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Abstract

Besides well-established markets such as automotive, microelectromechanical systems
(MEMS) devices are readily integrated in a growing number of consumer, industrial, and medical
applications. The diversity of these application scenarios often demands the fulfilment of very specific
requirements with respect to the materials being implemented. The engineering of thin film material
systems enables to deliver tailored solutions that are both optimal for the application, and for a later
commercialization in the ideal case compatible with existing CMOS technologies.

Silicon nitride (SiNy) thin films have found their use in microelectronic and MEMS devices as
standard materials in various functionalities, including electrical isolation, capping passivation, optical
waveguides and structural-mechanical layers. Despite their widespread usage and associated
experience, SiNx thin films still offer a large untouched potential by exploiting the full flexibility of
certain deposition processes.

In this work, amorphous silicon nitride films were synthesized using two different plasma
processes: inductively coupled plasma chemical vapour deposition (ICP-CVD) and reactive magnetron
sputter deposition. The deposited samples were characterized using a wide range of analytical
equipment with regards to their mechanical, optical and electrical properties, as well as their chemical
composition.

The properties of ICP-CVD deposited SiN films were found to be strongly dependent on the
ratio of the precursor gases Rnzsina. A too low value leads to extremely silicon rich films, with a high
amount of biaxial stress and poor insulating performance, while a too high ratio results in a material
with significant concentrations of even unbound H,, and is permeable to water vapour. This leads to
post-deposition oxidation and an overall unstable behaviour. Setting ryzsing to about 0.75, however,
results in low-stress (o < 100 MPa), stable films with high electrical performance (p > 10* Q-cm) whose
characteristics are tuneable by exploiting other deposition parameters, including the usage of
additional capacitively coupled plasma.

Sputter deposited (both RF and DC) SiNyk thin films were found to be less sensitive to their
deposition conditions than their ICP-CVD counterparts, with the most influential parameter being the
average kinetic energy of the sputtered particles, which can essentially be influenced through the back
pressure and plasma power given a nominally unheated substrate. While the biaxial stress was
tuneable in the range of -1.3 GPa to basically stress-free when sputtered in DC mode, RF sputtered SiNy
samples exhibited high compressive stress (o< -2 GPa) independent of the sputter deposition
parameters. The dominating mechanisms of electrical conduction through sputtered SiNy films were
identified by temperature-dependent leakage current measurements. These were found to have
either Ohmic conduction at low electric fields (E<0.1 MV/cm) or by Poole-Frenkel emission

(E > 0.3 MV/cm). Film resistivity values at room temperature were in the range of 10** to 10** Q-cm.
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Kurzfassung

Mikroelektromechanische Systeme (MEMS) sind bereits in einer Vielzahl von automobilen,
industriellen, medizinischen und auch Consumer-Anwendungen integriert. Die Vielfalt dieser
Anwendungsszenarien erfordert maRgeschneiderten Eigenschaften der verwendeten Werkstoffe wie
Substraten oder Diinnschichtsystemen, um die sehr spezifischen Anforderungen in mikro- oder
nanotechnisch hergestellten Bauelementen zu erfiillen. Um die Integration in bestehende
Bauelementkonzepte zu erleichtern, ist die Verwendung von CMOS kompatiblen Technologien und
Materialien von Vorteil.

Siliziumnitrid (SiNs) Diinnfilme werden in mikroelektronischen und MEMS-Bauteilen als
Standardmaterial in verschiedenen Funktionalititen verwendet, wie z.B. bei der elektrischen
Isolierung, der robusten Passivierung von Oberflachen, als Lichtwellenleiter, und als struktureller
Werkstoff flir die Realisierung von mechanisch belastetsten Komponenten, wie Cantilevern und
Membranen. Trotz ihrer jahrzehntelangen Verwendung und der damit einhergehenden Kenntnis ihrer
grundsatzlichen Schichteigenschaften besitzen SiNyx Diinnfilme immer noch ein hohes, ungenutztes
Potenzial, wenn Abscheidungsprozesse in Kenntnis ihrer vollen Bandbreite und Flexibilitat genutzt
werden wirden.

Im Rahmen dieser Arbeit wurden amorphe Siliziumnitrid-Diinnfilme mittels zweier
unterschiedlicher  Plasmaprozesse synthetisiert: induktiv = gekoppelte, plasmaunterstiitze
Gasphasenabscheidung (ICP-CVD) und reaktive Magnetron-Kathodenzerstaubung (Sputtertechnik).
Die mit beiden Verfahren abgeschiedenen Proben werden anschlieBend mit einer Vielzahl von
analytischen Verfahren charakterisiert, um ihrer mechanischen, optischen und elektrischen
Eigenschaften zu bewerten, sowie ihre chemische Zusammensetzung zu erfassen.

Die Eigenschaften von ICP-CVD SiNx Dunnfilme hangen nachhaltig von dem Verhaltnis der
beiden Precursorgasfllisse, Rnzsing ab. Ein zu niedriges Wert fuhrt zu siliziumreichen Schichten, die eine
hohe Druckverspannung und ein schlechtes, elektrisches Isolierverhalten aufweisen, wahrend ein zu
hohes Verhaltnis bei der Schichtabscheidung zu einer hohen Konzentration von ungebundenem
Wasserstoff resultiert. Ferner kann Luftsauerstoff bzw. Feuchtigkeit selbst bei Raumtemperatur in die
zuletzt genannten Schichten eindringen, was sich in einer nachtraglichen Oxidation und in weiterer
Folge in einer steigen Zunahme der kompressiven Schichtspannungskomponente zeigt. Wird aber das
Verhaltnis ryysing auf einen Wert von 0,75 fixiert, konnen stabile, stressarme (o < 100 MPa) Schichten
abgeschieden werden, die einen hohen elektrischen Schichtwiderstand von p > 10%® Q-cm aufweisen.

Um diesen Arbeitspunkt kdnnen Schichteigenschaften mittels der anderen Abscheideparameter



insbesondere durch die Verwendung von einem zusatzlichen kapazitiv gekoppelten Plasma verandert
werden.

Im Bereich der mit Sputtertechnik (RF und DC) abgeschiedenen SiNx Diinnfilme kann
festgehalten werden, dass diese weniger sensitiv auf ihre Abscheidebedingungen sind als die ICP-CVD-
Proben. Der Parameter mit dem hochsten Einfluss stellt bei den gesputterten Schichten die mittlere
kinetische Energie der gesputterten Teilchen dar, die im Wesentlichen durch den Kammerdruck und
die gewahlte Plasmaleistung bei nominell ungeheiztem Substrat beeinflusst werden kann. Wahrend
die Schichtspannung von DC-gesputterte Proben in einem breiten Bereich von -1,3 GPa bis zum
anndhernd stressfreien Zustand angepasst werden kann, weisen RF-gesputterte Schichten starke
Druckspannungen bis zu -2 GPa auf. Die dominierenden elektrischen Leitungsmechanismen wurden
mittels temperaturabhangigen Leckstrom-Messungen bis 300°C an Luft identifiziert. Bei niedrigen
elektrischen Feldstarken (E < 0.1 MV/cm) liegt ein ohmscher Leitungsmechanismus vor, wahrend bei
E>0.3MV/cm Poole-Frenkel Emission dominiert. Bei Raumtemperatur liegen spezifische

Widerstandswerte bei 102 bis 10** Q-cm.
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Chapter 1: Introduction and Motivation

1.1. Motivation — MEMS and silicon nitride

MEMS (microelectromechanical systems) devices are found in steadily growing numbers not
only in consumer electronics such as microphones, but also in automotive (especially inertial, pressure,
and gas sensors), industrial, as well as medical and scientific applications. Despite the growth potential
in the MEMS market (from $11.9 billion in 2015 to a projected $20 billion in 2021 [1]), the average
selling price per unit is continuously decreasing. Whereas some branches continue to grow (e.g. RF
MEMS, acoustics MEMS, gas sensors), others segments seem to have settled (e.g. inertial sensors) [2].
The lack of demand in certain applications, accompanied by the reduction of price-per-unit due to

technological development both limit the revenue growth.

Potential strategies besides cost-reduction to pursue in the future are expansion to new
markets such as e-cigarettes [3], industrial drones [4], internet of things [5], home monitoring [6], as
well is the improvement of existing designs with the incorporation of new materials, exploitation of
novel technologies, and further miniaturization. Moreover, significant value can be created by
implementing additional features [7], like the integration of multiple sensor elements into a single

product such as inertial measurement units [8].

The ongoing miniaturization of new generations of MEMS devices [9, 10], as well as tailored
devices for specific applications, often call for numerous requirements towards the functional
materials being used in the device. This necessitates the utilization of robust engineered materials [11,
12], which allow to implement the desired physical, chemical, electrical, and mechanical properties,

specifically tailored for the given application scenario.

Silicon nitride thin films are well established as standard material in both MEMS and
microelectronic devices due to a number of outstanding properties: high electrical resistivity and
dielectric strength, hardness, and chemical robustness. These features enabled silicon nitride to be
utilized most successfully as electrical insulators [13], surface passivation for silicon and thin-film solar

cells [14], and as structural layers for the realization of mechanically loaded components [15].

Silicon nitride thin films are employed in cantilever-based devices, such as capacitive shunt RF
MEMS switches [16], micro-hotplate gas sensors [17], and atomic force microscope probes and tips
[18]. Silicon nitride membranes have been adopted in numerous applications including seawater

desalination[19], micro-resonators [20], and condenser microphones [21].



Frequent requirements regarding the adoption of material properties of silicon nitride thin
films in these applications include, but are not limited to their biaxial stress [22], Young’s modulus [15],
chemical composition [23], and dielectric breakdown strength [24]. Basically, the flexibility in silicon

nitride deposition processes [25] can be seen as a major asset in meeting these demands.

1.2. Goals and structure of this thesis

Despite the fact that silicon nitride amorphous thin films have found extensive usage in the
past for over five decades in a large variety of applications, and are regarded as standard material,
there still remains much to be explored and understood in depth about the resulting material
properties independent whether innovative or even well-established deposition processes are applied.
A more solid knowledge about the impact of individual deposition parameters and how they influence
the resulting chemical, mechanical, and electrical properties of silicon nitride thin films would allow to

further exploit the full potential this material system.

The main goal of this thesis is to focus on two, less established techniques for the synthesis of
amorphous silicon nitride thin films: inductively coupled plasma enhanced chemical vapour deposition
(ICP-CVD) and reactive magnetron sputtering. More specifically, the thesis addresses the following two
topics: the first being more basic research oriented, with the goal of understanding the underlying
physical, and chemical processes that dominate the resulting properties of the silicon nitride thin films,
as a function of the process parameters. The second, equally important goal is to evaluate the thin film
properties with respect to their applicability in different mainly MEMS-related application scenarios.
The performance metrics for evaluation are based on common requirements. A very important point
is how to tune the material properties in order to fulfil application-specific requirements. In order to
provide a solid basis for the evaluation of different silicon nitride samples, some theoretical and
instrumental considerations have to be addressed in the first chapters. Chapter 2 gives an overview of
common manufacturing technologies, including additive deposition and patterning (i.e. etching)
processes used later in this work. Special emphasis is put on a few specific techniques such as plasma-
enhanced chemical vapour deposition and magnetron sputtering, and their relevance in the processing
of silicon nitride and related materials. Detailed descriptions of the processing instrumentation used
for the preparation of samples are also provided. In Chapter 3, some key techniques for the evaluation
of dielectric thin film properties are discussed. Optical, electron-optical and mechanical measurement
methods, as well as specific instruments such as spectral reflectometry, Fourier-transform infrared

spectroscopy and scanning electron microscopy used for the analyses are considered.



Chapter 4 deals with amorphous hydrogenated silicon nitride films deposited using the
ICP-CVD (inductively coupled plasma chemical vapour deposition) technique. The wide range of
material properties including chemical composition and mechanical quantities achievable by an
appropriate selection of the deposition parameters is demonstrated. At the same time, the physical
reasons and processes the specific parameters’ influence on the material properties are discussed in
detail. Additionally, some techniques, such as tight control of specific deposition parameters to
synthesize materials with tuneable characteristics (specifically biaxial film stress), optimized to their

application scenario, are considered.

Another popular method for the synthesis of amorphous silicon nitride thin films is magnetron
sputter deposition. Physical properties and chemical composition of silicon nitride materials deposited
using (DC and RF) variations of this technique are covered in Chapter 5. The influence of the individual
process parameters on the resulting characteristics and properties of the deposited material are
discussed in detail. This includes also fabrication-relevant aspects, such as the resistance against some

standard etchants typically used in MEMS processing.

One of the main function of silicon nitride thin films in MEMS devices is electrical insulation. In
Chapter 6, the ability of different amorphous silicon nitride thin films to serve as high performance
material is evaluated, using two criteria. The first one is how well do they insulate under typical loads,
and is assessed by performing leakage current measurements at temperatures up to 300°C in air. The
second one is what maximal electrical load can they withstand, and is determined by their
temperature-dependent time-zero dielectric breakdown performance. Both aspects of insulator
performance are tested over the range of silicon nitride materials investigated in the former chapters.
With the help of temperature-dependent characteristics, the physical processes dominating electrical
conduction through the samples can be identified. Using these results, strong links can be established
between the electrical performance, morphology, and deposition conditions of the different silicon
nitride materials. Based on these findings, some consequences are drawn regarding the adaptability

silicon nitride layers for specific application scenarios.



Chapter 2: Deposition and patterning of thin films

This chapter deals with the relevant technological processes and techniques used in this work

to deposit and pattern silicon nitride as well as metallic thin films necessary for characterization.

2.1.  Physical vapour deposition

Physical vapour deposition (PVD) is a term which is used to cover a broad range of thin film
deposition techniques. There are a few general features though that encompass and differentiate PVD
from other deposition techniques, such as chemical vapour deposition (see Chapter 2.2.), namely that
films are deposited from the gaseous phase using the flux of neutral or ionic particles [26]. Physical
vapour deposition techniques include, but are not limited to evaporative techniques (subsection
2.1.1.), such as electron-beam, thermal and reactive evaporation, molecular beam epitaxy (MBE), ion
plating, sputter processes (DC and RF, magnetron and reactive sputtering, see subsection 2.1.2.) and

deposition from arc sources (not covered here).

There are several advantageous properties that PVD processes feature in contrast to some of
the alternatives (e. g. chemical vapour deposition, plasma spraying etc.). These include but are not

limited to [27]:

e A broad range of material compositions can be deposited (metals, alloys, compounds).

o Adhesion to the substrate and surface finish (topology) can be both excellent.

o The deposited materials typically exhibit a very high purity.

e The substrate temperature can be varied over a wide range.

e Deposition of thin films with different crystallographic modifications (including amorphous

materials) is feasible.

However, PVD processes also have some limitations:
e Generally, polymeric organic materials cannot be deposited (there are a few exceptions
though).
e They generally need more sophisticated, and hence, more expensive equipment than some of

their alternatives.

In the following, the two PVD techniques relevant to this work — evaporation and sputter

deposition — will be presented.

4



2.1.1. Vacuum evaporation

Vacuum evaporation is based on the transition of the solid or liquid source material into the
gaseous phase by means of either resistive, inductive or electron-beam heating [27]. The particles boil
off or sublimate from the source (i.e. the container with the evaporant material) and travel through a
low-pressure region before precipitating on cold surfaces, including the substrate. The flux F is the
number of molecules leaving the unit area of the evaporant per second and is given by the following

equation [28]:

o
F = Nyexp — (kBeT) (2.1)

where Ny is a slowly varying function of the absolute temperature 7, @. is the activation energy, and
ks the Boltzmann constant. Having a good vacuum during evaporation is important for two reasons.
Firstly, the formation of contaminating monolayers on the substrate surface should be inhibited, since
it would contaminate the targeted chemical composition of the deposited film. This can be done by
simply reducing the base pressure of the deposition chamber. Secondly, the mean free path A is a
measure for the average distance a particle can travel between two collisions. For the evaporated
particles to be able to deposit onto the substrate without suffering collisions, A has to be significantly
larger than the distance d between the source and the substrate. The arrival rate at the substrate for

this case follows the cosine law:

cosfcost (2.2)

A x 7z

with £ being the angle between the substrate normal and radial vector connecting the source to the
point being considered on the surface, and & between the normal of the source and the
aforementioned radial vector. In cases where 8= 0, the deposition thickness at different locations on

the substrate is proportional to the local Svalue (see Figure 1).

A typical vacuum evaporation system is schematically depicted in Figure 2, consisting of a
vacuum chamber, a vacuum pumping system, vacuum gauges, evaporation sources, substrate holders,
shutter, and rate monitor. The vacuum chamber can be a bell jar or a rectangular box shaped
enclosure, or even a more sophisticated hardware including load-lock systems. Because a low base
pressure in the range of 10° — 10°® mbar is required, commonly two-stage pumping systems are
employed, with the pre-pump being a rotary vane pump and the second stage a diffusion, cryogenic

5



or turbomolecular type. Since during operation the deposition chamber is routinely flooded with
atmospheric pressure and evacuated, there is a need to measure the pressure over several orders of
magnitude. For that reason, vacuum evaporation systems are outfitted with a number of pressure

gauges, both for total and partial pressure measurement covering a wide pressure range.

substrate

source

Figure 1: lllustration of the cosine law in a vacuum evaporation arrangement.

When discussing different types of evaporation sources, there are two main aspects to
consider: one is the heating method used to transfer energy to the evaporant, the other is a material
compatibility issue between the source and the evaporant. Resistance-heated sources are commonly
wires or foils in different forms made of refractory metals. Inductively-heated sources are often
realized in the form of high-melting or water-cooled crucibles. Electron-beam heated sources have the
benefits of high localized power density, and wide range of available evaporation rates, while the
source itself is water-cooled. The electron-gun consists of a cathode and an anode, between which a
voltage of 10-40 kV is applied. The electron beam is then deflected and focused onto the evaporant

source using magnetic fields.

In order to be able to control the thickness and properties of the deposited thin film, different
mechanisms are employed to monitor the vapour stream such as ionization gauges, particle
impingement rate or ion current monitors, or the deposited mass like microbalances or crystal

oscillators [27].
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Figure 2: Schematic view of a vacuum evaporation system, featuring a thermal and an e-beam source.

The morphology and microstructure of the deposited thin film is largely dependent on the
material class and the substrate temperature, the deposition rate and thickness, the angle of
incidence, and the pressure and composition of the ambient gas. A model for the microstructural
evolution for single-phase metals, alloys and refractory compounds was first proposed by Movchan
and Demischin, later modified by Thornton [29]. The model is based on the temperature-dependent
mobility of surface adatoms. As the surface temperature increases, the structural morphology of the
deposited thin films changes from a low-density, porous structure (Zone /) to tightly packed fibrous
grains (Zone T). At even higher temperatures, the size of the columnar grains increases (Zone 1), and
finally recrystallization leads to 3-dimensional growth (Zone Ill). The threshold temperatures between

the different zones are generally expressed as fractions of the material-specific melting point Tp,.

2.1.2. Sputtering

Sputter deposition is a process where atoms of a solid target are ejected due to the
bombardment of a target by energetic particles. These are mostly positive ions generated in a
(abnormal) glow discharge, using a configuration in which the cathode is the target. The ejected atoms

(or clusters) travel to, and precipitate on a substrate, leading to the formation of a thin film [30].



In a conventional sputtering setup, a vacuum chamber is evacuated to a typical base pressure
of 10 Pa or lower using a two-stage vacuum pump system. Then, a noble gas such as Argon (Ar) is
introduced to the chamber and the pressure is stabilized, usually in the range of 1-10 Pa. A high voltage
is applied between the substrate (anode) and the target (cathode), and an electrical discharge is
ignited. This electrical discharge has a current-voltage characteristic, which is dependent on various
parameters, such as the pressure and composition of the gas atmosphere, the size and shape of the
electrodes and the vacuum enclosure, the inter-electrode distance and the electrode materials.
Different regions in the /-V characteristics can be identified as the dark (Townsend) discharge, glow
(Glimm) discharge and arc discharge regions, as illustrated in Figure 3 from the left to the right [31]. In
a sputtering configuration, the value of the load resistor is typically adjusted such that the discharges
are in the so-called abnormal glow discharge regime. In this region, the plasma discharge completely
covers the surface of the cathode, and the discharge voltage increases with an increasing current

density.
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Figure 3: I-V characteristics of an electrical discharge with the most important regions highlighted [32].

The measure for the amount of surface atoms removed from the target per incident energetic
atoms is the sputter yield Y. While naturally it is a function of the ion and target material, Y is also
dependent on the ion energy, having a threshold value and exhibiting a maximum [28]. The reason for
the material-dependent behaviour is two-fold: the momentum-transfer from the incoming ion to a
target atom is dependent on the mass ratio of these two species and the surface binding energy Us,
which is the energy needed to overcome in order to eject an atom from the target. The latter two
guantities are characteristic for a given target material and microstructure. Furthermore, it needs to

be considered that at higher energies the incident ions will penetrate deeper into the target, thus the



probability of a recoiled target atom escaping will decrease. Several different equations are being used
to model the sputter yield as a function of the aforementioned parameters (all having varying grades
of empiricism), with some of the most widely-used ones being those developed by Sigmund [33],

Yamamura [34] and Mahan [35].

The sputtering system with a glow discharge as described above is from an electrical point of
view essentially a diode, in which the movement of the electrons is defined by the electric field, as
they move towards the anode and are lost from the discharge upon their arrival. This can have
ramifications regarding the self-sustaining ability of the discharge, since the electrons under some
circumstances might not be able to produce enough ions during their travel through the plasma. There
are several possibilities to overcome this obstacle, such as the utilization of an auxiliary discharge, a
hollow cathode configuration, or external magnetic fields. Apparatuses using the latter approach are
called magnetrons. They utilize the magnetic field force acting on the moving charge carriers
(electrons) to elongate their trajectory and hence, their dwell time inside the plasma, resulting in an

increased number of collisions and a higher degree of ionization.

To deposit compound materials (mainly oxides, nitrides and sulphides) by sputter deposition
basically two methods exist. In the first approach a compound target has to be used, which will be
electrically non-conductive for most cases, which requires powering the discharge using
radiofrequency (RF) waves instead of direct current (DC). The other possibility is to use a metallic
target, but add a reactive gas such oxygen, nitrogen or hydrogen sulphide to the discharge. This gas
will enter a chemical reaction with the sputtered material and form a compound on the substrate. This

process is called reactive sputter deposition.

As it was mentioned earlier, glow discharges in sputter deposition systems can be driven in DC
(i.e. continuous or pulsed operation) or RF mode. In the following sections, their specific attributes and

unique features are presented and discussed in detail.

2.1.2.1. DC-sputtering
As stated above, for general considerations a DC powered electrical discharge (see Figure 4)

can be viewed as a diode, with very unique current-voltage characteristics, as depicted in Figure 3. The
mechanisms which allow the ignition of a self-sustaining glow discharge will be described briefly in the
following. A presumption can be made that there are a number of initial free electrons inside the
discharge volume. These electrons are accelerated towards the positive electrode (the anode), but
undergo collisions with the atoms and molecules in the vacuum chamber. Some of those collisions
result in ionization: the generation of a positively charged ion and one or more free electrons. The

number of positive ions generated by an electron over a unit distance is the so-called primary
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ionization coefficient a;. The positive ions will, in turn travel to the cathode (the target) and cause the
ejection of both y; secondary electrons and of target atoms. y; is therefore called secondary
amplification. Besides this quantity there are also a few additional processes that contribute to the
generation of secondary electrons, such as the photo-effect on the cathode or the photo-ionization in
the discharge volume. All these effects, including yican be summarized in the 2™ Townsend coefficient
y. The discharge is self-sustaining, if the ions generated by an electron, release one electron from the
cathode on average. Given the inter-electrode distance d, this relation called the stationary ignition

condition can be written as:

vilexp(a;d) —1] =1 (2.3)

The ignition actually happens if the left-side of the expression is greater than one. Admittedly,
the ignition condition using a and y; is not very usable in practice, as these quantities are impractical
to measure and control. Instead, by using Paschen’s law the minimal ignition voltage V; is calculated
as a function of the product of the inter-electrode distance and the chamber back pressure p and is
also dependent on the gas and electrode materials [36]. This gives the so-called Paschen-curves, which
exhibit an absolute minimum, while the necessary ignition voltage increases very rapidly towards low,
and steadily towards high p-d values. The explanation for these effects is the following: at low back
pressure levels or small gap distances between the electrodes, the free electrons are only able to
generate fewer ions. In turn, at high pressures the collisions become so frequent that the electrons are

rarely able to accumulate sufficient energy to ionize their collision partners.
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Figure 4: Schematic view of a DC magnetron sputtering system.
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The resulting requirements towards the electrical components of the sputtering systems are
such that the electromotive force of the DC power supply has to be higher than V;, and the load
resistance has to be chosen in a way that the load curve intersects the V-I characteristic at only one

point, meaning in the abnormal glow discharge region.

The limitations set to the usage of DC discharges in sputter deposition are direct consequences
of their properties. Using either an isolating or poorly conductive target would essentially block the
current path, and leads to electrostatic charging of the electrodes resulting in a high arcing probability.
Deposition of non-conductive materials although possible, can lead to the formation of a closed non-
conductive capping of the anode, thus hindering the electron flow. This is called the disappearing
anode effect. To enable sputter deposition under those circumstances, electric discharges powered by

radiofrequency waves are utilized.

2.1.2.2. RF-sputtering
Electrical discharges behave differently when driven in varying frequency ranges. This also has

an impact on their respective ignition voltages. At low frequencies below 100 kHz, where the ignition
time is significantly lower than the half-period of the electrical field, the conditions are similar to the
case of DC-discharges, hence V; will not change. At higher frequencies between 100 kHz and 10 MHz
and depending on inter-electrode distance, the ions will not be able to follow the electric field,
resulting in fewer ions hitting the cathode, which leads to an increased V. At even higher frequencies
in the range of tens to hundreds of MHz, electrons will also not be able to reach the electrodes in one
half-period, and will be confined in the discharge volume, effectively lowering the ignition voltage. In
turn, at very high frequencies in the GHz (microwave) range, electrons will gain too little energy in one

half period, to effectively participate in the ionization process, further increasing V..

Technologically and practically relevant are the frequency ranges between a few hundred kHz
and 40 MHz, as well as microwave-discharges above 900 MHz. There are a few standardized frequency

bands allowed for industrial use, e.g. 13.56 MHz and 2.45 GHz that are typically utilized.

Further distinction between the techniques can be made by taking into account the way the
radiofrequency power is coupled into the discharge: capacitively and inductively coupled discharges,
as well as microwave (electrode-less) discharges at f > 1 GHz. There is also a minimal power required
for sustaining an RF-discharge, which is dependent on the power coupling method as well as the
frequency. The position (i.e. internal or external) and form (i.e. plates or coils) of the electrodes can
also vary. In RF sputtering configurations, the target and the substrate holder are used as internal
electrodes for capacitive coupling. There is, however, another obstacle hindering the effective coupling

of the RF power into the discharge: the difference in the impedance of the plasma and the output
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impedance of the RF generator. A tuneable R-C matching network is used to adjust both impedances
and is in most cases controlled automatically by minimizing the reflected power. Another issue to keep
in mind is the large difference in the mobility of electrons (high) and positive ions (low), resulting in a
non-linear I-V curve. This would lead to a significantly higher electron current in one half-period than
the corresponding ion-current in the other half, thus leading to a non-equilibrium state. In order to
maintain equilibrium, the potential of the cathode will shift to the so-called self-bias potential.
Routinely, a blocking capacitor is also used in these systems, to effectively prevent the DC component
passing through, even when conductive targets are used. A schematic representation of an RF

sputtering system is pictured in Figure 5.
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Figure 5: Schematic view on an RF magnetron sputtering system.

For the sputter deposition of silicon nitride and metallic thin films in this work, an LS730S
sputter plant manufactured by VON ARDENNE GmbH was used. The deposition chamber is evacuated
by a two stage (rotary vane and turbomolecular) vacuum pump system, providing a base pressure in
the range of 107 mbar. The main deposition chamber houses a carousel with positions for four
substrates having a size up to 6 inches in diameter. In one of the positions, substrate heating using a
radiative heat source is available. In the upper part of the chamber three positions to fix targets are
realized (i.e. two 6 inch and one 4 inch in diameter), as well as an ISE (inverted sputter etching) unit.
The targets are held at their respective positions by using machine crews and clamp rings, as well as a
graphite foil to ensure good thermal contact to the water cooling system. The sputter equipment
features both DC and 13.56 MHz RF plasma generators (Type: TruePlasma DC 3005 and PFG 1000 RF
by Hiittinger Electronic). The flow of the inert gas Ar, as well as the reactive gases O, and N, is regulated

by mass flow controllers.
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2.2.  Chemical vapour deposition

Chemical vapour deposition (CVD) is defined as a family of processing techniques, where a thin
solid film, powder or single crystal is formed on a (generally heated) substrate by a chemical reaction,
with the films constituents provided by gaseous reactants [37]. The variation of the experimental
conditions such as the temperature and the substrate material, the partial gas pressures as well as the
composition and total flow of the precursor gases enables the deposition of materials possessing a

wide range of chemical, mechanical and electrical properties.

A major point of distinction between different CVD processes is the way how the energy
necessary for the chemical reactions is fed into the system. In the simplest case, all energy is provided
thermally. Techniques that fall into that category are atmospheric pressure CVD (APCVD)[38], low-
pressure CVD (LPCVD), and Catalytic CVD [39, 40] (Cat-CVD, also known as hot-wire CVD). Another
possibility is to provide part of the energy by means of an electrical gas discharge. These techniques
are named either plasma-enhanced CVD (PECVD) or plasma assisted CVD (PACVD). In this work, the
former acronym will be used. A third option is to achieve high local energy densities by a focused laser
beam, called laser-CVD, enabling area-selective material deposition [41]. In the following discussion,

the attention will be focused to LPCVD and PECVD techniques.

Regardless of the above distinction and the differences present in the exact specifics, CVD
processes share some general characteristics in the subsequent process steps that are taking place.

These steps are the following [42]:

1. Material transport: the gaseous reactants are transported to the surface of the substrate.

2. Adsorption: the reactive species chemically (chemisorption) or by van-der-Waals forces
(physisorption) attach to the substrate surface.

3. Heterogeneous chemical reaction, where the desired reaction product and volatile by-
products are formed.

4. Surface diffusion: dependant on the surface temperature and material parameters, the
reaction products diffuse along the substrate surface to their permanent location.

5. Desorption of volatile by-products.

6. Transport of the by-products away from the substrate.

Although the chemical reactions occurring during CVD processes can exhibit very complex
reaction schemes, they can still be classified into some general categories listed below with some

examples.
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1. Thermal decomposition (pyrolysis): A gaseous compound decomposes to a solid material and

a gaseous by-product.

SiH,(g) — Si(s) + 2 H,(9) (2.4)

2. Reduction: molecular hydrogen acts as a reducing agent.

SiCl(g) + 2 Hy(g) — Si(s) + 4 HCI(g) (2.5)

3. Exchange: an element is replacing another one in a molecule.

SiCl(g) + CH,(g) = SiC(s) + 4 HCI(g) (2.6)

4. Disproportionation: the oxidation number of an element changes by the formation of two new

reaction products.

2 Sil,(g) — Si(s) + Sil,(g) (2.7)

5. Coupled reactions: where two different types of the above are coupled together

2 AlCl3(g) + 3 CO,(g) + 3 Hy(g) (2.8)
- Al,05(s) + 3 CO(g) + 6 HCL(g)

consisting of a reduction reaction

C0,(g) + Hy(g) - CO(g) + H,0(g) (2.9)

and an exchange reaction

As the above examples show, in theory a great variety of CVD processes is available for the
synthesis of a certain material (e.g. Si). Technically relevant, however, are only few, taking into
consideration the required process parameters and their possible ramifications including challenges
with respect to the reactor design and material safety aspects. One particular issue is posed by the
utilization of potentially hazardous (e. g. toxic, flammable or pyrophoric) materials in CVD processes
[43]. These gases must be removed from the exhaust streams of the reactor. Such units are called
scrubbers, which can operate on different principles including combustion, thermal decomposition

and wet scrubbing depending on the material to be removed.
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In the following, the two most prominent types of chemical vapour deposition, LPCVD and

PECVD will be covered in more detail.

2.2.1. LPCVD

Low Pressure Chemical Vapour Deposition (LPCVD) is a technique where the deposition
process takes place at sub-atmospheric pressure levels. This is achieved by using a vacuum pump
system. Regardless of the reactor configuration, gaseous reactants are fed into the process chamber
and transported through it by means of forced or free convection. Two distinct types of LPCVD reactor
designs are prevalent in practice: hot (see Figure 6) and cold wall reactors (see Figure 7), which also
determine what type of convection is dominant [37]. Cylindrical hot wall reactors are surrounded by a
tube furnace, which ensures that the temperature gradients in the reactor are small. In that case,
material transport is dominated by forced convection caused by the continuous evacuation of the
reactor. Due to the high temperature of the reactor walls, deposition does not only occur on the
substrates, but there as well. This can lead to severe problems with thicker deposited layers, especially
when the adhesion to the reactor wall is poor, as particles can detach and cause contamination on the

substrate. Another source for surface contamination can be a reaction between the reactor wall and
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Figure 6: Schematic view of a hot wall LPCVD reactor.

In cold wall reactors, only the substrates are heated (e.g. via radiofrequency electromagnetic

heating), leading to large temperature gradients inside the reactor, which itself is a driving force for
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free convection that tends to dominate the material transport. Furthermore, the low wall temperature
suppresses the deposition and chemical reactions in these areas, eliminating those two sources of
contamination. On the other hand, the high temperature gradients also have a negative effect on the
uniformity of deposition rates and microstructure across the substrate. All in all, due to its flexibility,
especially regarding the increasing wafer sizes in semiconductor industry, the usage of cold wall

reactors is becoming more prevalent [43].

Vacuum gauge
@/ RF heater coil

N
r N\

B

Load door

Substrates =
P
\ \/

{

Mass flow
Gasinlet ontroller

Vacuum pump

Figure 7: Schematic view of a cold wall LPCVD reactor.

A number of typical LPCVD processes and their characteristics are listed below in Table 1:

Material Gases T[°C] Remarks Ref.
Silicon nitride (SiNy) SiCl,Hz + NH3 650-750 High diffusion barrier, | [44],
SiH4 + NH3 700-900 wear resistant [45]
Polysilicon SiHy4 580-650 Low stress after [46]

annealing
Silicon oxide (SiO,) Si(OC;Hs)4 (TEOQS) 650-750 Low HF etch rate [47]
SiCl2Hz + N,O 850-900
Silicon oxynitride SiClzHz + NHs + O, 850- Variable refractive [48]
(SiOkNy) 1000 index: 1.5-2.0
Tungsten (W) WFs + H» 200-600 Low resistivity [47]
Tin oxide (Sn0,) Dibutyltin diacetate 300-600 High CH, sensitivity [47]
(DBTD)

Table 1: Typical LPCVD deposition processes.
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The deposition of silicon nitride films by LPCVD processes is common in microelectronics and
MEMS. Techniques based on two different gas chemistries (either SiCl,H; and NHs or SiHs and NHs) are
widespread (see Table 1). They are characterized by a uniform composition across the thickness of the
film, and a relatively low hydrogen content (<5% according to Yota et al. [49], 3-8% according to Stoffel
[42]), which originates from both precursor gases [50]. The composition ranges from stoichiometric to
silicon rich, resulting in a stress level between +2000 and -200 MPa (highly tensile to slightly
compressive, can be influenced by the Si/N ratio or ion implantation) with a Poisson number of 0.25.
LPCVD deposited silicon nitride films generally show good etch resistance against hydrofluoric acid
(HF), a high breakdown strength (around 10 MV/cm) and a high electrical resistivity at room
temperature in the range of 10 Q-cm [42], with Poole-Frenkel conduction as the dominating leakage
mechanism up to 500°C [51]. These properties enable the utilization of silicon nitride thin films
deposited by LPCVD in a wide variety of devices for an array of different tasks, such as masking and

insulation layers [52], membranes [53], micromotors and resonators, as well as optical coatings [54].

2.2.2. PECVD

Plasma Enhanced Chemical Vapour Deposition (PECVD) is defined as a subset of CVD
processes, where part of the energy for the chemical processes taking place during deposition is
provided by means of an electrical glow discharge (plasma) [55], as previously pointed out in section
2.2. There are two main advantages to this approach. The first one is the reduction of the necessary
reactor and substrate temperature during deposition. This can enable the deposition of certain CVD
materials in processes, where the available temperature budget is limited as e.g. the substrate would
be damaged or results of previous steps in manufacturing such as doping profiles or metallization
layers would be disrupted by using higher temperature processes [43]. The other significant benefit is
the added level of control that inherently appears when using a second energy source. This means that
different process parameters such as the substrate temperature (also available in LPCVD processes),
as well as the plasma power can be independently chosen. Compared to LPCVD processes, in which
the density of the different reactive species formed from the precursor gases is mainly determined by
the temperature, in PECVD the user has a more direct control. This ultimately allows a more flexible
process that can be tailored to the specific application [42]. While the two factors presented above are
the distinctive advantages of PECVD processes, there is additional merit to these techniques making
them very attractive for practical uses. These — among others — are potentially very robust films due
to the tailored plasma-surface interactions, the possibility to deposit graded films in terms of

composition and refractive index n (e.g. for optical rugate filters) and the comparatively high (1-
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10 nm/s [55]) deposition rates. On the other hand, the characteristically lower deposition
temperatures compared to LPCVD processes lead to an increased incorporation of hydrogen into the
deposit. This phenomenon can have serious ramifications regarding the chemical robustness of the

layers.

Common of PECVD deposition systems is that all utilize glow discharges powered by alternating
electromagnetic fields. The main distinction between the processes is the actual frequency range in
which the system operates, and the method of power coupling into the plasma [43], as already
described in section 2.1.2.2. Further distinction can be made (although not customary for PECVD
systems) by the position (i.e. internal or external) and shape (i.e. plate or coil) of the electrodes. In
PECVD thin film deposition, both capacitively and inductively coupled plasmas are utilized, as well as
microwave and ECR (electron cyclotron resonance) reactors. However, capacitively coupled systems

are most widespread.

Capacitively coupled PECVD systems (see Figure 8) conventionally feature an internal parallel
plate configuration as electrodes, with the substrate placed and electrically connected, in the case of
a conductive substrate to the lower electrode. In general, the gas distribution consists of a single inlet,
a more advanced showerhead, or the combination of those two depending on the reactor design. The
main target is to ensure an acceptable degree of uniformity of electromagnetic field and gas

composition over the substrate surface, what is a prerequisite for uniform film deposition [28].
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Figure 8: Schematic view of a capacitively coupled PECVD system.
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PECVD systems powered by microwave radiation lack electrodes in the conventional sense.
Instead they are equipped with (circular or rectangular) waveguides geometrically matched to the
frequency and mode of operation. In a regular cavity resonator, however, the spatial extent of the
plasma is strongly limited by the wavelength of the microwave. More common are special wave-
heated systems such as ECR-CVD (electron-cyclotron resonance). Here, a circular-polarized microwave
propagates along a magnetic field line to the so-called resonant zone (see Figure 9), where its energy
gets absorbed by a collision-free heating mechanism. The resonance criterion that is necessary for the

electrons to follow a circular path is given by:

— 4B (2.11)
ce —
1
where y = =D (2.12)

where w. is the angular frequency of the cyclotron motion, g the elementary charge, B the
magnetic field, mo the rest mass, v the velocity of the particle, and c the speed of light. This equation
yields a magnetic field of B = 875 G at f = 2.45 GHz. Some attractive properties of ECR-CVD processes
are the wide operating pressure range, a high degree of ionization, and the ability to keep the kinetic

energy of the impinging ions low, thus minimizing ion-induced damage [56].

In order to understand the chemical and physical processes taking place in PECVD plasmas, the
external process parameters like back pressure in the deposition chamber, gas flow, and plasma power
and their influence on the internal parameters of the plasma such as the plasma density, the electron
energy density distribution function (EEDF), electric potentials and particle fluxes toward the substrate,
have to be considered. In reality, these internal characteristics are affected by the external parameters
in a complex way, and is for practical use assessed in an empirical manner. Some general points to be
made are that a higher frequency leads to less surface charging and a higher power efficiency in terms
of ionization, thus leading to increased dissociation rates and ion fluxes in MW plasmas [57]. Reactions
in the gas phase determine the chemical composition of the deposited film, while plasma-surface

interactions dominate the microstructure and morphology of the layers.
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Figure 9: Schematic view of an ECR-CVD system.

Basically, the generation rate of the chemically reactive precursor and energetic species
governs the internal parameters of the bulk plasma. The amount of different species existing in even
the simplest plasma chemistries is already tremendous, therefore for practical purposes, generalized
reaction pathways are considered. The interface between an immersed surface and the bulk of the
plasma is called the plasma sheath, which is not electrically neutral. The potential difference between
the bulk and the surface of the plasma accelerates ions through the plasma sheath. The kinetic energy
that these ions gain is also dependent on the external plasma parameters and the type of ions [58].
The energy spectrum of the ions in a plasma is expressed in the ion energy distribution function (IEDF),
in an analogous way to EEDF. The control of ion bombardment by controlling the IEDF has great
importance in the deposition of thin films, particularly at low substrate temperatures. lon
bombardment affects nucleation and film growth by introducing interfacial atom mixing, increasing
the surface mobility of deposited atoms, resputtering, and forward sputtering. These phenomena
generally lead to a densification of the deposited film in agreement with the Movchan-Demischin
structure zone model [29]. Some authors propose the existence of critical ion energies and flux ratios

(the ratio of ion to neutral flux) that trigger transitions in the microstructure evolution during film
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growth [59]. Experimental results indicate that low to intermediate (i.e. in the range of 10-100 eV) ion
energies and high ion fluxes generally deliver the highest quality deposits in terms of density, hardness,
chemical stability and residual stress. Monte Carlo simulations delivered similar results [60]. In other
configurations, especially when organic substances are involved in the process, photon-surface
interactions can also have a significant impact on the surface morphology. VUV (Vacuum Ultraviolet,
100 nm <A <200 nm) photons are able to break chemical bonds. This can be relevant in plasmas which

contain hydrogen, oxygen or helium and thus, irradiate in the VUV range (121, 130 and 157 mm).

The PECVD technique is used to deposit — amongst other materials — a range of silicon-based

binary, ternary and quaternary thin films, such as:

e Silicon dioxide (SiO;) and suboxides (SiOx, x<2)

e Stoichiometric and nonstoichiometric silicon nitrides (SisN4 and SiNy)
e Silicon carbides (SiC and SiC,)

e Silicon oxynitride and carbonitride (SiOxN, and SiC«Ny)

e Silicon oxycarbonitride (SiO«CyN;)

The composition of the precursor gases as well as the other parameters like plasma power and
frequency, deposition temperature and pressure are utilized to tailor the chemical composition and
physical properties of the deposited thin film. Criado et al. [61, 62] found that by the substitution of
the precursor NH; with N,O the composition of the deposit can be tuned from silicon nitride to silicon
dioxide. This behaviour is reflected in the decrease of the refractive index n and the atomic
concentrations measured by RBS (Rutherford backscattering spectroscopy). Other groups made similar
observations that the tuning of mechanical properties like hardness, Young’s modulus and film stress
is possible between the limiting values set by SisN4 and SiO,, as well as the occurrence of different Si-
N bonding groups in PECVD silicon nitride deposits [63]. Thermal annealing of PECVD thin films was
also found to be an effective way to tailor their mechanical properties [64]. Silicon nitride thin films
deposited by PECVD typically feature a high hydrogen content (10-40 at. %), are significantly less robust
against HF based etchants, and have lower Young’s moduli and hardness values compared to their
LPCVD counterparts. The breakdown strength and film resistivity vary at room temperature over a

wide range typically from 1 to 5 MV/cm and from 10° to 10%® Q-cm, respectively [42].

Since this deposition technique plays a central role in this thesis, inductively coupled plasma
enhanced chemical vapour deposition (ICP-CVD) processes will be discussed separately in the following

subsection.

21



2.2.3 ICP-CVD

Besides from capacitively coupled and microwave discharges, inductively coupled plasmas can
also be used for the deposition of thin films. The radiofrequency power is coupled into the system
using helical or planar coils [65], either in an adapted LPCVD furnace [66, 67] or a system specifically
built for ICP-CVD processing, as illustrated in Figure 10 [65, 68]. Low pressure ICP sources are especially
advantageous for single wafer processes, where a high density of ions, electrons, and radicals is needed
for a process with good uniformity over the whole wafer area. Inductively coupled plasmas are capable
of fulfilling those requirements, while keeping the energies of ions and electrons low enough to limit
damage to the wafers and the chamber. By using an ICP source the independent control of particle
energy and plasma density becomes possible [69]. The spiral or helical inductor is placed either inside
or next to a gas discharge to transfer the energy from the RF source, can operate in a wide range of
frequencies, and can be electrostatically shielded or unshielded. Unlike in the case of ECR sources,

there is no resonance between the motion of the electrons and the driving frequency.
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Figure 10: Schematic view of an ICP-CVD system with a load-lock chamber.

At low pressures, it is increasingly difficult to couple the RF power into the plasma, since the
reduced number of atoms inside leads to fewer collisions, thus not enough ions and electrons are

generated for a self-sustaining discharge. In order to increase the collision cross-section (and thus
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probability), an increase of the average electron energy (electron temperature) is necessary. The
density of electrons, ions and reactive species is approximately proportional to the power density. The
RF coil generates a rotational symmetric RF field and is separated from the plasma by a dielectric wall
and in some cases by an electrostatic shield. The RF electromagnetic field does not penetrate the
plasma entirely at typical plasma densities and operational frequencies, only in its boundary region,
due to the skin effect. As a consequence, there is no electromagnetic field inside of the plasma and the
motion of charged particles is governed only by diffusion. Thus, the uniformity inside the plasma is
controlled by other factors such as the reactor geometry, gas distribution system, temperature
gradients and gas composition. Stability of the chamber wall temperature is a critical parameter for
processes utilizing ICP plasma, therefore they are often liquid cooled. Electrostatic shielding can be
utilized to deliver ions to the substrate having very low kinetic energies, on the other hand it
suppresses capacitive coupling. The presence of capacitive coupling is often essential to ignite an

inductively coupled discharge. Without it much larger electromagnetic fields are needed.

The deposition of silicon nitride by the ICP-CVD technique can use different gas chemistries: as
silicon precursor, mostly silane (SiH4) and sometimes dichlorosilane (SiCl,H) are used. As nitrogen
source, either molecular nitrogen (N2) or ammonia (NHs) is used, often diluted in either helium (He) or
argon (Ar). Adding ICP excitation to an adapted LPCVD furnace for silicon nitride deposition results in
a significantly increased deposition rate, since the RF power enables the dissociation of N, molecules
[66, 67, 70]. The Si/N ratio and residual stress of the deposited film are mainly dependent on the ratio
of the different precursor gases. In addition, stoichiometric, low-temperature (80-130°C) ICP-CVD
deposited silicon nitride has lower etch rates and hydrogen content compared to conventional PECVD
films [71], accompanied by a higher electrical breakdown strength [72]. ICP-CVD deposition generally
leads to more favourable results when carried out at higher substrate temperatures, as in this case the
deposition takes place at a higher rate, with decreased hydrogen incorporation, resulting in higher
refractive indices [73]. In some cases [74], even the formation of B-SisNs is observed in low
temperature, low-stress ICP-CVD silicon nitride films. Those trends are largely transferrable to ICP-CVD
silicon oxynitride deposits [67]. Resistivity values of low-temperature ICP-CVD SiNy and SiOxN, films are

generally in the range of 10°-10'2 Q-cm [67, 70].

ICP-CVD deposition experiments in this work have been carried out with an Oxford Plasmalab
100 deposition system. The equipment consists of a reaction and a load-lock chamber, with the former
one evacuated by a two-stage (rotary-vane and turbomolecular) pump system, while the latter by a
simple rotary-vane pump. The substrate is placed for deposition onto an aluminium chuck. Depending
on the deposition temperature, it can be clamped down using a glass ring with an applied helium
backflow for improved thermal transfer up to a substrate temperature of 200°C. Alternatively, at
higher temperatures the usage of the clamp ring is omitted, and the user can switch to radiative
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heating. The process gases are fed into the deposition chamber at two distinct locations: at the top,
through a perforated showerhead, and through a gas distribution ring in the vicinity of the substrate,
both controlled by mass flow controllers. The system uses two 13.56 MHz plasma sources, both
complete with automatically and manually controllable matchboxes. The main source, capable of
outputting 200 W of power is connected to a helical ICP coil, while the secondary source (max power:
300 W) is capacitively coupled. The ICP coil and other parts of the chamber are cooled by liquid

nitrogen.

2.3. Patterning

The fabrication of micromachined devices often consists of subsequent deposition and
transferring a master pattern onto different layers. Processes and techniques in pattern transfer
encompass lithographic techniques, by some definition additive techniques (i.e. deposition, already
covered in section 2.2.) and etching processes. In the following chapter details about all these

techniques will be given and discussed.

2.3.1. Photolithography

Lithography (from the ancient Greek words Aio¢ “stone” and ypdgetv “to write”) is a pattern
transfer method originally used in printing, utilizing a carved master image with an area-selective
chemical treatment. The chemical treatment results in areas either being receptive or repellent to ink.

[28].

Photolithography (also known as optical lithography) is a process for transferring patterns from
a master (called a photomask) onto a light-sensitive substance called photoresist on the substrate.
Depending on the type of the resist (positive or negative), upon exposure to ultraviolet radiation the
resist undergoes an irreversible chemical transition, toggling its solubility to a certain solvent. Thus, by
selective illumination, the original pattern can be transferred onto the resist. A simple

photolithographic process using a positive resist is shown in Figure 11.

The process begins with the pre-treatment of the substrate, consisting of the cleaning of the
surface, a bake-out to get rid of adsorbed molecules, and the application of an adhesion promoter.
Next the photoresist is applied by using a spin-, a spray-, or an immersion coater. This is followed by a
heat-treatment step to evaporate most of the solvent in the resist. The key step in the

photolithography process is the exposure, where the mask pattern is transferred onto the substrate
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by splitting the sensitizer molecules. Typically, different illumination techniques are utilized, such as
contact, proximity or projection illumination [75]. For most of the processes another heat-treatment
step follows. It is mainly employed to catalyse the completion of the reactions started. After this, the
soluble areas of the exposed resist are removed by a chemical, so-called developing agent. The
photolithography is finished by an optional hard-bake, mainly to raise the softening point of the

developed resist [76].

Figure 12: lllustration of the lift-off process, with the
following steps: a: Resist exposure, b: Development, c:
Thin film deposition, d: Lift-off.

Figure 11: A simplified illustration of a photolithography
process featuring a positive photoresist. a: Exposure,
b:Development, c: Pattern transfer by etching, d: Resist
stripping.

These steps lead to the end-result of the photolithographic process, a substrate covered by a
uniform layer of patterned photoresist. This is then utilized to generate patterned functional layers by

additive (deposition and lift-off) or subtractive processes (etching).

Lift-off processes, on the other hand, consist of photolithographic patterning of a resist on a
substrate followed by deposition of a thin film (usually an evaporated metallic film), and the removal
of the resist along with the film on it. This results in a coverage of the substrate with the thin film
having the inverted pattern of the photoresist (Figure 12). There are, however, some requirements to

be able to perform a successful lift-off process. To ensure the area-selective removability of the thin
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film the thickness of the resist has to be significantly larger than that of the film. Moreover, the physical
continuity between areas of the deposited film that are to be removed and that are not should be
disrupted. This is achieved by creating negatively tapered resist sidewalls (with a special resist, called

image-reversal) and by directional thin film deposition (e.g. evaporative deposition).

2.3.2. Etching

Subtractive pattern transfer processes, where material is removed are generally covered by
the term etching. The term is used in microfabrication and microelectronics for a plethora of different
chemical, physical and combined processes having the sole common ground that they are used for

material removal.
There are a couple of important characteristics for each etch process and target material combination:

e Etchrate: the temporal rate of material removal. Since mostly planar processes are considered
(involving planar substrates and thin films), this is expressed in etch depth/time (usually

nm/min). Industrial processes have strong preferences for high etch rates.

e Selectivity with respect to the mask material (photoresist or a so-called hard mask) or to the
substrate material. It is simply the ratio of two etch rates: that of the etched material and that

of the mask material. Usually a high selectivity is desired.

e Isotropy/Anisotropy: If the etch rate is independent of spatial directions, the etch process is
isotropic, in other cases anisotropic. This difference can be dependent on crystallographic

orientations or directions with respect to the surface normal. Sometimes a measure for the
anisotropy of the process is used, the anisotropy factor Ar = 1 — rL/rV , with r. and ry being

the lateral and vertical etch rates, respectively. Although fully anisotropic etch processes offer

a more accurate pattern transfer, for some applications isotropic techniques are required.

A common point of distinction between etch processes is whether the etchant utilized in the
process is gaseous or liquid. In the former case, it is called a dry etching technique, in the latter a wet
etching technique. Dry etching processes are typically plasma processes, and can be purely physical,
purely chemical or combined approaches, whereas wet etching techniques always rely on chemical
reactions. In the following a brief summary of the most important etch techniques used in MEMS and

microelectronics will be given.
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Dry etching techniques:

27

Physical etching: sputter etching / ion-beam etching (ion-beam milling)

In this case the material removal is achieved by bombarding the surface by inert ions
(e.g. Ar*), similarly to the case of sputtering from a target. The momentum transfer from the
energetic ions causes ejection of atoms from the bombarded material. The actual process
taking place upon the impingement of the ions is highly dependent on their kinetic energy. The
optimal energy range for sputtering is roughly between 10 and 1000 eV [28]. Physical dry
etching processes share some inherent properties, as the low selectivity with respect to
materials, high directional anisotropy, and relatively low etch rates compared to chemical and
physical-chemical approaches. A major point of distinction between sputter and ion-beam
etching is whether or not the substrate is electrically coupled to the plasma source (sputter
etching) or placed on a third electrode in a triode configuration (ion-beam etching). Some
undesirable issues that can arise will cause deviation of the sidewall geometry from the ideal
vertical profile. These include mask erosion, faceting, trenching and redeposition, as displayed

in Figure 13. These effects are described in greater detail in [77].

mask erosion

facetting

ideal etch
profile

redeposition

trenching

Figure 13: Typical problems in physical dry etching.
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Vapour phase plasmaless chemical etching

The chemical xenon difluoride (XeF,) does not require a plasma to be ignited in order
to generate reactive species. XeF, has a vapour pressure of approximately 4 Torr at room
temperature. As a consequence, a vacuum chamber evacuated to a similar pressure level will
contain an atmosphere with a high concentration of gaseous XeF,, which reacts readily with
silicon as described in [78].

Etching of Si with XeF; is highly selective against most photoresist and hard mask
materials. The etch rate can be as high as 10 pm/min, but is strongly dependent on the opening

size.

Chemical plasma etching

In this technique, the plasma has the sole role to supply the reactive species: neutral
atoms (Cl or F) or molecules. These reactive species diffuse to the substrate and form volatile
products with the surface material in a chemical reaction [79]. The volatile products are then
transported away, leading to material removal from the substrate [80]. At typical pressure
levels, the velocity vector of radicals will feature a broad angular distribution, leading to an
isotropic etch profile. A typical glow discharge for plasma etching is driven at low voltages in
order to avoid high-energy ions hitting the substrate. Three reactor configurations are
common in plasma etching: barrel, downstream and parallel-plate reactors, each offering
different advantages [28].

Since the number of radicals formed in the plasma is in the same order of magnitude
as the number of surface atoms to be removed, a so-called loading effect can occur if the
radicals are depleted during the chemical reaction. This results in an etch rate that is inversely
proportional to the opening size in the etch mask, having an adverse effect on the uniformity

throughout the wafer.

Synergetic physical-chemical plasma etching: (deep) reactive ion etching /(D)RIE

Both purely physical and purely chemical etch processes have their own shortcomings:
poor selectivity and isotropic etch profiles, respectively. These can be overcome by combining
physical and chemical component in a single etch process [80]. In physical-chemical plasma
etching techniques, the material removal is promoted by ion-surface interactions. In reactive
ion etching (RIE), a diode-type parallel-plate reactor is used. In this type of etching, the
formation of an anisotropic etch profile is energy-driven, as the substrate is disrupted by the
bombardment of energetic ions. The high directionality of the ion bombardment carries

through to the surface activations, resulting in an anisotropic etch profile. The achievable etch



rates are also significantly higher than in the case of physical etching, while the selectivity,
although lower than for purely chemical etching processes, stays at reasonable levels. The
anisotropy in RIE processes can also be driven by inhibitors, if the etch reaction produces a
passivating agent that covers the substrate [28]. The ion bombardment removes the
passivation from the horizontal surfaces, so the etching can continue in the direction
perpendicular to the surface. To some extent, however, the passivated sidewalls are also
attacked, resulting in tapered sidewalls. An effective way to manipulate the etch geometry in
this case is by altering the ratios of gas mixture used in the process [81].

A slightly different technique for high rate, high aspect ratio etching of silicon using
high density plasmas is the deep reactive ion etching (DRIE) process. In this technique two
alternating process steps are carried out in a subsequent fashion: a passivation (C4Fs) and an
etching (SFe) step. While the actual etch mechanism has a low anisotropy factor, the absolute
amount of horizontal underetching is reasonably small, given the short etch cycles. This results
in a scalloped sidewall profile typical for this technique. Potential problems that could arise in
DRIE processes are the formation of black silicon and the microloading effect, also known as
aspect ratio dependent etching (ARDE). A useful countermeasure to overcome this effect is

increasing the ion flux [82].

Wet etching techniques:

29

Isotropic wet etching

Isotropic or polishing etchants remove material in all spatial directions
(crystallographic orientations for crystalline materials) at an equal rate. Usually, these agents
are acidic. A subset of this technique are preferential etch processes [28], where the different
etch rates between different materials or structural variations can lead to some slight
anisotropy, but the achievable etch rates can be very high. The etchants used are often acids
with an additive oxidizing agent. Typical isotropic etch reactions are diffusion limited. Isotropic
etchants are employed for a wide range of tasks in microelectronics and MEMS, including the
removal of damaged surfaces, rounding of sharp edges and corners, creating planar surfaces,
or patterning of single- polycrystalline or amorphous thin films (metals, semiconductors, and

isolators alike) [83]. A listing of some common isotropic etchants is to be found in Table 2.



Etchant Material | Remarks

HF + HNO3z+ CH3COOH | Si Planar etch; 5 um/min @ 25°C
HF Si0; 20-2000 nm/min

HF:NH4F (BHF) SiO; 100-500 nm/min @ 25°C
HF:H,0,; Ti 880 nm/min

H,0, W 20-100 nm/min

HCI + CeSOq (sol.) Cr 80 nm/min

HCI + glycerine Cr 80 nm/min

HCl + HNOs Au 25-50 um/min

Kl + 1, + H,O Au 0.5-1 pm/min

KOH + alcohols Poly-Si @ 85°C

Acetone Organics | >4 um/min

H,S04 Organics | > 1 pm/min

HsPO4 Al 660 nm/min @40-50°C
HsPO4 SisNg 5-10 nm/min @160-180°C

Table 2: Common isotropic etch processes in microfabrication [28].

e Anisotropic wet etching
This technique is mostly used in the bulk micromachining of single-crystalline silicon.
The anisotropy is caused by the different etch rates dependent on crystallographic orientation.
Although a wide variety of alkaline aqueous solutions (with the optional addition of alcohol)
has been used to perform this task, only a few are commonly used: potassium hydroxide
(KOH), ethylenediamine pyrocatechol (EDP), tetramethyl ammonium hydroxide (TMAH), and

hydrazine(N;Ha) (For an overview of processes, see Table 3).

Etch process Etch rate (100) | Etch rate ratio (100)/(111) | Mask material

KOH (aqu.) 85°C 1.4 pum/min 400 Photoresist, Si3N4, SiO,
EDP(aqu.) 115°C 1.25 pm/min 35 SiO3, SisNg4, Au, Cr, Ag
TMAH (aqu.) 90°C | 1 um/min 12.5-50 SiOy, SizNa4

N,H4 (aqu.) 100°C | 2 um/min 10 SiO,, most metals

Table 3: Anisotropic silicon wet etching processes [28].

Due to the (relatively) large selectivity between the fast (100) and slow (111) etching
crystal planes, the latter are generally regarded as etch-stop planes although in reality the etch
process does not actually stop at these planes. As a consequence, anisotropic wet etched
structures will have exposed (111) planes. This fact limits the range of achievable structure
geometry considerably. An added effect is that the obtainable geometry will also be different
for different substrate orientation (i.e. for (100), (110), or (111) wafers). In Figure 14, some
typical anisotropic wet etched structures in (100) silicon are shown. A description of the

widely-used electrochemical model of KOH etching is described by Seidel et al. in [84].



Figure 14: Schematic representation of typical bulk micromachined structures created by
anisitropic wet etching of (100) Si. a: V-groove, b: cantilever, c: membrane.

2.4.  Summary

Manufacturing functional thin film systems involves a large variety of technical processes. This
includes additive techniques, such as physical and chemical vapour deposition, as well as subtractive
methods, like lithographic patterning and etch processes. Chapter 2 gives an overview with
explanatory notes about a selection of these techniques that are utilized in the latter part of this work

for the fabrication of thin films and functional thin film systems based on silicon nitride.

Physical vapour deposition techniques (i.e. electron beam evaporation and magnetron sputter
deposition) are used for the deposition of metallization systems and silicon nitride thin films.
Inductively coupled plasma enhanced chemical vapour deposition is the technique of choice for

depositing amorphous hydrogenated silicon nitride thin films.

Conventional and lift-off lithographic methods are used throughout this thesis in order to
fabricate appropriate test structures and functional layers. Wet and dry etch techniques are employed
not only for patterning purposes, but also for qualifying the robustness of different silicon nitride

deposits against some etchants.

Other than that, it is necessary to assess and measure a wide range of the thin film properties
in order to learn more about the deposition process and the influence of different parameters, as well
as to evaluate the usefulness of films in certain application scenarios. For that reason, several analysis

techniques are applied, which are described in Chapter 3.
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Chapter 3: Methods for analysis and characterization of thin
films

Thin films and thin film systems, deposited and patterned (see Chapter 2), are integrated for a
large variety of different functions into MEMS. Although for some cases a practical approach would
dictate to judge their quality solely on how well they perform by evaluating their performance in the
corresponding device, experimental techniques are requested to analyse their properties before
device integration. In the following chapter a brief overview of the analytical concepts, techniques,

and instruments used in this thesis will be given.

3.1. Electron microscopy

Unlike optical microscopy, where electromagnetic waves in the visible light range are utilized
to visualize microscopic features of a sample, electron microscopy applies a beam of accelerated
electrons for this purpose. The spatial resolution of optical imaging devices is inherently limited by
diffraction. This diffraction limit is dependent of the wavelength of the light being used. Accelerated,

free electrons also exhibit wave-like behaviour, such as diffraction, and they have a wavelength

. . . h .
associated to them, the de Broglie wavelength, defined as Ap = — where pp, is the momentum of

m

the particle and h is the Planck constant. The theoretical diffraction limit resulting from this relation
for electrons can be by orders of magnitude smaller, compared to visible light. This opens the
possibility for electron optics to have a substantially higher capability in lateral resolution than
conventional solutions. Electron microscopy systems are not only utilized to obtain structural and
topographic information about the specimen, but in combination of supplementary instruments

chemical analysis are possible.

Electron microscopes are generally divided in two categories: Scanning electron microscopes
(SEM) and transmission electron microscopes (TEM), both of which will be described in the following

sections.

3.1.1. Transmission electron microscopy

Transmission electron microscopes are the original form of electron microscopes, and operate

in a largely analogous way with respect to optical microscopes. They utilize an electron beam passing
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through a thin specimen to create an image. The electron beam is produced by an electron gun, and is
accelerated by a high voltage in the range of 100 to 300 kV [85]. Electrostatic and electromagnetic
lenses are utilized to focus the beam, and to magnify the image. The image is formed either on a

fluorescent or scintillator screen, or is recorded via a charge coupled device (CCD).

Electron guns generate the high-voltage electron beam, as a point-like illumination source for
the electron microscope. They consist of several components: the cathode, the Wehnelt cup, the anode
and an electric circuit for biasing. Cathodes emit the electrons either thermionically or via field
emission (cold cathode). The thermionic cathode is generally either a tungsten filament or a lanthanum
hexaboride (LaBg) crystal. Cold cathodes for electron microscopy are formed from a tungsten cylinder
having an extremely sharp tip on one end. The Wehnelt cup, placed beneath the cathode forms a small
circular aperture for the electrons to pass through. It is also put on a more negative potential than the
cathode. Thus, it acts as an electrostatic lens. The potential difference (the gun bias) is adjustable, and
controls the number of electrons passing through. At higher bias voltages electrons originating from
more peripheral areas cannot pass through, thus lowering the beam intensity. On the other hand, this
leads to a smaller diameter of the first crossover, resulting in a higher lateral resolution in imaging [86],

by effectively suppressing optical aberrations.

Electromagnetic lenses are applied in the TEM both above (condenser) and beneath (objective,
diffraction, and projection lenses) the sample plane. Electromagnetic coils produce a radially
symmetric field, acting as a convex lens for electrons. Since the coils are typically under a high voltage,
and often carry large current densities, proper insulation and active (water) cooling is employed. The

way the specific lenses operate inside a TEM is dependent on the operating mode of the instrument:

e Image mode: High-magnification (HM-TEM) and low-magnification (LM-TEM). In HM-TEM
mode, the object lens projects the first magnified image (a 20-40x magnification) at the plane
of the selected area aperture, on which the imaging lens system (consisting of intermediate
and projection lenses) focuses, creating an additionally magnified image on the screen. In LM-
TEM mode the objective lens is turned off, and the imaging lens system focuses on the sample,

thus generating a far less magnified image on the screen.

e Indiffraction mode: The imaging lens system is focused onto the diffraction pattern appearing
inthe back focal plane of the objective lens. It isimportant to note that since the first magnified
image and the diffraction pattern are simultaneously created by the objective lens (albeit in
different planes), one can simply switch between HM-TEM and diffraction mode by simply

refocusing the imaging lens system.
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e Nanoprobe mode: In the previous modes, an (almost) parallel electron beam arrives at the
sample (i.e. microprobe mode) while in nanoprobe mode the current in the mini-condenser
lens above the sample is reversed, creating a crossover, a very small spot size over the sample.
This is then used for STEM (scanning transmission electron microscopy) and for microanalysis

purposes.

Transmission electron microscopy studies presented in the later part of this work have been
carried out using a FEI Tecnai F20 microscope, equipped with a field emission gun, under an

acceleration voltage of 200 kV, with a stated point resolution of 0.21 nm.

3.1.1.2. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is an analysis technique, where the specimen is
exposed to a monoenergetic electron beam. Part of the electron beam undergoes inelastic scattering
upon their interaction with the specimen. An electron spectrometer is used to record the energy
distribution of the electron beam after its interaction with the specimen. The amount of energy loss is
dependent on the inelastic interaction that has been taken place. These include inter- and intraband
transitions, inner shell ionizations, plasmon and phonon excitations and Cherenkov radiation [87].
Some of these interactions (especially inner shell ionizations) are characteristic to the chemical
elements being present in the sample, making the technique useful for mapping of the local element

distribution.

A typical, schematic loss spectrum is shown in Figure 15. The first peak is the so-called zero-
loss peak, representing these electrons that are transmitted through the sample with no or little energy
loss, which constitute to the majority of the signal. In the range of about 5 to 50 eV, peaks resulting
from inelastic scattering with outer-shell electrons is visible. Although the recorded intensity quickly
decreases at higher energies, characteristic features superimposed to this background such as
ionization edges are observable when arranged in a semi-logarithmic plot. These ionization edges
correspond to different binding energies, and are dependent on the atomic number of the scattering
atom. Additionally, both low-loss peaks and ionization edges feature a fine structure from which

further assessments towards the microstructure of the specimen can be made.
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Figure 15: A typical, schematic electron energy loss spectrum (after Egerton et al. [87]).

The EELS measurement in the later chapters of this work have been performed using a

GIF Tridiem system, manufactured by Gatan, Inc. featuring a 5 mm diameter entrance aperture.

3.1.2. Scanning electron microscopy

In a scanning electron microscope (SEM) the surface of the specimen is probed using a focused
electron beam. This beam is scanned over a rectangular area using raster scanning. The electron beam
interacts with the sample surface, resulting in the emission of secondary electrons and backscattered
electrons, as well as electromagnetic radiation (cathode luminescence and X-ray). These signals are
recorded using a range of detectors in the vicinity of the sample, and mapped to the raster. The
intensity of these signals carries information about the topography and chemical composition of the
sample [88]. Since in SEM, the electron beam does not have to pass through the specimen, samples
having much larger thickness, and acceleration voltages in the range of 0.5 to 30 keV being much lower
than in TEM can be used. As a consequence, the volume of interaction is generally much larger [89],
resulting in a significantly lower spatial resolution, as illustrated in Figure 16. By an appropriate
positioning of the electron detectors, the secondary and backscattered electron signals can be
efficiently separated and evaluated independently. This enables to observe topographic,
crystallographic and Z-contrast (scattering depending on the atomic number 2Z) from the specimen

using the same excitation.
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Figure 16: Interaction volume of the incident e-beam and surface-near sample material during SEM probing (after [89]).

The scanning electron micrographs in this work have been recorded using the SU8030 SEM
system made by Hitachi, Ltd. The system features a cold cathode emitter and a beam deceleration
function enabling ultra-high-resolution imaging, as well as three secondary electron detectors in a
top/upper/lower configuration. Standard accelerating voltages used were around 2-3 keV for imaging

and 10-20 keV for EDX (see below) analyses.

3.1.2.1. Energy dispersive X-ray spectroscopy

A frequently used technique for elemental analysis inside a SEM is energy dispersive X-ray
spectroscopy (EDX). The emission of characteristic X-ray radiation due to the unique atomic structure
of each element is stimulated by a focused beam of high-energy particles, being electrons typically in
the 10-30 kV energy range. Electrons of the inner shells can get ejected into higher energy states, and
their place will be filled with electrons from higher shells. The energy differences between these states
are characteristic for each element [88]. The count and energy of the emitted X-ray photons can be

measured using an energy dispersive spectrometer consisting of a detector and pulse processor.
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During detection, when an X-ray photon is first absorbed, a high-energy photoelectron will be ejected
from the detector silicon. This photoelectron subsequently travels through the detector material, and
loses its kinetic energy due to inelastic collisions. These collisions cause electrons to be transferred
from the valence into the conduction band, as the rest of the energy leads to the ejection of an Auger
electron or an X-ray photon, which will undergo further inelastic scattering, or will be re-absorbed.
Ultimately this results in a characteristic number of additional electrons in the conduction band, which

is proportional to the energy of the X-ray radiation originating from the sample.

EDX analyses presented in this work were performed using an X-Max 50 mm? detector made
by Oxford Instruments, Plc, with a stated energy resolution of 129 eV FWHM (full width at half
maximum) for the MnK, peak. Typical acceleration voltages used were 10 to 20 kV, and beam currents

in the range of 5 nA.

3.2. X-Ray photoelectron spectroscopy

Another spectroscopic analysis technique for assessing the elemental composition of a
specimen is X-ray photoelectron spectroscopy (XPS). When applying this technique, the sample
material is irradiated with an X-ray beam under ultra-high vacuum conditions, resulting in the ejection
of electrons from the surface typically in a depth up to 10 nm of the sample. The number and energy
of these electrons is measured by using an electron monochromator, a detector, and a scan and
readout system. By knowing the energy of the X-ray irradiation and the work function of the
spectrometer, the core-electron binding energies of the emitted electrons, that are characteristic for
each element, can be calculated [90]. Although in principle the detection of every element from the
periodic table is possible, conventional XPS systems only effectively detect elements above the atomic
number Z = 3 (lithium). The typical detection limits are in the parts per thousand range. The energy
resolution of XPS devices enables to investigate the chemical shift present in the bonding energies of
atoms. The chemical shift is due to the effect of the valence electrons on the attractive force acting
between the nucleus and core-electrons. This effect is dependent on the chemical environment of the
atom, thus making XPS a most powerful tool for the determination of even the binding state of the

elemental composition [91].

The XPS measurements presented in this work have been carried out using a Theta Probe XPS
system by Thermo Fisher Scientific, Inc. using measurements at a fixed emission angle of 45°. The device

features a low-energy Argon (< 500 eV) ion source for sputtering and depth profiling.
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3.3.  Fourier-transform infrared spectroscopy

When a covalent bond between two atoms is formed, that system can be considered in a first
approximation as a simple harmonic oscillator. In molecules, crystalline or amorphous solids, due to
the specific spatial configuration of atoms and inter-atomic bonds there exists a range of mechanical
vibrating modes such as stretching, rocking, or wagging [91]. As it happens, the frequency of these
molecular vibrations falls into the infrared (IR) range of the electromagnetic spectrum, therefore
infrared absorption spectroscopy can be applied for detection. Basically, molecular vibrations are
grouped into one of the following two complementary categories: Raman or infrared-active. In the first
case, the electric polarizability of the molecule must be changed, while in IR-active modes, the electric
dipole moment should change. This has the consequence that symmetrical molecular bonds are
generally not IR-active, unless they are slightly distorted by their local bonding environment. On a
similar note, overtones (i.e. double, triple, quadruple frequencies) and combinations of other modes

are sometimes detectable, as are phonons (collective lattice vibrations).

Conventional diffractive infrared (DIR) absorption spectroscopy is based on an IR-transparent
prism, or a diffraction grating, and a thermocouple detector. The more modern design, the Fourier-
transform infrared (FT-IR) spectroscope, is based on a Michelson interferometer, consisting of a beam-
splitter, a stationary and a moving mirror (see Figure 17). This design has two main advantages, both
increasing the sensitivity compared to the DIR approach. The Felgett advantage is caused by the fact
that in FT-IR all frequencies across the frequency range are processed at the same time. The
consequence of this is that more averaging can be done while maintaining the same measurement
time, resulting in a higher signal to noise ratio. The Jaquinot advantage is caused by the elimination of
the need for a small aperture for a good wavelength resolution. Using a significantly larger aperture

leads to an increased sensitivity [92].

The FT-IR technique is widely used to determine hydrogen content in silicon nitride thin films

deposited by various CVD techniques[93].
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Figure 17: Michelson interferometer in an FTIR spectrometer.

In this work, FT-IR measurement were carried out using a Tensor 27, FT-IR spectroscope,
manufactured by Bruker Corp. The used measurement range was from 400 cm™ to 4000 cm™, with a
resolution of 4 cm™. The average spectrum from was obtained from 16 scan samples, after the

subtraction of the independently recorded background spectrum.

3.4. Mechanical surface profilometry

In order to assess the quality of as-deposited, annealed or etched thin film surfaces, or
microstructures during different stages of their fabrication, profilometric methods are employed as
standard approach to measure topographic features of the substrate. These methods are typically
based on visible light, electron-beam interaction with the sample surface, or are mechanical. The latter

group is in focus of this subchapter.

In two- or three-dimensional mechanical profilometer systems a stylus is brought into direct

contact with the sample surface, using a constant force, and is scanned along the surface using a linear
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motion (2D), raster or radial scan (3D). The vertical displacement of the stylus is converted into an
analogue electrical signal by a pickup, is amplified, converted to a digital signal and assigned to the
spatial coordinates [94]. The most important factors limiting both the lateral and vertical accuracy of
the measurement are the size of the stylus tip, the dynamic behaviour of the stylus, and the accuracy

of the moving mechanical stage.

In this work, a Bruker Dektak benchtop profilometer was used, mainly to identify and measure

etch profiles in a linear mode. The vertical measurement range was set to the lowest limit (20 um).

Atomic force microscopes (AFM) operate in a way that is largely similar to stylus profilometers,
that is the surface of a sample is probed by scanning a tip over it. The core component of an AFM is a
microcantilever acting as a soft spring, with an integrated tip ideally ending in a single atom. When the
tip comes in close proximity to the sample surface the interaction creates a net force between those
two. This force is measured by measuring the deflection or the corresponding feedback signal, and is
e.g. kept constant using a feedback loop [95]. As a consequence, when scanning over the sample
surface, the tip will follow the surface contour. This mode of operation is called contact mode. Another
possibility is to excite the cantilever near its resonant frequency using a piezoelectric element. In this
mode, the so-called tapping mode, the interaction forces are only present for a short duration of each
oscillation period, when the tip comes into sufficient proximity to the sample surface. In this case a
piezoelectric actuator is used to adjust vertical position of the cantilever in order to maintain a constant
amplitude of oscillation. The AFM image is formed from the measured intermittent forces of tip-

sample interaction [96].

3.5.  Nanoindentation

Nanoindentation is a destructive analysis technique, where a small, hard tip with precisely
known mechanical properties and geometry is pressed into a sample in order to determine its
mechanical properties. The tip is inserted into the sample by applying an increasing load force P, where
the resulting displacement d is measured simultaneously. After reaching the maximum load, the
applied force is reduced back to zero. The hardness H, as a function of indentation depth is determined
by dividing the load P by the indentation area A.. The indentation area is calculated using an area
function that takes both the geometry of the tip and the elastic load during the indentation process

into consideration. The reduced Young’s modulus is deduced from the slope of the unloading curve,
. A . . . .
the stiffness S = ﬁ [97]. Given the Poisson’s ratio of the material under test, the actual Young’'s

modulus Ef can also be calculated, albeit including influence of the substrate material when
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investigating a thin film. A common rule of thumb is to maintain at least a 1:10 ratio of maximal
indentation depth and film thickness in order to exclude the substrate influence on the measurement

results [98].

For the actual measurements, a MTS nanoindenter XP system has been used, with a diamond
Berkovich indenter tip: a three-sided pyramid with a half-angle of 65.3°. The specified vertical
displacement resolution is 0.02 nm, with a force resolution of 50°nN, and a maximal indentation force
of 500 mN. Typical samples thicknesses were in the range of 600-700 nm, with a maximal indentation
depth of 300 nm. This seems to be in contradiction with the aforementioned 1:10 rule, but it is
important to note, that the range in the measurement data influenced by the substrate can easily be

distinguished and discarded during post-processing.

3.6. Spectral reflectometry

Spectral reflectometry is an optical characterization method that is used to determine the
thickness, index of refraction and extinction coefficient of a transparent sample by the reflection of
electromagnetic radiation (light) [99]. A broadband (white) source of light is focused onto the sample,
and the reflected light is separated into its spectral components. The intensity of the reflected light
over the available wavelength range is measured. By comparing the measurement results to
analytically calculated values by processing, the most matching set of sample parameters can be
computed [100]. This, however, requires fairly good initial parameters, e.g. some available information
of the expected values of the film parameters given above. A strong limitation is set by the wavelength

of the irradiation source, as the measurement accuracy of very thin samples is negatively influenced.

In this work, a Filmetrics F20 spectral reflectometer was utilized for thickness and refractive
index measurement, with the accompanied FilMeasure software. The wavelength range for data

acquisition was 200-1100 nm.

3.7. Wafer geometry gauge

In MEMS manufacturing, wafer geometry measurement equipment can be extremely useful
to determine the actual thickness, total thickness variation (TTV) and bow of individual wafers, as these
parameters influence important parameters during processing (e.g. etch times) and the device
performance. For the investigation of thin films deposited onto blank wafers, wafer geometry gauges

can be utilized to determine the residual stress built up in the film, by measuring the bow of the wafer
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prior and subsequent to the thin film deposition. Given the thickness of the film and substrate-related
parameters, such as its Young’s modulus Es ,and Poisson ratio v, the biaxial film stress is determined
using a modified version [101] of Stoney’s formula [102]. In practice both optical and capacitive

measurement techniques are applied for measuring the curvature of the wafer.

For the wafer-bow measurements throughout this work, an MX-203 capacitive wafer
geometry gauge made by E+H Metrology GmbH was used. The biaxial film stress was in turn calculated

by using the wafer bow measurements, as well as the film thickness that was determined beforehand.

3.8. Thermal effusion measurement

In a thermal effusion measurement, the chemical composition of gaseous material escaping a
heated sample is analysed. Since thin films used in MEMS are often contain several chemical elements,
the identity and quantity of the materials that escape are somewhat indicative of its chemical
composition. More than that, the exact temperatures the respective species escape the thin film also

contains information about the structure of the material under test [103].

Thermal effusion measurements presented in this work were carried out in a custom-made
test chamber. The system consists of a vacuum chamber that is evacuated to a base pressure of
10° mbar for the tests using a two-stage pump setup. The sample is placed on an aluminium nitride
rectangular heater plate (Boralectric HTR1001), which is heated following a ramp from 15°C to 1000°C
over the course of 3 hours, held at 1000°C for 1 hour, and cooled down to room temperature, using a
Textra HC 3500 controller The quantity of materials detected is logged over the whole experiment, by
using the appropriate channels of a quadrupole mass spectrometer (HALO 201 RC residual gas analyser

by HIDEN, Inc.), from 1 to 100 amu (atomic mass unit).

3.9.  Summary

This chapter introduced a number of electron-optical, spectroscopic, optical, and mechanical
methods of instrumental analytics that can be effectively utilized for the assessment of important thin
film properties. In the following chapters 4 and 5, these techniques will be applied for the
characterization of amorphous silicon nitride thin films, deposited using the ICP-CVD and magnetron

sputtering techniques, respectively.
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Chapter 4: Physical and microstructural properties of silicon
nitride thin films deposited by ICP-CVD

Parts of this chapter have already been published in [104-106].

In section 2.2.3, some information about the basic properties of ICP-CVD deposited SiN films
were already presented, based on the work of Zambom [66, 67, 70], Chou [72] and Kshirsagar [74]. In
order to gain a deeper understanding about the ICP-CVD deposition of silicon nitride, a systematic
study was conducted targeting to tackle essential dependencies between deposition parameters and
the resulting physical properties of the SiN layers. The basis for this was provided by carrying out a

series of “screening” experiments (see below).

4.1. Experimental details of a-SiNx:H thin film deposition

The substrates used for the deposition experiments were double-side polished, n-type
(phosphorous doped,) (100)-oriented single-crystalline silicon wafers, having a resistivity of p >
50 Q-cm. The wafers had a nominal diameter of 4 inches and a thickness of 350115 um. Prior to the
thin film deposition, the substrates have been cleaned according to the following procedure: they were
subsequently rinsed with acetone and isopropyl alcohol, followed by a short (30 s) dip in buffered

hydrofluoric acid to remove the native oxide from the wafer surface.

The deposition experiments were performed using an Oxford Plasmalab 100 System (See
Figure 18) ICP-CVD downstream reactor (for details see chapter 2.2.3). The process chamber was
heated to the selected deposition temperature and evacuated to a base pressure of 9-:107° Pa, before
the substrate was loaded, and nitrogen and argon were introduced together with silane (SiH,) via a gas
distribution ring arranged about 5 cm above the substrate electrode. Flow rates of the SiH4 precursor
and the Ar dilution gas during the deposition were kept at constant values of 12 and 48 sccm,
respectively. After the introduction of the process gases, the pressure in the deposition chamber was
stabilized using an APC (automated pressure control) valve. The ignition sequence starts with the CCP
(capacitively coupled plasma) source set to maximum power (300 W), and the ICP source to 1500 W,
whereas the latter value being decreased during the silicon nitride deposition process. During two
subsequent steps the power of the CCP source was generally tuned down to zero, while that of the ICP
source was adjusted to the selected deposition power value. This practice was applied to ensure a
smooth transition to a stable ICP discharge and deposition process. After the deposition was

completed the plasma sources were turned off, while simultaneously cutting the process gas flows.
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Next, the process chamber was purged with pure N3 gas for a duration of two minutes to remove any
process gas residuals. Finally, the chamber was evacuated once again to the base pressure before the

coated substrate could be unloaded using the load-lock mechanism.

Figure 18: Photograph of the Oxford Plasmalab 100 System used for the ICP-CVD silicon nitride deposition experiments. A
schematic drawing is provided in section 2.2.3.

In order to efficiently investigate the influence of process parameters on the resulting
properties of the deposited silicon nitride thin films, a two-stage experimental series was performed.
The first experimental stage was designed for screening purposes. Here, the impact of all potential
input parameters was investigated on a fundamental level. For this assessment, an appropriate design
of experiments (DoE) approach was selected [107]. The list of relevant input variables comprised four
quantities: the ICP plasma power Picp, the pressure pgep in the deposition chamber, the substrate
temperature Ts, and the flow rate ratio Rnzssina of N2 and SiHa. Within the given constraints a two-level
full factorial design [108] was chosen including two additional runs with parameters set at the mid-
points resulting in 18 deposition runs in total, whereas the details are provided in Table 4. In the case

of depositions performed at a substrate temperature of 120°C, the wafers were clamped with a glass
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ring to the substrate holder and a He backflow was used for improved heat transfer. At Ts = 350°C, the
wafer clamp was removed, as under these conditions the thermo-mechanical stress at such high
temperatures induced by the differences in coefficients of thermal expansion would have been too
large, so that the heat was transferred solely in a radiative manner. The parameter values used in the
experiments were partly based on prior experience with the deposition system, as well as on values
reported in literature, especially on the works of Zambom et al. [66, 67]. It is worth noting that the
different deposition runs at both temperature levels were carried out in a random order, thus

eliminating any potential bias of the results. The deposition time was held constant at 15 minutes.

Run# | Ts [°C] | paep [MTorr] | Pice [W] | Ruz/sia
1 120 4 500 0.5
2 120 4 500 2
3 120 4 1000 0.5
4 120 4 1000 2
5 120 10 500 0.5
6 120 10 500 2
7 120 10 1000 0.5
8 120 10 1000 2
9 350 4 500 0.5

10 350 4 500 2
11 350 4 1000 0.5
12 350 4 1000 2
13 350 10 500 0.5
14 350 10 500 2
15 350 10 1000 0.5
16 350 10 1000 2
17 120 7 750 1
18 350 7 750 1

Table 4: Deposition parameters of layers synthesized within the screening stage.

The silicon nitride deposits were analyzed in the following manner: at first the thickness d and
refractive index n (at A = 632.8 nm) of the deposited thin films were determined using the spectral
reflectance (SR) method (see chapter 3.6). Given the film thickness, the deposition rate for each
parameter set was calculated, as well as the mechanical film stress provided by measurements with a
wafer geometry gauge (see Chapter 3.7). The temporal evolution of film stress was monitored by
taking repeated measurements at fixed time intervals. The chemical robustness of the silicon nitride
deposits was tested by immersing pieces of a coated wafer into a 1:7 mixture of concentrated
(50% v/v) hydrofluoric acid (HF) and de-ionized water. The wet etch rates were determined by the
surface profilometer measuring the step height at the etch front and by measuring the remaining film

thickness using the SR method. Due to the large etch rate variation across the set of samples, given in
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the next section, the etch times were adapted accordingly. Chemical analyses of the samples were

performed using techniques such as FT-IR (Chapter 3.3) and XPS (Chapter 3.2).

The screening experiments provide a suitable basis for an initial assessment regarding the
individual impact of these deposition parameters on the resulting physical, mechanical and chemical
properties of the silicon nitride thin films. Based on these results, a second stage of experiments were
performed, where the impact of the most influential deposition parameters is scrutinized individually,

while keeping all other variables constant.

4.2. Screening experiments and the influence of ICP power, deposition pressure,
and substrate temperature on film properties

The average measured values of the deposition rate Rqep, refractive index n, film stress o, and
wet etch rate WER [104] are presented in Table 5 to illustrate the main effects of the independent
variables (i.e. the deposition parameters) on the individual dependent variables (the measured values).
As it is apparent from the results, the most significant contrast can be found between the properties

of silicon nitride thin films deposited at low (0.5) and high (2) values of Rnz/sina.

All samples d [nm] | Raep [nm/min] | n o[MPa] | WER [nm/min]
Pice [W] 500 153 10.2 | 2.20 -380 570
1000 248 16.5 | 2.22 -518 865

Pdep [MTorr] 4 185 12.3 | 2.12 -530 588
10 216 14.4 | 2.30 -368 838

T [°C] 120 213 14.2 | 2.19 -398 1055
350 197 13.1 ] 2.18 -418 410

Rnz/sita 0.5 135 9.0 | 2.35 -962 5.8

2 266 17.7 | 2.07 +11 1429

Table 5: Influence of ICP-CVD deposition parameters on the measured properties of the silicon nitride thin films.

The extreme difference in all measured values of the physical properties of the samples is a strong
indicator that the precursor gas ratio is the most influential input parameter in the investigated range
of ICP-CVD deposition of silicon nitride thin films, and also shows strong correlation with the deposition
rate (as presented in Figure 19, Figure 20, and Figure 21). Moreover, these results suggest splitting the
samples into two categories, and investigate the influence of the other parameters beside Rnzsita
within these categories, rather than globally, thus avoiding that the effect of Rwz/sins obfuscates the

potential impact of Picr, paep and Ts. Therefore, within this thesis, the terminology Type I will be
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introduced for layers synthesized at a high Rnzsina values, while Type Il represents those deposited at

low Rwazsita.
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Figure 19: The index of refraction of ICP-CVD silicon nitride thin films versus deposition rate, grouping Type | and Type I
samples by the dashed line.
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Figure 20: Biaxial film stress of ICP-CVD silicon nitride thin films as a function of the deposition rate, grouping Type | and
Type Il samples including drift effects indicated by arrows.
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Figure 21: Wet etch rate in hydrofluoric acid of ICP-CVD silicon nitride thin films versus deposition rate, grouping Type | and
Type Il samples.

The recorded FT-IR absorption spectra also reveal a strong distinction between the
characteristics of Type I and Type Il a-SiNy:H films (see Figure 22) due to four salient differences. Firstly,
in the spectra of Type | samples there is a very prevalent N-H (Si-NH>) stretching mode absorption peak
at around 3330-3340 cm™ that is practically absent in the case of Type I/ layers [109, 110]. Secondly,
the compound Si-H stretching mode absorption peak (at about 2150 cm™) is clearly observable in
spectra of Type Il samples, but not in those of Type I. Thirdly, the appearance of a Si-O absorption peak
at 1108 cm®, which is far more prevalent in the spectra of Type I a-SiN,:H samples than in Type II. Since
the deposition took place in an oxygen-free environment, the only plausible explanation for this effect
is the post-deposition oxidation of the samples. Lastly, the shift of the main Si-N stretching absorption
band towards lower wavenumbers of Type I (and towards stoichiometric silicon nitride as well, with
the theoretical peak at 840 cm™ [111]) with respect to Type Il is clearly observable. This could
theoretically be attributed to two individual factors. The difference in residual stress can lead to
different bond lengths and as a consequence, a different frequency of the Si-N stretching mode
vibration. The other possibility is, given a difference in the stoichiometry/chemical composition or
microstructure of the Type I and Type Il samples, the average local bonding environment of a Si-N bond
may statistically be significantly different. This means that the Si-N stretching vibration mode is
distorted differently by the neighbouring atoms in the two individual a-SiNy:H layer types, again leading
to a discrepancy in the peak wavenumber of the absorption band. This issue is addressed after

analysing in detail the results of the XPS measurements in the following part of this section.
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Figure 22 : Comparison of the FTIR spectra of Type | and Type Il ICP-CVD silicon nitride thin films with the most prominent
absorption peaks highlighted. The peak at ~ 2350°cm is attributed to atmospheric CO,.

The XPS surface scans also reveal a notable difference between the silicon peaks of Type I and
Type Il films, as presented in Figure 23. From this point on a simple deconvolution of the peak into
three Gaussian peaks associated with pure silicon, silicon nitride and silicon dioxide [112] is performed.
This demonstrates some important differences between the two layer types. In Type [ films, as
illustrated in Figure 23a, the majority of the signal originates from electrons of Si-N bonds, and only a
small portion is associated with pure silicon. In contrast, as shown in Figure 23b, XPS spectra of Type Il
samples exhibit a relatively large portion related to pure silicon in the Si peak of their XPS spectrum.
These observations set a very clear tendency, in which the average number of nitrogen atoms a silicon
atom forms a bond with is significantly higher in the case of Type I than for Type Il layers. This result is
consistent with the shift of the main Si-N absorption band in the infrared spectra between Type I and
Type Il samples. In Type | samples, the asymmetric stretching mode Si-N absorption peak at 902 cm*
is dominant, while in the case of Type Il samples the peak at 870 cm™ typically prevails in near-

stoichiometric SisNs samples [111].

More realistically though, is the assumption that in both cases the observed Si-N absorption
band is a compound band, a convolution of the basic Si-N asymmetric stretching mode vibration,
perturbed by all the different possible adjacent atoms. The reason for the high portion of Si being in a
SiO; bonding configuration for both Type I and Type Il samples is that the XPS scans were performed

only on sample surfaces, which were prone to oxidation during storage under atmospheric conditions.
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Figure 23: Detailed view on the silicon peak centred at the binding energy E, of 102 eV of XPS spectra of Type | (a) and Type
Il (b) ICP-CVD silicon nitride thin films demonstrating the different chemical shift by a deconvolution into Si, SisN4, and
SiO,-related peaks.

Depth profiles of the atomic composition of both Type | and Type Il samples were also
recorded, by using the XPS technique (see Figure 24). The average N/Si atomic concentration ratio over
the whole thickness of the a-SiNx:H thin film samples turned out to be in the range of 0.57-0.65 in the
case of Type I and between 0.35 and 0.52 for Type Il samples. This means that all the samples are rather
silicon-rich, featuring a much lower N/Si ratio compared to both stoichiometric SizNs and the N/Si
atomic ratio of 1 to 4 in the precursor gas mixtures. The reason for these high discrepancies is the
dissociation rate of SiH, being significantly higher than that of N, in the ICP plasma [113]. This leads to
a more efficient incorporation of Si atoms into the deposit compared to N, resulting in Si-rich samples.
Type | samples also exhibit a high concentration of oxygen (in the range of 11.6-17.7 at. %), which
remains relatively constant throughout the thickness of the sample, excluding the surface-near region.
As pointed out above, the only possible source of the incorporated oxygen is from the atmosphere, in
which the sample was stored between deposition and the XPS study. Indeed, there are reports of
similar post-deposition oxidation of hydrogenated silicon nitride thin films in standard literature [114].
In contrast to these findings, Type Il samples do not seem to undergo post-deposition oxidation,
excluding the regions close to the surface, as the measured oxygen concentration remains below 2 at.
%. It is important to stress that these reported concentrations do not take any impact arising from the
hydrogen which is incorporated during film deposition into account, due to the inability of the XPS
measurement technique to detect such light elements. That means that the absolute values of the
reported atomic concentrations are only valid when considering a silicon/nitrogen/oxygen ternary

system, and are only meant to demonstrate the relative frequency of Si, N and O atoms in the samples.
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The consequences of the post-deposition diffusion of oxygen-containing species, and their

incorporation into the samples are discussed further below.
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Figure 24: XPS depth profiles showing the apparent concertation of silicon, nitrogen and oxygen throughout the thickness of
Type | (continuous line) and Type Il (dotted line) ICP-CVD silicon nitride thin films. The sputter etch rate was approximately
0.04 nm/min, as in the case of the Type Il sample the silicon substrate is reached.

Another deposition parameter that has a strong impact on the film properties is the ICP plasma
power which increases the deposition rate when P is enhanced. This behaviour is expected, due to
the following considerations: a higher plasma power level leads to a higher power density in the same
reactor volume. This results in enhanced ionization and dissociation of the precursor gases, and hence,
in a higher density of reactive species. The higher availability of these species induces higher reaction
rates, both on the reactor walls [66, 73] and on the surface of the substrate. In numbers, the average
regep increases from 10.2 to 16.5 nm/min when P, is enhanced from 500 to 1000 W. The other
significant effect is the decrease of the wet etch rate from an average value of 1045 nm/min to
410 nm/min with the increase of the substrate temperature T, from 120°C to 350°C. This is
predominantly attributed to the increased adatom mobility at higher temperatures enabling adatoms
to reach energetically more favourable crystallographic sites during film growth, leading to a denser
microstructure [115]. The films with denser microstructures tend to be more robust and resistant
against the etchant. The biaxial film stress o also shows a significant variation depending on the gas
flow ratio Rnz/sina. In the case of Type | samples, measured immediately after the deposition, o is found
to be in the range of -200 to +100 MPa, demonstrating a low intrinsic stress level. On the contrary,
samples of Type Il SiNy thin films are with -1350 and -700 MPa under high compressive stress. A more

peculiar phenomenon was revealed by the periodic repetition of wafer bow measurements for the
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determination of the biaxial film stress over a time period of three weeks after film synthetization.
When looking at the temporal evolution of g, the results clearly demonstrate a significant shift to
higher compressive values, but only in the case of Type | samples. In contrast, for Type Il samples, o
was found to stay constant in the investigated timeframe. This behaviour is illustrated in Figure 25.
This gradual change in o after deposition, as well as the significant amount of oxygen bonded with
silicon atoms in Type | samples (see the FTIR and XPS results above) provide a solid explanation. As
already described by other authors [114, 116], diffusion of water vapour (H,0) and atmospheric oxygen
into amorphous hydrogenated silicon nitride thin films can occur even at room temperature. This
suggests that these oxygen-containing species penetrate and diffuse into the loosely bonded matrix of
Type | a-SiNx:H samples, while getting implemented into the a-SiNx:H matrix either gaseous or loosely
bonded or more strongly by reactions with chemically-active constituents saturating e.g. dangling
bonds. Basically, the uptake of this additional material into the a-SiNs:H matrix causes an increase of

compressive stress in the sample, as known from e.g. the thermal oxidation of silicon [117].
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Figure 25: Temporal evolution of the biaxial film stress of Type | and Type Il ICP-CVD silicon nitride thin films, deposited at
Ts = 120°C and 350°C, respectively.

Although it is apparent from Table 5 that due to the large influence the parameter Ruzssinga has
on film properties further investigations are required which will be presented in section 4.3. Since — as
presented by the previous results — the properties of Type | and Type Il samples can differ substantially,
it is of utmost importance to investigate the other deposition parameters systematically and in detail.
For reasons of clarity, Table 6 and Table 7 summarize the impact of deposition parameters on film

properties of Type | and Type Il a-SiNx:H thin film samples, respectively.
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It was found that in the case of Type | samples the deposition rate rsep increases almost
proportionally with plasma power P,cp from 12.5 to 22.9 nm/min. at 500 and 1000 W, respectively. This
finding is fully in line with the explanation presented above, also signifying that under “Type |/
conditions”, i.e. when Ruzsina = 2, the formation of a-SiNx:H is only limited by the availability of reactive
species. When increasing either the deposition temperature T; or chamber pressure pge, While keeping
the other deposition parameters fixed a slight shift of the biaxial stress o in the tensile direction results
(i.e. from 31 MPa from T = 120°C to 350°C and 32 MPa from pgep, = 4 mTorr to 10 mTorr, respectively).
Besides that, the stress drift Ac measured 7 days after deposition is significantly larger when the
deposition temperature is increased (Ao = 101 and 158 MPa on average for films deposited at 120°C
and 350°C, respectively). Higher deposition temperatures result in a strong reduction of the wet etch
rate WER, also when specifically considering Type | samples (by a factor of about 2.5 from 120°C to
350°C). On the other hand, an increase of P,cp from 500 W to 1000 W or pge, from 4 mTorr to 10 mTorr
both give rise to a similar increase in WER (by a factor of about 1.6 and 1.5, respectively). These latter
effects can be both explained when considering that with higher Picp or pdep, the deposition rate also
increases, and as a result the adatoms may lack sufficient time to diffuse to energetically more
favorable positions on the film surface. The consequence is that under these growth conditions the
bond matrix of the deposited a-SiNx:H thin films finally is less dense and more penetrable, by extension
less robust against aggressive etch media, such as HF. The density of N-H bonds in Type | samples
(which corresponds to the area under the N-H (Si-NH,) peak) is inversely correlated to the deposition
temperature (decreases by a factor of 1.54 from 120°C to 350°C), but slightly increases with increasing

pdep (by a factor of 1.07 from 4 to 10 mTorr) and increasing Picp (by a factor of 1.28 from 500 to 1000 W).

Type | d [nm] | rgep [nm/min] | n o[MPa] | WER [nm/min]

Pice [W] 500 188 12.5 | 2.03 +8 1135
1000 344 229 | 1.96 -5 1868

Pdep [MTorr] 4 246 16.4 | 1.96 -14 1165
10 284 18.9 | 2.03 +17 1766

T[°C] 120 273 18.2 | 2.02 -17 2032
350 252 16.8 | 1.97 +15 826

Table 6: Impact of ICP-CVD deposition parameters on the properties of Type | silicon nitride thin films.

In the case of Type Il samples, a sub-proportional increase of rqe, is observed when the plasma
power Picp is increased from 500 W to 1000 W. This indicates that the reaction and hence, the
deposition rate, is not only limited by the generation of reactive species, but to some extent also by
the availability of precursor gases, in this case Na. In contrast to Type / thin films, the refractive index

n shows significant variation (between ca. 2.1 and 2.7) in Type Il samples. This can be correlated to the
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variation of the chemical composition (prominently the Si/N ratio) within the sample type, as given by
the Lorentz-Lorenz equation [118], which relates the refractive index n to the (composition-
dependent) polarizability of the material. Deposition parameters that have an influence are the
substrate temperature (An = 0.14+0.03 from Ts = 120°C to T; = 350°C) and the deposition pressure (4n
= 0.36 £ 0.03 from pgep = 4 mTorr to paep = 10 mTorr). These results suggest major compositional
differences between individual Type Il a-SiNx:H samples. In contrast to the behavior of n, the biaxial
stress o only shows slight variation between different Type Il films, where both an increased P and
higher T; values lead to stronger compressive stress. It is important to note, that contrary to Type /
samples, o does not show any drift behavior in the case of Type Il films, and stays constant over any
investigated time-frame. Interestingly, the effect of T; on the wet etch rate of Type Il samples is very
similar to that of Type | films, albeit at substantially lower absolute values of WER. When increasing
the deposition temperature T, from 120°C to 350°C, the average wet etch rate decreases from 11.0 to
2.5 nm/min (by a factor of 4.4 cf. 2.5 in the case of Type /). On the other hand, the increase of the
parameter pqep causes WER to decrease by a factor of about 3.1, in contrast to the observed increase
in Type | samples. The negligible observed influence of the increase in Picp on WER indicates that the
effect of P,cp on the chemical composition and bonding configuration of Type Il a-SiNy:H samples is very
minor. Experimental results also indicate that the formation of Si-H bonds in Type Il a-SiNx:H is affected
by the deposition parameters pge, and Picr (not shown). The larger pgep and Picr are, the higher is the
measured density of Si-H bonds in the FT-IR spectrum (by a factor of 1.24 between 4 and 10 mTorr and
a factor of 1.27 between 500 and 1000 W, respectively). Nevertheless, with increasing paep, the peak
of the Si-H asymmetric absorption band is shifted to lower wavenumbers (average peak positions:
2158 cm™tand 2122 cm™® at 4 and 10 mTorr, respectively). Since this parameter shows only a very slight
correlation with the biaxial stress o of the samples, it can be attributed to changes in chemical
composition (cf. the part about the refractive index n). In more detail, this means that the “Si-H”
compound absorption band (a convolution of Sis-Si-H, Si>-Si-H, and Si-Si-Hs sub-bands) has a larger
portion of bonds in a relatively Si-rich configuration. This observation again is coherent with the

measured changes in n.
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Type ll d [nm] | Raep [nm/min] | n o[MPa] | WER [nm/min]

Picp (W] 500 95 6.3 | 2.43 -890 6.1
1000 152 10.1 | 2.53 -1032 7.5

Pdep [MTorr] 4 125 8.3 ] 2.25 -1010 10.2
10 122 8.1 2.61 -912 3.3

T[°C] 120 122 8.1] 2.36 -835 11.0
350 123 8.2 | 2.50 -1087 2.5

Table 7: Impact of ICP-CVD deposition parameters on the properties of Type Il silicon nitride thin films.




Based on the deposition temperatures being involved in this study, and on other works [119-
121] it is reasonable to assume that the ICP-CVD silicon nitride samples have an amorphous
microstructure. To verify this assumption, a sample deposited at Rnzssima=1, Ts = 350°C, Picp = 750 W
and pgep =°7 mTorr was chosen as representative for XRD (X-ray diffraction) analysis as it was deposited
at maximum substrate temperature. As illustrated in Figure 26, no characteristic peaks besides that of

the substrate are detected excluding the presence of any crystallographic phase in the layer.

As an additional experiment, samples have been deposited using varying substrate
temperatures between T; =120°C and 350°C, while keeping all other parameters constant. The results
show almost no impact on rgep (17.6+£0.4 nm/min), n (2.02£0.08), and o (+19+37 MPa), in agreement

with the previous results.
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Figure 26: XRD diffractograms of a Type | ICP-CVD deposited silicon nitride sample, “as deposited” and after annealing for 1h
at 300°C under atmospheric conditions. The Si(100) peak is associated to the substrate.

Summarizing the results, it can be stated that the above experiments revealed the precursor
gas ratio Rnzssingato be the most influential parameter affecting the chemical composition and physical
properties of ICP-CVD deposited silicon nitride thin films. The significance of this parameter is so
dominating that in order to properly scrutinize the influence of other parameters, the samples were
put into two distinct categories, based on the used Rnzsing value. Samples that have been deposited

using Rnzssina = 1 fall in the category Type I, while in the case of Rnzsiva< 1 we talk about Type Il films.
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Type | films are characterized by low (n < 2) refractive indices, a high WER in HF, and low g, which is
prone to significant drift over time by building up additional, compressive stress. In contrast, Type Il
samples have higher (2.1 < n < 2.7) refractive indices, are much more resistant against the etchant HF,
and have a strong compressive, but stable biaxial stress. These film parameters listed are rather
important differences induced only by changing Rnz/sina. But, for device applications, it is most desirable
to deposit SiNy thin films that feature properties like a low film stress in combination with a large
temporal stability, so representing a combination of pure Type | and Type Il features. For reaching this
goal, a subtler variation of Rnzssivg than in the screening experiments would lead to a less extreme
variation of the physical properties of ICP-CVD deposited a-SiNy:H thin films. This will be the topic of

the next section.

4.3. Influence of the precursor gas flow rate ratio

In order to properly assess the influence of the precursor gas flow ratio Ryz/sins on the resulting
properties of ICP-CVD deposited a-SiNk:H thin films, a second series of experiments has been
performed [105]. In this case the chamber pressure during deposition pqep, the ICP plasma power Picp,
and the substrate temperature T; were held constant at values of 7 mTorr, 750 W and 350°C,
respectively, while Rwzsiva was gradually changed from 0.5 to 8. A detailed list of the process
parameters is provided in Table 8. Due to the limitations set by the mass flow controllers of the
deposition system, the maximum flow rate of the gas N, was limited to 48 sccm, thus in order to
achieve Rny/sing> 4, the flow rate of silane had to be reduced, from the standard value of 12 sccm. But,
as demonstrated in additional pre-experiments, most important is the Rnzsing value, not the absolute
values of the individual gas flows. The reason for this is that the deposition reaction only consumes a
small portion of the gas species delivered into the reaction chamber. This leads to thin film properties
being almost independent of the actual flow rates over a large range, and will be affected only by the
ratio of partial pressures of the individual precursor gases, being in turn defined by Rnz/singa. Any change
in the partial pressure of the inert gas Argon between approximately 2 and 5 mTorr (by changing the
Ar flow between 12 and 48 sccm) — as some additional test depositions showed — has no significant

influence with respect to the a-SiNy:H film properties.

In accordance with the results in Section 4.2, a steep increase of rg, Was observed between
Rnzssina= 0.5 and 1, from approximately 9 to 18 nm/min (see Figure 27). This is accompanied by a rapid
decrease of the refractive index n, from approximately 2.7 at Rnzssina= 0.5 to about 2.0 at Ryzssina =1,
as illustrated in Figure 28. These findings again indicate that an increased deposition rate is

accompanied with a significant compositional change in the a-SiNy:H films.
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Rnz/sima | Isina [sccm] | raz [scem] | Pice [W] | paep [mTorr]
0.5 12 6 750 7
0.66 12 8 750 7
0.75 12 9 750 7
0.83 12 10 750 7
1 12 12 750 7
2 12 24 750 7
4 12 48 750 7
8 6 48 750 7

Table 8: Overview of the experimental series for the assessment of ICP-CVD deposited a-SiNy:H thin film properties as a
function of the precursor gas ratio Ryzysita. r'sina and ryz are the flow rates of the nitrogen and silane gas, respectively.
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Figure 27: The deposition rate of ICP-CVD silicon nitride thin films as a function of Rnz/sina.

A gradual, but significant change of the biaxial film stress o is measured over the same range,
as shown in Figure 29. At Rnz/siva= 0.5, o is in the range of -1000 MPa, which corresponds to a strong
compressive stress, while at Rwnzsiva=1, 0 is about +200 MPa (i.e. moderately tensile). The zero-
transition can be found at around Ryzssinva= 0.75. In this range, the stress o has been found to be stable
over time, similar to Type Il samples. The major difference in this case is, that the variation of the value
of Rnzssina between 0.5 and 1 leads to far larger discrepancies between the resulting properties of
a-SiNy:H samples, than it was found between the typical Type Il samples of the screening experiments

in section 4.2.
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Figure 28: The index of refraction of ICP-CVD silicon nitride thin films as a function of Rnz/sita.
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Figure 29: The biaxial film stress of ICP-CVD silicon nitride thin films as a function of Rnzssiva measured directly and 3 days
after the deposition.

In contrast to these results, the a-SiNs:H samples deposited in the range of 1 < Rnzsina< 8, show
pure Type I-like behaviour. Basically, the biaxial film stress o is low (i.e. in the range of 0 + 100 MPa)
directly after synthetization, but drifts (see Figure 29), as described in section 4.2. The variation in
refractive index n (1.96 to 1.99) is, however, relatively low. This indicates that adding surplus N, above
a critical Rnzssing value to the reactive gas mixture does not lead to a higher incorporation of nitrogen

into the deposit, due to a saturation effect. On the other hand, at higher Ryasina values a significant
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decrease of the deposition rate is observable which is attributed to the oversaturation of the precursor

gas mixture with Na.
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Figure 30: Concentrations of Si, N and O in ICP-CVD silicon nitride thin films measured with XPS as a function of Rnz/sita
values.

The elemental composition of the samples besides hydrogen and argon have been once again
measured with XPS technique. This time — in order to avoid measuring the composition of the already
highly oxidized surface, which can greatly vary when penetrating deeper into the sample — the
measurement was done after in situ sputtering cleaning removing about 5 nm from the surface of the
sample. The obtained results are presented in Figure 30. It is important to note that while the
composition of the samples remains silicon-rich over the whole investigated Rnz/siva range compared
to stoichiometric SisNs and the apparent silicon concentration steadily decreases from 64 at. % at
Rnzssina= 0.5t0 52 at. % at Rnzssina = 2, the nitrogen concentration features a maximum of about 41 at. %
at Rwzsiva= 0.75. Although exhibiting a higher Si concentration than in SisNs, the latter Ryzssing value
leads to a composition being closest to the stoichiometric ratio. The measured concentration of oxygen
shows a steady increase from < 2 at. % at Rzsiva= 0.5 up to 15 at. % at Razsiva= 2 that is practically
silicon oxynitride. The change of the N/Si atomic ratio also causes a chemical shift of the Si-related XPS
peak, as illustrated in Figure 31, since with increasing N-content Si atoms in the a-SiNx:H matrix will

have statistically more neighbouring N atoms.
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Figure 31: Chemical shift in binding energy of the XPS Si-related peak of ICP-CVD silicon nitride thin films as a result of a
change in Rnz/sitia-
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Figure 32: FT-IR spectra of ICP-CVD silicon nitride thin films deposited at selected Ryz/sina values.

These compositional differences are readily reflected in the observable absorption band
characteristics of the samples’ FT-IR spectra. The accumulation of oxygen in the a-SiNy:H samples with
increasing Rnzssinais displayed by evaluating the Si-O asymmetrical stretching absorption band having
its peak at 1108 cm™. A significant increase in the relative Si-O bond density with increasing Rnzsiva Was
confirmed (see Table 9), by a factor of >25 between Ryzsina = 0.5 and Rwzssiva = 1, thus being in good
qualitative and quantitative accordance with the results gained from the XPS study. In accordance with
the results of section 4.2, the hydrogen in the a-SiN4:H samples is predominantly present in Si-H bonds

when Ruzsingis low (< 0.75, Type Il), or in N-H bonds when Ryzsingis high (2 0.83). The unique property
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is that at about Rnzssina= 0.75 both the Si-H and the N-H absorption bands coexist in the sample (see
Figure 32).

The relative bond densities as a function of Ryzsing are presented in Table 9. Consistently with
the results of the XPS study, the Si-N bond density has a maximum at Rnzsinva= 0.75. In addition, the
peak of the Si-N asymmetric absorption band is shifted towards higher frequencies with increasing

Rnz/sina, due to the changes in N/Si ratio, as it is displayed in Table 9.

These results indicate that with a careful selection of Ryasing, a-SiNx:H can be deposited that
are characterized by a o that is both low and stable over time as typically requested for MEMS device
applications. This is a significant improvement compared to the results gained from the screening

experiments.

Relative bond density [a. u.]
Rnz/sina | N-H Si-H | Si-O | Si-N (peak position)
0.5 |0.064 | 1.568 | 0.008 | 15.78(835cm™)
0.75 | 0.360 | 0.132 | 0.024 | 24.79(839cm™)
1 2.088 | 0.094 | 0.211 | 21.06 (856 cm™)

Table 9: Relative bond densities (calculated from the areas under the corresponding peaks in the FTIR spectra) of some
selected absoprtion bands of ICP-CVD silicon nitride thin films extracted from their FT-IR spectra as a function of Rz/siHa.
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Figure 33: Heater temperature and hydrogen partial pressure as a function of time in the high temperature effusion
measurement setup. The sample used was a Type | a-SiNy:H film with d = 300 nm.

Using the method outlined in Section 3.8, high temperature effusion measurements were

performed on selected Type | samples. A typical measurement curve showcasing the effusion of
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molecular hydrogen from the thin film is presented in Figure 33. The initially high, but rapidly
decreasing partial pressure of hydrogen is the result of desorption from the chamber walls at relatively
low temperatures. Unsurprisingly, once the temperature increases above the deposition temperature
of the samples (350°C in this case) a steep increase in the detected hydrogen partial pressure is
observed. This is attributed to the effusion of loosely bonded hydrogen from the easily permeable
amorphous matrix. In the temperature range of 600 to 700°C, this process is vanished, as the loosely
bound hydrogen is depleted. At temperatures exceeding 800°C, the partial pressure of hydrogen shows
a second region of rapid increase. This is likely an effect of the microstructural rearrangement of the
amorphous matrix, leading to the expulsive effusion of hydrogen previously stored in form of N-H and

Si-H covalent bonds.
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Figure 34: Process parameters enabling to tailor the biaxial film stress of ICP-CVD deposited silicon nitride thin films while
preserving its stability. a): The impact of pdep, With Tgep = 350°C, Rnzysina = 0.75 and Picp = 750 W b): The impact of Pice, with
Tdep =350°C, Rnzsina = 0.75 and paep = 7 mTorr.

In order to assess the potential of the stable, low-stress a-SiNy:H films, a couple of additional deposition
runs were performed in which the values of the secondary deposition parameters (in this case pge, and
Picp) have been varied, while maintaining Rnzsiva at the value of 0.75. The outcome of these
experiments clearly demonstrates that as long as Rnz/sing is kept around 0.75, Picp and pgep can be varied
without sacrificing the long-term stability of the biaxial film stress 0. Moreover, pge, and Picp can be
utilized for tailoring the desired value of o (see Figure 34). An increase of P,cp from 500 W to 1000 W
leads to a shift of o from approximately -200 MPa (moderately compressive) to about zero. Conversely,
when pgep is increased from 4 mTorr to 10 mTorr, o changes from +150 MPa (tensile) to -250 MPa
(compressive). This shows that the reactive gas ratio Rnzsina can be effectively used in combination
with pgep and Picr in order to tune the physical properties of ICP-CVD deposited a-SiNy:H thin films.
However, there is still another deposition parameter in the ICP deposition process that has large
potential in controlling the deposition and resulting properties of a-SiNy:H thin films. This the auxiliary
capacitively coupled plasma power Pgg, the impact of which will be investigated in detail in the next

section.
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4.4. Influence of CCP power

As mentioned in Chapter 2.2.3, ICP-CVD deposition systems, such as the Oxford Instruments
Plasmalab 100 used in our experiments, are typically equipped with an ancillary capacitively coupled
plasma source. This component is by default only utilized during the initial ignition of the inductively
coupled plasma discharge, when starting the deposition process. The capacitive plasma source,
however, can also be used as an additional source of energy during the deposition process. Doing so,
an independent parameter is made available enabling to control separately the density of the plasma
and the bias voltage, respectively. This additional degree of freedom allows a more flexible control
over the physical properties of ICP-CVD deposited a-SiNx:H thin films than other state-of-the-art

approaches like LPCVD or conventional capacitively coupled PECVD processes.

In order to study in detail the influence of the capacitively coupled plasma power Pge on film
properties, additional deposition experiments were carried out [106]. The substrate materials, as well
as the methods of cleaning and pre-treatment were kept identical to those applied and described in
the previous sections. For reasons of comparability the deposition conditions were also kept constant
to a maximum degree between the individual deposition series. The nominal substrate temperature
was kept at 350°C for generally higher quality results, and pgep at the mid-point of 7 mTorr. Since Picp
was found to have only minor influences on the layer properties (beside on the deposition rate) in the
previously investigated range of 500 to 1000 W, this parameter was set to 750 W. In the main
deposition series, Rnzsina Was set to the value of 1, while Pge was changed between 0 W and 150 W.
Additionally deposition runs with Pg- = 150 W and Rnzssina = 0.5, 0.75, and 2, were performed, in order
to study the impact of an additional capacitively coupled plasma source on the resulting properties of
Type |, Type Il and intermediate type a-SiNx:H thin films. The deposition parameters of these

experiments are listed in Table 10.

Pre [W] | Pice [W] | Rnzssita | Pdep [mTorr] | Ts [°C]
0 750 1 7 350
10 750 1 7 350
20 750 1 7 350
350 750 1 7 350
50 750 1 7 350
100 750 1 7 350
150 750 1 7 350
150 750 0.5 7 350
150 750 0.75 7 350
150 750 2 7 350
Table 10: Overview on the deposition experiments for determining the influence of CCP plasma on ICP-CVD a-SiNy:H thin film
properties.
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The effect of Pk on the deposition rate rqe, of ICP-CVD silicon nitride is shown in Figure 35. It is
immediately apparent that this parameter has a significant influence on rsp,. Moreover, the
investigated range of Pr-from 0 to 150 W can be grouped into two distinct regions. The first one ranges
from Pgre = 0 W to about Pge = 35 W, while the second covers the range above that value. In the first
region rqep increases with increasing Pge, from approximately 19 nm/min to 23 nm/min. On the other
hand, between Pz = 35 and 150 W a steady decrease of rgp is observed reaching a value of
rdep = 14 nm/min at Pre=150 W. This contradictory behaviour in the deposition characteristics
suggests that the addition of an auxiliary capacitively coupled plasma discharge to the ICP-CVD process
facilitates at least two, counteracting effects. Based on the available data and theoretical
considerations [43, 59] the following hypothesis is proposed: it is clear that activating the ancillary
capacitively coupled RF plasma source provides additional energy to the deposition process, thus
increasing rqep. This additional energy can lead to increased excitation, dissociation and ionization of
the precursor gases in the plasma. The result of this is twofold, as it appears both in the quantity and
quality of the generated reactive species: compared to a purely ICP discharge, more reactive particles
and other types of reactive particles are produced. This can lead to a significant alteration of the plasma
chemistry. Moreover, due to the inherent characteristics of the reactor, the aforementioned reactive
species resulting from the CCP discharge appear generally near the substrate surface, further

strengthening their impact, resulting in enhanced deposition rates.
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Figure 35: The deposition rate of ICP-CVD silicon nitride thin films as a function of Pge.
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The second effect is associated with the vertical electrical field (“bias”) generated by the
capacitively coupled RF plasma, being naturally stronger with increasing Pgr (see Figure 36). This field
accelerates the positive ions (e.g. Ar*) in the plasma discharge towards the substrate surface, leading
to an enhanced ion bombardment and an effective reduction of the deposition rate at higher Pgr
values. Given the boundary conditions and fixed parameters of this experimental series, the value
where the ion-bombardment related effect starts to dominate the increased generation of reactive

particles is at about Pger =35 W.
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Figure 36: The resulting bias voltage in the ICP-CVD silicon nitride process as a function of Pge.

In contrast to the observed behaviour of the deposition rate, the refractive index n tends to
steadily increase with increasing values of Pgr over the whole investigated range. At Pgr =0 W which is
basically a standard Type | film, n has a value of 1.95, slowly increasing into the range of 2.1<n<2.2
for Pge > 50 W, as shown in Figure 37. Despite n being in some cases lower than the value associated
with stoichiometric SisNs, these films are still silicon-rich as demonstrated by XPS measurements
presented in sections 4.2 and 4.3. This is due to the considerable amount of hydrogen that is stored in
the ICP-CVD thin films either as H, molecules or in form of Si-H or N-H covalent bonds (thus the

prevalent notation a-SiNy:H, i.e. hydrogenated silicon nitride).
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Figure 37: The index of refraction of ICP-CVD silicon nitride thin films as a function of Pge.

Typically, ICP-CVD deposited a-SiNx:H thin films are amorphous. Because of a large number of
structural defects, the amorphous hydrogenated silicon nitride (a-SiNx:H) matrix has a lower density,
and as a consequence, a lower index of refraction compared to crystalline silicon nitride. In
combination with the inclusion of hydrogen, the decrease in density and n can be significant in contrast
to a binary Si-N system. As already pointed out in the previous sections, the change in the weight
density pm of the samples can be indirectly linked to the change in the refractive index n via the Lorentz-

Lorenz (Clausius-Mossotti) equation:

n>—1 4n (4.1)
n2+2 3

where N is the spatial density of molecules and « is the polarizability [122]. The necessary assumptions
are that the sample material is homogeneous, isotropic, with a polarizability a that is constant across
the whole sample range. While the first two assumptions can be generally accepted to be true for the
samples in this study, the polarizability is certainly affected when the chemical composition of the
material changes. When neglecting this a potential error is introduced that needs to be kept in mind
when analysing the results. In order to perform the calculations, the samples were weighted
(determining the weight of the thin films by measuring the wafers prior to and after the deposition)
using an analytical scale by Sartorius AG, with a resolution of 0.1 mg. The weight density pm was found
to be increasing with increasing values Pgr. At Pre=0W pp is 2.67 + 0.01 g/cm3, at Pz = 35 W
Pm =2.85%0.02 g/cm3, while at Pz = 150 W pp, is 2.93 +0.03 g/cm3. In comparison, the theoretical
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weight density of stoichiometric SisN4 is around 3.2 g/cm? [123], with real-life values depending on the
deposition or synthesis method [28]. Given this value, the expected relative change of the refractive
index n can be calculated. The resulting values are An = 0.09 + 0.03 from Pge=0 W to 35 W and 0.15 +
0.04 for Pge = 0 to 150 W, respectively. This is in reasonable agreement with the measured values of
An =0.13 from Pge=0 W to 35 W and An = 0.15 for Prr = 0 to 150 W, especially given the uncertainty
of the refractive index measurement with the SR method and the error introduced by a local variation
of a. Based on these results it can be stated that the increase of n is the consequence of a change in
the chemical composition of the sample deposits to a more Si-rich composition, and/or a decrease of

the void volume in the a-SiNy:H film.
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Figure 38: The biaxial film stress of ICP-CVD silicon nitride thin films as a function of Pgr.

It was also found that activating the ancillary CCP RF plasma source has a very significant
impact on the resulting biaxial stress o of the deposited a-SiNy:H thin films, as it is presented in Figure
38. While — as it is a typical Type I film — o is very low at Pze= 0 W, activating the CCP source with a low
value of 10 W leads to immense compressive stress, with o <-2 GPa. It is worth mentioning in this
context that although CCP-related discharges with Pgr < 10 W could be successfully ignited, down to a
minimum of Pge =5 W, the capacitive discharges at such a low power suffer from instability, leading to
inconsistent results. Generally, it can be said, that for 0 W < Pr- <10 W, the deposits still exhibit strong
compressive stress. When increasing Pgr further, the compressive stress reaches its maximum between
Pre =20 W and Pgrr =35 W, at a value of approximately o =-2.5 GPa. At higher values of Pz, a gradual

reduction of the compressive stress can be observed, to the value of 0 =-1.75 GPa at Pg-= 150 W.
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Furthermore, the addition of Pge>0 W successfully eliminates the post-deposition drift of o in
compressive direction, that was prevalent in the case of films deposited with similar Ryzsina values
(basically Type I films), without utilizing the CCP RF plasma source. But, the magnitude and the almost
abrupt onset of highly compressive stress with the activation of the CCP RF plasma source makes it
extremely unlikely that this high stress originates from the mismatch of the TCE (temperature
coefficient of expansion) between the substrate and the deposit. In turn, it is attributed to substantial
changes in the chemical composition or morphology of the a-SiNy:H thin films. The modest decrease in
the absolute value of o above Pge =35 W is due to a change in chemical composition induced by the

enhanced ion bombardment during deposition.
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Figure 39: Impact of the auxiliary CCP plasma source on the FT-IR spectra of ICP-CVD silicon nitride thin films deposited using
different Rnysina values.

In order to investigate the impact of the ancillary CCP RF plasma discharge on the chemical
composition and the morphology of the a-SiNy:H thin film deposits, samples deposited under an array
of different conditions have been analysed using FT-IR. In Figure 39, a comparison of FT-IR spectra of
some selected samples synthesized using different Rnzsing values, deposited with or without the
utilization of the auxiliary CCP RF source is presented. In accordance with the results shown in the
previous section, the relative intensity of the main Si-N asymmetric stretching absorption band displays
a maximum at Rnzssing =0.75, whether or not the deposition was assisted by the CCP RF discharge. The
position of the peak of said absorption band is in both cases also shifted towards higher wavenumbers

with increasing Rnzssina. The magnitude of this shift is, however, significantly smaller in the case of CCP-
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assisted deposition. (The peak is shifted from 831 to 883 cm™ at Pg-= 0 W and from 833 to 854 cm™ at
Pre =150 W, respectively.) The issue of this peak shift was discussed in detail in section 4.2, with the
conclusion being that the N/Si ratio x of the a-SiNx:H thin film has statistically an influence on the
number of coexisting Si-N local bonding environments in the a-SiNx:H matrix, leading to an apparent
peak shift of the convoluted Si-N absorption band [124]. A higher N/Si ratio leads to a higher peak
wavenumber. The decreased sensitivity of the peak shift when increasing Rnz/sins in the case of CCP RF-
assisted ICP-CVD deposition of a-SiNx:H leads to the conclusion that the impact of Ryasivge on the

chemical composition (mainly N/Si ratio) is less pronounced when the CCP RF excitation is activated.
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Figure 40: Overview of the FT-IR spectra of ICP-CVD silicon nitride thin films syntesized at different Pgr values.

Other features of the FT-IR spectra are observable in samples deposited both with and without
additional CCP RF excitation. For example, the N-H bond density, represented by the intensity of the
N-H asymmetric absorption band exhibits a significant increase with increasing Rnz/singa in both cases,
although the absolute values in the case where Pge= 150 W are considerably lower. This suggests at
least a partial inhibition of the formation of N-H bonds during CCP-RF assisted growth. As the high
density of N-H bonds was found to correlate with the drifting behaviour of the biaxial stress o, this can
be seen as an explanation for the stress stability of a-SiNx:H thin films deposited with Pz->0 W, even
at higher Rnzsing values. The intensity of the Si-H absorption band was found to decrease with the
increase of Ryzssing independent of the activation of the auxiliary CCP RF source. In contrast to the N-H
bonds, the formation of this bond type is presumably assisted by the presence of the capacitive

discharge, given by the increasing intensities. Additionally, with increasing Ruz/sing, a shift of the band
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peak is observed, where the magnitude is roughly the same whether or not the auxiliary discharge was
active (i.e. from 2135 to 2200 cm™? at Prr=0W and from 2121 to 2179 cm™ at Pg=150W,

respectively). Basically, this peak shift is an evidence of decreasing Si-concertation with increasing

RNZ/S/'H4 value.
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Figure 41: Bond density of the Si-H asymmetric stretching band extracted from the FT-IR spectra of ICP-CVD silicon nitride
thin films as a function of Pgr in arbitrary units.

Given these results, the effect of Pz on the chemical bonding configuration of the a-SiNx:H
samples was investigated in more detail, while Rnsing was kept constant at the value of 1 and Prr was
gradually changed between 0 W and 150 W (see Figure 40). While being in accordance with the
previous findings, the results also give some additional insights into the formation process of the
a-SiNx:H thin film during a CCP RF assisted ICP-CVD deposition. The intensity of the Si-H asymmetric
absorption band (shown in Figure 41), was found to be steadily increasing with increasing Pgr through
the whole range. The peak wavenumber has shown only slight variations, as it stays in the range of
2230-2240 cm™, except for Pgr = 0 W. In comparison, the relative intensity of the Si-N compound
asymmetric absorption band has also shown a slight trend to increase from Pgr= 0 W to Prr= 150 W.
In addition, the peak is shifted to lower wavenumbers with increasing Pgr, suggesting an increase in
the relative Si concentration of the SiNx deposit (see Figure 42). The N-H absorption band, however,
shows a different behaviour compared to those two described above. The N-H bond density decreases
abruptly from Pg- = 0 W to Pre = 10 W, and decreases further, albeit at a slower rate up to Pg-=50 W.

In contrast, from Pgr- =50 W to Pgr=150 W the N-H bond density shows a slight increase, as it is
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displayed in Figure 43. No tendency of shift in the peak position was observed. It is important to point
out how some of these changes correlate with other important, film-related parameters such as the

deposition rate or the biaxial stress o.
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Figure 42: Bond density in arbitrary units (a) and peak shift (b) of the main Si-N asymmetric stretch absorption band
extracted from the FT-IR spectra of ICP-CVD silicon nitride thin films as a function of Pgr.
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Figure 43: Bond density of the Si-N-H, asymmetric absorption band extracted from the FT-IR spectra of ICP-CVD silicon
nitride thin films as a function of Pge in arbitrary units.

Based on the presented results, a basic explanation of the dependence of the chemical
composition, rqep, and o as a function of Pgr can be proposed. At Pg-=0 W (at least at Ryzsine=1) a

standard Type | ICP-CVD a-SiNx:H sample with its corresponding properties is present. A great excess
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of hydrogen atoms is incorporated in the film, predominantly in the form of N-H covalent bonds. This
leads to a high density of localized defects and inhomogeneities in the a-SiNy«:H network. The high
density of these defects impedes the evolution of a high biaxial stress o, but is also responsible for the
drifting behaviour of 0. As a consequence, the film becomes permeable for O, and H,O molecules
originating from the surrounding atmosphere, while simultaneously offering many sites which these
molecules can easily react with. This leads to an oxidation of the a-SiN«:H deposit, resulting in a shift
of o in the compressive direction even at room temperature. Activating the CCP RF plasma source
changes the plasma chemistry substantially. As a result, between Pge=0W and Prr=35W the
formation of N-H bonds is strongly inhibited, leading to fewer H-saturated defects in the deposited
films, which results in a build-up of a strong compressive stress. Simultaneously, the deposition rate
slightly increases due to the changed plasma chemistry allowing the formation of more Si-N (and by
extension Si-H) bonds. When increasing Pge from 35 to 150 W the ion bombardment of the sample
substrate becomes more and more dominating. Apparently, this facilitates the N-H bond formation to
a degree, which in an analogous way to the previous points ultimately leads to a partial stress
relaxation. On the other hand, as evidenced by the increase in refractive index n and the peak-shift of
the Si-N asymmetric stretching absorption band, the composition of the a-SiNy:H deposit changes to a

higher silicon concentration.

Figure 44: Bright field high-resolution transmission electron micrographs of ICP-CVD silicon nitride films deposited using
different values of Pgr. a): 0W b): 35 W c): 150 W.

Thin membranes from a-SiNyx:H thin film samples deposited using different Pgr values (0 W,
35 W and 150 W) have been prepared by mechanical thinning and grinding for transmission electron
microscope (TEM) investigations. In accordance with the XRD results from section 4.2., an amorphous
microstructure was clearly demonstrated in all three samples, as illustrated in Figure 44 and expected

from literature [121]. In addition, nano-sized particles have been identified within the a-SiNx:H host
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matrix under bright field conditions, based on their differing contrast. Although for obvious reasons a
minimal particle size cannot be reliably stated, the maximal lateral dimension of the particles was
around 15 nm, but having a wide size distribution. Further investigations included EELS technique
described in Chapter 3 to measure the chemical composition of both the particles and the surrounding
matrix. The results of these measurements are indecisive, since no significant difference has been
found between the chemical compositions of the two phases in the sample. The ability to differentiate
between signals originating from the particles and the matrix was largely limited by the sample
geometry, as the minimal achievable samples thickness was several times larger than the size of the
particles. Although, in the literature (amorphous and crystalline) silicon nanoparticles embedded in a
a-SiNy:H host matrix are reported [14, 125], it is worth mentioning that the latter samples are generally
synthesized at temperatures far exceeding the temperature range (T < 350°C) the present samples
were exposed to. These facts make the presence of pure silicon nanoparticles in the samples very
unlikely. Additionally, the selected area diffraction (SAD) pattern (see Figure 45) indicates that beside
the amorphous phase, an ultra-nanocrystalline phase is also present in at least one of the samples (at
Pre=150 W), meaning that there are locations in the a-SiN«:H deposit, where at least locally a

crystallographic structure can be found.

Figure 45: TEM selected area diffraction pattern of an ICP-CVD silicon nitride thin film sample.
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To be able to fully compare the performance of ICP-CVD a-SiNy:H thin films deposited with the
aid of a CCP RF discharge to those synthesized without, the same wet etching test has been performed
as before. The general reaction that describes the etching of silicon nitride by hydrofluoric acid is as

follows [126]:
SisNg + 18 HF <> H,SiFs + 2 (NH4),SiFs (4.2)

Although the main radicals participating in the reaction are monofluorides, HF, also has a substantial
role in breaking up the covalent bonds in Si-NH, groups that are abundant in most of the samples in
this study [127]. The influence of Pgr on the wet etch rate WER is quite significant, as it is shown in
Figure 46. At Prr= 0 W (which again is basically a Type I ICP-CVD SiNy film) WER is about 270 nm/min.
This is followed by an abrupt decrease with the activation of the CCP RF source (WER = 14 nm/in at
Pre=10 W). Still, increasing Pgrr to higher values leads to a steady increase of the wet etch rate
(WER =77 nm/min at Pge = 150 W). This trend correlates well with the N-H bond density over Pg (see
above), although the comparison shows that the extremum in the WER is reached at a lower value of
Pre than in the case of the N-H density. This fact indicates the possible involvement of other factors,
such as the total hydrogen amount [128] incorporated into the a-SiN:H thin film, as contributors to

the observed wet etching behaviour using HF based etch media.

300 T e ——
250 T .
200 | i

150 |- .

WER [nm/min]

100 4

50 |- -

0 1 . 1 . 1 . 1 . 1 . 1 . 1
0 25 50 75 100 125 150

Prr (W]

Figure 46: The wet etch rate WER in hydrofluoric acid of ICP-CVD silicon nitride thin films as a function of the capacitively
coupled plasma power Pgg.

The results of the RIE (See section 2.3.2) dry etching experiments stands in a clear contrast to

the experiences from the wet etching tests. For these experiments (and for similar RIE etching
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experiments throughout his work) an STS 320 parallel plate reactor was used. The etch process utilizes
a mixture of CF4 and O, gases (a standard gas chemistry for the dry structuring of silicon nitride) and is
described in detail in [129]. Figure 47 demonstrates the effect of Pge on the RIE etch rate rrie. As Pgeis
increased form O W to 150 W, a continuous increase in rgie is observed from about 150 nm/in to
rrie > 200 nm/min. This behaviour is in good correlation with the increasing Si-content of the a-SiNy:H
deposits with increasing Pgrr, which is most likely responsible for the observed effect considering the

preferential etching of Si by fluorine radicals [129] found in the used etch gas chemistry.
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Figure 47: The RIE etch rate rgie in CF4:0; plasma of ICP-CVD silicon nitride thin films as a function of the capacitively coupled
plasma power Pge.

In essence, activating the ancillary capacitively coupled plasma source during the deposition
of ICP-CVD silicon nitride has a major effect on the resulting properties of the thin film samples. Using
this technique, the drift of the biaxial film stress can be avoided at any precursor gas ratio, albeit at a
cost of a strong compressive stress. The main causes for the observed effects are the change of the
plasma chemistry and the ion bombardment induced by the CCP discharge. The macroscopically
observable effects can be traced back to the changes introduced to the chemical composition of the

silicon nitride thin film samples, namely the partial inhibition of the N-H bond formation and the shift

to higher Si/N ratios.
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4.5,  Summary

After evaluation of the state of the art regarding the use of the ICP-CVD technique in the
synthesis of amorphous hydrogenated silicon nitride thin films, a detailed experimental approach was
designed in order to scrutinize the effect of the individual process variables on the resulting physical
properties, microstructure, and chemical composition of the silicon nitride thin films. By using DoE, the
first screening stage of experiments revealed the precursor gas ratio Rnzsins to be by far the most
influential of the investigated process parameters, compared to other variables, such as the substrate
temperature T, the deposition pressure pge, and the ICP power P, having secondary, but still
measurable impact. Due to their remarkably differing qualities, the distinction between Type | and
Type Il samples was introduced. A short comparison between those two highlighting the most

prominent differences is provided below in Table 11.

Type | Type Il

I'dep low high

n = 1.95 >2

o Low, drift | Compressive, stable
WER high low
Storage of H | N-H bonds Si-H bonds
Oxidation yes no

N/Si ratio 0.57-0.65 0.35-0.52

Table 11: Comparison of Type | and Type Il ICP-CVD silicon nitride thin films.

For most MEMS applications, a simultaneous occurrence of a low and stable biaxial stress is
desirable. Since neither Type I nor Type Il films were able to fulfil this requirement, the effect of the
parameter Rnassiva Was scrutinized in more detail. As it was found, there exists a process window at
about Ryzssina=0.75, where low-stress, stable ICP-CVD silicon nitride thin films can be synthesized.
Using the process variables pgep, and Picp, the film stress can also be tailored within a wide range to fit

the selected application.

The potential to utilize the ancillary CCP RF source to assist the synthesis of silicon nitride thin
films was also assessed. This effort resulted in the conclusion that although it is possible to make use
of the CCP source in order to influence the properties of the silicon nitride thin films, the resulting high

compressive stress very much limits the potential utilization of this technique.
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Chapter 5: Mechanical and morphological properties of silicon
nitride thin films deposited by magnetron sputtering

Parts of this chapter have already been published in [130] and [131].

Sputter deposition is a well-established technique for the synthesis of pure metallic materials
[132], including metal alloys [133], or even non-metallic [134] thin films when targeting their
integration in microelectronic [135] or MEMS [28] devices. This is due to attractive features such as a
high flexibility, fast process times, cost-effectiveness and low deposition temperatures. In the past
decades, different types of sputter deposition techniques (see Section 2.1.2) have been applied for the
synthetization of silicon nitride thin films. In the following chapter, a systematic study about the
influence of the sputtering mode and process parameters on the resulting physical properties and

chemical composition of silicon nitride thin films is presented.

5.1. Experimental details of the SiNy thin film sputter deposition

The substrates used for the silicon nitride sputter deposition experiments originated from the
same source, and had the same properties as those described in Chapter 4. In short, they had a
diameter of 100 mm, 350 um nominal thickness, double side polished surfaces, and made from n-type
(P-doped) Si, having a bulk resistivity of more than 50 Q-cm. Prior to the deposition, the process
chamber of the sputtering system was evacuated to a base pressure of <107 mbar. The cleaning
routine prior to the deposition was also based on that presented in section 4.1, but was supplemented
by an in-situ process step. The latter made use of inverted sputter etcher (ISE) integrated in the sputter
equipment, so that the wafers were exposed to an Ar-ion bombardment after loading the substrate
into the process chamber via a load-lock chamber. The process parameters for this final cleaning step
were: a duration of 60 seconds, back pressure of 6 pbar and plasma power of 200 W. The sputter
equipment used for the ISE and the silicon nitride deposition experiments was purchased from
Von Ardenne GmbH (LS730S). A detailed description can be found in section 2.1.2.2. To ensure maximal
comparability between different samples and deposition conditions, the same target position was used
for all the silicon nitride deposition experiments allowing deposition in either DC or RF (f = 13.56 MHz)
mode. All targets had a nominal diameter of 6 inches. After the deposition, the coated substrate was
loaded back into the load-lock chamber, which was vented to atmospheric pressure subsequently.
Before removing from the load-lock chamber, the substrate was allowed to cool down close to room

temperature.
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As it was already pointed out in section 2.1.2, several techniques are available to sputter-deposit thin
films of silicon nitride, regarding the target material and sputtering mode. In the present case, taking
into account the constraints given by the sputter equipment (e.g. pulsed sputtering being not feasible),
three different techniques of silicon nitride sputter deposition were investigated. The first one which
is the most commonly used technique of the three [136-138] is reactive RF sputtering using a
polycrystalline silicon target and a mixture of nitrogen and argon gases. The latter is needed to ignite
and sustain the RF discharge. The second approach is reactive DC sputtering using a polycrystalline
silicon target in a pure nitrogen atmosphere. The third possible method which is only briefly
investigated in this work is the RF sputtering using a compound silicon nitride (SisN4) sintered ceramic

target, and pure argon gas.

The sputter deposition experiments at different parameters have been selected by using a DoE
approach similarly to the ICP-CVD experiments. While it is undeniable that some deposition
parameters, such as the target to substrate distance, the substrate temperature and the gas
composition, can influence the properties of the gas discharge, the deposition process and hence, the
physical properties of the deposited silicon nitride thin films, the scope of the investigations was mainly
restricted to the most influential deposition parameters in the sputter deposition process, being
plasma power and back pressure during deposition[30, 136]. The main concerns for selecting the

process variables that have been used in the deposition experiments were the following:

1. to ensure maximum comparability between the different samples
2. to deposit high quality (i.e. close to stoichiometric, highly resistive, etc.) layers
3. to take into account the constrains set by the equipment (e.g.: gas flow rates and pressure

control).

These issues have been addressed by a careful selection of the deposition parameters, as it is described
in the following. Maximal comparability between different deposition runs and samples is achieved by
keeping most parameters at a defined constant value, and by using the same range for the investigated
parameters. This leads to a default settings of the target-substrate distance di =65 mm being an
empirical value from prior experience with the sputter equipment, without the application of external
heating, and a nitrogen flow rate of 60 sccm.

External heating during deposition is not chosen, due to the way the heater is regulated inside
the sputtering system. Although nominal temperature values are assigned to different power settings
on the heater, the actual substrate temperature also strongly depends on the plasma power setting
due to the self-heating effect by the impinging particles, the thermal coupling between the substrate
and substrate holder during deposition, and is also a function of the sputtering process time. But, a
precise measurement of the substrate temperate is not possible in the way the sputter equipment is
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designed. Basically, the signal detected by the pyrometer is originating not only from the bottom side
of the substrate holder which can have also have a slightly different temperature from the substrate
itself, but also from the heater and to some extent the plasma. Thus, the measured temperature is
strongly influenced by these parasitic effects, what does not allow an accurate assessment and control
of the substrate temperature during deposition. Consequently, it was decided not to use the heating
option during the deposition experiments. Although one should be aware of the plasma heating effect
on the substrate temperature, the actual working temperatures are estimated to be below 250°C.
Given a melting point of silicon nitride in the range of 1900°C [139], a low impact on the microstructure
and on the film stress is expected when comparing different samples between each other.

Another critical point is the sputtering gas composition. Given the target material (6 mm thick
polycrystalline Si, 99.99% purity bonded to a copper backplate), for the deposition of high quality
(preferably close to stoichiometric) silicon nitride, a pure nitrogen atmosphere is desired. This is
certainly feasible in DC sputtering mode, but has proven to be difficult when using a RF gas discharge.
During RF sputtering the impedance of the RF discharge has to be matched with the output impedance
of the RF source in order to be able to ignite and maintain a stable discharge. Unfortunately, in this
case the range in which the match-box of the RF can be tuned does not completely overlap with the
impedance of the discharge dominated by parameters such as the target material, reactor geometry
and gas composition when using a pure nitrogen atmosphere. To be able to ignite and maintain a stable
discharge, argon was added to the gas mixture. The minimal flow rate of Ar need to ensure a stable
ignition procedure and subsequently a reliable burning of the plasma was 20 sccm, therefore this flow
rate was used during the RF sputter deposition experiments. Under these circumstances it is necessary
to use argon in the gas mixture, with the disadvantage that the change in the gas composition reduces
the partial pressure of N, compared to the case of a pure N; sputtering gas regulated to the same total
pressure, thus influencing the deposition process. In addition, incorporation of Ar atoms into the
deposit is expected to some extent. To provide a wide process window, in which the back pressure
during deposition can be controlled accurately via opening and closing a butterfly valve, the gas flow
rates have to be limited appropriately. A hard, upper limit is the throughput of the installed MFC (mass
flow controller units), while a soft limit is defined by the pumping speed of the system.

The deposition times have been selected in such a way, that silicon nitride thin films with
comparable thicknesses of about 500 nm are synthesized. The actual deposition times used were
based on results of some preliminary experiments and literature values [140-142], by taking also into
account [136, 142], that the sputter deposition rate should be proportional to the plasma power in a
first approximation. (This turned out to be true in the case of DC sputter deposition, but deviated in
the RF case, see below in the results). As a result, a series of deposition times were selected, where

the duration of the deposition is in inverse proportion to the DC or RD plasma power.
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In order to provide a reasonable coverage of the investigated parameter field, in this case a
four-level full factorial experimental design was applied with the two aforementioned process
variables: the back pressure during deposition psack and the DC or RF plasma power Ppiasmanc OF Ppiasmarr.
Prack Was varied between the values of 3 pbar and 9ubar in equidistant steps, while for Ppiasmanc and
Ppiasmarr the nominal values of 300, 450, 600, and 900 W have been used, corresponding to a power
density range of about 1.5 to 4.5 W/cm?.

The actual deposition rate for each of the parameter sets have been calculated from the
measured thickness values of the deposited thin films assuming a constant rate of deposition
throughout the whole processing time. This is a reasonable assumption when considering the physical
model of sputter deposition, except for very short durations (in the range of tens of seconds), where
process transients can be of significant influence. The thicknesses of the silicon nitride deposits have
been determined both with the help of a non-destructive and a destructive method: spectral
reflectometry, and scanning electron microscopy (see Chapter 3), respectively. In these cases where
both measurements have been carried out, the discrepancy between the measurement values was
within the expected range of uncertainty of the measurement methods (under +5%). Due to the
characteristics of the sputter deposition process — and in contrast to most CVD processes — the
deposition rate is significantly less uniform over the whole 4-inch wafer. Because of the reactor
geometry, the deposition rate near the edges of the substrate can decrease by 20 to 25%. For that
reason, the thickness of each thin film sample has been measured on multiple locations, both near the
middle and the edges, and averaged. Thus, the deposition process (with the given geometric
constrains) can be represented by an average deposition rate.

Using the calculated average film thickness, the biaxial film stress can be determined using
wafer bow measurements and Stoney’s formula, exactly as in the previous chapter for in the case of
ICP-CVD samples. The accuracy of the latter calculation is naturally dependant on the uniformity of the
sputter deposition rate, as the stress is not determined locally, but across the whole wafer.

In order to test the influence of the sputter deposition parameters on the robustness of the
silicon nitride thin films against certain etch media, a range of dry and wet etching tests have been
performed. Therefore, SiNy samples have been placed into a Xactix el xenon difluoride plasmaless
etching system. The samples have been etched for 20 and 40 cycles of 30 s, using the parameters
described in [129]. RIE etching was performed in an STS320 parallel plate reactor, using a mixture of
CF, and O, gases, and the parameters reported in [129]. The etch times in the latter case have varied
between 2 and 4 minutes. Wet etching tests have been carried out in a 1:7 mixture of 49 % aqueous
HF and DI water, for durations ranging from 1 to 30 minutes. The etch rates have been determined by

measuring the remaining film thickness after the etch process using the spectral reflectance method.
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5.2 RF sputter deposited silicon nitride

The deposition rate rqep — according to initial expectations [142] — increases linearly with RF
plasma power for Ppiasmare 2 300°W, as it is presented in Figure 48. Setting the value of Ppigsmare below
300 W, however, results in such a dramatic reduction of the deposition rate, that it becomes negligible
and technically irrelevant. According to [30, 143] this result is attributed to the insufficient ionization
of the gaseous species being present in the sputtering atmosphere inside the reaction chamber. This
is a consequence of the magnitude of the electric field being too low to induce sufficient ionization at
these moderate power settings (see Figure 49 for the measured bias voltages at different parameter
sets), and is accompanied by the instability of the RF plasma discharge. The essence of these
observation is that in the case RF sputtering there is a very real and technically relevant lower threshold

limiting the usable range of Ppasmarre for the sputter deposition of silicon nitride.
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Figure 48: The deposition rate as a function of the plasma power Ppiasmarr for RF sputter deposition of silicon nitride thin
films.

For the Ppasmarr Values at which meaningful deposition of silicon nitride takes place, it is
necessary to calculate the deposition rate normalized to the applied power for the sake of comparison,
which is presented in Figure 50. There is a measurable decrease of the normalized deposition rate with
increasing back pressure during the sputter deposition. This behaviour can be associated to the
increased collision rate between the particles ejected from the target and those present in the gaseous

atmosphere of the processing chamber.
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Figure 49: Impact of RF plasma power Ppasmarr 0N the resulting bias voltage Vy, during RF sputter deposition.
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Figure 50: Sputter deposition rate of silicon nitride thin films as a function of the chamber pressure ppack Normalized by the
RF power.

From the spectral reflectometry measurements two important results are derived. The first
one is that the refractive indices of RF magnetron reactive sputter deposited silicon nitride thin film
samples (See Figure 51) are well above of the characteristic values for stoichiometric silicon nitride
(n = 2.01) samples. This indicates a rather significant compositional difference compared to SisNa.

Secondly, despite the somewhat large variation of the individual measured values, neither of the two
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investigated deposition parameters seems to have a significant influence on the resulting n value, as it
was determined using an ANOVA (analysis of variance) approach. The typical significance level was
0.05, and the resulting probability values for Ppiasmarr and prack Were 0.628 and 0.352, respectively, both
much larger than the significance level, which in this case indicates the negligible influence of the input
parameters [131]. Taking all samples into account, a mean value of n=2.55 is extracted. Based on
Makino et al. [144], the apparent N/Si atomic ratio x can be derived from the refractive index. In this
case, the equation gives an approximate average value of x = 0.72, being significantly lower than the
expected value of 1.33 in the case of stoichiometric SisNg, indicating a large deficit of nitrogen atoms,
in other terms a silicon-rich deposit. The most probable cause for this large discrepancy is the addition
of argon into the sputtering atmosphere. As discussed above, this was unavoidable to ensure sufficient
process stability. Doing so, however, increases the mean atomic mass in the process gas mixture
compared to a pure nitrogen atmosphere, leading to an increased sputter yield from the silicon target.
In addition, the partial pressure of N, gas in the processing chamber is lower than it would be in the
ideal situation operating with pure N3 as a process gas. Altogether, these two factors contribute to an

excess of Si atoms resulting in a low N/Si ratio in the deposit.
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Figure 51: The refractive index n of RF sputter deposited SiNy thin films as a function of the parameters Ppjasmarr and Ppack.

The average volumetric mass density (om) values of the silicon nitride thin films lies in the range
of 2.9 g/cm? (at 300 W) and 3.3-3.4 g/cm? (at 450 to 900 W), as it is displayed in Figure 52. The
significant reduction of the volumetric mass density at Ppiasmare = 300 W can be attributed to the
insufficient ionization at this power level (see above), negatively influencing the layer growth. More

interesting are the relatively steady values from Ppiasmarr = 450 W to 900 W, being significantly higher
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than the density of stoichiometric silicon nitride at 3.0-3.1 g/cm3. This discrepancy can be fully
explained by the assumed increased silicon content in the RF magnetron reactive sputter deposited
silicon nitride thin films. Another factor can be the incorporation of gaseous species (such as argon)

from the process gas mixture into the deposit.
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Figure 52: The volumetric mass density pm of RF sputter deposited SiNy thin films as a function of the parameters Ppiasmarr
and ppack

In order to verify the above findings about the chemical composition of the RF magnetron
sputtered silicon nitride films, XPS was applied for quantitative chemical analysis. Due to a limited
access to the equipment, only few samples were analysed (deposited at Ppiasmarr = 600 W, using
different back pressure values). As illustrated in Figure 53, the differences in the chemical composition
across the sample range are low. But, the average N/Si ratio for the investigated samples x=0.85 is in
very good accordance with that derived from the refractive indices of the same samples, i. e. x = 0.87.
The oxygen concentration reaching more than 5 at. % can be attributed to surface oxidation, and is

most likely not representative for the whole cross-section of the deposit.

84



60

N
o

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Concentration [at. %]
N
o

.

Figure 53: Chemical composition of selected RF sputter deposited (at Ppiasmarr = 600 W) SiN thin film samples as a function of
Pback, ASSuMing a ternary system of Si,N,O.

One way to confirm the assumption of the surface-near oxidation is to monitor the biaxial
stress o of the thin film samples over a certain period of time, as post-deposition oxidation would have
the potential to cause a significant change in this film parameter, as shown in the previous chapter.
Since the biaxial stress values of the RF magnetron sputter deposited samples have been found to be
very stable over any investigated timeframe (see in Appendix A), significant post-deposition oxidation
except surface-near can be ruled out. Generally, the samples featured strong compressive stress in the
range of o0 =-1.1 to -1.6 GPa, while the samples deposited at Ppismere = 300 W are in the moderate
range, compared to those with Ppasmare 2450 W, where a biaxial stress of 0= 1.5 to 1.6 GPa is measured

(see Figure 54).

Due to the relatively low deposition temperatures (Tmax = 150°C), and the fact that the
mismatch of the thermal coefficients of expansion between silicon (3.5 to 4 -10°® K) and silicon nitride
(3 to 3.7 -10° K1) [145] is rather low, the measured stress is mostly intrinsic in nature. This can be
attributed to the morphological difference between the single-crystalline silicon substrate and the
amorphous silicon-rich silicon nitride deposit. As a supplementary experiment, a range of samples
sharing the same deposition parameters (Ppiasmare = 600 W and psack = 5 pbar), but at different elevated
temperatures ranging from nominal substrate heater temperature Ts: = 150°C to 450°C which are not
the actual substrate temperatures as mentioned above in the thesis. The results are summarized in
Table 12. As one can see, with increasing process temperature a slight reduction of the deposition rate

occurs, presumably due to the decreasing sticking coefficients at elevated temperatures. Moreover,
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while the refractive index n does not show any significant change, a slight increase in the compressive

biaxial film stress can be observed. As it is apparent this increase is rather moderate in accordance to

the aforementioned assumption that the thermal expansion coefficient mismatch between substrate

and thin film is negligible.
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Figure 54: The biaxial film stress o of RF sputter deposited SiNy thin films as a function of the parameters Pyjasmarr and Ppack.

Selected samples have been subjected to nanoindentation measurements in order to gain

further insight into the mechanical properties of the silicon nitride thin films. The resulting Young's

moduli and indentation hardness values are in the range of Ef=205 to 235 GPa and H = 25 to 27 GPa,

respectively. Both values can be considered as typical for such films [98].

Te: [°C] | o[GPa] d [nm] rieo [Nm/min] | n
150 -1.25 324 7.20 2.03
250 -1.30 308 6.84 2.08
350 -1.36 304 6.75 2.07
450 -1.43 297 6.60 2.07

Table 12: Effect of elevated substrate temperature during RF magnetron sputter deposition (Ppiasmarr =600 W, ppack = 5 pbar)

on the resulting properties of SiNy thin films.

As displayed in Figure 55, the FT-IR spectra of RF magnetron sputter deposited silicon nitride

thin films have been found to be very similar to each other, regardless of the deposition parameters

Ppiasmarr and prack. Prominent features in the infrared spectra are the CO, absorption peak, caused by
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the atmosphere inside the specimen chamber of the FT-IR spectroscope (at around 2360 cm?), the
Si-0 asymmetric stretching band at 1180 cm™?, and the broad Si-N “compound” asymmetric stretching
band centred at approximately 840 cm™. To a substantially lower extent, the symmetric stretching
mode band at about 490 cm™ is observable. The relative amplitude of the Si-O absorption band
significantly decreases with increasing thickness of the silicon nitride deposit, further supporting the
assumption, that the oxygen found in the samples is primarily due to post-deposition surface oxidation.
The broad nature of the Si-N peak occurs partially due to the amorphous microstructure of the silicon
nitride deposit leading to diverse local environments adjacent to Si-N covalent bonds. Traces of the
incorporation of H can be found in the appearance of a Si-H wagging mode band at about 660 cm™
[141]. A small amount of H in the Si-N deposit is basically unavoidable, mostly due to the presence of
water vapour in the residual gas of the sputtering chamber and adsorbed on the inside walls of the

reactor.
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Figure 55: FTIR spectra of RF sputter deposited SiNy thin films normalized to unit thickness, synthesized using different
parameter sets.

In addition, assuming that the Si-N band density has a strong impact on the film properties, it
is reasonable to plot the chemical composition/microstructure represented by the peak wavenumber
of the main Si-N asymmetric absorption band as a function of the biaxial film stress (see Figure 56). As
the graph shows, there is a tendency of o shifting to a more compressive state as the peak wavenumber
increases, indicating that subtle compositional and microstructural differences arise between samples
deposited using different parameters. At the same time, it is worth mentioning the significant extent
by which o reacts to these presumably small compositional changes (see the largely consistent

composition from XPS measurements).
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Figure 56: Correlation between the biaxial film stress o and the peak position of the main Si-N asymmetric stretching
absorption band in the RF magnetron sputter deposited SiNy thin films.

A further issue is the high compressive stress present in the reactive RF magnetron sputter
deposited silicon-rich silicon nitride layers. It is obvious that the presence of this high value of o
(roughly 1-1.5 GPa) can be detrimental or even prohibitive to a large number of device applications.
Since it is not possible set by the process window of the available equipment to overcome the issue of
depositing SiNy thin films having strong compressive stress, it would be prudent to investigate post-
deposition strategies to promote at least partial relaxation of the film stress, such as thermal annealing.
Subjecting the samples to elevated temperatures for a given time introduces energy to the system. As
a consequence, the atoms in the deposit have an opportunity to rearrange in an energetically more
favourable position, or even microstructure, which can in turn lead to (partial) stress relaxation. This
may compensate the relatively low substrate temperatures during the process of deposition, where
the particles are generally incorporated into the amorphous SiNyx matrix at energetically suboptimal
sites during film growth. This brings up an important point though; on some occasions, sputter
deposition of silicon nitride thin films is precisely a preferred method over other techniques because
of the low substrate temperature. This means that thermal annealing can only be a viable alternative
to achieve post-deposition stress relaxation, where no strong limitations regarding the processing

temperatures are present.
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Figure 57: Biaxial film stress o as a function of the maximum annealing temperature for RF magnetron sputter deposited
(Pplasmare = 900 W) silicon nitride thin films synthesized at different ppack values.

In this study, a series of experiments have been carried out to assess the potential of post-
deposition thermal annealing for mechanical stress relaxation. The samples have been heated in a
muffle furnace (type: Nabertherm P330). In order to limit oxidation in the non-hermetically sealed
furnace a steady flow of gaseous Argon was introduced, to at least partially replace the air. The samples
have been successively heated to 300, 500, 700 and 800°C, and kept at those annealing temperatures
for a duration of 1 h. After each annealing step, the samples have been removed from the furnace,
thus allowing to cool down to room temperature, and o was determined using a wafer geometry gauge
(see Chapter 3). Subsequently, the samples have been loaded into the furnace once again, ready to be
heated to the next temperature level. This also means that the measured effects of annealing at 500°C
and above are all cumulative including the effects of all of the previous steps. As a response to the heat
treatment, a significant reduction of the compressive biaxial stress o has been observed in all samples
(see Figure 57). Unsurprisingly, the magnitude of the change Ao was found to be greatly increasing
with increasing annealing temperatures. Moreover, this increase is not linear, but rather quasi-
exponential in nature, which is perfectly coherent with the proposed mechanism of thermally
activated structural rearrangement in the silicon nitride thin film. The relative reduction in gis Ao < 5%
after exposure to 300°C, 3% < Ao < 10% after 500°C, 10% < Ao < 21% after 700°C, and 15% < Ao < 35%
after 800°C, respectively, as illustrated in Figure 58. In addition, very thin samples (d < 100 nm) have
shown an increased amount of stress relaxation compared to thicker samples (d > 100 nm), which can
be explained by the relatively larger effect of the film surface, where the structural rearrangement of

the atoms can happen more easily.
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Figure 58: Relative reduction of the biaxial film stress o as a function of the silicon nitride film thickness for different
maximum annealing temperatures.

Another phenomenon that was observed during the annealing experiments in some cases is
called blistering [146, 147]. Detected only in some thicker (d > 300 nm) samples after annealing at
Tanneat > 700°C this effect is characterized by the local delamination or complete detachment of the thin
film deposit from the substrate surface over a small (approximate diameter of 5-20 um) circular area,
as it is shown in Figure 59. It is caused by the release of stored elastic energy in compressively stressed
thin films. Preferred sites for this phenomenon to occur are centred on local surface defects, where
there is a decreased degree of adhesion between the substrate and the coating. Other authors have
pointed out the potential effect of argon inclusion promoting the observed behaviour [14]. Given this
explanation, it also becomes clear why this phenomenon only occurs above certain film thickness
values: the stored elastic energy at a given value of o scales proportionally with the film thickness d,
while the adhesive force between the two materials is independent of d. Thus, above a certain

threshold the force trying to delaminate the coating exceeds the adhesive force, and blistering occurs.
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Figure 59: Scanning electron micrograph of an RF magnetron sputter deposited SiNy thin film, after annealing at 800°C,
illustrating the blistering phenomenon.

The quantitative results of the wet etching experiments in hydrofluoric acid are summarized
in Figure 60. It was found that changing the parameter Ppiasmanc has hardly any influence on the wet
etching behaviour of the RF sputter deposited silicon nitride thin film samples. In contrast, the wet
etch rate ryrsignificantly decreases with increasing prack values from an average ryr of 33.7 nm/min to

18.4 nm/min at ppack = 3 pwbar and 9 pbar, respectively.
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Figure 60: The wet etch rate in HF of RF sputter deposited SiNy thin films as a function of the deposition parameters Ppjasmare
and prack-

This can be explained by the decreasing deposition rate and the resulting increased volumetric

mass density at elevated back pressure values, as pointed out earlier in this chapter. The decreased
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deposition rate allows more time for desorption of the unbound gaseous molecules (N3, Ar) that are
physisorbed to the growth front of the film surface [131]. This leads to a lower incorporation rate of
unbound gaseous impurities into the amorphous matrix during film growth, which ultimately results
in a denser, more compact morphology (see the increase of p). This results in an increased chemical
stability, as in a more densely packed deposit, the etchant has fewer sites per unit volume, where it

can disrupt the matrix of the amorphous thin film.
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Figure 61: The RIE etch rate of RF magnetron sputter deposited SiNy thin films as a function of the deposition parameters
Ppiasmarr and Puack-

Similar observations can be made in the case of the CF4:0; reactive ion etching experiments.
The etch rate rgi is generally around 120 nm/min, which is in good agreement with literature values
[83]. A decrease of the etch rate with increasing prack is clearly present (see Figure 61), as the average
etch rate decreases from rgie = 138.6 nm/min at ppack = 3 pbar to rge = 114.0 nm/min at ppack = 9 pbar.
This behaviour can be again attributed to the densification effect described above. In addition, a weak
tendency of decreasing etch rate with increasing Ppiasmarr is 0bserved (average rgie =134.2 nm/min and
rrie =116.8 nm/min at Ppiasmarr = 450 W and 900 W, respectively). This change can both be linked to the
additional physical component present in RIE etching compared to the purely chemical HF wet etching,
as well as to some degree to the densification effect, as samples deposited with higher Ppiasmarr feature
an increased p. Somewhat surprisingly, SEM investigations of both the original and etched SiNy thin
films surfaces has not revealed any significant roughening effect after exposure to RIE plasma etching.
This, in turn, means that, despite the highly silicon-rich composition of the samples, the etch process
is adequately uniform and homogeneous even on a microscopic scale, as illustrated by the SEM

micrographs in Figure 62.
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Figure 62: Scanning electron micrograph of RIE etched (bottom part of the images) and as depsoited (top part of the images)
RF magnetron sputter deposited SiNy surfaces.

Finally the plasmaless dry etching tests in XeF, have proven that the RF magnetron sputter
deposited SiNy thin films are extremely robust against this etching agent, in good agreement to other
studies [129]. This enables the usage of this material as a suitable hard mask for the dry bulk
micromachining of silicon. The calculated etch rates are lower than 1 nm/min, and decrease also with
increasing etch duration. This suggests that the etchant predominantly attacks the (partially oxidized)
sample surface. Upon reaching the deeper, thus oxygen-depleted regions of the thin films, the etch
process practically comes to a complete halt. Given the very low etch rates, no significant influence of

the sputter deposition parameters can be specified.

5.3 DC sputter deposited SiNy thin films

Unlike to RF sputtering, the deposition rate rqe, of DC sputtered silicon nitride thin films has
shown an almost perfectly linear relationship with the DC plasma power, as shown in Figure 63. It is
worth noting that DC bias voltage, while reaching significantly higher absolute values than in the case
of the RF magnetron sputtering experiments, was far less dependent on the deposition parameters,
and stayed in the range of 390 to 410V, as given in Appendix B. However, after normalization to the
plasma power Ppasmanc, the influence of back pressure during deposition becomes more apparent, as
with the increase of the back pressure ppack, the deposition rate tends to decrease (see Figure 64). The
most probable cause for this phenomenon is the increased collision rate between the plasma

constituents and the ejected target atoms. This results in an increased redistribution of kinetical energy
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between the aforementioned species, ultimately leading to a slight decrease in the silicon nitride
growth rate. One particular point to note is the increase of the normalized sputter deposition rate by
a factor of 1.5 to 2, compared to RF reactive sputter deposited silicon nitride (see earlier in this
chapter). This phenomenon is known as the “deposition rate paradox”, and has been described by
multiple authors both for reactive and non-reactive sputter deposition processes [143, 148, 149]. The
observed large disparity between the deposition rates of DC and RF sputter deposition processes is
suggested to be a result of a largely different power distribution in the DC and RF plasma sheaths,

respectively.
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Figure 63: The deposition rate of DC magnetron sputter deposited SiNy thin films as a function of Ppiasmanc.
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Figure 64: The power normalized deposition rate of DC magnetron sputter deposited SiNy thin films as a function of ppac.
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Another noteworthy effect associated with the increased back pressure is a decrease in the
refractive index n, as illustrated in Figure 65, due to an overabundance of nitrogenous species in the
plasma. This enhances the probability that nitrogen atoms are incorporated into the deposit, resulting
in a shift of the N/Si atomic ratio x to a nitrogen-rich composition. With the refractive indices known,

one can apply the relationship between the x and n, as described by Makino et al. [144]:

3
ng; + Zx(znsl'gm — ng;)
n(x) = 3 ) (5.1)

1+Zx

where nsisns = 1.98 is the refractive index of stoichiometric silicon nitride, and ns; = 3.85 that of silicon,
respectively. Applying the measured n values to the equation, a change of the apparent N/Si atomic
ratio is clearly observable, from an average value of x = 1.148 at 3 pbar to x = 1.291 at 9 pbar (with

x = 1.333 being the value for stoichiometric silicon nitride).
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Figure 65: The refractive index n of DC magnetron sputter deposited SiNy thin films as a function of ppack.

In addition, in an analogous manner to the case of ICP-CVD silicon nitride samples, the
Lorentz-Lorenz (also known as Clausius-Mossotti) equation can be used to correlate the changes in the
refractive indices to the variation of the measured volumetric mass density. As before, a
homogeneous, isotropic material with a constant polarizability is assumed. The volumetric mass
densities of samples deposited in two extreme cases, when the sputtered particles have either low
(Ppiasmanc = 450 W, prack =9 pbar) or high (Ppiasmanc = 900 W, ppack = 3 bar) mean kinetic energies are

determined to 2.77+0.01 g/cm® and 3.04+0.01 g/cm?, respectively. The corresponding refractive

95



indices are n =2.01 and n = 2.12, respectively. Applying the Lorentz-Lorenz equation gives a change of
the refractive index by a factor of 1.06£0.02, which is in reasonable agreement with the directly

measured increase by a factor of 1.055.

Wafer bow measurements prove that the biaxial film stress o of DC sputter deposited silicon
nitride thin films is dependent both on the plasma power and the back pressure during deposition, as
displayed in Figure 66. Basically, o is compressive, although it does show a great variation in the range
of -1300 to nearly 0 MPa. Independent of the other deposition parameters, an increased back pressure
level always results in a lowered magnitude of compressive stress. Given the accompanying change of
the refractive index n, this behaviour is explained best by the compositional changes resulting from
the alteration of the deposition parameters. At increased back pressure levels, the composition of the
deposit comes closer to that of stoichiometric silicon nitride film, resulting in a reduction of biaxial
stress in the film. Another effect is the increase of compressive stress with increased DC plasma power.
This phenomenon is only observable at back pressure levels higher than 3 pbar. These results can be
interpreted in a consistent model, which is described in the following. Since at low back pressures, the
frequency, that the sputtered particles collide with the constituents of the plasma, is relatively low, so
that they arrive on the substrate surface with enhanced kinetic energy. Given this condition, the impact
of the DC plasma power on the particle energy and by extension on o is negligible, as it is seen in the
results at preck = 3 Ubar. In contrast, with increasing back pressure levels, collisions in the plasma
become more frequent, leading to a decrease in the mean kinetic energy of the sputtered particles.
This gradually increases the impact of Pyesmanc, as the variation between o values of samples deposited

using different Ppiasmanc getting larger with increasing ppack.
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Figure 66: The biaxial film stress o of DC magnetron sputter deposited SiNy thin films as a function of the parameters
Pp/asmaDC and Pback-
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Nanoindentation measurements performed over a selected range of samples have yet again
yielded quite typical values for the DC magnetron sputter deposited SiNy thin films. The indentation
hardness values were measured to be in the range of H =23 to 27 GPa, while the Young's moduli
between E =220 and 250 GPa. This is slightly higher than what was found for RF magnetron sputter
deposited samples, presumably due to the different chemical composition between the samples
deposited using the two techniques. In contrast to the biaxial film stress, the H and E values do not

show any considerable influence by the two parameters Ppiasmanc OF Poack-
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Figure 67: Selected FTIR spectra of DC magnetron sputter deposited (Ppiasmapc = 450 W) SiNy thin films.

As illustrated in Figure 67, Fourier-transform infrared spectroscopy measurements have not
shown any significant systematic variation across the investigated sample range, which gives no direct
confirmation of any compositional differences between the samples. Independent from the deposition
conditions, characteristic absorption bands for amorphous silicon nitride films are clearly observable
in the FT-IR spectra. Generally, the main asymmetric stretching mode Si-N band is rather broad,
indicating a wide distribution of different Si-N local bonding environments. The peak wavenumber falls
in the range of 868 to 872 cm™ with a shoulder band appearing at around 840 cm™. The features
between the wavenumbers of 2360 and 2340cm™ originate from atmospheric CO,. In contrast to
ICP-CVD silicon nitride samples, significant Si-H, N-H, and Si-O bands have not been detected [130].
While the absence of the former two bands was not expected, the latter is remarkable compared to
the previously presented findings of RF magnetron sputter deposited SiN thin films. This can possibly
also mean that the DC sputter deposited SiNy coatings are more robust against surface oxidation than

their RF counterparts.

97



The results of the different etch tests conducted on the DC magnetron sputter deposited
silicon nitride samples are summarized in Table 13. According to the expectations, the etch rates in
hydrofluoric acid are significantly lower compared to different types of hydrogenated PECVD silicon
nitride thin films [83], especially ICP-CVD films (see Chapter 4). On the other hand, the measured rates
are higher than the reported values for LPCVD silicon nitrides [129]. When taking all the results gained
so far into consideration, this behaviour is not unexpected due to the following reasons: the vastly
lower hydrogen content of the sputter deposited silicon nitride thin films compared to ICP and PECVD
samples, and the much lower deposition temperature then those used in LPCVD processes lead to an
amorphous structure with a substantially higher density of unsaturated structural defects.
Furthermore, a clear influence of the mean kinetic energy of the sputtered particles on the HF etch
rate ruris observable. This results in a reduction of the etch rate in the case of samples deposited using
high power (from an average rur=37.8 nm/min to rye = 2.98 nm/min at Ppasmanc = 300 and 900 W,
respectively) or low back pressure (average rur of 2.69 nm/min and 40.3 nm/min at preck = 3 and 9 pbar,
respectively), which is a direct consequence of the reduced density of structural defects at these

deposition conditions.

Ppiasmanc rur [nm/min] rrie [nm/min]
[w] 3 ubar 5 ubar 7 ubar 9 ubar 3ubar | Supbar | 7 pbar | 9 pubar
300 3.07+0.31 | 3.33+0.40 | 8.35+0.47 | 136.3+30.9 | 68.8%+4.2 8917.6 98.3+5.9 | 100.745.2
450 3.31+0.95 | 2.891£0.08 | 4.531£0.67 14.8+0.8 80.4+6.4 8813.8 90.9+2.7 | 112.815.4
600 1.86%£1.09 | 2.8+0.46 | 3.39+0.77 | 6.97+1.36 | 87.6+1.9 | 80.4+1.2 | 87.815.3 109+7.0
900 2.5340.13 | 3.244£0.85 | 3.03£1.12 | 3.1320.41 | 89.7+9.8 | 79.2+23.5 | 98.7+2.2 | 94.4+0.4

Table 13: Etch rates of DC magnetron sputter deposited SiNy thin films in HF wet etch (isotropic) and in CF4:0; RIE dry
etching as a function of the deposition parameters Ppjasmapc and Prack.

In comparison, CF4:0; RIE etch rates are, although slightly lower than, but still comparable to
the reported etch rates of stoichiometric LPCVD silicon nitride materials when using the same etch
mixture [129]. In addition, the etch rates are also significantly lower compared to the applicable values
for RF magnetron sputter deposited silicon nitride thin films. This is due to the difference between the
chemical compositions of the silicon nitride deposits from the RF and DC technique, where the N/Si
atomic concentration ratio x is much higher in the latter case. In addition, it was found that the RIE
etching characteristic of DC sputter deposited silicon nitride thin films does not show a highly
significant dependence on the investigated deposition parameters. This is in accordance with the
preconceived expectations, taking into account an enhanced physical component in the RIE etch
process during material removal. The influence of the mean kinetic energy of the sputtered particles

is still observable to some extent, as the samples deposited at low power (Ppiasmanc = 300 W) exhibit
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increased etch rates when deposited using higher back pressures (rze=68.8 nm/min and
rrie = 100.7 nm/min at prack = 3 and 9 pbar, respectively). This behaviour can be linked to the changes

in the N/Si atomic ratio x in the silicon nitride samples deposited using different parameter sets.

The last etch medium the DC magnetron sputtered silicon nitride thin films were tested against
was XeF,. The results have shown that independent from the DC power and back pressure levels used
during the deposition, the etch rates were lower than 2 nm/min (which is — due to the limits of the
employed measurement method — the most accurate figure that can be given at this point). These
values are far below the etch rates presented above for the other two etch media, but are in good
accordance with other reported values [129] for different silicon nitride thin films (including the RF
magnetron sputter deposited samples described earlier in this chapter), meaning that the samples can
be suitably used as a hard mask in XeF, etch processes. This, however, does not mean that the samples
are completely unscathed by the etch process, as a shift in the perceived colour of the etched surfaces
is clearly observable by the naked eye. Since the magnitude of the perceived colour shift [150] is
generally exceedingly large for it to be elicited by the measured thickness reduction, it is presumably
caused by the roughening of the surface due to selective etching of the heterogeneous silicon nitride

matrix silicon rich sites, by attacking Si-Si bonds.

5.4. Summary

In this chapter, a systematic experimental study was executed in order to assess the influence
of the main sputter deposition parameters such as the plasma power and chamber pressure, on the
resulting properties of the deposited silicon nitride thin films. Within the technical constrains, the
experiments have been designed to ensure a maximum degree of comparability between the RF and

DC sputter deposition process.

The deposition rate is in a linear relation to the plasma power in both techniques, however
during RF sputtering there is a relatively high threshold limiting the effective range of deposition
parameters. Normalized to unit power, the influence of ppack is observable in both cases. The refractive
index n shows a large difference between the samples synthesized by the two techniques: this is due
to the significant difference in the N/Si ratio x. RF sputtered samples are extensively Si-rich, while their
DC counterparts are much closer to a stoichiometric composition. This also has consequences
regarding the value of the biaxial film stress 0. In the case of RF deposited samples o is highly
compressive (<-1 GPa), thus annealing at high temperatures is necessary to achieve partial stress
relaxation. In the DC case, however, while o is generally still compressive, but a careful variation of the

sputter parameters offers the possibility to reduce the film stress close to a stress-free state.
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Chapter 6: Electrical characterization of silicon nitride thin films

Parts of this chapter have already been published in [130, 131].

One attractive feature of silicon nitride and related materials such as silicon dioxide or
undoped silicon carbide for microelectronics and MEMS is that they are considered to be excellent
electrical insulators [25, 151]. The wide range across which the physical and chemical properties of
ICP-CVD and magnetron sputter deposited silicon nitride thin films can vary was presented in the
previous chapters. Given this knowledge, a significant scatter in their electrical performance is

expected when varying the deposition techniques as well as the deposition parameters.

In this chapter, the electrical behaviour of silicon nitride thin films deposited with the
aforementioned techniques will be investigated in detail. For this purpose, the samples will be
subjected to two standardized, temperature-dependent benchmark measurement routines, assessing
their leakage current and dielectric breakdown characteristics in a reproducible and comparable

approach.

6.1. Sample preparation and measurement methods

In order to enable the efficient assessment of the electrical performance of various silicon
nitride thin films, the design and fabrication of appropriate test structures was inevitable. The
consistent usage of a well-thought-out methodology and a controlled environment can ensure that
that results of the tests performed remain relevant in real-world applications, and the maximal

comparability of the various results.

6.1.1. Sample preparation

The samples for the leakage current (LC) and dielectric breakdown (BD) measurements have
been produced in a comparable way. As substrate, single-crystalline silicon wafers, having a diameter
of 4”, and a nominal thickness of 350 um have been used. The wafers were n-type (phosphorous
doped, p > 50 Q-cm) in all cases, ensuring that electrons are the majority charge carriers. In the first
step, a silicon nitride thin film was deposited onto the blank substrate. The deposition technique (i.e.
ICP-CVD, RF and DC magnetron sputtering), deposition parameters, and film thickness (in the case of
sputter deposited samples) have been varied to provide a wide array of samples with different physical

properties.
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ICP-CVD silicon nitride samples were synthesized using four different parameter sets (see Table
14), varying the parameter Rnzsing, and in addition the auxiliary CCP RF plasma source, similarly to the
processes described in Chapter 4. In Table 14 the details of the deposition runs are listed. For reason
of comparison, the deposition times have been adjusted such to achieve a nominal sample thickness
of 100 nm. The constant process parameters paep, = 7 mTorr and T=350°C ensure maximal reliability of
the process, while a samples thickness of 100 nm is the most representative for real-life application

scenarios.

Shorthand | Picp [W] | Pcce [W] | Paep [mTorr] | T [°C] | Ruaysina
Type | 750 0 7 350 2
Type Il 750 0 7 350 0.5

Type RF 750 150 7 350 1
Intermediate 750 0 7 350 0.75

Table 14: Parameter sets for the synthesis of ICP-CVD silicon nitride thin films used in the leakage current and dielectric
breakdown measurements.

Sputter deposition experiments of SiNy samples, on the other hand, have been carried out in a
sequential manner, shortly breaking the vacuum to readjust the mask covering three quarters of the
substrate wafer, which allowed for a more wafer-efficient fabrication procedure. The practice of
changing the deposition parameters in between the individual runs resulted in wafers covered by films
deposited using all four different parameter sets, while the position of the wafer flat was used to

provide unambiguous identification of the individual samples.

RF and DC sputter deposited silicon nitride samples have both been synthesized using a two-
level full factorial design, with the input parameters being the plasma power Ppiasmare OF Ppiasmanc, and
the chamber pressure ppsck. The low and high levels used for the deposition runs were 450 W and
3 pbar, and 900 W and 9 pbar, respectively. The deposition runs have been repeated three times with
the only variation in the duration of the process, in order to produce samples with nominal thickness

values of 40 nm, 100 nm, and 300 nm, respectively.

The electrical contact pads have been designed specifically to be used with the existing
measurement setup (see further below). To provide an enhanced electrical contact to the wafer chuck,
all of the samples have been fully coated with an aluminium backside metallization having an
approximate thickness of 800 nm using the DC magnetron sputtering, subsequently to the silicon
nitride deposition. On the front side of the wafer, the MIS (metal — insulator — semiconductor) stack
was completed by the electron-beam evaporation of a 10 nm thin film of chromium serving as an

adhesion promoter and 200 nm of gold as the contact layer. The front-side metallization was patterned
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using lift-off technique (i.e. AZ nLOF 2070 resist), in order to obtain an array of separated electrodes
suited for multiple measurements. A photomask specially designed for this purpose (see Figure 68) has
been utilized for the realization of circular disc shaped electrodes, thus avoiding any peaks in the
(rotationally symmetric) electric field distribution. The diameters ranged from 250 um to 1000 um to
evaluate the impact of any size effect. As a closing step, the wafers complete with contacts were split

into smaller samples for individual measurements.

Figure 68: Detailed view of the front-side metallization mask for the LC and BD experiments, prepared with the software
AutoCAD.

6.1.2. Measurement setup and methods

Leakage current and dielectric breakdown measurements were both carried out on a
temperature-controlled wafer probe station (PM 8 from Siiss Microtec AG). Samples were securely
held on their place using a vacuum chuck (ATT systems, model A200 with an external controller),
featuring an integrated heater. The substrate temperatures for the temperature-dependent
measurements were set between room temperature (25°C) and 300°C in air. The deviation between
the nominal and the actual temperature on the sample surface are taken into account using a
temperature correction curve (see Appendix C). Ample electrical backside contact to the sample was
also provided by the vacuum chuck. On the other hand, the front-side pads have been contacted
individually using a tungsten needle brought into position by a three-axis micro-linear actuator. The
accurate positioning of the contact needle was ensured by performing the operation under an optical
microscope. The front and back electrodes were connected to an Agilent B2911A Precision Source /

Measure Unit using coaxial wires having an impedance of 50 Q. The heater and the Source/Measure
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Unit were both controlled using a personal computer equipped with the software LabVIEW through
the IEEE 488 (GPIB) interface. An optical photograph showing the measurement setup is provided in

Figure 69, while a schematic is presented in Figure 70.

Au
Cr

SiNH

Al

Vacuum chuck

Figure 70: Cross-sectional schematic of the LC and BD measurement setup.

While the fundamental methodology of the leakage current and the dielectric breakdown
measurements was largely the same (applying a voltage between the electrodes, and simultaneously
recording the current flowing between them), there were also some important differences between

the two types of experiments, as explained in the following:
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The leakage current (LC) measurements were carried out using the largest (1000 um diameter)
contact pads, since this would provide a higher absolute current at the relatively low electrical fields,
leading to a higher signal-to-noise ratio in contrast when using the smaller contact pads. Since the
voltage drop across the substrate was neglected due to a parasitic resistance being in the range of
200 Q, the field across the SiNy dielectric thin film can be easily calculated as E = V/d, where d is the

film thickness and V the applied voltage. The maximum applied field in the LC measurements was

E=0.5MV/cm.
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Figure 71: Standard load over time characteristics for the leakage current measurements.

A measurement routine consisting of two distinct regions was used in all cases (see Figure 71),
whereas both regions included stepped voltage ramps. These ramps started from 0 V reaching to the
maximum voltage in the positive bias direction (meaning that the top contact was brought to the
highest potential), going back to 0 V, and then repeating the same pattern in the opposite, negative
bias direction. The first, “stabilization” section — which was also used to filter out defective samples —
consisted of voltage steps with an amplitude of 10% of the maximum voltage, and a hold time of 10 s
for each step. In the second part, during the actual measurement, however, voltage steps of 2% with
respect to the maximum voltage level were applied, accompanied by a hold time of 30 s, allowing the
attenuation of transient currents and relaxation effects arising from the voltage jumps. In the standard
measurement routine, this procedure was repeated for each sample at each temperature step from
25°C up to the maximum temperature of 300°C (with the intermediate measurement temperatures

being: 60°C, 120°C, 180°C, and 240°C). The recorded data were analysed with respect to the
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dependence of the leakage current on the applied electric field £ and sample temperature T, in order
to identify the physical mechanisms governing the leakage current through the thin films, and to

quantify physical parameters such as the activation energy.

The dielectric breakdown (BD) measurements have been carried out using the same physical
sample and probe configuration as used for the LC, with the only difference that in this case the circular
pads with a diameter of 500 um were used. The reasons for choosing samples of less diameter were
the much higher applied electrical fields compared to the LC measurements, resulting in increased
values of leakage current density (which increases the signal-to-noise ratio SNR even when using
smaller contact pads) and the decreased probability of structural defects causing premature
breakdown. The latter means that the breakdown can occur with higher probability at the intrinsic
breakdown strength value of the material, assuming an equal density of structural defects, since the

absolute number of structural defects is lower.

During these measurements, a time-zero measurement approach was implemented by
applying a voltage ramp to the sample. It is important to note, that the voltage ramp was generally
only applied in the positive bias direction, meaning in this configuration that a space-charge region did
not form at the semiconductor-insulator interface. The source/measure unit was set to drive a voltage
ramp from 0V to its maximum output voltage (Vmaex = 200 V), or until a set compliance current limit
(generally limir=1mA) of the leakage current was reached. The standard ramp speed was
dV/dt =500 mV/s, with a measurement taken at every voltage step of 80 mV. Given the generally
destructive nature of the test, a set of about 20 samples have been measured at each temperature
step. This measure helped in gaining a meaningful insight into the evolution of the leakage current at
higher field strengths than during the LC measurements, and allowed a statistical evaluation of the

maximum dielectric strength of the materials under test.

6.1.3. On the electrical conduction and dielectric breakdown in insulators

While an ideal insulator is characterized by having an electrical conductance of exactly zero
[152], this assumption does not hold true for a real MIS (metal-insulator-semiconductor) capacitor. A
certain degree of conduction, i.e. a transport of charge carriers through the insulating film is
measurable, given a sufficiently high temperature T and electrical field E. This behaviour can be an
effect of one or more of several distinct physical mechanisms, which are shortly explained in the

following, while their dependence on the values of T and V are presented in Table 15.
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Conduction mechanism Full expression for current density V and T dependence

Tunnel emission [ 4 /Zm*(q(b )3/2 ) —b
« E2 _ B J < V<exp (—)
] i exp 3qhE, V
Schottky emission R '_q(qu — JqE;/Ams,) J « T2exp [i (aVV - (DB)]
J =A"T<“exp T kT
Frenkel-Poole emission —q(th = 1/qu-/ﬂfi) J < Vexp [i (Za\/V = CDB)]
J < E;exp T kT
Ohmic conduction —AE 4. _¢
]ocEiexp< T ) ]°<V€xP(T)
lonic conduction ]« Eex (_AEai> 9 4 —d’
T p KT ] . exp T
Space-charge limited _ 9guV? J x V2
- 8d3

Table 15: Conduction mechanisms in insulators according to [152]. The symbols used in the expressions above are: A** = the
effective Richardson constant, ®g = barrier height, €; = permittivity of the insulator, E; = electric field in the insulator, m* =
effective mass, d = thickness of the insulator, AE,. = electron activation energy, AE,; = ion activation energy, while a, b, ¢, and
d’ are constants.

When the electrical field E is very high (and generally the film thickness d very low), tunnel
emission is often the dominant conduction mechanism. Tunnelling is a quantum mechanical
phenomenon where the electron wave function penetrates through the potential barrier. This
behaviour has a very strong dependence on the applied electrical field, but is from the pure theoretical
point of view independent of temperature. In the case of direct tunnelling the charge carriers pass
through the whole potential barrier, while in the case of Fowler-Nordheim [153] tunnelling only

through a partial width of a barrier which is strongly bended by the external field.

The Schottky emission process occurs when the main source of carrier transport is the
thermionic emission of electrons over the insulator-semiconductor barrier [154]. When plotting
In (J/T?) over 1/T, a straight line in principal indicates by the sign of Schottky emission which charge
transport mechanism dominates through the insulator. In the case of Frenkel-Poole emission[155],
trapped electrons are emitted into the conduction band by means of thermal excitation. The barrier
height in this case is the depth of the potential well associated with the trap. Ohmic conduction [152]
can dominate at relatively low fields and high temperatures, where thermally excited electrons are
transported by hopping form one isolated state to another. The leakage current characteristics are

exponentially dependent on temperature T.

lonic conduction processes [156] have a very characteristic dynamic that can be observed when

applying a stationary electric field. Since ions generally cannot be injected or extracted from the
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insulator, positive and negative charges will accumulate at the interfaces after loading with a DC
voltage. This manifests itself in the gradual decrease of the initially high apparent conductivity through
the insulator layer. Additionally, remaining internal fields can lead to charges flowing back once the
external excitation is removed, visible as hysteresis in the /-V characteristics. Space-charge-limited
conduction [157] is a result of carriers being injected into either a semiconductor that is lightly doped,
or an insulator, without the presence of compensating charges. In a unipolar, trap-free setup, the
current is proportional to V2, since in insulators, the mobility u is usually very low, this conduction

mechanism is typically not dominating.

The dielectric breakdown strength is an important parameter when assessing the performance
and quality of thin insulating films, and is a common concern for device reliability reasons. Thus, it is
critically important to provide a most detailed explanation of the mechanisms taking place during
breakdown. As it is presented above, at elevated temperatures and sufficiently high electric fields,
leakage current flows through a real insulator. Under these circumstances energetic carriers contribute
to the formation of structural defects in the bulk of the insulator film. Once the density of these defects
reaches a critical level, a non-reversible event called catastrophic breakdown will occur. A common,
microscopic-level explanation offered for this behaviour is the so-called percolation theory. This theory
assumes a random distribution of the structural defects generated by the energetic carriers passing
through the dielectric thin film [158]. As soon as the density of the defects is high enough to form a
continuous string through the insulator also known as the percolation path, an effective conduction
path is created [159] leading to the catastrophic, irreversible breakdown of the insulator. In addition,
thermally generated instabilities generally reduce the dielectric breakdown strength of materials at

elevated temperatures [151].

The statistical nature of probability of breakdown events does not only necessitate a sufficient
number of samples to be measured for meaningful results, but also an ample statistical method for
evaluating the measured values. This work uses a method based on the work of W. Weibull [160],
applied for the evaluation of dielectric breakdown strength of thin films, similar to [161]. The
cumulative failure distribution function F provides the percentage of failure (breakdown) events at a

given field E.

In the following sections, the LC and BD measurement results accompanied by their analysis
and the conclusions drawn from those will be presented for each individual investigated SiN thin film

type [152].
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6.2. ICP-CVD deposited a-SiNx:H thin films

As already mentioned above, leakage current and dielectric breakdown measurements have
been carried out on four different types of ICP-CVD deposited silicon nitride thin films, which have
been selected based on the results presented in Chapter 3. The nominal film thickness in these tests
was typically 100 nm. In the following, the findings gained from each individual type will be presented

and discussed.

6.2.1. Type I films

The measured typical leakage current characteristics for Type I a-SiNg:H thin films are displayed
in Figure 72. There are two remarkable features of the J-E characteristics that are worth mentioning,
as they deviate significantly from the expected behaviour as given in [151] and [162] for a MIS (metal-

insulator-semiconductor) capacitor with a silicon nitride insulating layer.
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Figure 72: Leakage current density characteristics of a Type | ICP-CVD a-SiNy:H sample recorded between 25°C and 300°C.

First, field hysteresis occurs as a significant discrepancy between the recorded leakage current
values when increasing and decreasing the load voltage gradually, as illustrated in Figure 72. This is
accompanied by the shift of the zero-transition point to the negative or positive bias direction
depending whether the load was increasing or decreasing during that part of the measurement routine
(see Figure 72). While the physical cause for this phenomenon remains to be discussed further below,
the technical reason becomes apparent when the measurement is recorded: each voltage step is
accompanied by an abrupt change in the leakage current in the corresponding direction, but is
followed by a quasi-exponential decay of the signal towards an equilibrium value, during the 30
seconds of hold time (see Figure 73). The amplitude of this decay can be comparable to or even exceed

that of the amplitude resulting from the voltage jump. Since the presented leakage current values are
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averaged values over the complete hold time of each individual voltage step, the results can exhibit a

strong dependence on the direction of the load voltage ramp.
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Figure 73: Transients of the leakage current when changing the load voltage levels.

The second anomaly is related to the temperature-dependence of the leakage current
characteristics. While from 25°C to 120°C, the leakage current increases at comparable electric field
values in accordance with the expectations, increasing the temperature to 180°C and above does not
have the same effect (see Figure 72). In contrast, the increase in temperature above T=180°C is
accompanied by the opposite effect: a significant decrease of the leakage current, reaching almost
room temperature levels at T=300°C. As an example, the film resistivity values are 10 Q-cm,
2-10* Q-cm, and 5-102 Q-cm at T=25°C, 180°C, and 300°C at an electric field of 0.5 MV/cm,
respectively. This is indeed in contrary to the expectations from the simple models of physical

conduction mechanisms through insulating materials, presented in section 6.1.3.

This unexpected behaviour especially regarding the impact of elevated temperatures on the
leakage current characteristics raises a few questions. First, the fact whether or not the occurrence is
repeatable using the same sample when measuring multiple times would provide essential information
about the physical mechanisms behind this observation. With the intention of answering this question,
the initial, now “annealed” samples were subjected to the measurement routine for a second time,
again successively from 25°C up to 300°C. The results were found to be vastly different from the initial
characteristics obtained when measuring the “as deposited” samples (see Figure 74). For the entirety
of the considered temperature range, the measured leakage current values were by orders of

magnitude lower than during the first measurement routine, while the leakage current density
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basically increased with increasing temperature. These observations indicate that during the first-time
measurements of Type | ICP-CVD silicon nitride samples at elevated temperatures above 120°C
irreversible changes occur that are readily reflected in the leakage current characteristics. Now, film
resistivity values for the annealed samples are 5-10'* Q-cm, 5-10% Q-cm, and 5-10'? Q-cm, for the
lowest temperature T = 25°C, the turning point 180°C, and the maximum measurement temperature
300°C at an electric field of 0.5 MV/cm, respectively. These findings suggest that the elevated
temperatures and/or the applied electric load induce modifications in the material. This hypothesis
draws an interesting parallel with the Type /| ICP-CVD silicon nitride material’s apparent instability with

respect to film stress (see Chapter 4), however it needs extensive further investigations.
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Figure 74: Typical leakage current density characteristics between T = 25°C and T = 300°C of a Type | ICP-CVD a-SiNy:H
sample after exposure to elevated temperatures up to 300°C in air.

First of all, the possible influence of an external factor, such as ambient light, needs to be
addressed. Ultraviolet (UV) light can potentially generate carriers inside the device under test [163],
thus affecting the measurement results. For this reason, two different measurements, both only at
room temperature (25°C, in order to somewhat suppress the strongly temperature-dependent carrier
generation processes.) have been performed, where one of the samples was subjected to ultraviolet
light from a table-top photolithographic illumination source for a duration of five minutes, while the
reference sample was kept under standard conditions, meaning under light shielded conditions. Since
the measured values (not shown) indicate within the measurement accuracy that leakage current

characteristics were not affected by the ultraviolet light irradiation, this factor can be safely ruled out.

Sources for inducing the non-reversible shift in the leakage current behaviour of Type I ICP-

CVD silicon nitride thin films may be due to the repeated electrical load that the material exposed to
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during the measurements, as well as the thermal load from the actual and even the previous
measurement cycles performed at increasing temperature levels. In order to prove this assumption, a
second set of experiments have been carried out, where three subsequent full leakage current
measurement cycles were taken at each temperature step starting from 25°C up to 300°C. For each
temperature step, a new measurement pad was used, thus each sample has experienced the electric
load cycle three times. The pads, however, were located on a singular die, thus the samples measured
at the later stages of the experiment have been subjected to the thermal loading arising from the prior
temperature steps. An example of the described three-cycle leakage current measurement (taken at

T=60°C) is presented below in Figure 75. (For the rest of the available data, see Appendix D).
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Figure 75: Evolution of leakage current characteristics of Type | ICP-CVD deposited a-SiNy:H samples. The measurements
have been cyclically repeated 3 times at T = 60°C.

Apparently — even at relatively low temperatures, where the results of the original experiments
did not significantly deviate from the expectation (i.e. a quasi-exponential increase of the leakage
current density with the temperature) — the repetition of the measurement cycle affects the recorded
leakage current characteristics. As it is illustrated, with each subsequent iteration, the measured

leakage current density decreases over the whole range of applied voltages.

Additionally, as illustrated in Figure 76, the variation between the maximum leakage current
values recorded during the three subsequent measurement cycles at each temperature step became
increasingly larger when increasing the temperature. Therefore, it is reasonable to assume that during
the measurements at elevated temperatures, the impact of electrical and thermal load causes the
irreversible reduction in conductivity of the silicon nitride thin film. The results also clarified one

further issue: The present test method (partly due to the cumulative thermal load on the samples),
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however, does not provide a suitable approach to separate the influence of these two parameters for

a more precise analysis.
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Figure 76: Maximal leakage current values measured at E = 0.5 MV/cm of Type | ICP-CVD deposited a-SiNy:H samples. The
graph shows the dependence and evolution of the leakage current on the measurement temperature and repetition count at
the respective temperature.
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Figure 77: Evolution of the maximum leakage current measured at E = 0.5 MV/cm of Type | ICP-CVD a-SiNy:H samples at
different temperatures as a function of the measurement cycle.

In order to mitigate some of the parasitic issues outlined above, the next experiments utilized
a slightly different, improved method. Here - with the goal of minimizing the impact of the elevated

temperatures — the maximal measurement temperature was limited to 120°C since the hysteresis
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effect was found to start dominating at temperatures above, while the samples for each temperature
were kept on different dies, allowing to investigate the effect of the pure cyclical electrical field load.
The samples have been put through six consecutive measurement cycles, whereas the results are

summarized in Figure 77.

As the results show, even at room temperature there is still a significant decrease by a factor
of 3 of the maximum leakage current value after six measurement cycles. Furthermore, the change of
the maximal leakage current (each at £=0.5 MV/cm) between consecutive measurement cycles does
increase with increasing temperature, suggesting that the influence of the thermal load cannot be

decoupled from the experiments in its entirety.

In order to obtain additional information about the transient behaviour in leakage current of
Type | ICP-CVD silicon nitride thin film samples, a set of samples were subjected to constant field load
at different temperatures. The test procedure started by placing the sample on the pre-heated chuck.
Given the relatively small nominal thickness of the samples, the actual temperature value converged
to the equilibrium temperature within a minute. Thus, after that amount of time, the leakage current
through the samples was monitored and recorded for a duration of 1 hour. The resulting graphs are

illustrated in Figure 78.
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Figure 78: Leakage current through a 100 nm thin Type | ICP-CVD a-SiNy:H sample under a constant load of E = 0.5 MV/cm at
temperatures ranging from T = 25°C to 300°C.

The results are in accordance with the results gained so far, and serve to illustrate the three
main characteristic points about the leakage current behaviour of the Type I ICP-CVD silicon nitride.

The first is the maximum leakage current increasing with the temperature up to a critical temperature
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level being in this case at 180°C, but decreasing above. The second feature is the presence of a
remarkable decay of the leakage current as a function of time independent of temperature. The third
is the significant temperature-dependence of this transient behaviour, as with increasing temperature

the decay curves become increasingly steeper.
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Figure 79: The dependence of the leakage current characteristics of a Type | ICP-CVD a-SiNx:H sample as a function of the
bias direction it was first measured. The measurements were performed at T = 25°C (left side) and T = 125°C (right side).

A further point to discuss is the apparent asymmetry on the leakage current characteristics in
the first measurement cycle when being biased in forward and in reverse direction. In order to assess
the source for this behaviour of the Type I ICP-CVD silicon nitride, some additional measurements have
been carried out. Figure 79 compares the results of the default measurement cycle with those of two
truncated measurements, where only forward, or alternatively only reverse bias was applied at
T=25°Cand T = 180°C, respectively. As clearly displayed by both figures, the measured leakage current
curves under reverse bias in the default measurement cycle have been significantly influenced by the
other half of the measurement cycle performed directly in advance. Considering the factor of leakage
current decay under constant field load as presented above, this is an expected behaviour. On the
other hand, even after cancelling out the effect of time-dependent leakage current decay, a significant
degree of remnant asymmetry is still observed at elevated temperatures (see Figure 79).

Current-voltage characteristics recorded during the time-zero dielectric breakdown (BD) tests
at different temperatures are provided in Figure 80. In a similar fashion to the “as deposited” leakage
current characteristics, the BD curves have proven to be very significantly affected by the
measurement temperature. At low temperatures (i.e. 25°C and 60°C), the current flowing through the
insulator also shows a monotonous increase with increasing voltage, although with regimes having
different slopes that can be associated with different dominating conduction mechanisms, until finally

breakdown occurs.
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Figure 80: Typical breakdown characteristics of “as deposited” Type | ICP-CVD a-SiNy:H samples measured at different
temperatures using 500 um diameter pads. The curves at each temperature level have been recorded in direct sequence to
each other.
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Increasing the measurement temperature to 120°C and above has a profound effect, as a bulge
in the characteristics appears, resulting in the decrease of the leakage current while increasing the load
voltage (see the second and third graph in Figure 80). The appearance of this negative differential
resistance regime is more than unexpected from a passive MIS device, and is indicative of in-situ
modifications of the insulating material during the measurement cycle especially at elevated

temperatures.
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Figure 81: Weibull plot showing the breakdown strength of “as deposited” 100 nm thin Type | ICP-CVD a-SiNy:H films.

Another important observation is that both the position of this local maximum in the current-
voltage characteristics, as well as its absolute value and the shape of the “bulge” characteristics in the
vicinity are modified with changing the measurement temperature or subjecting the samples to the
same temperature for increased durations. Analysis of the recorded /-V curves reveals the following:
the curve shapes of the consecutively measured samples shift in a coherent way, by lowering the value
of the local maximum, and shifting it to higher voltages. This transformation can only be induced by
the thermal load the samples have been subjected to, since during the BD measurements each MIS
capacitor is measured only once, yet the shape of the “bulge” changes from sample to sample with a
clear trend. Comparison of the results at a measurement temperature of 180°C and the curves recoded
at 300°C shows that the latter exhibit a far more prominent change between the first and the last
recorded /-V curves in a comparable timeframe. This confirms that at higher temperatures the impact
of the thermal load is larger and that it becomes apparent more quickly. Altogether it can be stated
that in both cases the successively measured /-V curves are asymptotically approaching an “ideal” /-V

characteristics without a local maximum, and thus regimes without negative differential resistance.
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The breakdown field values representing the field at which —according to the criterion used in
this thesis—the leakage current reaches the compliance of the measurement equipment are
summarized in a Weibull-plots at different temperature levels (see Figure 81). Straightforward
expectations according to basic theory [151, 164] would predict that the breakdown strength of the
material would decrease with increasing temperature, what is only partially true for the samples
investigated. While at room temperature the intrinsic breakdown strength appears to be about
6 MV/cm, increasing the temperature to 60°C results in a decrease to approximately 5.3 MV/cm. At
T=120°C this figure increases again to 7.1 MV/cm followed by a steady decrease at higher
temperatures, eventually reaching 4.9 MV/cm at 300°C. It is also important to note that the criterion
used in this study to determine the breakdown strength of the silicon nitride thin film samples is not
necessarily equivalent with the maximum dielectric strength in the referred publications due to

different BD criterions being used by various sources.

A straightforward explanation for the observed irregularities of the BD /-V characteristics as
well as the low-field LC behaviour is due to the abundance of hydrogen in Type | ICP-CVD deposited
a-SiNy:H thin films (see Chapter 4). As the high-temperature effusion measurements have shown, at
temperatures higher than the deposition temperature (typically 350°C), substantial amounts of atomic
and molecular hydrogen start to escape out of the thin film. Therefore, the presence of a significant
amount of H" ions in the Type I silicon nitride thin film sample can be assumed. These H* ions are indeed
influenced by both the external field and the measurement temperature. When an external field is
applied, they will be drawn to the cathode, and with increasing temperature, the mobility and diffusion
coefficient of the ions increase accordingly. This leads to an increased contribution from ionic

conduction to the total leakage current at elevated temperatures.

On the other hand, unlike electrons that can be reintroduced through the electrodes, the
amount of H* ions available in the sample is limited. As time progresses, through drift and diffusion
more and more H* ions reach the cathode-insulator interface, or get trapped at negatively charged
defect states, and are lost for current transport. This leads to a reduction of the leakage current over
time, despite the increasing electrical load. The loss of some of these charge carriers over time at
elevated temperatures due to diffusion also explains the successively lower absolute value of the local
maximum in the BD /-V characteristics. Additionally, the difference in the total charge (which is
proportional to the area under the /-V curve) between two successive measurements at the same
temperature increases at higher temperatures, since more H* ions are lost due to diffusion to the
interface in the same time interval. These assumptions also indicate why the local leakage current
maximum is observed at lower field values when enhancing the temperature: this phenomenon

dependent mostly only on the elapsed time, rather than on the electrical field load.
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Figure 82: Voltage sections leading to different dominating conduction mechanisms in “as deposited” Type | SiNx:H thin
films.

Given this model, one can identify different field ranges in the BD current-voltage
characteristics, which are dominated by different conduction mechanisms (see e.g. measurements at
60°C and 180°C in Figure 80). It is important to note, however, that the exact values greatly depend on
different parameters, such as the film thickness, measurement temperature, and ramp speed (see
further below). The general behaviour is illustrated in Figure 82. At very low loads (V<5 V), ohmic
conduction is dominating, while under higher bias conditions (5 V < V < 10 V), Poole-Frenkel emission
dominates indicated by an exponential increase of the current, before going into saturation. At even
higher electric field loads the conduction via H* ions takes over, characterized by a load voltage which
has almost no impact on the leakage current. Further increasing the load leads either to a catastrophic
breakdown, or the further increase of the leakage current in linear proportion to the load voltage,
suggesting that ohmic conduction through the modified sample is the dominating conduction
mechanism. This diffusion model of H* ions through the Type I silicon nitride thin film samples at
elevated temperatures offers an explanation for the very specific leakage-current characteristics even
at low electric fields. During the standard measurement routine, at elevated temperatures, H+ ions
present in the sample contribute more and more to the leakage current, but are also bounded to

negatively charged trap states and at the interfaces.
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Figure 83: Typical breakdown characteristics of 100 nm thin Type | ICP-CVD a-SiNx:H after exposure to temperatures up to
300°C using pads of 500 um diameter. The individual samples at each temperature have been measured in direct sequence
to each other.
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At low field values of E < 0.5 MV/cm, the first effect increases the leakage current significantly
up to 180 C, but at higher temperatures the second effect becomes more relevant. As fewer ions are
available, the leakage current drops, despite the increasing temperature. The loss of mobile H* ions
over time at elevated temperatures and under electrical load due to diffusion and drift effects also
explains the apparent asymmetry between the positive and negative bias sides of the LC
characteristics, as well as the different current fall-off curves (see Figure 78) under constant load at

different temperatures.

Since the leakage current measurements have shown a very significant difference between the
performances of “as deposited” and “annealed” Type | ICP-CVD silicon nitride samples, the dielectric
breakdown tests have been repeated, this time using samples that have been exposed to thermal
loadings up to 300°C before characterization. The corresponding current-voltage characteristics are
presented in Figure 83. Comparing these with those from “as deposited” samples given in Figure 80, it
is immediately apparent that the conduction mechanisms of Type | samples drastically changed after
exposing the material to such elevated temperatures. In the case of “annealed” samples, none of the
specific characteristics described above are present. The /-V curves have a monotonously increasing
slope without any local maxima, until the point of a catastrophic breakdown. Subsequent
measurement curves at the same (elevated) temperatures do not show any shift when comparing both
characteristics. This is attributed due to the absence of mobile H* ions in the samples after being

subjected to elevated temperature for an extended period of time.
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Figure 84: Weibull plot showing the breakdown strength of “annealed” (@ 300°C) 100 nm thin Type | ICP-CVD a-SiNy:H films.
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As illustrated by the Weibull-plot, presented in Figure 84, the breakdown strength of the Type /
ICP-CVD silicon nitride material has not improved significantly after thermal loading. Generally, it can
be stated that there is no clear trend of the intrinsic breakdown strength changing in either direction
upon increasing the measurement temperature. While some sample sets (at the temperatures of
T=120°C, 180°C, and 300°C) are characterized by higher apparent dielectric strengths between 5 and
7 MV/cm, others (at 25°C, 60°V, and 240°C) only reach significantly lower values of 3-4 MV/cm. On the
other hand, it is important to note that at a higher measurement temperature and at a given electric
field value the leakage current will indeed increase, as given by the measurement results shown in
Figure 83. At this point it cannot be confidently stated if the generally low measured dielectric strength
of the samples at some temperature levels actually corresponds to their respective intrinsic breakdown
strength, or alternatively is a statistical anomaly due to the low sample size and a high occurrence of

early failures.

The findings of the additional dielectric breakdown measurements performed at 50 nm and
300 nm thin samples are in accordance with the theory based on the results of the 100 nm thin
samples. Both the thinner and the thicker samples feature a local maximum in their respective current-
voltage characteristics at elevated temperatures (see supplementary figures in Appendix E). The
position and the magnitude of the local maximum is subject to the same influences as it was in the
case of the 100 nm thin samples, despite quantitative differences stemming from the different length

of diffusion paths in films having different thickness values.

The apparent dielectric breakdown strength of “as deposited” 50 nm thin Type | samples is in
the range of 5-6 MV/cm, without any clear dependence on the measurement temperature. This is due
to the thermally induced diffusion process of the H* ions taking place during the measurements,
leading to a continuous modification of the material under test. In the case of the annealed 50 nm
samples on the other hand, an effect if the measurement temperature is clearly observed, as the
apparent breakdown strength shows a significant decrease from about 7 MV/cm to approximately

5 MV/cm, when increasing the measurement temperature from 25°C to 300°C.

The ability to determine the breakdown strength of 300 nm thin Type I silicon nitride samples
is greatly limited by the maximum output voltage of the equipment (200 V). It appears, that even at
300°C, some samples do not reach the point of catastrophic breakdown, thus only a lower estimate of
this parameter at about 6.7 MV/cm can be given. It is noteworthy though, that most early failures

happen in the range of 4-5 MV/cm independent of the temperature level.

One further notable aspect of the dielectric breakdown tests is the extensive mechanical
damage that often accompanies the event of a catastrophic breakdown. Figure 85 below serves as a

telling illustration of the phenomenon. As it is clearly visible in the scanning electron micrographs, the
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front-side electrode pad was locally destroyed, and delaminated from the substrate. This results in the
disruption of the continuity and delamination of both the dielectric thin film and the front-side
metallization, and is most probably caused by the localized extreme current and field densities at the
point of catastrophic breakdown inducing a significant rise in the local temperature, and hence, large

temperature gradients.

!
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Figure 85: Scanning electron micrographs showing the effect of catastrophic breakdown on an MIS sample with an ICP-CVD
deposited a-SiNy:H dielectric layer. The images are representative to the catastrophic breakdown of all sample types.

Moreover, as it is displayed in Figure 86, it can also be noted that the delamination does not
appear to be separating the silicon nitride insulator film from either the bulk silicon substrate or the
front-side metallization. The failure plane, however, is found inside the dielectric, as the electron
micrographs illustrate, since both the delaminated and the remaining surfaces are characterized by
the same distinct microstructure (as presented on the bottom of the rolled-up electrode on the left,
and on the substrate on the right). This microstructure strongly differs from that of the typical metallic

front-side electrode visible on the left upper part of the right-hand side picture.
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Figure 86: Scanning electron micrographs displaying a detailed view on the effect of catastrophic breakdown.
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An additional test has been performed in order to evaluate the dynamic behaviour of the Type /
ICP-CVD silicon nitride dielectric thin films during the time-dependent dielectric breakdown
measurements. The effect of changing the ramp speed on the current-voltage characteristics has been
studied. This was done to assess the possible influence of the ramp speed in the occurrence and
characteristics of the local maximum “bulge” in leakage current curve. Figure 87 shows current-voltage
characteristics of 100 nm thin Type | samples recorded at a measurement temperature of 180°C. The
only factor that is different between the individual samples is the ramp speed, which has been varied

in a wide range from 5 to 500 mV/s.
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Figure 87: Impact of ramp speed between 5 mV/s and 500 mV/s on the characteristic BD curve of Type | ICP-CVD a-SiNy:H
thin film samples in the time-zero dielectric breakdown test with a pad diameter of 500 um.

As the graph clearly presents, there is a rather significant influence of the ramp speed,
regarding both the local maxima and the overall characteristics. While the main qualitative features of
the current-voltage curves remain unaffected at all three ramp speeds, there are strong quantitative
differences pointing in the same direction. With increasing ramp speed, the leakage current increases
significantly over almost the whole voltage range, and in an interesting way approximately
proportionally to the increase in ramp speed itself. Additionally, the position of the local peak shifts to
higher voltage values, and the peak height decreases with increasing ramp speed. This behaviour,
consisting of a substantial increase of leakage current with rapidly changing electrical load, correlates
indeed with the previously observed transient effects in the leakage current measurements. These are
also most likely to be responsible for the apparent difference in leakage current values at comparable
conditions between the LC and BD measurements (cf. the effective ramp speed of =3 mV/s during the

LC tests).
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6.2.2 Type Il films

In contrast to Type | samples, Type Il ICD-CVD silicon nitride shows significantly different
leakage current characteristics, as presented in Figure 88. The samples are characterized both by a
highly asymmetric J-E characteristics depending on the direction of the loading bias, and by relatively
low resistivity values, especially under forward bias, when compared to standard resistivity values of
silicon nitride [165] ranging up to 10 Q-cm, as well as Type | samples having values of around
103 Q-cm at room temperature. As a consequence, this low film resistivity resulted in leakage current
density values being high enough at elevated temperatures to cause self-heating. This, in turn, gave
rise to events of catastrophic breakdown even at moderate electric field values when performing
leakage current measurements, rendering those impractical. Thus, leakage current measurements of

Type Il ICP-CVD silicon nitride thin films above a temperature of 120°C were not possible.
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Figure 88: Leakage current density characteristics of a 100 nm thin Type Il ICP-CVD a-SiNy:H sample between T = 25°C and
120°C, on a linear (left) and semi-logarithmic (right) scale

The asymmetry of the leakage current at £ =0.5 MV/cm between both load directions can
amount at room temperature to a factor of over 1000 decreasing to approximately 35 at 120°C.
Additionally, in strong contrast to the Type | samples, no evidence of an annealing or other hysteresis
effect similar to those documented in the case of Type I samples was found. This leads to the conclusion
that the morphology and chemical composition of Type Il samples does not change given the

measurement conditions.

Regarding the dielectric breakdown performance of the MIS devices with a Type I/ ICP-CVD
silicon nitride dielectric, it is reasonable to assume that at least some of the characteristics that were

present in the leakage current measurements are present at higher electric loading conditions as well.

124



Due to the lack of a distinct point where the current through the insulator increased in an
abrupt manner both in forward and in reverse direction, the criterion for stopping the measurement
were revised, and the compliant limit was raised to 0.1 A. This allowed for a more detailed observation

of the I-V characteristics under high electric field loads.
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Figure 89: Typical high-load I-V characteristics of 100 nm thin Type Il ICP-CVD a-SiNy:H samples measured at T = 60°C in
forward bias condition and a pad diameter of 500 um.

Especially noteworthy is the strong contrast between the I-V characteristics under forward and
reverse bias conditions. Under forward bias (see Figure 89) the initial exponential increase of the
leakage current is followed by a quasi-saturation at higher voltages. In this regime, the leakage current
increases almost linearly with the applied voltage, and the material is essentially behaving as an ohmic
conductor. In contrast, under reverse bias conditions as illustrated in Figure 90 one can identify several
more distinct regimes of the current-voltage characteristics. At lower fields, up to 2 MV/cm (which
corresponds to V=20V for 100 nm thick samples) the same two regions of exponential leakage
current growth and saturation as in the case of forward bias appear, although with significantly lower
absolute current values. When further increasing the reverse bias, another region of quasi-exponential
increase occurs. The characteristics conclude in catastrophic breakdown at a reverse bias field of
approximately 10 MV/cm. Referring to Chapter 4, it has been proven that Type I/ ICP-CVD silicon nitride
has a N/Si atomic concentration ratio which can be as low as 0.35, far below that of stoichiometric
SisNs. As it is apparent from the measurement results, this makes the material a poor insulator, with
resistivity values as low as 10° Q-cm at 25°C and 7:107 Q-cm at 120°C at 0.5 MV/cm in forward bias

direction. For comparison, the values under reverse bias are 102 and 10° Q-cm, respectively.
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Figure 90: Typical breakdown characteristics of 100 nm thin Type Il ICP-CVD a-SiNyx:H samples measured at T = 60°C in
reverse bias direction using 500 um diameter pads.

Basically, the material needs to be considered as an extremely poor amorphous silicon layer
from the electrical performance point of view. This approach offers some explanation for the

remarkably asymmetric, diode-like current- voltage characteristics of the Type Il samples.

6.2.3. Intermediate Type films

The Intermediate Type ICP-CVD silicon nitride thin films showed distinctively different
characteristic leakage current behaviour than either the Type I or Type Il samples. As a reminder, these
samples are synthesized using a N, to SiH, flow ratio being in between those used during the deposition
of the other two types, resulting in a material with outstanding mechanical properties (see Chapter 4).

But, the electrical behaviour of these samples does not simply fall in line with the previous two sample

types.

The first straight-forward observation is the very low absolute value of the leakage current.
For this reason, the measurement range was extended to 1.0 MV/cm for this type of material.
Additionally, it was found that the increase in the measurement temperature has basically no influence
on the leakage current characteristics, at least up to 240°C, as shown in Figure 91. In contrast, the
leakage current curves do display an effect when increasing the temperature at higher bias values, as

it was evidenced during the dielectric breakdown tests (see Figure 92). This apparent insensitivity of
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the leakage current with temperature, however, needs to be addressed. One explanation would be
that at the measurement conditions the dominating conduction processes are insensitive to
temperature. The former would indicate some sort of tunnelling process (see above in section 6.1.3),
although the conditions (relatively high film thickness of 100 nm, relatively low field values) make this
highly unlikely. The latter parameters could suggest ohmic conduction to be dominating, which is
definitely possible at the given field values, despite the fact that even in this case more pronounced
temperature-dependence characteristics were to be expected. Another — much more probable —
explanation is that the measured values in the given field and temperature range are ultimately
limited, not by the conduction mechanics of the samples but by the leakage current signal being below

the noise floor of the measurement setup.
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Figure 91: Leakage current characteristics of an Intermediate Type 100 nm thin a-SiNx:H sample between T =25°C and 300°C
on a linear (left) and semi-logarithmic scale (right).

Although in this case the precise determination of the leakage current characteristics is not
achieved, an upper limit of the conductance value under the tested circumstances can be calculated.
This leads to the rather impressive film resistivity values of 7:10*® Q-cm and 4-10%® Q-cm at 0.5 and 1.0

MV/cm at 25°C, and of 3-:10%° Q-cm and 1-10% Q-cm at 300°C, respectively.

In contrast to particularly Type Il samples, no significant amount of asymmetry of the leakage
current amplitude was observed with respect to the loading direction. As it is visible on the semi-
logarithmic representation in Figure 91, however, the leakage current characteristics are shifted by
about 0.2 to 0.4 MV/cm to the positive bias direction. This, in combination with the exceptionally low
measured values is further evidence suggesting a significant portion of the measured values affected
by artefacts originating from the limitations of the setup, rather than an actual feature of the sample

material. This means that the resistivity values given above are only lower bounds for the actual values.

As an additional important point of distinction, Intermediate Type samples do not suffer from

the temperature- and field induced irreversible hysteresis effects like Type | samples.

127



0,1

0,01 1E-4F E

1E-3

E 1E5E ]
. /
1E-4 -
1E-6 | y 4
— 1E5 ] —
§ % 1E7E / ]
2  1E6 1 = y
o o
S5 1E7 S 1esf ‘ ]
1) 9]

/ 1 ‘ /
1E-8 / 1 1E9 | r / E
1E-9 /
M«J///« 1 1E-10 | Lo
ol ’ e
1E-11 iy

. L e

50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 8 90 100 110 120
Voltage [V] Voltage [V]

1E-10

1E-11

Figure 92: Dielectric breakdown characteristics of 100 nm thin Intermediate Type a-SiNy:H samples measured at T = 25°C
(left) and T = 120°C (right) with a pad diameter of 500 um. The 18 samples in each graph have been measured in direct
sequence to each other.
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Figure 93: Weibull-plot showing the dielectric breakdown strength of 100 nm thin Intermediate Type ICP-CVD a-SiNy:H thin
film samples.

The dielectric breakdown measurements have also revealed the leakage current
characteristics of the Intermediate Type |ICP-CVD silicon nitride samples, although using much higher
ramp speeds of 500 mV/s then in the case of the LC measurements (effectively 2-10 mV/s), making a
direct comparison between the two measurements difficult. It can be stated, however, that the
recorded /-V characteristics at higher electric fields are in stark contrast to the Type | and Type Il
samples. The leakage current as a function of the load voltage shows a strictly monotonous increase,
while following a smooth quasi-exponential curve characteristic for Frenkel-Pole type emission, up to

the point of breakdown indicated by a steep increase, as displayed in Figure 92. As the statistical
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analysis shows (see the Weibull-plot in Figure 93) the intrinsic dielectric breakdown strength of the
intermediate type material is relatively high at 9-12 MV/cm compared to Type | and Type Il materials,
and comparable to textbook examples of sputter-deposited samples [151]. Additionally, the decrease

of the dielectric strength at temperatures above 60°C is clearly observable.

6.2.4. Type RF films

The leakage current characteristics of 100 nm thick Type RF ICP-CVD silicon nitride samples
show a great degree of similarity to those measured at the Intermediate Type samples. This includes
the apparent insensitivity of the leakage current to temperature (see Figure 94), accompanied by the

shift of the minimum of the curve in forward bias direction up to 240°C.
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Figure 94: Leakage current characteristics of a Type RF 100 nm thin a-SiNx:H sample between T =25°C and 300°C in a
linear(left) and a semi-logarithmic (right) scale.

On the other hand, a significant discrepancy between the two silicon nitride sample types is
the substantially higher increase of the measured leakage current density above 240°C, compared to
the Intermediate Type. This information acts as a further proof that the negligible impact of
temperature on the leakage current characteristics, as well the shift in the curves are —as suggested
above— caused by the limitations of the instrumentations, rather than being inherent properties of the
material under test. Given this assumption, the recorded leakage current characteristics up to 240°C

may be interpreted as upper limits.

Given the measured data, the calculated resistivity of the 100 nm thin Type RF samples at an
electric field load of 0.5 MV/cm is about 1-10*3 Q-cm at 25°C and about 2-10'° Q-cm at 300°C,

respectively. Although these values are somewhat inferior compared to the film resistivity of
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Intermediate Type samples, the high potential of Type RF insulators, at least at moderate temperatures

is demonstrated.
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Figure 95: Dielectric breakdown characteristics of 100 nm thin Type RF a-SiNy:H samples measured at T°= 25°C (left) and
T =120°C (right) with a pad diameter of 500 um. The curves in each figure were recorded in direct sequence to each other.

By increasing the bias field during the dielectric breakdown tests— again in a similar approach
as done at the Intermediate Type samples — the current passing through the insulating thin film
increases to a measurable level. Additionally, the temperature-dependence of the measured leakage
current values with increasing temperature becomes apparent. It is important to note that the shapes
of the I-V characteristics are notably different than in the previous section, by having defined regimes

with different slopes, as illustrated in Figure 95.

25°C T T T T T T T T
30r —e— 60°C o
—a—120°C
251 —v180°C iy
2,0 | i
E'r\ 15 F ]
—
=4
10t i
0,5 i
0,0 ]
1 1 1 1 M 1 1 1 1

0 1 2 3 4 5 6 7 8
Breakdown field [MV/cm]

Figure 96: Weibull-plot showing the dielectric breakdown strength of 100 nm thin Type RF ICP-CVD a-SiNy:H samples.
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This suggests that when the electric field at the device changes, different conductions
mechanisms can dominate the leakage current behaviour. Despite this difference, the measured
characteristics are characterized by the expected strictly monotonous increase in leakage current with
increasing load voltage, until a sudden increase of several orders of magnitude occurs, thus exceeding
the compliance limit. This terminates the measurement, indicating that dielectric breakdown has been

reached.

Regarding the intrinsic dielectric strength of 100 nm thin Type RF ICP-CVD silicon nitride
samples, it can be stated that the substrate temperature does not have a strong effect on it, contrary
to what was observed in the case of Intermediate Type samples. Between 25°C and 180°C the intrinsic
breakdown strength of the material under test was found to be in the range of 6.5 to 7 MV/cm, as it is
presented in Figure 96. At temperatures above T =180°C, the breakdown measurements have proven
to be unreliable for this type of samples (meaning that the amount of exceedingly early failures
rendered the results statistically unusable), and are thus omitted from the presented results. These
values are comparable with the dielectric strength of Type I, but superior to Type Il samples. Despite
being appropriate for many applications, Type RF samples are still clearly inferior to the properties of

the Intermediate Type material when comparing film resistivity and intrinsic dielectric strength.
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6.3. RF sputtered a-SiNy thin films

In contrast to ICP-CVD deposited a-SiNy:H thin films, magnetron sputter deposited silicon
nitride has by orders of magnitude lower concentrations of incorporated hydrogen (see Chapter 5).
This fact alone makes RF and DC sputter deposited SiNyx materials very interesting candidate for
improved electrical insulating performance compared to their ICP-CVD counterparts. As mentioned
above, sputter deposited silicon nitride samples have been prepared with three thickness values: 40,
100 and 300 nm. In Figure 97 typical leakage current characteristics of 100 nm thin RF magnetron
sputter deposited silicon nitride samples (with the deposition parameters Ppiasmarr = 900 W and
Prack = 9 pbar) are illustrated. Qualitatively, these characteristics are representative for the complete

set of samples sputter deposited in RF mode. (For more examples, refer to Appendix F.)
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Figure 97: Leakage current characteristics of a RF magnetron sputter deposited 100 nm thin SiNx sample in the temperature
range of T =25°C and 300°C on a linear (left) and a semi-logarithmic (right) scale.

Contrary to the previously discussed ICP-CVD deposited samples, these results are comparable
to those published in literature [151, 166, 167]. The most important features represented here are the
large symmetry of the leakge current characterisitcs with respect to both bias directions and the
exponantial increase of the leakage current with increasing temperature across the investigated
temperature range. Given these basic features, a few assumptions can be made regarding the
dominating leakage current mechanisms under different measurement conditions. This allows for a

guanititative analysis of the results, which will be described below.

For the purpose of comparison the resistance values at an electric field of £ = 0.5 MV/cm have
been determined for different temperatures and for samples syntehsized using different parameter

sets. In the case of 40 nm and 100m thick samples, the average resitivity is in the range of p = 10 Q-cm
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at 25°C and 10° Q-cm at 300°C, while the corresponding value at room temperature increases to

10* Q-cm for 300 nm thin films.

In the investigated field and temperature range, the most influential conduction mechanisms
considered to contribute to the leakage current through sputter deposited silicon nitride thin films are
ohmic conduction and Poole-Frenkel emission [151, 152]. Ohmic conduction is generally dominating
at low bias fields, while Poole-Frenkel emission at higher loads. As a first step, the validity of these
assumptions for the material under test must be checked. This is done by a fitting procedure using a
simple linear regression model and a variable width for the fitting window based on the equations
presented in Table 15. Once the correlation factor exceeds a pre-defined value of 0.995, the fit is
considered adequate enough. With this procedure, three distinct regions can be identified between 0
to 0.5 MV/cm. From E=0 to 0.1 MV/cm, ohmic conduction is dominating, while for £>0.3 MV/cm
Poole-Frenkel emission describes the leakage current best. Additionally, between those two values, a
transition region exists, where both aforementioned mechanisms contribute to the leakage current to
a significant degree. For the subsequent calculations, the recorded /-V curves are transformed into J-E

plots for direct data analyses.
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Figure 98: Arrhenius plot illustrating the temperature-dependency of a leakage current density of 100 nm thin RF sputter
deposited SiNy thin film sample.

Next, in an Arrhenius plot the natural logarithm of the leakage current density J is fitted to
1/ksT, where ks is the Boltzmann constant, combining the data from measurements performed at
different temperatures. The slope of the linear fit yields the effective activation energy E4. This is done

for every value of the electric field E, resulting in E4 as a function of E.
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The activation energy for Poole-Frenkel emission is given by the following equation, as a

function of the electric field E:

Eypr(E) = qPp — BVE (6.1)

This can be fitted to the calculated E(Es) function in the appropriate range of |E| > 0.3 MV/cm,

yielding an initial value for the determination of the barrier height @s.

In addition, the measured leakage current density J is fitted to the equation describing ohmic
conduction (See Table 15) using linear regression on the range of 0 < £ < 0.1 MV/cm. This gives a value
for the ohmic activation energy Ean and conductivity oo. With these two values, the contribution of

the ohmic conduction mechanism to the leakage current —Jo — can be calculated.

Based on the assumption that the impact of conduction mechanisms other than ohmic
conduction and Poole-Frenkel emission is negligible, the contribution of the latter mechanism can be
calculated in a straightforward approach by subtracting the ohmic current density from the total

measured current density: Jpr = J - Jq.
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Figure 99: lllustration of the data fitting process of the recorded leakage current data to identify different charge transport
mechanisms.

Again with a linear fit Jo¢ is fitted to the appropriate equation from Table 15 (also known as the
Poole-Frenkel equation), using the pre-determined value of @z as an initial value, in the range of
0.3 < E<0.5 MV/cm. Assuming an electron mobility value [168] of i = 5-:102 m?/V-s, the final Poole-

Frenkel barrier height @z and the volumetric defect density no are extracted.
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As it is shown in Figure 99, the sum of Jpr and J, gives a very good approximation of the actual
measure date for the entirety of the measurement range. This validates the assumptions made and

the fitting process.

For the determination of the impact that the various input parameters such as film thickness,
chamber pressure and plasma power, have on the values of Exq, 0q, @5 and ng, multivariate statistical

analysis (MANOVA [169]) was used [131].

The results strongly indicate that the chamber pressure prack has no significant effect on any of
the investigated electrical parameters. These findings are in good accordance with the results
presented in Chapter 5.2, where it was shown that both the chemical composition and biaxial film
stress of the RF magnetron sputter deposited silicon nitride thin films were found to be unaffected by
the parameter ppack. In contrast, the sputter power Ppasmare has @ measurable impact on the parameters
describing ohmic conduction (Ean and og,), but not on the effective barrier height. The film thickness

d, however, has a significant influence on Ex o, 0q, and @s.

Ppiasmarr [W]

450 900

40 417.2123.3 | 394.7164.1
Epo[meV] 100 426.9+38.5 | 408.11+65.0
300 491.6136.6 | 417.8452.2
40 64.8+2.6 67.313.8
0o [US/m] 100 63.7t4.2 65.8t7.2
300 56.5+4.0 64.715.8

d[nm]

40 635.847.1
@z [meV] 100 691.6+12.6
300 748.5+9.3
40
no [10* em™] | 100 1.19+0.83
300

Table 16: Electrical parameters of RF magnetron sputter deposited SiNy thin films. ®@g is averaged over Ppiasmarr, and nois
averaged over both Ppjasmare and d values.

In addition, it can be stated that the volumetric defect density no has not shown any significant
dependence on any of the input parameters. Due to a number of assumptions necessary for
determining this value, a large uncertainty is associated with these values. Thus, the calculated ng

values should only be regarded as rough estimate indicating the order of magnitude.
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A summary of the extracted parameters is presented in Table 16. It is worth noting that the
ohmic activation energy Eaq is significantly lower than the effective Poole-Frenkel barrier height @s.
This indicates that the leakage current contributed by ohmic conduction is dominated by the effect of
shallow defect states. These are electrically active at comparatively low values of E. On the contrary,
Jee is predominantly influenced by deep defect states, which become electrically active only when a

higher electric field or temperature is applied.

The ohmic activation energy and the effective Poole-Frenkel barrier height both show a
measurable increase with increasing thickness of the insulator, which ultimately results in a decrease
of the leakage current. This can be explained by a size effect connected to the scaling of the silicon
nitride thin film from 40 nm to 300 nm. This may be caused by defect-rich regions as present at both
the metal-insulator and the insulator-silicon interface, thus having a comparatively larger contribution
to the overall film properties in thinner samples. The result of this effect is an effective decrease of Ex

and Qs
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Figure 100: Typical current-voltage characteristics of 100 nm thin RF magnetron sputter deposited (450 W and 3 ubar) SiNy
samples during a time-zero dielectric breakdown measurement performed at T = 120°C, using 500 um diameter pads.

Some typical high-load current voltage characteristics of 100 nm thin RF magnetron sputter
deposited silicon nitride thin films are presented in Figure 100 and Figure 101. (Further examples are
provided in Appendix G.) As it is clearly visible the /-V characteristics within a sample set of 18 samples
at a given temperature level show a high degree of uniformity. Also, independent of the deposition
conditions (e.g. low or high values of the parameters Ppiasmarr and prack), the samples exhibit a very

similar behaviour among each other. Common features are the rather smooth /-V curves, showing an
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exponential increase of the leakage current right until reaching the compliance limit. The occurrence
of “early failures”, signified by an abrupt increase of the leakage current occurs with low probability.
Additionally, a significant decrease of the breakdown strength with increasing temperature is
observed, starting from 8-9 MV/cm at 60°C down to 5-6 MV/cm at 300°C. Interestingly, the samples
measured at room temperature, while the general characteristics of the -V curves are the same, seem
to deviate from this trend. This is most probably due to the more frequent premature failure events
that took place, and distorted the statistics at the given sample count. This is attributed to the fact that
the room temperature measurements have been performed first during the measurement routine, so
these samples are more susceptible to settle-in effects, which also have been observable in the other

SiNx sample types.
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Figure 101: Typical current-voltage characteristics of 100 nm thin RF magnetron sputter deposited (450 W and 9 ubar) SiNy
thin film samples (a total of 18 samples) during a time-zero dielectric breakdown measurement performed at T = 120°C
using 500 um diameter pads.

A comparison between the dielectric breakdown strength of RF magnetron sputtered samples
deposited using different parameter sets is shown in Figure 102. Some quantitative differences,
however, are detectable from the data: while samples deposited at Ppiasmarr = 450 W have a maximum
breakdown strength of about 10 MV/cm, samples synthesized at Ppigsmerr =900 W reach only lower
values between 8 and 9 MV/cm. The effect of the increasing measurement temperature on the
dielectric breakdown strength shows a significant variation between the different sample sets. The

breakdown strength reaches values >8 MV/cm at 450 W@3 pbar, but <5 MV/cm at 900 W.
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Figure 102: Weibull-plots of the dielectric breakdown strength of 100 nm thin RF magnetron sputter deposited SiNy, samples
synthesized using the following parameter sets from top left to bottom right: 450 W and 3ubar; 450 W and 9 ubar; 900 W
and 3 ubar; 900 W and 9 ubar.

Extending the investigation to 40 nm thin samples yields similar results. (Example /-V curves as
well as Weibull plots are provided in Appendix G). The /-V characteristics are generally still
characterized by a smooth, exponential increase of the leakage current. The probability of early failures
is, however, increased compared to the 100 nm thin samples. In addition, in some characteristics, a
guantization effect is observable. This consists of multiple abrupt steps in the — otherwise smooth —
I-V curve. The reason for this is regarded due to the formation of individual percolation paths through
the isolator film under increased electrical load, whose occurrence is more probable in thinner
samples. Breakdown strength values are found in the range of 10-14 MV/cm at 60°C to 4-6 MV/cm at
300°C.

The ability to measure the breakdown strength of 300 nm thin RF magnetron sputter deposited
silicon nitride samples is inherently limited by the maximum output voltage of 200V of the
source/measure unit. This means that breakdown strengths larger than 6.7 MV/cm cannot be
measured. Qualitatively, the /-V characteristics are rather similar to those measured at thinner samples
(see Appendix G), with occasional failures and abrupt jumps at very high loads. The samples deposited

using a Ppiasmare Value of 450°W have up to 240°C a higher dielectric breakdown strength than
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detectable by the measurement limit and barely below that measured at 300°C (i.e. 6.4 and 6.2 MV/cm
for 3 and 9 pbar, respectively). The samples deposited at Ppiasmare = 900 W, however, reach T = 240°C
already values of 4.9 and 4.5 MV/cm for prack = 3 pbar and 9 pbar, respectively.

In summary, while the electrical performance of RF magnetron sputter deposited silicon nitride
thin films does not reach the level of Intermediate Type ICP-CVD deposited samples in terms of
resistivity at a load of 0.5 MV/cm and dielectric breakdown strength, this does not pose a relevant
limitation for real-life applications. At room teperature the high resistivity of 10'* Q-cm and breakdown
strength of > 10 MV/cm compare favourably with both literature values [151] and Type I, Type Il and
Type RF samples, which makes the material a good candidate as an electrical isolator. The leakage
current through the RF sputter deposited silicon nitride samples can also be modelled well by ohmic
conduction dominating at low fields, and Poole-Frenkel emission under higher loads, while the

electrical performance shows only a low sensitivity to the deposition parameters.

6.4. DC sputtered a-SiNx thin films

The DC magnetron sputter deposited silicon nitride samples having a thickness of 40 nm,
100 nm, and 300 nm have been subjected to the same measurement procedure, including leakage
current and dielectric breakdown, as the samples synthesised in RF mode. Leakage current
characteristics of a 100 nm thin specimen deposited using the parameters Ppiasmore = 450 W and
Prack= 3 Pbar are shown in Figure 103. The showcased characteristics are representative for the

samples deposited under different conditions as well.
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Figure 103: Leakage current characteristics of a DC magnetron sputter deposited 100 nm thin SiNyx sample in the
temperature range between 25°C and 300°C on a linear (left) and a semi-logarithmic (right) scale.
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The resistivity values at an electric field of 0.5 MV/cm show significant dependence on the
deposition parameters, and range from 5-10! Q-cm at 25°C and 2:108 Q-cm (Ppiasmanc=900 W,
Poack = 3 pbar) to 2:10 Q-cm at 25°C and 2-10° Q-cm (Ppiasmanc=450 W, prack = 9 pbar). The latter

numbers are comparable to the corresponding values of RF sputter deposited samples.

In addition, similarly to the RF sputtered samples, the leakage current characteristics of DC
magnetron sputter deposited silicon nitride thin films are characterized by a high degree of symmetry
with respect to the bias directions, as well as an exponential increase of the leakage current with
increasing measurement temperature. This, together with other published results [170], leads to the
assumption, that the dominating conduction mechanisms contributing to the leakage current are again

ohmic conduction at low fields, and Poole-Frenkel emission under higher electric loads.

When applying the same evaluation procedure as done at the RF sputter deposited samples,
the numerical field ranges are in rather good agreement, as shown in Figure 104. Up to 0.1 MV/cm,
ohmic conduction dominates, whereas under electric loads higher than 0.3 MV/cm, Poole-Frenkel

emission contributes most to the leakage current. This is true for all investigated film thickness values.
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Figure 104: Identification of ohmic and Poole-Frenkel dominated field regimes in the leakage current measurements of DC
sputter deposited silicon nitride thin films.

The rest of the fitting procedure and parameter extraction process followed exactly as it was
described in Chapter 6.3. A summary of the extracted parameters for the ohmic conduction (Eaq, 0a)
and Poole-Frenkel emission (®@s, no) is provided in Table 17. It is apparent, that the former two are
largely independent of both the film thickness, and the deposition conditions. In contrast, the Poole-
Frenkel barrier height increases significantly with increasing film thickness. This behaviour can be
explained by the same size effect that was already present in the RF sputter deposited samples. In
short, the relatively enhanced contribution of the interface regions at thinner films lowers the effective

barrier height.
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d [nm] PplasmaRF =450 W PplasmaRF =900 W
Poack =3 pbar | prack =9 pbar | poack =3 pbar | prack =9 pbar
40 407152 349431 298129 364130
Eao[meV] 100 340+26 438121 341+21 36516
300 347+29 414116 460+11 411+19
40 6.59+0.58 7.24+0.35 7.81+0.32 7.061£0.34
oo [uS/m] 100 7.33£0.3 6.25+0.23 7.321£0.24 7.05+£0.18
300 6.95+0.33 6.51+0.17 6.00+0.13 6.54+0.21
40 611134 478+36 464139 488+39
@5 [meV] 100 552+11 63618 538+10 531+3
300 59815 603+23 60918 59315
40 1.1940.28 0.97+0.08 0.98+0.05 0.9510.07
ne [10%° cm3) 100 7.65+4.19 6.49+2.25 3.63+1.58 1.98+0.59
300 10.6+3.7 2.22+0.72 1.62+0.50 4.02+1.09

Table 17: Leakage current parameters for ohmic conduction and Poole-Frenkel emission in 100 nm thin RF magnetron
sputter deposited silicon nitride films in dependence of the deposition parameters.

Additionally, there is a strong correlation between the volumetric defect density ng and the
kinetic energy of the sputtering particles which, in turn, are influenced by the deposition parameters.
When comparing the two extreme parameter combinations, 450 W@9 pbar and 900 W@3 pbar, the
samples deposited with a higher average particle energy and as a consequence having a lower N/Si
atomic concentration ratio (see Chapter 5) exhibit a significantly lower volumetric defect density. The
calculated defect density values also compare favourably with those of RF magnetron sputtered

samples.

Furthermore, it is noteworthy, that the variation of the extracted barrier height through the
whole measurement temperature range is relatively small. This observation implies that the Poole-
Frenkel type defect hopping mechanism utilizes the same defect type, with a low impact arising from

temperature.

Typical current voltage characteristics under high load and a ramp speed of 500 mV/s of DC
magnetron sputter deposited, 100 nm thin silicon nitride thin films recorded during the dielectric
breakdown measurements are presented in Figure 105 and Figure 106. (For additional graphs, refer to
Appendix H.) As it is apparent, despite the qualitative similarities between different sample sets,

statistically viewed, there are significant differences, dependent on the deposition conditions.
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Figure 105: Current-voltage characteristics of 100 nm thin DC magnetron sputter deposited (450 W and 3 ubar) SiNyx samples
during a time-zero dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads.
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Figure 106: Current-voltage characteristics of 100 nm thin DC magnetron sputter deposited (450 W and 9 ubar) SiNx samples
during a time-zero dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads.

In general, though, the /-V characteristics within any singular sample set are superimposable
up to the point of breakdown. (Here, under breakdown, the point where an erratic or abrupt change
of the leakage current begins, is meant; rather than the formal breakdown requirement of the leakage
current reaching the compliance limit.) The initial smooth, exponential increase of the leakage current
is followed by an optional region, where the current changes in an erratic way, or increases in an abrupt

manner over multiple orders of magnitude. This behaviour is likely to be a sign of the formation of a
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percolation path through the insulator. If after the formation of said percolation path the leakage
current does not reach the compliance limit of 1 mA, it increases in a linear fashion, as the material at
this point is essentially a (very poor) ohmic conductor. This behaviour is clearly visible in Figure 105.
Alternatively, if no percolation path is formed, the leakage current can often increase up to (and
beyond) the compliance limit in a continuous fashion, as shown in Figure 106. As the difference in the
two graphs shows, the relative frequency of the formation of a percolation path before reaching the
compliance limit is largely dependent on the deposition conditions of the DC magnetron sputtered

films.

The difference is even more apparent in the respective Weibull-plots (see Figure 107.) The
relative frequency of the “early failures” is significantly higher in samples deposited using
Prack =°3 Wbar. This indicates that the average particle energy during deposition has also an influence,
as it contributes to the defects that are necessary to the formation of a percolation path. This effect

also has a significant influence on the apparent dielectric breakdown strength of the material.

T T T T T T T
30 T - 30+ « vé m A LI
{ |
25 ‘ | = 25°C !
5 . 251 . 60°C | l N .
* = 25°C | -a-120c| * i
2o | « 60°C . 20+ v 180°C| (o w4 A .
_ . A 120°C - eo2e0c) TO0 T ]
il 180°C 1 T asL « 300°C| A P T AE 4
= - M o < 1® e va e
z + 240°C 1z el ]
"o} < 300°C i = by
: or .2-153" R b
. - ]
0v5'ﬁ 8 05 BX, +* |
| a8
&
0,0 — 0,0 :“‘ + J
L 1 n 1 1 1 1 1 L i L L i
0 2 4 6 8 10 o p y . . o
a) Breakdown Field [MV/cm] b) Breakdown Field MViom]
T T T T T T
A 4 4
Iy | |
E
L L 1 1 1
8 10 o] 2 4 6 8 10
c) d)

Breakdown Field [MV/cm] Breakdown Field [MV/cm]

Figure 107: Weibull-plots of the dielectric breakdown strengths of 100 nm thin DC magnetron sputter deposited SiNy
samples synthesized using the following parameter sets: a) 450 W and 3ubar; b) 450 W and 9 ubar; c) 900 W and 3 ubar; d)
900 W and 9 ubar.
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In the case of 100 nm thin samples the apparent dielectric breakdown strength only reaches
values between 2 and 3 MV/cm, when ppack = 3 tbar, with the measurement temperature not being a
significant factor. In contrast, when, psack =9 pbar, the apparent breakdown strength is in the range of
8-9 MV/cm at room temperature, but decrease to 4-5 MV/cm at 300°C. This effect is both due to the
increased leakage current in general (leading to / reaching the compliance limit at a lower value of V),

and the increased frequency of early failures caused by formation of a percolation path.

In case of 40 nm thin films, practically all of the breakdown events can be categorized as early
failures. This is due to the fact that the length of the percolation path that need to be formed is
significantly reduced. In addition, there is no significant difference in the apparent dielectric
breakdown strength based on the deposition conditions. The measurement temperature, on the other
hand, has a measurable effect, with the average breakdown strength being 2.5-3 MV/cm at 25°C, and
1.5-2 MV/cm at 300°C.

The determination of the breakdown strength of 300 nm thin samples is once again limited by
the output voltage of 200 V, thus 6.7 MV/cm can be given as a lower estimate. It is noteworthy though,
that the probability of early failures is again significantly increased compared to the RF sputtered
counterparts. Additional graphs about the BD measurements of 40 nm and 300 nm thin samples are

provided in Appendix H.

In summary, it can be said that the DC magnetron sputter deposited silicon nitride thin films
are capable of high electrical performance, when sufficient care is taken at the selection of deposition
conditions. Generally, the leakage current is dominated by ohmic conduction at low fields, and by
Poole-Frenkel defect hopping under increased loads. Resistivity values larger than 10 Q-cm can be
reached at room temperature. Breakdown strengths of 9 MV/cm are obtainable with 100 nm thin

samples.
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6.5 Summary

In this chapter, the leakage current characteristics, as well as the dielectric breakdown of
ICP-CVD deposited, RF magnetron sputtered, and DC magnetron sputtered amorphous silicon nitride
thin films have been extensively studied, using a variety of deposition conditions and film thickness
values. The experiments have been designed to ensure direct comparison of the results and to deliver

concise information on the material performance as an electrical insulator in MEMS devices.

By far, the largest variation of the results has been observed within the group of different
ICP -CVD deposited a-SiNg:H types. Type I materials shows an irreversible thermally-electrically induced
effect, where H* ions present within the thin films diffuse through the sample, contributing to the
leakage current, until captured by defect states. This behaviour makes the Type | material quite
unusable for most applications, despite special cases, where the hysteresis might be desirable such as
using the irreversible resistivity change for non-volatile ROM or temperature monitoring applications.
Type Il materials, due to their high Si/N ratio are very poor insulators, and prone to a highly asymmetric,
diode-like current-voltage characteristic, making them rather unsuitable for any demanding electrical
application. Intermediate type samples exhibit very high resistivity (> 10%® Q-cm) and breakdown
strength (> 12 MV/cm) values, making the material a prime candidate for demanding applications.
Type RF samples, although slightly inferior to the Intermediate type, still have high potential, due to

their high resistivity (> 10®* Q-cm) and breakdown strength (> 8 MV/cm).

The conduction through sputter deposited samples is proven to be dominated by ohmic
conduction at very low fields and by Poole-Frenkel emission at higher loads. RF magnetron sputter
deposited samples are characterized by their excellent resistivity (103 to 10** Q-cm) and breakdown
strength (6-10 MV/cm) at room temperature, with very little effect from the deposition conditions.
While DC magnetron sputter deposited samples are capable of reaching similar or better figures, the
appropriate control of deposition conditions is imperative. The reason for this is that the electrical
performance of DC magnetron sputtered silicon nitride is dependent on the average particle energy

during sputtering.

As an additional conclusion, it was shown that the maximal dielectric strength of SiNx materials
— both ICP-CVD and sputter deposited — are in good agreement with reported values for silicon nitride
materials [113, 151], but do not reach the maximal capabilities of the benchmark thin film isolator for
microelectronics and MEMS, namely thermally grown SiO,, where dielectric strengths exceeding

15 MV/cm have been reported [164, 171].
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Chapter 7: Summary and Outlook

7.1. Summary

In this work, the potential of silicon nitride thin films deposited either by ICP-PECVD or
sputtering, has been investigated for the tailored realization of key components in MEMS devices such
as cantilevers, membranes or passivation layers. The goal was to gain deeper insight into the way that
different deposition methods and parameters influence the chemical composition, microstructure, as

well as physical properties of such films such as film stress or leakage current behaviour.

A review of relevant thin film deposition and patterning techniques (given in Chapter 2)
provides a solid basis for the subsequent experimental chapters in this thesis. The specific
characteristics of physical and chemical vapour deposition techniques were discussed, with an
emphasis on the commonly used methods for the deposition of silicon nitride thin films. Together with
the theoretical explanations of the corresponding deposition processes (including vacuum
evaporation, DC and RF sputter deposition, and a variety of CVD techniques), technical considerations
about the used instrumentation and equipment were also provided. Different etching techniques

typically used for patterning and qualification of silicon nitride thin films were also discussed.

For the determination of the physical and chemical properties of thin film samples different
analytical techniques are applied. An overview of those used within the subsequent chapters was given
in Chapter 3. Transmission electron microscopy and related techniques is used for microstructural and
compositional studies of silicon nitride thin films, while scanning electron microscopy is an
advantageous technique for the investigation of topographical features. Optical methods such as
spectral reflectometry and Fourier-transform infrared spectroscopy are valuable, non-destructive
analytical tools for the measurement of thickness and the index of refraction, as well as for the
determination of the chemical composition. For the latter purpose, X-ray techniques, such as energy-
dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy are also applied. For the
determination of important mechanical properties such as film stress, Young's modulus and hardness,

measurements with a wafer geometry set-up and a nanoindenter were performed.

One of the more flexible techniques for the synthesis of amorphous hydrogenated silicon
nitride thin films — regarding the range of deposition parameters that can be effectively utilized — is
inductively coupled plasma chemical vapour deposition (ICP-CVD). A multi-stage experimental series
(covered in Chapter 4) was used to determine the most influential process variables that contribute to

the resulting properties of the silicon nitride thin films, and the effects of those variables were
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scrutinized individually. By far, the most dominant deposition parameter was found to be the ratio of
the precursor gas flows Rnzsina. Through this single parameter, the chemical composition of the
resulting a-SiNy:H thin films can be varied to a large degree. The corresponding change in the chemical
composition of the sample leads to significant shift in virtually all of the physical properties investigated
in this thesis. At high values of Rwzsing, the resulting films are slightly silicon-rich, compared to
stoichiometric SisNs. The hydrogen in the film is predominantly stored in N-H bonds, and the
microstructure of the films becomes permeable to oxygen and water vapour. This leads to a post-
deposition oxidation of the samples. This effect has serious ramifications. First, these samples lose the
robustness of silicon nitride against wet HF as know when deposited with LPCVD. Second, the long-
term stability of the biaxial film stress is lost, as the incorporation of oxygen in the a-SiNs:H matrix
builds up compressive stress. These attributes make the films deposited with a high ratio of Rna/sina

unsuitable for MEMS applications.

Conversely, a too low Ryzsing results in a-SiNy:H samples that are highly silicon rich. Under these
conditions, hydrogen is confirmed to be mainly stored in Si-H bonds. While these films are considerable
more robust against HF etchants, and resistant to post-deposition oxidation, the strong compressive
biaxial film stress up to -1.0 GPa and the severe non-stoichiometric composition disqualifies them from

a broad range of applications.

There is, however a certain range of Rwysing, at about 0.75, where a-SiNx:H films can be
synthesized allowing a combination of the most beneficial material properties. This results in samples
closer to the stoichiometric composition than those two types discussed above, while maintaining a
low, long-term stable biaxial stress, which can even be tailored with other process parameters such as
the plasma power and back pressure, without any measurable impact due to post-deposition
oxidation. While the robustness in HF etchants is compromised by increase etch rates compared to

using lower Rnzssing Values, it remains at an acceptable level.
/S

Another approach is the utilization of an auxiliary capacitively coupled plasma source during
the ICP-CVD a-SiNx:H deposition. This causes an immediate change in the plasma chemistry and a
gradually increasing intensity of ion bombardment of the substrate, whereas both effects directly lead
to compositional changes in the a-SiNy:H deposit. These effects make the samples significantly less
permeable to oxygen and water vapour, thus preventing post-deposition oxidation and drift of the
biaxial film stress even when using high Rnz/sing values This comes at the cost of extreme compressive
stress (in the range of -1.7 to 2.5 GPa), which significantly limits the possible application field for this

material.

Magnetron sputter deposition of silicon nitride thin films was also studied, using both DC and

RF plasma power sources. Here, the main process variables were the plasma powers Ppigsmanc and
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Ppiasmarr, and the deposition pressure ppack. A very important fundamental difference was found in the
chemical composition of RF and DC sputter deposited SiNy films. While the former were found to be
distinctively silicon-rich, the latter had a N/Si ratio substantially closer to a stoichiometric composition
(x=0.85...0.97 for RF, and x = 1.15...1.29 for DC samples, respectively). Even more important especially
for MEMS device applications this led to a strong compressive biaxial film stress in RF sputter deposited
films (> 1 GPa), strongly limiting their potential applicability as typically low-stress layers are required
in MEMS. Stress relief is possible to some extent (up to 35%) by post-deposition thermal annealing up
to 800°C. However, structural damage may occur resulting in delamination and blistering phenomena.
DC sputter deposited SiNy films are characterized by significantly lower values of biaxial stress between
0to-1.3 GPa, which can also be appropriately tuned using the available process variables to the desired
value. Both DC and RF magnetron sputter deposited films have shown high robustness against an HF

etching solution.

Silicon nitride thin films are not only used in MEMS devices due to their mechanical properties,
but also for their advantageous electrical features. The two most important quantities are low leakage
currents under normal operating voltages, and a high dielectric breakdown strength, which both have
been investigated for film thicknesses in the 40 to 300 nm range. These electrical properties have
shown a large variation, especially in the case of ICP-CVD deposited a-SiNx:H samples, depending on

the specific deposition conditions.

Samples deposited using a high Rwzsina suffer from irreversible modification under elevated
temperatures or electrical fields, which makes them unsuitable for most applications. Conversely, films
deposited with a Ryzssina that is too low were found to be poor insulators, thus fulfilling only moderate
electrical requirements. Samples synthesized using an intermediate precursor gas ratio, however, have
excellent electrical characteristics, comparable to standard LPCVD SiNx materials. Films deposited with
the help of an auxiliary CCP excitation have also shown high potential, although not fully reaching the

same performance level.

Sputter deposited silicon nitride thin films have shown a significantly smaller variation
regarding their electrical characteristics, than their ICP-CVD deposited counterparts. Leakage current
through these samples is dominated by ohmic conduction at low fields and Poole-Frenkel emission
under higher electrical loads. RF magnetron sputter deposited samples reach very impressive
resistivity (> 10%® Q-cm) and breakdown strength (> 9MV/cm) values at room temperature, with low
impact of the deposition parameters. With DC sputtered samples a similar performance is reached,
but they are susceptible to variations depending on the kinetic energy of the particles during the

sputter deposition process, meaning plasma power and/or chamber pressure.

148



7.2. Application Scenario and Outlook

An important prospective, and intended application field of the silicon nitride thin films
scrutinized throughout this work was their utilization as structural, as well as capping passivation layers
in all-electric AFM (atomic force microscopy) cantilevers for in-situ investigation of biological samples.
This application would involve the immersion of the device into a PBS (phosphate buffered saline)
solution. This creates an electrically conductive, and potentially corrosive environment from which the
electrically functional parts of the device need to be protected, in order to ensure proper functionality
and to avoid premature failure. For evaluation purposes test structures were designed and fabricated

as well as a specific test setup was designed and built.

Figure 108: Layout (left) and realization (right) of the test devices for long-term performance testing of silicon nitride
passivation layers in electrically conductive, liquid environments.

The test structures shown as schematic in Figure 108 are designed in such a way that they
mimic the layer order of an actual device so the application scenario of the passivation layer can be
simulated to a reasonable degree. The test structures were realized on silicon dies having a size of 8.4
by 8.4 mm, using the deposition techniques discussed earlier in this work, and photolithography. First,
the silicon substrate was fully covered with a 300 nm thick sputter deposited silicon nitride film. In the
next step, electrodes were deposited by e-beam evaporation of 10 nm chromium and 100 nm of gold,
and patterned by using lift-off technique. The wafers were cut into rectangular dies using a wafer saw,
and the electrodes were covered by capping passivation layers consisting of sputter deposited silicon
nitride having thicknesses of 25 and 50 nm, as well as reference samples without any capping

passivation. Topographical features of the samples, especially step coverage have been investigated
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using SEM (See Figure 109), and it was ascertained that even the 25 nm thick passivation layers offered

continuous coverage over the edges of the electrodes.

Figure 109: Optical (left) and scanning electron micrographs (right) of the edge coverage of 25 nm (left) and 50 nm (right)
thin sputter deposited SiNy films.

The test samples have been glued to custom-made PCB (printed circuit board) cards equipped
with a standard PCl interface, while electrical contact was created by wire-bonding. The gold bonding
wires have been encapsulated with epoxy resin for protection against electrical short-cuts. On each
card three dies can be placed, each of them comprising of four test structures, thus making a
simultaneous testing of 12 samples possible. The cards can be inserted to another custom-made PCB,
which routed the signals from the PCI interface to 16 individual BNC outputs. Those were in turn
connected through a computer-controlled multiplexer to a source/measure unit. The samples were
partially immersed into a 1x PBS solution in a sealed container, in order to ensure a constant
concentration by suppressing the evaporation of water. The excitation voltage was applied to a
counter-electrode — an immersed unpassivated gold-plated die of the same size as the samples. A
Keithley 707A Switching Matrix unit was used to switch between the samples every set period of time,
where the current through the particular sample was measured by a Keithley 2400 Sourcemeter. Since
the excitation signal was applied on the counter-electrode, it was present for all samples during the
whole duration of the measurement cycle, accomplishing a quasi-simultaneous measurement of all
samples. The recording of the measurement data, as well of the control of the equipment was

performed using a LabViEW program.

150



T T T T T 1]
10° .
o 250 pm electrode width
© 500 pm electrode width
10" o 3
S
r H °
(8]
8
S 108k o 4
B 10°F E
3 ; o
x
B
10° | @ J
1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50

Passivation thickness [nm]

Figure 110: Resistance values in the test setup as a function of passivation thickness after a duration of 24h.

The samples having different electrode widths from 100 to 500 um were exposed for a
duration of one week apiece, applying excitation voltages ranging from 100 mV to 2000 mV. Even
though SEM investigations have shown the presence of saline deposits on the sample surface after the
measurement cycle was finished, significant degradation of the insulating performance during the test
period which exceeds the intended lifespan in an AFM by far was not observed. What is more
important, that the application of even a 25 nm thin passivation layer leads to the decrease of the
leakage current by an order of magnitude compared to the unpassivated case. Increasing the
passivation thickness results in an appropriate increase of the insulating performance (see Figure 110).
Given these results one can make a more detailed decision about the appropriate thickness of applied

passivation for an optimized performance.

Although the investigations concerning both ICP-CVD and magnetron sputter deposited
amorphous silicon nitride thin films have led to significant novel insights into the tailoring of
amorphous SiNy film properties, there are a couple of new research directions promising to further
deepen the understanding of their synthetization and the inner structure, as well as a few methods for
a more effective application-oriented tuning of their material properties. The usage of sensor elements
placed in-situ the deposition chamber such as Langmuir-probes and spectrometric tools could offer
significant insight into the plasma chemistry during deposition, especially as function of the specific

deposition parameters.

A further approach to increase the tunability of the thin film properties would be the usage of

tertiary and quaternary material systems instead of pure silicon nitride. Especially the ICP-CVD method
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offers a large variation of possibilities in the form of SiOxN, [61, 172], SiC«N, [173]and SiO«C,N, material
systems [174], which can be easily realized with the introduction of N,O and CH, precursor gases into
the system. In the case of magnetron sputtering SiOxN, [98] materials can be deposited by simply
adding O, to the sputtering gas mixture. Both of these methods offer a new dimension in parameter

control, and are promising areas of future research.

Another promising approach that would optimally use the existing processes to deposit
engineered thin films is the gradual tuning of process parameters during deposition [175]. This would
allow to synthesize films with set stress-profiles for MEMS and refractive index profiles for optical
applications. Another possibility would be to change the composition near the end of the deposition
process to gain a chemically resistant surface layer, while the bulk of the material could have
significantly different properties. These techniques are readily realizable given the capabilities of both

the ICP-CVD and sputter deposition systems.
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Appendix

A: Biaxial stress stability of sputter deposited SiNy thin films

175

Sample # o [GPa] after 24h o [GPa] after 48h o [GPa] after 72h
MOS22_01 -1.497 -1.496 -1.498
MOS22_02 -1.495 -1.495 -1.498
MOS22_03 -1.523 -1.524 -1.524
MOS22 04 -1.270 -1.268 -1.256
MOS22_05 -1.172 -1.184 -1.189
MOS22_06 -1.310 -1.318 -1.306
MOS22_07 -1.596 -1.596 -1.596
MOS22_08 -1.622 -1.619 -1.618
MOS22_09 -1.539 -1.539 -1.537
MOS22_10 -1.628 -1.622 -1.618
MOS22_11 -1.475 -1.476 -1.473
MOS22_12 -1.555 -1.555 -1.547
MOS22_13 -1.529 -1.530 -1.529
MOS22_ 14 -1.611 -1.610 -1.610
MOS22_15 -1.383 -1.402 -1.388
MOS22_16 -1.495 -1.498 -1.497

Table 18: Biaxial stress of RF magnetron sputter deposited SiNy thin films over the course of 72 hours.




B: Parameter-dependence of bias voltage for DC magnetron sputtering of SiNy
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Figure 111: Bias voltage during DC magnetron sputtering from a poly-Si target, as a function of the inter-electrode distance
and DC power, with a gas flow of 60 sccm Ar, with back pressures of 10, 6, and 2 ubar from top to bottom.
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40 sccm Ar, 20 sccm N3
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Figure 112: Bias voltage during DC magnetron sputtering from a poly-Si target, as a function of the inter-electrode distance
and DC power, with a gas flow of 40 sccm Ar, 20 sccm N, with back pressures of 10, 6, and 2 ubar from top to bottom.
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Figure 113: Bias voltage during DC magnetron sputtering from a poly-Si target, as a function of the inter-electrode distance
and DC power, with a gas flow of 620 sccm Ar, 40 sccm N, with back pressures of 10, 6, and 2 ubar from top to bottom.
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Figure 114: Bias voltage during DC magnetron sputtering from a poly-Si target, as a function of the inter-electrode distance
and DC power, with a gas flow of 60 sccm N5, with back pressures of 10, 6, and 2 ubar from top to bottom.
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C: Temperature correction curve for the wafer probe station
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Figure 115: Measurements on the sample surface using a PT-100 resistance thermometer and a Type K thermocouple for the
determination of the temperature correction curve for the wafer probe station.

D: Supplementary leakage current measurements of Type | a-SiNx:H films
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Figure 116: Evolution of the leakage current of 100 nm thin Type | ICP-CVD deposited a-SiNy:H samples. The measurements
have been cyclically repeated 3 times at T = 180°C (left side) and T = 300°C (right side).
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Figure 117: Evolution of the leakage current at the maximum load of #0.5 MV/cm (on the left) and the zero-transition point
of the leakage current characteristics (on the right) of Type | ICP-CVD deposited a-SiNy:H samples. The measurements have
been repeated 3 times.
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E: Breakdown characteristics of 50/300m thick Type | a-SiNg:H films
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Figure 118: Weibull plot showcasing the breakdown strength of “as deposited” (on the left) and “annealed” (on the right)
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Figure 119: Weibull plot showcasing the breakdown strength of “as deposited” 300 nm thin Type | ICP-CVD a-SiNy:H samples,
with F being the cumulative distribution function.
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BD characteristics
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Figure 120: Breakdown characteristics of 50 nm thin “as deposited” Type | ICP-CVD a-SiNy:H samples measured at
temperatures of 60°C, 180°C and 300°C (top to bottom) using 500 um diameter pads. The curves in each group have been
recorded in immediate succession after each other.
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Figure 121: Breakdown characteristics of 50 nm thin annealed Type | ICP-CVD a-SiNy:H samples measured at temperatures
of 60°C, 180°C and 300°C (top to bottom) using 500 um diameter pads. The curves in each group have been recorded in
immediate succession after each other.
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Figure 122: Breakdown characteristics of 300 nm thin “as deposited” Type | ICP-CVD a-SiNx:H samples measured at
temperatures of 60°C, 180°C and 300°C (top to bottom) using 500 um diameter pads. The curves in each group have been
recorded in immediate succession after each other.
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F: Additional leakage current characteristics of sputter deposited SiNy thin films

RF sputtered SiNy
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Figure 123: Leakage current characteristics of 40 nm thin RF sputtered SiNy samples between T =25°C and 300°C. Deposition
parameter sets from top left to bottom right: 450 W / 3ubar; 450 W / 9 ubar; 900 W / 3 ubar; 900 W / 9 ubar.
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Figure 124: Leakage current characteristics of 100 nm thin RF sputtered SiN, samples between T =25°C and 300°C.
Deposition parameter sets from top left to bottom right: 450 W / 3ubar; 450 W / 9 ubar; 900 W / 3 ubar; 900 W / 9 ubar.
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Figure 125: Leakage current characteristics of 300 nm thin RF sputtered SiNx samples between T =25°C and 300°C.
Deposition parameter sets from top left to bottom right: 450 W / 3ubar; 450 W / 9 ubar; 900 W / 3 ubar; 900 W / 9 ubar.
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DC sputtered SiNy
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Figure 126: Leakage current characteristics of 40 nm thin DC sputtered SiN, samples between T =25°C and 300°C. Deposition
parameter sets from top left to bottom right: 450 W / 3ubar; 450 W / 9 ubar; 900 W / 3 ubar; 900 W / 9 ubar.
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Figure 127: Leakage current characteristics of 100 nm thin DC sputtered SiNx samples between T =25°C and 300°C.
Deposition parameter sets from top left to bottom right: 450 W / 3ubar; 450 W / 9 ubar; 900 W / 3 ubar; 900 W / 9 ubar.
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Figure 128: Leakage current characteristics of 300 nm thin DC sputtered SiNy samples between T =25°C and 300°C.
Deposition parameter sets from top left to bottom right: 450 W / 3ubar; 450 W / 9 ubar; 900 W / 3 ubar; 900 W / 9 ubar.
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G:

Additional breakdown measurements of RF sputtered SiNy thin films

100 nm thin RF sputtered films

Fig

For the curves with the parameter set of Ppiasmarr = 450W and ppack = 3 pbar, see Chapter 6.3.
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ure 129: Current-voltage characteristics of 100 nm thin RF magnetron sputter deposited SiNy thin film samples during a
time-zero dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads. The deposition

parameters were: 450 W/ 9 ubar (top right), 900 W/ 3 ubar (bottom left), and 900 W/ 9 ubar (bottom right), respectively.
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40 nm thin RF sputtered films
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Figure 130: Weibull-plots of the dielectric breakdown strengths of 40nm thin DC magnetron sputter deposited SiNy samples.
Deposition parameters were (from top left to bottom right): 450 W/ 3ubar; 450 W/ 9 ubar; 900 W/ 3 ubar; 900 W/ 9 ubar.
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Figure 131: Current-voltage characteristics of 40 nm thin RF magnetron sputter deposited SiNy samples during a time-zero
dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads. Deposition parameter sets were
(from top left to bottom right):450 W and 3ubar; 450 W and 9 ubar; 900 W and 3 ubar; 900 W and 9 ubar.
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300 nm thin RF sputtered films
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Figure 132: Current-voltage characteristics of 300 nm thin RF magnetron sputter deposited (450 W and 3 ubar) SiN, samples
during a time-zero dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads. Deposition
parameter sets were (from top left to bottom right): 450 W and 3ubar; 450 W and 9 ubar; 900 W and 3 ubar; 900 W and
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H: Additional breakdown measurements of DC sputtered SiNy thin films

100 nm thin DC sputtered films

For the curves with the parameter set of Ppigsmanc = 450W and prack = 9 pbar, see Chapter 6.4.
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Figure 133: Current-voltage characteristics of 100 nm thin DC magnetron sputter deposited SiNy samples during a time-zero
dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads. The deposition parameters were:
450 W and 3 ubar (top left), 900 W and 3 ubar (bottom left), and 900 W and 9 ubar (bottom right), respectively.
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40 nm thin DC sputtered films
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Figure 134: Weibull-plots of the dielectric breakdown strengths of 40 nm thin DC magnetron sputter deposited SiNy samples.
Deposition parameters were (from top left to bottom right): 450 W/ 3ubar; 450 W/ 9 ubar; 900 W/ 3 ubar; 900 W/ 9 ubar.
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Figure 135: Current-voltage characteristics of 40 nm thin DC magnetron sputter deposited SiNy samples during a time-zero
dielectric breakdown measurement performed at T = 120°C using 500 um diameter pads. Deposition parameter sets were
(from top left to bottom right): 450 W/ 3 ubar; 450 W/ 9 ubar; 900 W/ 3 ubar; 900 W/ 9 ubar.
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Figure 136: Current-voltage characteristics of 300 nm thin DC magnetron sputter deposited SiNyx samples during a time-zero
dielectric breakdown measurement performed at T = 60°C using 500 um diameter pads. Deposition parameter sets were
(from top left to bottom right): 450 W and 3ubar; 450 W and 9 ubar; 900 W and 3 ubar; 900 W and 9 ubar.
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