the ligands
left on the surface by the N2 plasma, while there were no ligands removed by the N2 plasma
after the hydrogen-containing plasmas, as suggested by comparison of figures 5.18 and 5.19.
However, the cycle time for the process with two plasmas was considerably longer.

5.3.3 Mechanisms for growth inhibition

It was shown that hydrogen-containing plasmas prevented precursor adsorption, for which
three possible scenarios will be described. For each scenario the reactive surface and the
inhibited surface are illustrated in figure 5.21.

In the first scenario it is assumed that BTBAS only adsorbs on =NH surface groups,
as in the proposed growth mechanism, but that too many =NH surface groups result in
a reduction of the GPC. When these =NH groups are too densely packed, they can be
deactivated by hydrogen bonding as shown in scenario 1 in figure 5.21. This is comparable to
the adsorption mechanism for a metalorganic silicon precursor on −OH terminated surfaces,
where the precursor mainly adsorbs on reactive −OH groups and not on hydrogen bonded
−OH groups [56, 57]. The reactive −OH groups can either be isolated −OH groups or
terminal −OH groups, as shown in figure 5.22 for the adsorption of a silicon precursor on
an −OH terminated surface, where the latter are considered to be more reactive [56]. This
scenario’s main element is that isolated or terminal =NH groups are needed for a reactive
surface. The N2 plasma removes hydrogen from the surface, reducing the hydrogen bonding
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Figure 5.20: The integrated CN emission during an NH3 plasma (red) and a N2 plasma
(black). During the cycles with two plasmas, an NH3 plasma first and a N2 plasma last, there
was only CN emission during the NH3 plasma.

component and therefore creating reactive =NH groups. This scenario also explains why the
number of adsorbed silicon atoms is less than the number of BTBAS molecules that would
fit on the surface (section 5.2), because the presence of reactive surface groups is low due to
hydrogen bonding.

A second possibility is inspired by the data in figure 5.23, where the GPC is plotted
as a function of plasma purge time for an NH3 plasma. The increasing GPC as a function
of purge time suggests that purging can remove the surface poisoning. Adsorption of NH3

at the surface, presumably through hydrogen bonding, would block the adsorption sites, as
shown in scenario 2 in figure 5.21, and longer purge times would remove the physisorbed NH3

species, which leads to an increase in available reactive surface groups. Note that NH3 is also
formed in H2-N2 plasmas [23]. In case of a N2 plasma after a hydrogen-containing plasma,
the N2 plasma step can serve as an additional (plasma-assisted) purging step and remove
the adsorbed NH3 molecules. The longer the surface is exposed to the N2 plasma, the more
reactive the surface becomes.

A third scenario is suggested by King, who proposed a growth mechanism where the
N2 plasma creates a nitrogen terminated surface with dangling bonds and where SiH4 only
adsorbs on nitrogen dangling bonds and not on =NH or −NH2 surface groups [15]. In this
scenario the presence of hydrogen in the plasma decreases the number of reactive surface
groups, due to the formation of =NH (and −NH2) surface groups (shown as scenario 3 in
figure 5.21). A nitrogen plasma can remove the poisonous hydrogen atoms, reactivating
the surface again. This scenario can fully explain the trends observed for the GPC, but it
cannot explain the observed decrease in the number of adsorbed silicon atoms per cycle for
an increasing temperature (figure 5.9), because more dangling bonds would be created due
to dehydrogenation for an increasing temperature [53] and therefore more adsorbed silicon
atoms would be expected for this scenario. For BTBAS, the adsorption on dangling bonds
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Figure 5.21: Three scenarios that could explain the blocking mechanism of hydrogen-
containing plasmas, showing the main reactive surface groups in a regular ALD cycle after a
pure N2 plasma and the surface after a hydrogen-containing plasma. Scenario 1 is hydrogen
bonding of the surface groups, deactivating the surface groups. Scenario 2 is the adsorption
of NH3, blocking the adsorption sites. Scenario 3 is the scenario proposed by King, who
deposited silicon nitride with silane (SiH4) and an NH3 plasma and assumed that SiH4 can
only adsorb on dangling bonds [15].

(a)

(b)

Figure 5.22: A schematic picture showing the difference between isolated hydroxyl groups
(left) and a terminal hydroxyl group (right). (a) Shows the surface before precursor adsorption
and (b) shows the surface after precursor adsorption [57].
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Figure 5.23: The GPC as a function of plasma purge time for an NH3 plasma. The GPC of
a H2-N2 plasma is added as well. The setpoint temperature is 350◦C.

is less likely due to its polarity and the strong Si−H bonds in the precursor.
The first two scenarios are deemed most likely to describe the poisoning of the surface. To

confirm which scenario describes the actual mechanism, more research is needed. It is impor-
tant to determine the surface groups present during regular processing and during processing
with hydrogen-containing plasmas to evaluate scenario 1. Scenario 2 can be investigated by
adding an additional step in the normal ALD cycle. If scenario 2 is correct, the GPC should
also decrease due to NH3 adsorption when an NH3 gas step is included after the N2 plasma
step. When the GPC is not influenced, scenario 2 can not be correct.

5.4 Summary

In this chapter the growth mechanism for the plasma-assisted ALD process for silicon nitride
was investigated. The most important observations in this chapter are:

- The main reaction product during the precursor step is t-butylamine (C4H11N).

- Steric hindrance is not the limiting factor for precursor adsorption.

- Among the main reaction products during the N2 plasma exposure are propane (C3H8),
hydrogen cyanide (HCN), cyanogen (C2N2), ammonia (NH3) and hydrogen (H2).

- High carbon and hydrogen contents in the plasma and deposited films suggest redepo-
sition.

- Hydrogen-containing plasmas (NH3 and H2-N2) result in reduced GPCs compared to
pure N2 plasmas.

- N2, NH3 and H2-N2 plasmas can remove t-butylamine ligands.
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Figure 5.24: A schematic overview of the processes that are relevant for the reaction mecha-
nism for the precursor step and the plasma step.

- Hydrogen-containing plasmas (NH3 and H2-N2) poison the surface, reducing BTBAS
adsorption in the next cycle.

- Nitrogen plasmas can partly undo the surface poisoning induced by NH3 and H2-N2

plasmas.

The most important processes are summarized in the schematic overview in figure 5.24. In
this figure the exact surface groups are unknown, because they could not be determined
by the diagnostic techniques available on FlexAL2. Therefore, the exact surface reactions
could not be presented, but a combination of systematic QMS and OES experiments were
performed to get more insight into the surface groups and their influence on the reaction
mechanism.

During the precursor adsorption, BTBAS reacts with the surface and t-butylamine is
the only reaction product that is observed with QMS. In the plasma step there are more
processes playing a role. The reactive species in the nitrogen plasma remove (parts of the)
BTBAS ligands (t-butylamine and hydrogen) that remain on the surface after the precursor
adsorption. These reaction products can be dissociated in the plasma to form new species
(molecules, radicals and ions). These species can redeposit on the surface, which was sug-
gested by the presence of Si−C bonds in the XPS data and the increase of CN emission
for increasing plasma pressure. The redeposited species can be removed again during the
remaining plasma exposure time. The products detected during the plasma step can result
from any of these processes. Reaction products that are detected with QMS are t-butylamine,
cyanogen, propane, hydrogen cyanide, ammonia and hydrogen.

Using hydrogen-containing plasmas (NH3 or H2-N2) results in reduced GPCs, even though
these plasmas might remove more t-butylamine ligands than nitrogen plasmas do. It is shown
that these plasmas poison the surface, preventing BTBAS adsorption in the next cycle. A
nitrogen plasma can undo this poisoning partly. Three scenarios were described that could
explain the nature of the poisoning mechanism and provide insight in the surface groups that
can be present. To determine the exact surface groups, these scenarios need to be investigated
further.
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Chapter 6

Conclusions & outlook

6.1 Conclusions

The main goal of this work was the deposition of silicon nitride with a plasma-assisted atomic
layer deposition process in a wide temperature window. A plasma-assisted ALD process with
reasonable growth per cycle (GPC) was developed with the metalorganic precursor BTBAS
and a N2 plasma, since the hydrogen-containing plasmas NH3 and H2-N2 resulted in very
low GPCs. The key feature of ALD, two self-limiting half-reactions, was investigated by
the determination of the GPC as a function of precursor dosing, precursor purge, plasma
exposure and plasma purge time and these curves confirmed the saturation behavior. The
initial growth did not show any delay but a small growth enhancement for the first cycles. A
standard recipe was proposed and the composition of the resulting film was measured by XPS.
The N/Si ratio was relatively high, as was the carbon content. After the development of the
process, the research focused on answering the research questions concerning the temperature
window, the material properties and the growth mechanism.

Due to the importance of the deposition temperature, the relation between setpoint tem-
perature and wafer temperature was investigated. It was shown that in general the tem-
perature of the wafer in vacuum systems was lower than the setpoint temperature of the
reactor. The thermal contact could be enhanced with a helium backflow or by an increase
of the reactor pressure. At FlexAL2, the deposition tool for the silicon nitride ALD process,
there was no helium backflow available. Since the maximum allowed wall temperature was
150◦C, the substrate temperature deviated significantly from the setpoint temperature for
high temperatures. The difference between wafer temperature and setpoint temperature de-
pended on the processing gases, their flow rates and the pressure. A calibration with in situ
SE is needed to determine the relation between these parameters for experiments without
the possibility of in situ SE measurements. In this work no calibration was used because in
situ SE measurements were used to control the substrate temperature.

The temperature window that resulted in films with good quality was 200◦C-500◦C (set-
point temperature), where LPCVD generally requires temperatures above 700◦C. ALD be-
havior was also obtained for a temperature of 100◦C, but the resulting film oxidized rapidly
after removal from the reactor. Optimization of the low-temperature process parameters
might improve the material quality further. Compared to other silicon nitride ALD processes
reported in literature, the temperature window for ALD of silicon nitride was extended fur-
ther towards lower temperatures in this work. This is important for applications where a low
thermal budget is required.

The film quality was investigated as a function of the process parameters plasma exposure
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time, deposition temperature and plasma pressure. The material properties improved for
increasing plasma exposure time, increasing temperature and decreasing pressure, while the
GPC decreased at the same time. The refractive index, N/Si ratio and mass density reached
values close to those of stoichiometric Si3N4 and the carbon and hydrogen contents decreased.
The uniformity of thickness and refractive index improved with increasing temperature as
well. Also, the long-term stability of the films improved and for plasma exposure times ≥ 7.5
seconds, temperatures ≥ 200◦C and pressures ≤ 40 mTorr the films did hardly show any signs
of oxidation two months after they were deposited. Films deposited at 100◦C and a pressure
of 10 mTorr showed improved properties compared to the films deposited at 40 mTorr at the
same temperature. Variation of other process parameters (e.g., plasma exposure time) might
improve the low-temperature film properties even further.

Compared to silicon nitride ALD processes with metal halide precursors reported in lit-
erature, the GPC in this work was relatively low (≈ 10 times less than for metal halide
precursors), but the cycle times were considerably shorter (≈ 100-600 times). Furthermore,
the hydrogen content in the deposited films in this work was lower than that reported for
the metal halide precursors or for PECVD processes, providing films that would likely cause
less device degradation in microelectronics. ALD processes reported in literature for met-
alorganic or metal hydride precursors resulted in films with a relatively low refractive index,
which could suggest oxidation of the films. In this work, it was shown that post-oxidation
could be avoided when appropriate deposition parameters were used.

The reaction products were determined by combination of QMS signals and compared
with listed mass spectra to provide insight into the reaction mechanisms. The main reaction
product during the precursor step was the t-butylamine ligand of BTBAS and it was found
that the adsorption of BTBAS was not limited by steric hindrance. During the N2 plasma
exposure step the reaction products released from the surface could interact with the plasma,
resulting in new plasma species and redeposition. The main products detected were cyanogen,
propane, hydrogen cyanide, ammonia and hydrogen. Since the reaction products in the
plasma exposure step contained t-butylamine ligand fragments, it was assumed that BTBAS
adsorbed monofunctionally during the precursor step and that the other t-butylamine ligand
was removed by the nitrogen plasma.

The hydrogen-containing plasmas NH3 and H2-N2 resulted in reduced GPCs compared
to a N2 plasma. The effects of hydrogen, when added to the plasma, were investigated with
OES by performing a set of experiments with plasmas with different hydrogen to nitrogen
ratios and consecutive plasma steps in one ALD cycle. The hydrogen-containing plasmas
were able to remove t-butylamine ligands, but poisoned the surface, which limited precursor
adsorption in the next cycle. N2 plasmas could remove the poisoning partly. Three reaction
mechanisms that could explain the poisoning mechanism were described.

6.2 Outlook

A few recommendations for future research to further improve the material properties and
to obtain a better insight into the reaction mechanisms will be given in this section.

As already mentioned in chapter 4, the material properties for the low-temperature process
could be optimized further. This can be done by a combination of longer plasma exposure
times and using a lower plasma pressure, and might result in an extension of the temperature
window towards lower deposition temperatures. Also, capping the low-temperature silicon
nitride layer could be studied further to investigate whether the capping layer can avoid
post-oxidation of the silicon nitride layer.
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Since the maximum allowed wall temperature of the reactor is 150◦C, the actual wafer
temperature is well below the setpoint temperature for setpoint temperatures above 150◦C.
Therefore, the high-temperature process should be investigated with wall temperatures equal
to the setpoint temperatures, such that the process can be investigated at wafer temperatures
up to 500◦C. This could also be important in relation to the redeposition processes, since the
deposition on the low-temperature walls results in more carbon and hydrogen in the plasma,
which enhances redeposition. For QMS measurements a wall temperature corresponding
to the setpoint temperature would lead to better insight into the surface reactions at the
substrate, since the deposition at surfaces with the same temperature will be alike.

The material properties of the silicon nitride films deposited in this work provide po-
tential for application in microelectronics. Therefore, conformality in 3D structures should
be investigated. For some applications it is important that etching in 3D structures only
removes the silicon nitride film at the bottom of the structures, while the film deposited on
the walls is not removed. Low isotropic etch rates are then desired to limit etching of the
film on the walls. This can be achieved with a plasma etch, where the directionality of the
ions in the plasma leads to anisotropic etching, mainly removing the film at the bottom of
the trench. The etch-resistance of the material can be investigated with wet etch tests (in
3D structures). The conformality and the wet etch rate are already under investigation in a
follow-up project.

Although a large amount of information on surface processes can be deduced from exper-
iments using QMS and OES, gaining more insight in the reaction mechanism can be achieved
by studying the surface groups with in situ FTIR spectroscopy. Using FTIR spectroscopy,
surface groups can be studied directly, for both the normal ALD cycle and the ALD cycles
with hydrogen-containing plasmas (in combination with a nitrogen plasma). The influence of
ammonia can also be further investigated by incorporation of an NH3 gas step in the normal
ALD cycle and investigating the effect on the GPC.
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Appendix A

Plasma-assisted atomic layer
deposition of silicon dioxide

As a first test a plasma-assisted ALD process for silicon dioxide (SiO2), with BTBAS as the
precursor and O2 as the reactant, was investigated. The saturation curves were determined
by SE thickness measurements. The SiO2 layer was modelled with a Cauchy model. The
deposition conditions for the determination of the saturation curves are listed in table A.1
and the resulting saturation curves are shown in figure A.1.

Table A.1: The deposition conditions for the determination of the saturation curves for the
plasma-assisted ALD process of SiO2.

Saturation curve for:
Deposition BTBAS Precursor Plasma Plasma purge
parameter dose time purge time time time

Temperature (◦C) 250 250 250 250
BTBAS dose time (ms) varied 100 100 100
Reaction step (s) 1 1 1 1
Precursor purge time (s) 2.5 varied 0.1 0.1
Plasma exposure time (s) 5 5 varied 5
O2 plasma flow (sccm) 100 100 100 100
Plasma pressure (mTorr) 25 25 25 25
Plasma power (W) 200 200 200 200
Plasma purge time (s) 1 1 0.5 varied

The GPC as a function of BTBAS dose time (figure A.1a) showed an ALD and a small
CVD component, which might be due to too short purge times for longer dose times. GPCs
up to 1.2 Å were determined, compared to the 1.37 Å reported by Fang et al. [18]. For
precursor purge times ≥ 250 ms the GPC saturated, as shown in figure A.1b. Figure A.1c
shows that the GPC saturated for plasma exposure times ≥ 750 ms and even seemed to
decrease a little for longer plasma exposure times. Plasma purge times longer than 100
ms did not influence the GPC, as is shown in figure A.1d. The deposition process could
be optimized and investigated further for other deposition parameters (e.g., temperature,
plasma power, flow rates and plasma pressure).

81



82 APPENDIX A. PLASMA-ASSISTED ALD OF SiO2

0 5 0 1 0 0 1 5 0 2 0 00 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5

1 . 0 0

1 . 2 5

GP
C (

Å)

 

 

B T B A S  d o s e  t i m e  ( m s )

( a )

0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 00 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5

1 . 0 0

1 . 2 5

 G
PC

 (Å
)

 

 

P r e c u r s o r  p u r g e  t i m e  ( s )

( b )

0 1 2 3 4 50 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5

1 . 0 0

1 . 2 5

 O 2  p l a s m a  e x p o s u r e  t i m e  ( s )

 G
PC

 (Å
)

 

 ( c )

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 00 . 0 0

0 . 2 5

0 . 5 0

0 . 7 5

1 . 0 0

1 . 2 5

 G
PC

 (Å
)

 

 

P l a s m a  p u r g e  t i m e  ( s )

( d )

Figure A.1: The saturation curves for the SiO2 process, showing the GPC as a function of
(a) BTBAS dose time, (b) precursor purge time, (c) plasma exposure time and (d) plasma
purge time. All lines serve as a guide to the eye.



Appendix B

Plasma-assisted atomic layer
deposition of silicon nitride on
HF-dipped wafers

The initial growth on HF-dipped wafers was investigated for the standard condition listed
in table 4.2, with exception of the plasma exposure time, which was set to 10 seconds. Due
to the HF dip, the XPS depth profile of the film did not show a native oxide layer (i.e., an
increase of oxygen concentration on top of the silicon substrate), as shown in figure B.1.
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Figure B.1: The XPS depth profile for a silicon nitride film deposited on an HF-dipped wafer
at 200◦C.

Figure B.2 shows the thickness as a function of the number of deposition cycles. It can be
seen that the growth started immediately and that there was an enhancement of the growth
in the first cycles, as indicated by the intercept with the y-axis. This enhancement is expected
to be nitridation of the substrate, which adds to the total thickness of the silicon nitride film.
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Figure B.2: The thickness as a function of the number of deposition cycles for a silicon nitride
film deposited on an HF-dipped wafer. The black line is an extrapolated fit of the linear part
of the data.



Appendix C

XPS analysis

This appendix shows the XPS data that was used to obtain the concentrations of the elements
nitrogen, silicon, carbon and oxygen for the variation of the process parameters plasma
exposure time, deposition temperature and plasma pressure. Also, the binding energies for
these elements will be compared to the NIST X-ray Photoelectron Spectroscopy database
[25]. The peak areas of the deconvoluted peaks will be shown as well.

C.1 Plasma exposure time series

The XPS depth profiles for an increasing plasma exposure time are shown in figure C.1. For
the determination of the concentrations only the bulk of the film was taken into account. It
can be seen that the nitrogen content was approximately constant for all plasma exposure
times, but that the silicon content increased for increasing plasma exposure time. The carbon
content decreased for increasing plasma exposure time, while the oxygen content slightly
increased.
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Figure C.1: The XPS depth profiles for the elements nitrogen, silicon, carbon and oxygen for
a variation of plasma exposure time.

For the plasma exposure time series the binding energies were already plotted in figure 4.8.
The areas of the deconvoluted peaks are shown in figure C.2. The number of silicon-nitride
bonds increased for increasing plasma exposure time, as did the hydroxide bonds. All carbon
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Figure C.2: The peak areas of the deconvoluted peaks for the plasma time series.

bonds decreased in number for increasing plasma exposure time, but the carbon-carbon bond
density decreased the most.

C.2 Temperature series

Figure C.3 shows the depth profiles for a varying deposition temperature. The nitrogen
and oxygen contents were approximately constant, while the silicon content increased for
increasing deposition temperature. The carbon content decreased for increasing temperature.
Surface oxidation of the films was reduced for increasing temperature.

The binding energies for the four measured elements are shown in figure C.4 and compared
to the values in the NIST X-ray Photonelectron Spectroscopy database [25]. Silicon and
nitrogen were mainly bonded to each other and the oxygen was incorporated due to impurities
in the reactor and the gases. At temperatures ≤ 200◦C carbon could be bonded to silicon,
nitrogen and carbon, but for higher temperatures the carbon-carbon bond disappeared. The
reduction of carbon content for increasing temperatures was also observed in the areas of the
deconvoluted peaks, as was the increase in silicon-nitride bonds, as shown in figure C.5. Due
to a reduction in carbon content and an increase in silicon content, the environment became
less electronegative for increasing temperatures, resulting in a shift towards lower binding
energies for increasing deposition temperatures in figure C.4.
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Figure C.3: The XPS depth profiles for the elements nitrogen, silicon, carbon and oxygen for
a variation of deposition temperature.
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Figure C.4: The binding energies for the elements (a) silicon, (b) nitrogen, (c) carbon and (d)
oxygen for a variation of temperature and the reference values for the investigated ranges from
the NIST X-ray Photoelectron Spectroscopy database [25]. The width of the bars indicates
the range in which the binding energy for a specific peak can occur.
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Figure C.5: The peak areas of the deconvoluted peaks for the variation of deposition tem-
perature.

C.3 Plasma pressure series

The XPS depth profiles for the pressure series are shown in figure C.6 for a deposition
temperature of 100◦C and 200◦C. The silicon and nitrogen content decreased for increasing
pressure, while the carbon content increased. At 100◦C the changes were more significant
than at 200◦C.

The binding energies as a function of plasma pressure are shown in figure C.7 and C.8 for
a deposition temperature of 200◦C and 100◦C respectively. The areas of the corresponding
deconvoluted peaks are shown in figure C.9 for both deposition temperatures. They show
that silicon and nitrogen were mainly bonded to each other and that carbon was bonded to
nitrogen, silicon and carbon. The number of carbon-carbon bonds decreased for decreasing
plasma pressure and for a temperature of 200◦C they disappeared completely for a pressure of
10 mTorr. The silicon-nitrogen bond density increased for decreasing pressure. For decreasing
plasma pressures the binding energies shifted towards lower binding energies.

For the film deposited at a temperature of 200◦C and a pressure of 70 mTorr, the XPS
depth profiles directly after deposition and one month after deposition are shown in figure
C.10. They show the penetration of oxygen in the film over time and the resulting oxidation
front was responsible for the decrease in refractive index, as shown in figure 4.21.
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Figure C.6: The depth profiles for varying plasma pressure for a temperature of 200◦C (top)
and 100◦C (bottom).
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Figure C.7: The binding energies for the elements (a) silicon, (b) nitrogen, (c) carbon and
(d) oxygen for a variation of plasma pressure at 200◦C and the reference values for the
investigated ranges from the NIST X-ray Photoelectron Spectroscopy database [25]. The
width of the bars indicates the range in which the binding energy for a specific peak can
occur.
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Figure C.8: The binding energies for the elements (a) silicon, (b) nitrogen, (c) carbon and
(d) oxygen for a variation of plasma pressure at 100◦C and the reference values for the
investigated ranges from the NIST X-ray Photoelectron Spectroscopy database [25]. The
width of the bars indicates the range in which the binding energy for a specific peak can
occur.
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Figure C.9: The peak areas of the deconvoluted peaks for a variation of plasma pressure for
temperatures of 200◦C (left) and 100◦C (right).
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Figure C.10: The XPS depth profiles for the film deposited at 200◦C and 70 mTorr directly
after deposition (left) and one month later (right). The formation of an oxidation front can
be seen.



Appendix D

Uniformity

D.1 Thickness uniformity for a low-pressure plasma

The thickness uniformity of the film deposited at 200◦C and 10 mTorr is shown in figure D.1.
The film thickness was very uniform.
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Figure D.1: The film thickness across the wafer relative to its average thickness for the film
deposited at a temperature of 200◦C and plasma pressure of 10 mTorr. The black dots
indicate the data points and the percentage in the graph is the non-uniformity.

D.2 Uniformity of refractive index

Figure D.2 shows the uniformity of the refractive index for films deposited with 10 and 15
seconds plasma exposure times. The uniformity for both films was excellent.

The uniformity of the refractive index for films deposited at temperatures of 100◦C and
300◦C-500◦C are shown in figure D.3. These plots show a very uniform refractive index with
non-uniformities less than 1%.

For the film deposited at 200◦C and a pressure of 10 mTorr the uniformity of the refractive
index is shown in figure D.4, showing an excellent uniformity.
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Figure D.2: The refractive index relative to the average refractive index for films deposited
at 200◦C and a plasma exposure times of 10 and 15 seconds. The black dots indicate the
data points and the percentage in the graph is the non-uniformity.
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Figure D.3: The refractive index relative to the average refractive index for films deposited
at 100◦C and 300◦C-500◦C. The black dots indicate the data points and the percentages in
the graphs are the non-uniformities.
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Figure D.4: The refractive index across the wafer relative to the average refractive index for
the film deposited at a temperature of 200◦C and plasma pressure of 10 mTorr. The black
dots indicate the data points and the percentage in the graph is the non-uniformity.
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