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Abstract 

Characterisation of an lnductively Coupled Plasma Souree for Silicon 
Nitride Depositlon 

At OTB Display silicon nitride films are deposited with an inductively coupled plasma (ICP) 
souree for encapsulation of OLED displays. This report treats results on measurements of this 
ICP souree and the films that are deposited from SiHJNH3 precursors on order to obtain more 
knowledge about the process. Measurements have been performed with mass spectrometry, 
optica! emission spectroscopy, Langmuir probe, Fourier transfarm infrared absorption 
spectroscopy and spectroscopie ellipsometry. 
Concerning plasma ignition, it is concluded that for power levels P > 1 kW the coupling is mainly 
inductive and plasma is ignited through a 13.56 MHznon-uniform magnetic field. For P :<s:: 1 kW 
the coupling has a strong capacitive component. 
In order to investigate the plasma chemistry, mass spectrometry, optica! emission spectroscopy 
and Langmuir probe measurements were performed. From these measurements it is concluded 
that for all pressures p and power levels P SiH4 is consumed totally whereas NH3 consumption 
increases with increasing p and P up to 55%. Species that were measured to be present in the 
plasma were NH3, N2, H2, H, NH, SiH, and Si. Langmuir probe measurements resulted in an 
electron density (n.) for argon of 1017-10 18 m·3

, which is typical for an ICP. Fora NH3 plasma n. 
was two orders lower, n.= 1015-1016 m·3 which is attributed to extra (molecular) losses when 
compared to Ar. Furthermore, n. increased with powerforArand NH3 and was decreasing with 
increasing pressure for a NH3 plasma. 
Besides measurements on the plasma, deposited silicon nitride films were analysed to investigate 
the deposition profile and an attempt is made to link film composition to plasma chemistry. 
Deposition rate was ~ 2 nm/s, which is comparable with other industrial sources. The rate was 
experienced to increase with power at the substrate edge of the 14 inch substrate and to decrease 
in the center, resulting in non-uniform deposition. This non-uniform deposition is attributed to the 
non-uniform electron and ion density profiles, as revealed by probe measurements, tagether with 
suppressed diffusion of particles responsible for growth to the plasma center with increasing 
pressure. 
The density of the films is mainly influenced by H content and it is thought that the content is 
determined by the ion flux to the substrate and radicals that abstract H atoms from the surface. 
Concerning the latter, it is suggested that NHn radicals tagether with H radicals abstract H atoms 
from the substrate which is a model originating from the plasma and film properties as a function 
of p, P and SiH4 flow. 
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Chapter 1 

Introduetion 

This report gives an overview ofthe work performed at OTB Display in Eindhoven, carried out to 
understand more about the plasma used for deposition of amorphous silicon nitride (a-SiNx:H) 
films used for encapsulation of OLED displays. The research was carried out and this thesis was 
written to obtain the master's degree in Applied Physics at the University of Technology in 
Eindhoven, the Netherlands. 

1.1 Technology Assessment 

Advantages o(and challenges (or OLED displayproduction 
OTB Display produces inline Organic Light Emitting Diode (OLED) equipment that produces 
OLED's on a large scale. A photo of this equipment is displayed in Figure 1.1 . 

Figure 1.1: picture of the equipment that is built at OTB Display Eindhoven used for production 
of OLED displays. 

These displays are, for example, used in mobile phones, digital cameras and electric razors. Some 
examples are given in Figure 1.2. In the near future it is expected that these displays are used for 
television screens. 
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Figure 1.2: examples of application of OLED displays. Left: flexible OLED display. Right ft gure: 
5.5 cm diagonal OLED display. 

OLED displays have some advantages above LCD and plasma displays and that is what makes 
them interesting for production on a large scale. These advantages ( compared with LCD and 
plasma displays) are: 

• high contrast ratio 
• no backlight necessary and hence low power consumption 
• larger range of colours, brightness and viewing angle 
• thinner 

A lot of research is performed on these displays, however, the biggest challenge to overcome 
these days is to increase the lifetime of the displays, which is too short to make them 
commercially attractive at the moment. 

Structure o(an OLED display 
A simplified schematic picture of the structure of an OLED is shown in Figure 1.3. On the base 
glass an indium tin oxide (ITO) layer is present that acts as the anode of the display. A hole 
transporting layer is placed on top of the ITO layer. This layers acts as an interface between ITO 
and the layer on top of it, the emitting layer. In this layer the light is produced by electron - hole 
recombination. Electrons are supplied by the barium/aluminium cathode. The part of the display 
that is most important for the research described in this report is the top layer of the display which 
actually is a stack of silicon nitride film altemated with a polymer film. 
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Figure 1.3: structure of an OLED. The encapsulation stack acts as dijfusion harrier for moisture 
from the air. 

This encapsulation stack protects the active layers beneath it against moisture and oxygen from 
the air. The stack consists of a-SiNx:H deposited films. These layers have the property that they 
are very dense which hampers the diffusion of moisture and oxygen from the air. A polymer layer 
is placed on top of this a-SiNx:H layer to cover the eventual voids that can be present in the a
SiNx:H film. These voids and pin-holes. decrease the lifetime of the display significantly. 
Subsequently on top of this polymer another silicon nitride film is deposited. This procedure is 
repeated 2 times. The quality of the encapsulation stack determines for a great deal the lifetime of 
the display. Therefore knowledge about the mechanisms of growth and properties of a-SiNx:H 
films is indispensable. 

Plasma Enhanced Chemica! Vapour Deposition (PECVD) 
The a-SiNx:H films are grown by depositing radical species on a substrate. The radicals are 
created from precursors by means of a plasma. The large advantage of a plasma is that the hot 
electrans (Te ~ 30000 K) dissociate the precursors producing the radicals. This results in the gas 
itself being at low temperature (typically room temperature). Especially in this set-up, where the 
substrate is not allowed to have temperatures over 120 °C, this is favourable. This technique is 
widely used in industry and is called plasma enhanced chemical vapour deposition (PECVD). 

For PECVD of a-SiNx:H an inductively coupled plasma (I CP) souree is used. This type of souree 
has the advantage of its simple concept and relative high electron density (and accompanying 
high dissociation rates of precursors) as compared with capacitive coupled plasma sourees [1]. 

The a-SiNx:H films are grown in the set-up described in this report by dissociation of silane 
(SiH4) and ammonia (NH3). The combination of Si~ with NH3 is chosen simply because the best 
film properties for encapsulation are obtained from these precursor gases [2]. 

This report describes and discusses measurements that are performed on the plasma generated by 
the ICP souree and on the films that are grown with this source. The plasma is investigated with 
the techniques that were available at OTB and these are mass spectrometry, optical emission 
spectroscopy and single Langmuir probe measurements. The a-SiNx:H layers are studied with 
Fourier Transfarm InfraRed (FTIR) spectroscopy and spectroscopie ellipsometry. 
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1.2 Research questions and structure of this report 
The structure of this report is based on the research questions that came forth during construction 
of the inline equipment for the production of OLED displays and particularly for a-SiNx:H 
deposition. A good understanding of the source, plasma behaviour and film properties is 
necessary to produce OLED displays with good proteetion against moisture and oxygen from the 
air and therefore with a long lifetime. Having this in mind several questions rose which are tried 
to answer in this report. These questions are as follows: 

1. how does the ICP souree opera te and what are typical properties of the souree regarding 
power coupling and plasma maintenance? 

2. what are the properties of the matching network and how does its structure deviate from 
standard types of matching networks? 

3. which species are present in the plasma and what is the dissociation degree of the 
precursors? 

4. what is the behaviour of partiele concentrations and electron density as a function of 
power, pressure and flow? 

5. how does the deposition rate compare with other industrial sourees and what is its 
dependenee on power, pressure and SiH4 flow? 

6. what is the mechanism behind the relatively high density of films that are grown at 
relatively low substrate temperatures (~ 120° C). 

7. which features are importantfora uniform deposition profile and how can such a uniform 
profile he obtained? 

8. can a correlation he found between the plasma reaction mechanisms and the a-SiNx:H 
film properties? 

To provide answers to these questions this report is structured as schematically shown in Figure 
1.3. The report starts with a description of the ICP set-up and an overview of the diagnostics and 
techniques used to characterise the plasma and the films. A theoretica} description of the 
operation ofthe souree and the matching network are given in Chapter 3. Subsequently questions 
3 and 4 are answered in Chapter 4 and 5 where the results obtained with the mass spectrometer, 
optica} emission speetrometry and Langmuir probes are discussed. After discussing the plasma 
properties, the deposited film properties are discussed in Chapter 6. Chapter 7 discusses the non
uniform deposition as a function of plasma parameters of the source. Finally general condus i ons 
will he drawn and a reaction mechanism that links the plasma properties with the film properties 
is proposed. 
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Chapter 2 
set-up 
diagnostics 

Chapter 3 
deseription questions 1 + 2 
souree 

Chapter 4 plasma 
questions 3+4 

Chapter 5 properties 

Chapter 6 layer properties question 5+6 

Chapter 7 uniformity souree question 7 

Chapter 8 eonelusion question 8 
reaetion meehanism 

figure 1.3: structure ofthis report and answer provided to the question. 

This structure makes it possible to read each chapter separately. Sametimes results presented in 
other chapters are referred to but if this occurs, it is mentioned where these results can be found. 
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Chapter 2 

Experimental set-up and diagnostics 

2.1 Introduetion 
This chapter will treat the experimental set-up and different diagnostics that are used to analyse 
the plasma and the a-SiNx:H deposited films. It is certainly not the purpose of this chapter to give 
a detailed description of the diagnostics used, since numerous hooks are available and for the 
interested reader references to literature are given. This chapter does however describe the basics 
of operation and will focus on the limitations of the diagnostics and the assurnptions that are 
made to interpret the measurements. The diagnostics used to analyse the plasma are mass 
speetrometry (MS), optica! emission spectroscopy (OES) and Langrnuir probes (LP). Diagnostics 
used to analyse the a-SiNx:H films that are deposited with the plasma souree are Fourier 
Transfarm lnfra-Red Spectroscopy (FTIR) and spectroscopie ellipsometry (SE). 

2.2 Experimental set-up 
Figure 2.1 shows the experimental set-up. The heart of the set-up consists of a square aluminum 
water-cooled single coil with dimensions 54.8 x 54.8 x 8.5 cm and a thickness of 1 cm. The coil, 
separated from the plasma by a quartz glass liner of 2.5 cm thickness, carries a 13.56 MHz 
current that induces a time varying electric field responsible for ignition of the plasma. The RF 
signa! responsible for the current is produced by an RF generator with a maximurn power level of 
6kW. 

The impedance between souree and plasma is matched with a matching network to optimize 
power transfer from generator to plasma. This network is described separately in chapter 3 since 
it is not the cornrnon type of matching network that is normally used (1t-type, L-type) in 
combination with RF sources. 

The gasses available to drive a plasma are argon (Ar), ammonia (NH3), silane (SiH4) for 
deposition and a combination of CF4 and 0 2 for etching. It is possible to inject a combination of 
NH3 and SiH4 in the chamber, as well as a combination of Ar and CF J02• The maximurn flow 
rates are 3 standard liters per minute (sim) for Ar, NH3 and CFJ02 and 0.2 sim for SiH4 • 

Gasses are injected into the chamber at two positions. SiH4 is injected by a stainless steel square 
hollow ring with dimensions 3 7.5 x 3 7.5 cm and inner diameter of 3.4 rnrn. The SiH4 flows from 
the ring into the reactor through 16 holes with 0.6 mm diameter. Ar, NH3 and CFJ02 are inserted 
through a shower head inlet located at the centre of the coil (diameter 7.9 cm, thickness 1.0 cm). 
The diameter of the holes in the NH3 showerhead is 0.6 rnrn. 
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Pprocess = I 0-1 mbar 
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Figure 2.1: experiment al set-up for plasma generation and a-SiNx:H film deposition. A plasma is 
generated by an RF generator in combination with a matching network inducing an electric 
current in the coil. This current induces an EM field responsible for plasma ignition. Ar, NH3, 

CF4/02 are injected through a showerhead. SiH4 is injected through a square hollow ring. Coil 
and plasma are separated by a quartz plate. 

The chamber has four view ports through which the plasma and a part of the substrate can be 
seen, located in a row parallel with the substrate. The ports act as connecting points for the mass 
spectrometer, optica! emission spectrometer and Langmuir probes as well. These diagnostics are 
described later on in this report. 

The vessel is pumped vacuum with an Alcatel A300 pre-vacuum pump (300 m3/h) to 
approximately 0.1 mbar. From this point a Pfeiffer Turbo pump, typeTPH2301 (:::; 1000 m3/h at 
0.1 mbar) takes over. The base pressure that can be reached is :::; 1·10-6 mbar. 

Typical pressures at which a plasma is ignited range from 0.05 to 0.4 mbar and these pressures 
are established by changing the pump speed of the turbo pump while keeping gas flow constant or 
changing the gas flow while keeping pump speed constant. Typical power input to the plasma is 
1-5 kW. Standard reference settings are chosen to be 0.1110.66 slm SiHiNH3,p:::; 0.1 mbar, P = 5 
kW. When one parameter was varied, the others were kept constant (ifpossible) to study the trend 
in either plasma or film properties. 

Substrates for film deposition can be assembied on a substrate carrier that is movable through a 
transport chamber toa load loek (not shown in the figure). Since the SiH4 and NH3 molecules are 
dissociated into radicals a thin film is deposited on the substrate and the wall of the plasma 
reactor. To clean the reactor and condition the chamber and surface a CF J02 plasma can be 
created to etch the deposited a-SiNx:H films. 

8 



2.3 Diagnostics 

2.3.1 Mass Speetrometry 
The mass spectrometer (MS) used for measurements is a Balzers prisma in conneetion with a 
turbo pump. A schematic picture is shown in Figure 2.2. The MS is connected to the vacuum 
chamber via a hose of approximately 80 cm containing a capillary with diameter 2 mm. Only 
stabie species are able to reach the mass spectrometer. 

valve 

. . 
detection l mass : ionisation 

l selection 
d=2mm 

0 

flan ge 

BOem 

Figure 2.2: schematic representation ofthe mass spectrometer. Particles travel through the 
capillary that is conneeled to the plasma chamber and are ionised in the ionizer by electrans with 

an energy of 85 eV. A combination of a direct with an alternating electric field selects only one 
certain mass to pass to the deleetion part of the MS. 

The turbo pump pumps the mass spectrometer to a pressure of 1 o-6 mbar. The mass spectrometer 
consists of three stages. In the first stage electrons are produced by thermionic emission from a 
filament and accelerated to an energy of 85 eV. These electrons ionise the incoming neutrats by 
electron impact ionisation. Besides ionisation the electrons can as well dissociate the incoming 
particles by dissociative ionisation processes (i.e. SiH4 + e ~ SiH3 + + H + e ). This is the reason 
that for SiH4 particles signals are found on masses 28 (St), 29(SiH+), 30(SiH2 +) and 31 (SiH3 +). 
This ratio of the signals on these different masses is called the cracking pattem of SiH4. The 
second stage is the mass selection part which only selects ions with a certain mass over ionisation 
ratio, M/Z. The M/Z ratio range can be measured from 1 to 150. The third part is the detector of 
these selected ions. When the ions hit the detector a current I due to the species of interest, is 
measured. A detailed description ofmass speetrometry can be found in [3]. 

With the mass spectrometer the consumption C ofNH3 and SiH4 is measured. The consumption C 
is defined according to Eq. (2.1 ): 

I .rr.- I . C = o11 ,1 on,1 ·lOO% 
Ioff,i - Ibg,; 

(2.1) 

Where lof! is the signal of the MS on mass i when the plasma is switched off and gases are 
inserted into the vessel, Ion is the signal on mass i when the plasma is on and hg is the background 
signal of mass i. Hence, the consumption C gives the fraction of reactant gas that is consumed. 
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Todetermine this consumption for Si~ the M/Z signal on mass 30 (SiH2+) was experienced to be 
the highest in the cracking pattem and therefore this signal is used. Since no radicals can reach 
the mass spectrometer due to their short lifetime it is for sure that SiH2 + is produced by 
dissociative ionisation in the ionisation part of the mass spectrometer. Hence the signal intensity 
on this mass can directly be related to stabie SiH4 particles that reach the mass spectrometer. For 
determining the consumption of NH3 the signals on masses 15 (NH+) and 16 (NH2 +) are 
measured. 

Background gases, like N2 and 0 2 that are ionised or dissociated in the ioniser can interfere with 
the signals of the plasma species. For example o+ (mass 16), originating from dissociative 
ionisation of 0 2, interferes with NH2 + which is used to determine the consumption of NH3 by the 
plasma. Therefore at every measurement the background signals, which were experienced to 
remain unchanged with plasma on or off, were measured. Subtracting the background signal from 
the singal measured when plasma is on, gives the signal due to the plasma species. 

In order to determine the consumption of NH3 and SiH4 gases correctly, it is investigated if a 
linear dependenee exists between the number of reactant particles and the intensity of the MS. 
This is done by changing the number of NH3 particles in the vessel by changing the NH3 flow 
(0.5-3.0 slm) while the pump speed is kept constant and plasma is off. For NH3, signal intensities 
are measured on mass 15 and 16. Results are displayed in figure 2.3. 

<(8 mass 15 (NH•) 0 6 <( <( 
8 

0 • mass 30 (SiH
2 
•) 7 mass 16 (NH

2 
•) 

N "' 7 

~6 • 5 0 0 ..- 6 =.. ~ 

<0 5 4 L() 0 
5 ..- 0 ..- M 

~ 4 en en 
3 en (/) 4 

~ 3 
co co 

• E E 3 
~2 

0 2 ~ ~ 
ëii ëii ëii 2 c::: c::: 1 0 c::: Q) 
Q) Q) 

Ë 1 
Ë 0 -0 ..s: 

0 0 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 1.0 1.5 2.0 2.5 3.0 3.5 

p [mbar] p [10-3 mbar) 

Figure 2.3.: dependenee ofNH3 and SiH4 signals on gas pressure. For each species variousjlows 
are injected into the vessel while keeping pump speed constant. Pressure is measured tagether 

with intensity ofthe ms on masses 15 (NH) and 16 (NHJ) and 30 (SiHJ) . 

The signal on mass 15 is most favourable to use since no background signa! on this mass is 
present. However, since the linear dependenee of this signal is worse than that for mass 16, mass 
16 is used to calculate the consumption ofNH3• The straight line is a fit through the data points of 
mass 16. The fit does not coincide with the origin and this is attributed to the background signal 
of o+ resulting from background 0 2 which produces a signal on mass 16 as well. 

The same procedure is repeated for SiH4 on mass 30 (right graph). As becomes clear from the 
figure, a perfect linear dependenee exists and it can be concluded that the intensity is linear 
dependent on the number of particles in the vessel. This fit does not coincide with the origin 
either and this is attributed to the accuracy of the pressure gauge for pressures at 10-3 mbar which 
is around its lower limit. 
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From these measurements it is concluded that masses 16 and 30 can be used to calculate 
consumption ofNH3 and SiH4, respectively. 

2.3.2 Optica! Emission Spectroscopy 
The light that is emitted by the plasma is analysed by optica} emission spectroscopy. The light 
enters through a plug with a hole and travels through a quartz fibre to a diffi·action grating where 
it is separated in its different wavelengths. The different components of the light then enter a 
detector and a current is generated. The intensity on eertaio wavelengtbs correspond to excited 
species in the plasma (for example, the measured 656 nm line corresponds to Balmer Ha 
transition) and this gives information about which particles are present in the plasma. A more 
detailed description of emission spectroscopy can be found in [4]. Figure 2.4 gives a picture of 
the system. The range of wavelengtbs that can be measured is 200 to 800 nm with a resolution of 
1 nm. 

detector 

computer 

wavelength 
selector 

light colleering 
plug '\ 

glass fiber 

0-ring 

light from 
the plasma 

Figure 2.4: schematic of the optica/ emission spectroscopy system. Light from the plasma travels 
through a glass fibre to a diffraction grating. Th is grating separates the light in its different 

wavelengths. The different components generale a current on the photodiodes. This current is 
measured and a spectrum is created. 

Unfortunately the sensitivity per wavelength is not known for the system. This makes it difficult 
to compare signals on different wavelength with each other. However, the apparatus can be used 
for studying trends in the intensity of the light when plasma parameters are changed. lt is as well 
possible to estimate the electron temperature of the plasma and determine its trend with this 
system. This is explained below. 

From [5] it is known that in an Ar plasma with Te~ 3 eV and ne~ 1017 m·3 (corresponding to the 
situation described in this report) the excitation to an atomie state is mainly balanced by 
spontaneous de-excitation ( the so-called corona case) instead of further excitation to the 
continuum. lt is expected that this is true for the plasmas described in this report as well since the 
time between two collisions of an electron with another particle, ~ 9-1 o-s s, is much larger than 
the lifetime of an excited state(~ 10·8 s). For this reason it is assumed that the atomie levels are in 
equilibrium with the atomie ground state and are populated according to a Boltzmann 
distribution. This assumption makes it possible to determine the electron temperature of the 
plasma. The electron temperature can be determined by comparing the intensity of different 
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atomie transitions of one species when parameters A v ( transition probability from exciting state to 
ground state) and gv (degeneracy of exciting state) forthese two different transitions are known. 
Assuming a Maxwell-Boltzmann distribution for the electrons, the electron temperature is then 
determined by Eq. (2.2) [6]. 

(2.2) 

Here I is the intensity of the emitting state, vis the frequency of the atomie transition and E is the 
energy of the excited level. The atomie transitions used to determine Te in an argon plasma are the 
416 and 764 nm lines. These are displayed in tigure 2.5. 

14.52 

13.17 4~16.4 nm :::=::: :; 
763.5 nm 

11 .54 ----!l!lllllli 45 

E [eV] 

0 
-- M\'*ii&4&M@ 

Figure 2.5.: energy levels usedfor determining Te in an Ar plasma. Wavelengths that are 
measured are photons generated from de-excitation from the 5p --+ 4s state and 4p-+ 4s state. 

The parameters neerled for this calculation are given in Table 2.1 and extracted from [7]. 

Table 2.1: parameters used to determine the electron temperafure in an Ar olasma [7]. 
transition À[nm] Epg[eV] g_p_ A_pg_[JO-a s-11 

4p~4s 763.5 13.17 5 0.274 
5p~4s 416.4 14.52 3 0.00295 

The same procedure is followed to determine the trend in the electron temperature in a SiHJNH3 

plasma. In this plasma the ratio ofintensities ofthe 656 nm and 486 nm Balmer H-lines are used. 
The parameters for these lines are given in table 2.2 

Table 2.2: parameters used todetermine the behaviour ofthe electron temperature in an 
SiH,/NH3 plasma L 8}. 

transition À[nm] Epg[eV] gp Apg [Jo-a s-11 

3d~2p 656 12.08 6 0.6465 
4d~2p 486 12.75 6 0.2062 

Measuring the intensities of the spectrallines gives Te from equation 2.2 The question rises if the 
absolute value of Te can be taken serious since the speetral sensitivity of the OES is not known. 
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Since the wavelengtbs areseparatedover quite a large area ofthe spectrum (150 nm) it is possible 
that the change in sensitivity of the spectrometer for the wavelengtbs is significant. However the 
trends in Te as function of plasma parameters certainly provides information about the plasma 
behaviour. More will be discussed about this in Chapter 4 where the results are shown. 

2.3.3 Langmuir probe 
To determine the electron density, ne, single Langmuir probe measurements are performed in 
which the ion density, n;, is measured. The electron density is then determined by equating n; = 
ne. Figure 2.6 shows the experimental set-up for the single Langmuir probe system. A tungsten 
wire with diameter 0.18 mm is inserted into the plasma through a view hole. The collecting part 
of the wire has a length of 5.1 mm. 

ceramic insuiatien 

sheath / 

lr.---L 
0.18 mm t !.!.:.:..:..:.. 

5.1 mm 
100 mm / 

160 mm viewhole 

~'~~ 
substrata orientation 0 160 

chamberwall 

Figure 2. 6: schematic representation for the Langmuir probe measurements. The probe exists of 
a tungsten wire with diameter of 0.18 mm and tip length of 5.1 mm. 

Potentials are applied to the probe by a Keithley 2400 SoureeMeter which simultaneously 
measures the ion current. The voltage range that is applied to determine n; is -40 V to -10 V 
which makes sure that the amount of electrans reaching the probe is negligible in comparison 
with the amount of i ons. The probe design makes it possible to scan over roughly half the length 
of the substrate corresponding toa distance of 160 mm. The probe is located approximately 10 
cm above the substrate and can be said to be in the bulk of the plasma. 

Approximations 
Probe measurements are relative simpte to perform. However, to interpret the results different 
theories can be used depending on the parameters of the plasma, for example, pressure. The 
assumptions that lead to the determination of ne from the ion current collected by the probe are 
discussed in this section. 

•The probe has a negligible influence on the plasma surrounding the probe: 
Inserting the probe perturbs the plasma. lt is assumed that the area of the probe is small enough to 
prevent a too large flux of ions that alters the plasma parameters in the neighbourhood of the 
probe. 
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•The densities of i ons, ni, and electrons, n., are equal in the bulk of the plasma: 
According to quasi-neutrality, the electron density equals the ion density in the bulk of the plasma 
and this assumption is valid if no negative ions are present. For an Ar plasma this is the case. In 
an NH3 plasma R can be formed which has an electron affinity of 0.75 eV [9] and these ions 
result in reduction of the electron density. By equating ni to n. it is therefore noted that the 
electron density is an upper limit in a NH3 plasma. 

•The distri bution of particles is Maxwellian: 
This assumption is often not valid since depopulation of the high energy tail of the electron 
distribution occurs. However, in all probe theories this assumption is made and will as a result be 
made here. 

•The probe's radius, a, is much smaller then the probe tip's length, d: 
For the tungsten wire used: a= 1.8·10-4 m << d = 5.1 ·10-3 m. This feature makes use of a finite 
cylinder approach possible. 

•No collisions take place in the sheath: 
The mean free path of the ions at 0.1 mbar (estimating the ion-neutral cross-section to be 10'18 

m2
) is :::::4·10-4 m. Estimating the electron density with n. = 1017 m-3 and T. = 2 eV, the sheath 

thickness is calculated to be::::: 2.5·104 m fora probe potential of -40 V. This calculation gives an 
indication of a collisionless sheath. However, it is noted that n. is estimated here. This assumption 
is further discussed in Chapter 5 where Langmuir probe measurements are presented and electron 
density measured. 

•The probe's radius a is much smaller than the sheath thickness s: 
For Vprobe = -40 V and n. = 10-17 m-3 the sheath thickness s=2.5·10-4 m. The probe radius is 1.8·10-
4 m. This assumption is not satisfied and will be further discussed in Chapter 5 when results are 
discussed and comments are made on the validity of this assumption. To relate the ion current !ion 

to the electron density n. (equation (2.3)) it is assumed for now that this condition is satisfied. 

Furthermore it is assumed that the RF noise picked up by the probe has a negligible contribution 
to the measured current. 

The assumptions above lead to a relation between the ion current !ion and the ion density ni given 
by eq. (2.3) [1], 

(2.3) 

Where eis the electron charge, a and d are the probe's radius and tip length, respectively, VP the 
probe's potential, <I> P the plasma potential,and mion the ion mass (taken 17 amu for NH3 + and 40 
amu for Ar+). From the slope of !ia/ versus VP (where (/JP is taken to be zero) the electron density 
can be determined. 
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2.3.4 Spectroscopie Ellipsometry 
With spectroscopie ellipsometry the layer thickness, surface roughness and refractive index of a 
film can be determined. This methad uses a beam ofpolarized light (which exists of a component 
parallel to the plane of incidence (p) and a perpendicular component (s)) with wavelengtbs 
ranging from 250 to 1700 nm that is directed to the substrate under a certain angle. This is 
schematically shown in Figure 2. 7. From the change in polarization of the s and p components of 
the light after reileetion as a function of wavelength the complex refractive index of the measured 
sample can be determined. This refractive index tagether with the layer thickness and surface 
roughness is determined by fitting these parameters using the Tauc-Lorentz formalism which is 
described by Jellison and Modine [10]. More can be read about spectroscopie ellipsometry in 
[11 ]. 

Figure 2. 7: schematic picture of the set-up for SE. The change in s and p components of the 
electric field aft er rejlection with respect to the incident beam are related to the refractive index. 
Fitting the data of the change in these components as a function of wavelength by means of the 
Tauc-Lorentz formalism gives the refractive index n, the layer thickness d and the surface 
roughness r. 

2.3.5 Fourier Trans(orm Infra Red Spectroscopy 
To analyse the composition of the films, FTIR absorption spectra are used from which molecular 
honds present in the film can be determined. Only honds that have a permanent dipale moment or 
have a variation of the di po lar moment brought a bout by the vibration of the molecule are able to 
absorb the infrared light and hence, can be detected. This is the case with Si-H, N-H and Si-N 
honds. 

Measurements were done with a Broker Vector 22 spectrometer. A beam of infrared light with 
wave numbers 4000 to 800 cm·1 is directed to the film and the amount of transmission through 
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the wafer is measured in this wavelength range. First a reference absorption spectrum of bare 
silicon is measured. Dividing the absorption spectrum by the reference spectrum of silicon with 
an a-SiNx:H film results in the absorption spectrum only due to the a-SiNx:H film from which the 
bond concentration can he determined. A typical spectrumforthese films is shown in Figure 2.8. 
The data that are extracted from these spectra are the peak height and the peak area. These data 
are obtained by manually drawing a baseline under the peaks and subtract this baseline from the 
spectrum. The peaks that are used to obtain data from are allocated in the figure. Other peaks 
present in the spectrum are produced from the different kind of molecular vibrations that are 
possible [ 11 ]. 
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Figure 2.8: typical FTIR spectrumfor an a-SiNx:H layer. Three main peaks correspond to 
absorption due to N-H bands, Si-H bands and Si-N bands. The peak height and area are 

determined by subtracting a manually constructed background. 

Since NH3 and SiH4 are the precursors used for growing SiN layers, the honds that are mostly 
experienced in the layer are N-H, Si-Hand Si-N as becomes clear from the figure. To relate the 
absorption to the number of Si-H and N-H honds in the film the absorption cross-sections for Si
Hand N-H given by Lanford and Rand are used [12]. The density of Si-Hand N-H honds in the 
film is then determined according (2.4) 

areaNH,SiH 
[ C NH ,SiH] = -----'--

0' NH ,SiHdtot 
(2.4) 

Where CNH. SiH is the concentration for NH or SiH in cm-3, areaNHSiH is the peak area for NH and 
SiH respectively, aNH.SiH is the absorption cross section for NH (5.3·10-18 cm2

) and SiH (7.4·10-18 

cm2
) respectively and d101 = d+ (1 /2)r, the sum of layer thickness and half the surface roughness 

[13] in cm determined with SE. 

The other parameters that can he obtained from the absorption spectra are Si/N-ratio, the density 
p, and the relative hydragen content [H]. These parameters are determined according empirical 
obtained relationships determined for this ICP souree by [14]. The error in the obtained data is 
estimated to he 10%. The interested reader is directed to this thesis for more information about 
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this method. The Si/N ratio, density and hydrogen content are determined according equation 
(2.5). (2.6) and (2.7), respectively. 

Si - = 0.973n -1.10 
N 

Where n is the refractive index, determined with SE. 

p=2612Si-N -0.286. 
d 

(2.5) 

(2.6) 

Herepis in g/cm·3, Si-N is the absorption peak intensity for Si-N obtained from the absorption 
spectrum and d is the layer thickness in cm. 

[H] = 0.135ln[[N- H] +[Si- H]] 
3.83 ·1021 

(2.7), 

where [H] is the relative hydrogen content with respect to all other atoms in the film in %, [N-H] 
and [Si-H] are the bond concentrations determined according (2.4). 

More can be readabout FTIR and the methods described above in [15]. 
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Chapter 3 

Description of an inductively coupled plasma 

3.1 Introduetion 
As was mentioned in Chapter 1 an inductively coupled plasma (ICP) souree will be used to 
grow dense a-SiNx:H films used for encapsulation of OLED devices. In this chapter the 
operation of the ICP souree is treated tagether with the mechanisms that drive the plasma. 
This discussion provides possible answers to question 1 and 2 formulated in Chapter 1: 

1. what are the properties of the matching network and how does its structure deviate 
from standard types of matching networks? 

2. how does the !CP souree operate and what are typical properties of the souree 
regarding power coupZing and plasma maintainance? 

To answer these questions the structure of this chapter is as displayed in Figure 3 .1. First the 
use and structure of the matching network is discussed. Then, when matching of souree and 
plasma is treated, power coupling is discussed. Finally features and parameters that are typical 
for this plasma are treated. 

matching 
power coupling 

plasma 
RF supply- plasma parameters 

section 3.2 section 3.3, 3.4 section 3. 5, 3. 6 

Figure 3.1: structure of this chapter. 

3.2 Matching network 
If the discharge is driven directly by a RF power source, then generally power is not 
transferred efficiently from the souree to the discharge. To understand this, consider a 
discharge modeled as a load having an impedance Zv=Rv+}Xv, where Rv is the discharge 
resistance and Xv is the discharge reactance. The power souree is modeled as given in the 
dasbed box of Figure 3 .2, consisting of a voltage souree with complex amplitude Vr in series 
with a souree resistance Rr. 

-------- li;-- ~ 

IRF 

I 

--- - - - - - - - - ---· 
souree 
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Figure 3.2.: Electric scheme ofthe power souree conneeled with the discharge. Here the 
discharge is modelled as an impedance having a real and complex part, corresponding to 

resistance and reactance, respectively. 

The time average power coupled into the discharge is: 

(3 .1) 

Where V RF is the complex voltage across ZD. Solving for !RF and VRF for these series elements, 
results in: 

(3.2) 

Substituting equations (3 .2) into (3 .1) gives: 

p-!lv:l2 RD 
- 2 r (R + R )2 + X 2 

T D D 

(3.3) 

For fixed souree parameters Vr and Rr, maximum power transfer is obtained by setting 
óP/àXD=O and óP/8RD=O, which gives XD=O and RD=Rr. The maximum power supplied by 
the souree to the load is then 

P =!1Vrl
2 

max 4 R 
T 

(3.4) 

If maximum power is transferred then it is said that the load and souree are matched. 

Since XD is not zero, and, typically, RD < <Rr the power is generally much less than P max· To 
increase P to P max' a matching network needs to be placed between souree and load to match 
the impedance of the total circuit attached to the souree to 50 0, which is the output 
impedance of the RF supply. 

An equivalent circuit of the matching network used in the set-up described in this report is 
given in Figure 3.3. This network consists of two galvanic separated LC-circuits. The first 
circuit is driven by the power souree (connected between A and B) and consistsof an inductor 
with a variabie capacitor in series that acts as the first 'knob' to match souree and load for 
maximum power transfer. The second circuit, driving the plasma between C and D, is 
powered inductively by the magnetic field generated by the coil in the primary circuit and 
therefore contains an inductor as well which is connected in series with a variabie capacitor. 
The last capacitor acts as the second 'knob' to match souree and load. Since the power 
transfer is optimized when the souree 'sees' a real impedance of 50 0, these capacitors are 
adjusted until the resistance ofthe circuit, including plasma, is 50 n and the reaetanee is zero. 
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D 

plasma 

A c 

Figure 3.3: equivalent network ofthe matching network used in the set-up. The network exists 
of two galvanic separated LC-circuits. The capacitors are variabie to tune for the resonance 
frequency. Power is coupled from circuit 1 to circuit 2 through air. The ratio of windings for 

the two coils is N2:N1=5:1. 

Typical (inductive) discharge resistances are in the order of RD ~ 2 n [16]. To estimate the 
resistance of the discharge described in this report, the method for an inductively coupled 
plasma is used according to [1] where the resistance is given by Eq. 3.5. 

2;rRmveff 
R p = -z-----""'-

e ni8P 
(3.5). 

Here R ~25 cm is the plasma radius, me the electron mass, Veffthe effective collision frequency 
( estimated to be equal to the electron-neutral frequency being Vm = 200 MHz), e the electron 
charge, ne the electron density c~ 1017 m-3

), 1 the plasma length (~30 cm) and 0> ~15 cm, the 
plasma region where most ofthe power is absorbed, see Section 3.3. With these parameters it 
is found that Rp ~ 2.48 n. The assumptions that are made are that most of the current is 
concentrated at the edge ofthe plasma (r=R), 1 ~ R and 0> << R, where 0> is the typicallength 
over which most of the power is absorbed (see Section 3.3). This assumption supposes that 
the power is absorbed over in small region in the plasma. 

Assuming the imaginary part is matched to XD=O for maximum power transfer and the real 
part of the discharge is ~ 2 n, this means that the matching network needs to 'amplify' this 
value by a factor of 25 to make it match with the source's impedance. This gives a possible 
explanation for the use of this type of matching network with two coils with a ratio of 
windingsof N1:N2 = 5:1. This results in a voltage V1 being transformed toa voltage V2 which 
is inversely proportional with the ratio of windings, thus V1 = 5 V2• The opposite is valid f<_>r 
the current 12 through the second coil with respect to the current 11 through the first coil, 
11=(115) h For the real part of the impedance seen by the source, Zeff = RD, this means, 
assuming the electric components are all ideal: 

(3 .6) 

Of course the discharge 's resistance and reaetanee are dependent on pressure, power, flow, 
etc. This means that the variabie capacitors have to be adjusted every time the plasma 
parameters change to match with the source. However, since the real part of the plasma 
impedance seen by the RF power supply is already approximately 50 n the range over which 
the capacitors have to be tuned need not be large, which is convenient for practical reasons. 
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A quantitative approach 
When the souree is matched with the plasma, maximum power is transferred and since it is 
experienced that reflected power of the souree can be reduced to less than 1% of the input 
power, it can be assumed that current and voltage are in phase and the whole system acts 
ohmic. Now suppose losses due to heating of the elements, cooling water, etc. are negligible 
and the supply is matched and transfers PRF= 5 kW to the plasma. Since the supply 'sees' a 
5 0 0 impedance, the current in the first circuit of the matching network is lp = 10 A. Due to 
the ratio of windings this current is transformed to Is = 50 A in the second circuit and this is 
the current through the coil driving the plasma. With these currents the voltages over the first 
and second circuit are known and the amplitudes are VP = 500 V and Vs = 100 V, respectively. 

3.3 Power coupling 
As explained in the previous section the power is coupled most efficiently when the power 
supply and plasma are matched. When this is the case a RF current through the coil produces 
a magnetic field which in turn induces a RF electric field in the plasma. The RF power is 
coupled into the plasma provided the RF frequency does not exceed the plasma frequency w p· 

The plasma frequency is the inverse of the time scale on which the plasma is able to respond 
to electromagnetic fluctuations from outside, in this case the oscillating RF field. The plasma 
frequency is given by Eq. (3.7). 

(3.7) 

Here e is the electron charge, ne the electron density in m-3
, Eo the vacuum permittivity and me 

the electron mass. If the RF frequency exceeds the plasma frequency the EM field varies too 
fast for the electrons to follow and the plasma is transparent for the RF oscillations. The 
electron density in a NH3 plasma is assumed to be approximately 1·1 016 m-3 (see Chapter 5) 
and hence it follows that the plasma frequency Wp = 5.65·109 rad/s. Since Wp >> WRF 

(0.085·109 rad/s) it is clear that the plasma is able to respond to the oscillating RF field and 
hence the charged particles are accelerated by it. 

A schematic picture of the electromagnetic field driving the ICP is given in Figure 3.4. The 
13.56 MHz current through the coil is produced by a time varying electric field in the coil. 
This time varying electric field, E(t), produces a time varying magnetic field B(t) through the 
coil in the plasma region. 
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Figure 3.4: electromagnetic field generaled by RF co i/. Assuming the B-field is homogenous 
and only in one dimension, then an azimuthal current parallel to the substrate is driving the 

plasma. Of course all the B-filed lines are closed loops, however, only one is drawn like this. 

This magnetic field induces the electric field that drives the plasma, and it is interesting to 
know what the profile of the B-field parallel to the substrate is. Therefore the magnetic field 
of a square coil is simulated to determine the profile. Results of the simulation are shown in 
Figure 3.5. The simulations are performed with the simulation program Femlab fora current 
of 200 A through a square coil. 

r 
!I 
ï: 
" € = ~ C) 

c: 
~ ~ "' "' c: 

C) <ll 
c: " ïn )( 

111 " l'! 
q: 

() ~ .5 c: 
C) 
111 
E 

-45 0 45 
r(cm] 

figure 3.5: induced magnetic field generaled by a square aluminium coil in vacuum when no 
plasma is ignited. Left picture shows a cross-section of the magnetic flux density in the plane 
of the co i/. The right picture shows the magnetic flux density as a function of position from 

one corner of the co i/ to the other(indicated with the arrow in the left picture). It is clear that 
the magnetic flux increases from the center to the coil 's corners. The arrow in the right ft gure 

represents the size ofthe substrate (from one corner to another) for deposition. 

The picture on the left shows the magnetic flux density in the plane of the coil. The right 
picture shows the strength of the magnetic field from one corner of the coil to the other. As 
can be seen the magnetic field is strongest at the edge of the coil and decreases sharply to the 
center. In the center the field can said to be quite uniform. Following Maxwell's law for an 
induced electric field generated by a time varying uniform magnetic field it shows (assuming 
azimuthal symmetry) that the electric field generated in the plasma above the substrate 
increases with the distance r from the center (r=O in the center ofthe substrate): 
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(3.8) 

This means that towards the coil's edges the electric field increases because more magnetic 
flux is passing through the area that is enclosed. It is this electric field that accelerates the 
electrons which in turn ionize/dissociate the atoms and molecules. Assuming the electric field 
is strongest at the edges, the question rises if more ionisation and dissociation occurs with 
respect to the plasma center. This issue will he discussed further in Chapter 7. 

The acceleration of the electrons by the time varying electric field is not enough to absorb 
power. Only when the electrons collide with other particles and transfer their energy, power is 
absorbed. Since the mean free path of the electrons with neutral particles is of the order of 1 
mm resulting in a colli si on frequency of approximately 2·1 08 Hz, it can he said that collis i ons 
are responsible for the power absorption. Since power is absorbed, this mechanism causes the 
amplitude ofthe EM-field decaying over a certain distance in the plasma. The typicallength 
over which the field decays withafactor 1/e is called the skin depth 8 and is given by [1]: 

(3.9) 

with Kp the relative dielectric constant ofthe plasma, defined as 

(3.10) 

where c is the speed of light in vacuum, OJ the RF frequency and Urn the collision frequency. 
Eq. (3.9) states that most of the EM-field intensity is absorbed in a slab of plasma with 
thickness of 5 = 15 cm. The electrons that are heated in this slab transport the energy to other 
particles by collisions. A more detailed description of the heating mechanisms in an ICP is 
given insection (3.5). 

Capacitive coupling 
The voltage in the secondary circuit is oscillating with 13.56 MHz. Therefore, between two 
random points on the induction coil, there is an oscillating voltage difference. This results in a 
fluctuating electric field between the si des of the coil. This field can genera te a plasma as well 
and it is found [16] that this capacitive coupling is responsible for plasma generation at power 
levels just above the power needed to ignite the plasma. Increasing the power input into the 
plasma, it is experienced that this capacitive mode abruptly jumps to the inductive mode in 
which power is coupled mainly inductively to the plasma. This jump is known as E-to-H 
mode of an inductively coupled plasma and can he recognized by a sudden change in 
emission intensity and co lor of the plasma. It is stressed that even at higher power where the 
plasma souree operates in the H-mode, there always is a capacitive coupling component 
although this might he small in comparison with the inductive mode. It is experienced that the 
color ofthe plasma changes when power is increased from 1 kW to 2 kW. Hence it is possible 
that this is due to the transition from E-mode to H-mode and that this change occurs for a 
power level between 1 and 2 kW. 
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3.4 Heating mechanisms in an ICP 

Ohmic healing 
Above it was stated that the electric field accelerates the electroos to energies at which 
dissociation or ionisation of the molecules and atoms is possible. As will become clear the 
collision frequency (200 MHz) is much larger than the RF frequency (13.56 MHz), resulting 
in electroos colliding withother particles approximately 15 times in one RF period. During 
these collisions the high energy electroos transfer energy to heavy species resulting in 
dissociation and ionisation. This heating mechanism is called ohmic or collisional heating. In 
most plasma sourees it is this mechanism that drives the plasma. However, another 
mechanism exists that drives the plasma even when the mean free path of the electroos 
exceeds the plasma size. 

Stochastic or collisionless healing 
It can be understood that a lower limit of the plasma density exists for ohmic heating being 
effective. When pressure becomes too low, too few collisions occur in which neutrals are 
ionized and plasma formation is in principle impossible due to too many losses of electroos to 
the walls. It is experienced [ 17] that even at these low pressures, where ohmic heating can not 
sustain the plasma, still a plasma can be burning. The heating mechanism that supports the 
plasma in this case is called stochastic or collisionless heating. The mechanism behind this 
feature is thought to be electroos gaining energy from the oscillating E-field in the skin layer 
where most of the power is absorbed. Subsequently they travel from the skin layer to other 
places in the plasma before colliding with other particles. This non-local heating effect makes 
it possible to ignite plasmas at very low pressures of, for example, 5·10-6 mbar [17]. It is 
stressed however that a lot of discussion is still going on in literature on this mechanism since 
it is not yet fully understood. However, the above is the most accepted explanation. 

Plasmas described in this report are operated around 0.1 mbar and in this case the collision 
frequency is ~15 times higher than the RF frequency. The importance of collisionless heating 
to collisional heating can be estimated [1] according to: 

Sstoch Ve 
= (3.11) 

where Sstoch and Sohmic are the time-averaged stochastic and ohmic heating contributions 
respectively, Ve the mean electron velocity, Yen the electron-neutral collision frequency and d ~ 
50 cm the plasma diameter. From this formula it is calculated that Sstoc!ISohmic = 0.01. This 
makes clear that ohmic heating is by far the dominant mechanism under the conditions 
described in this report. 

3.5 Sheath formation and charge separation effects 

Debye length 
A plasma exists of neutral species, ions and electrons. On a very small scale the chaotic 
motion in the plasma of electroos and ions results in charge separation leading to rapidly 
varying E-fields. The scale over which this charge separation takes place is called the Debye 
length. However, above this Debye scale the plasma can be considered neutraL The Debye 
length is given by [1]: 

(3.12) 
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--------------------------------------------------

where Eo =8.85 10-12 C2/Jm is the permittivity ofvacuum, Te the electron temperature in eV, e 
= 1.60 1 o-19 c the electron charge and ne the electron density in m-3

• 

Within the Debye length the balance between the Coulomb potential energy and the thermal 
energy determines whether the electrons can escape the Debye sphere with radius Àn. The 
high energy electrons in the tail ofthe energy distribution are able to escape the Debye sphere 
around a charged partiele and move freely through the plasma until collisions take place with 
either other particles or the wall. These electrons are responsible for the ionization and 
dissociation ofthe gas. Fora electron density of 1016 m-3 and an electron temperature of Te= 2 
e V the Debye length is 9 .1·1 o-s m. 

Now consider figure 3.6 in which a plasma exists above a surface. Since the mobility of the 
electronsis much higher than the ions due totheir mass difference ({M/Ille)112 = 271 for Ar), 
the instantaneous electron flux in the direction of the surface is much larger than the ion flux. 
Since the plasma is quasi neutral (no net current to the surface), equilibrium will set in that 
results in equal fluxes of charged particles to the wall. This is obtained by a net (negative) 
charging of the surface that repels the electrons and attracts ions. In this region charge 
separation takes place and this region is called the sheath. 

As can be calculated [1] a direct transition from sheath to (mainly) neutral plasma can not 
exist without the demands for the ions to have a certain velocity, u., when entering the sheath. 
This velocity is called the Bohm velocity and is given by Eq. (3.14) where Te is in eV: 

( J
1/ 2 

e~ 
Un= --

Mion 
(3.14). 

To give the ions this particular velocity, they need to be accelerated over a pre-sheath. This is 
as well shown in Figure 3.6 Hence the plasma potential starts to fall off already before the 
sheath edge in order to accelerate the ions to this velocity. The pre-sheath matches the plasma 
with the sheath. 

The potential distri bution in the plasma as function of position x from the wall to the bulk of 
the plasma together with the density of charged species is shown in Figure 3.6. Due to the 
charging of the surface the electron density in the sheath is much lower than the ion density 
because electrons are repelled and ions attracted. Due to this difference in density of charge 
carriers most of the potential difference between wall and plasma is distributed over the 
plasma sheath. The voltage over the sheath for a non-conducting surface with respect to the 
sheath edge can be estimated by (3 .13) 

<I> = -T ln( Mion )1 / 2 
s e 2 mne 

(3.13) 
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Figure 3. 6: schematic picture of sheath formation when driving a plasma. In the sheath 
region the electron density ne is much lower than the ion density nb since the electrans are 
repelled by the negative charged surface while the electrans are accelerated. Hence, the 
largest voltage drop in the plasma exists over the sheath due to the large difference in space 
charge. 

For an argon plasma (Te= 2 eV), with M;on is 40 amu, the voltage drop over the sheath is 
approximately 9.4 V. Fora NH3 plasma with M;on is 17 amu, ([Js = 8,5 V. This means that ions 
are accelerated towards the substrate and gain energies of 8-9 eV. These low energy ionsin 
the sheath are favourable since it is expected that they will not do much damage to the surface 
and deposited film. 

3.6 Survey of plasma parameters 

Table 3.1 is given as a survey ofthe order of magnitude ofthe plasma parameters described in 
this report. lt also contains the ranges over which the plasma parameters are changed and the 
order of magnitude of parameters used in calculations. These values are calculated according 
the theory above or extracted from literature [1]. Conceming the latter, situations are chosen 
which correspond to the situation ofthe plasma souree used at OTB. 

Tc bi 3 1 I t a e . : pwsma parame ers an d th . t' t d ezr es zma e t 11 bt . d I or experzmen a ty o azne va ues 
pressure (p) [mbar] 0.05-0.4 
power (P) [kW] 1 - 5 
partiele density (na) [m-3

] 3·1021 

electron density (ne) NH3 [ m'3] . 1·1016 
electron density (ne) Ar [m-3

] 5·1017 

electron temperature (Te) [eV] 2 
gas temperature (T2 ) [KJ 300 
plasma diameter (d) [m] 0.5 
electron neutral cross-section (oen) [ m2] 10-l'J 

ion-neutral cross-section (Oin) [m2] (Ar+-Ar, Ti::::: 1 eV)) 10- IH 

driving frequency (w) [rad/s] 85·106 

plasma frequency (wp) [rad/s] 5.65·109 

electron-neutral Collision frequency (Ven) rHz l 200·106 

ion-neutral mean free path (À;n) [m] 3.3·10-4 
electron-neutral mean free path (Àen) [m] 3.3·10'3 

sheath potential difference (Llr'.s) [V] 10 
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Chapter 4 

Results on mass speetrometry and optica) emission 
spectroscopy 

4.1 Introduetion 
This chapter will discuss the measurements that were made with mass speetrometry (MS) and 
optica! emission spectroscopy (OES). Measurements performed with these diagnostics have been 
focussed on questions 3 and 4 that were formulated in the introductory chapter of this report and 
these are: 

3. which species are present in the plasma and what is the dissociation degree of the 
precursors? 

4. what is the behaviour of partiele concentrations as a function of power, pressure and 
flow? 

First the measurements performed with OES are discussed. From these measurements it is 
determined which radicals, amongst others, are present in the plasma. Subsequently mass 
spectrometer measurements are treated. Some discussion is dedicated to the fact that certain 
species were not found with MS that are expected. Finally the consumption of precursors as a 
function of plasma parameters (power, pressure and Sil4 flow) is discussed. Reaction 
mechanisms are proposed to explain the measurements, however an overall reaction model that 
can (partly) explain the plasma chemistry is treated in Chapter 8 when all other measurements are 
discussed as well. 

4.2 OES results 

4.2.1 Emission Lines o(a SiH411f_H~ Plasma 
With the OES system spectra are measured of a SiHJNH3 plasma at power levels of 1-5 kW and 
pressures ranging from 0.05 to 0.2 mbar. One spectrum of a 5 kW 0.1110.66 slm SiHJNH3 

plasma is shown in Figure 4.1. 
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Figure 4.1: spectrum of a 5 kW0.1110.66 slm SiH/NH3 plasma. The wavelength ofthe emission 
lines are used to specify the species that are emitting in this wavelength range. 

The wavelengths can be attributed to the species displayed in Table 4.1 . Changing the plasma 
parameters in the range as described above did not result in new lines appearing in the spectrum 
or disappearing from the spectrum. The 256 nm Si line disappeared in the background signa! at 
highest pressures (> 0.2 mbar). 

Table 4.1: emitting species and their transitions in a 5 kW 0.1110.66 slm SiH/NH3 plasma as 
measured with OES. 
Wavelength 656 486 434 414 256 336 358 
[nm] 
Emitting Ha H~ Hr SiH Si NH N2 
partiele 
Transition n=3 ~ n=4 ~ n=5 ~ A2~- 4s~ 3p A20~ wl~u~ 

n=2 n=2 n=2 X20 X2L- a1Dg 

Since the base pressure of the vacuum set-up is ~10·6 mbarit is expected that the emission from 
the background gases is negligible in the spectrum with respect to the emitting plasma species. To 
check this an Ar plasma is created and the intensity is measured at the wavelengtbs displayed in 
Figure 4.2. Since Ar does not have emission lines on the wavelengtbs where normally the SiH4 

and NH3 species are measured, it can be concluded that, if an intensity is measured on these 
wavelengths, this is due to emission of background gases. This measurement is shown in Figure 
4.2. 
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Figure 4.2: emission spectrum of a 5 kW Ar plasma. Intensities are measured on the wavelengths 
displayed in Table 4.1 Only two wavelengths were experienced to be present in the background 

gas that coincide with emission lines in a SiH,/NH3 plasma, the 656 nm line and the 336 nm line. 

The background emission lines coinciding with lines in a SiHJNH3 plasma are the 656 nm line 
and the 336 nm line. For all parameters for a SiHJNH3 plasma, the Ha- line had a minimum 
intensity of >5000 (arbitrary units). The background signal for this wavelength is 100 arb. u. and 
hence it can be said that within an error of 2% the intensity ofthe Ha-line measured when plasma 
is ignited is due to atomie hydrogen created in the plasma. The 336 nm line has an intensity of 
157 a.u. Compared with the typical intensity of approximately 5000 of the NH line when a 
plasma is created, this introduces an error of 3%. 

From these measurements it becomes clear that the spectrum of the plasma consists of lines from 
H, NH, SiH, Si and N2, species that are present or created in the plasma. Especially the N2 

molecule is present on many wavelengths. The SiH, Si and NH lines show that dissociation of 
NH3 and SiH4 into, amongst others, NH and Si occurs for all plasma conditions. 

4.2.2 Determination ofTe Behaviour in Argon 
As was explained the Chapter 2.3.2, it is possible to determine the electron temperature from 
spectrallines in the Ar spectrum. This is done for a 0.079 mbar Ar plasma as a function of power. 
Results are shown in Figure 4.3. 
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Figure 4. 3: determination of T. as function of input powerfora 0. 079 mbar Ar plasma. Typical 
electron temperafure is around 0.55 eV, which is expected not to correspond to the real electron 

temperature. However, the trend gives the information that T. is quite independent on power after 
2kW 

Typical electron temperatures of an ICP are around 2-5 eV for pressures around 0.1 mbar [1]. 
From Figure 4.3 it is clear that T. is well below 1 eV and therefore it is expected that T. does not 
correspond to the real electron temperature. Since the two wavelengtbs used to determine n. are 
separated over 300 nm from each other, it is possible that the difference in speetral sensitivity of 
the OES for these two wavelengtbs causes this phenomenon. 

From the shape of the curve it is noticed that T. seems to increase until the power input is 2 kW, 
after which it remains constant. It was mentioned that a change in colour of the plasma is seen 
between 1 and 2 kW and this suggests that for power levels below 2 kW the ICP souree bas an 
important capacitive coupling component as was explained in Section 3.3. For P ~ 2 kW the 
souree might operate mainly in an inductive mode. Comments on other plasma parameters, like 
the electron density, with help of these measurements of T. can be made regarding the power 
balance equati on ( 4.1) 

(4.1). 

Where P abs is the power absorbed by the plasma, e the electron charge, ne the electron density, u8 

the Bohm velocity which is a function of T., A the area for partiele loss and Er the total energy 
loss to the wall consisting of the energy lost to collisions, Ec(Te), the mean energy per electron 
lost to the wall, E. = 2T. , and the energy lost per ion lost at the wall, E;. Regarding the fact that 
the electron temperature is constant as a function of power above 2 kW, it is expected that an 
increase in power results in the same increase in n •. This information is helpful to explain electron 
density measurements which are presented in Chapter 5. A linear relationship of n. with power is 
then expected. 

Apparently, below 2 kW a part of the power is used by the plasma to increase the electron 
temperature and not all the power in used to produce electron-ion pairs. It is possible that for 
these power levels the energy losses increase with power and hence the electron temperature 
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increases to sustain the plasma. Possible losses can he features conceming the capacitive coupling 
at low power, however a clear explanation is lacking. 

4.2.3 Determination ofTeBehaviour in a SiH4i_NH1 Plasma 
The same procedure as described above for determination of Te is repeated in a 0.11/0.66 slm 
SiH4/NH3 plasma as function of power. In this plasma the intensity ratio of the Ha (656 nm) and 
Hp ( 486 nm) lines is used to determine the evolution of Te as function of power. It is stressed bere 
that in this plasma increasing power (from 2 to 5 kW) results in a pressure rise (0.057 mbar to 
0.077 mbar) due to increasing consumption ofthe gases. Results are shown in Figure 4.4 . 
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Figure 4.4: behaviour ofTe with power increase in a 0.1110.66 slm SiH,/NH3 plasma. The 
decrease in T. is attributed to increasing pressure with increasing power. 

The electron temperature decreases with increasing power. However, according to equation (4.1) 
no dependenee of T. with P is expected. This decrease is therefore attributed to the increase in 
pressure that occurs with increasing power input. The behaviour of Te can be understood when 
consirlering the mass balance equation for electroos in steady (plasma) state, Eq. (4.2). 

(4.2) 

lncreasing pressure results in an increase in neutral partiele density, na and an increase in loss 
time, T!oss , of the electroos to the wall. These changes must be balanced in a steady state (dn/dt = 
0) by a change in the ionisation reaction rate, k;0 n, which is strongly dependent on T •. Hence Te 
becomes lower with increasing pressure to compensate for the increase in na and the decrease in 

n/ Tioss• 
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4.2.4 Comments on Measurements withOES 
As was pointed out in the description in Chapter 2 the specifications of the OES system aren't 
known. This results in difficulties when obtaining absolute numbers for Te and comparison of 
emission lines of different species. However trends provide useful information since plasma 
behaviour can be determined from this. The OES system can therefore be useful. One should be 
carefut though with drawing conclusions from intensity changes as function of changing plasma 
parameters for more than one mechanism might be responsible for the change in intensity. 

To demonstrate this, consider the emission of the 656 nm line of H. The emitting state can be 
reached via several reactions and two (electron excitation and electron dissociation) are shown 
below 

H + e ~ H(n=3) + e 
NH3 + e ~ NHz + H(n=3) + e 

(a) 
(b) 

Assume the power delivered to the plasma is increased. According to Equation ( 4.1) this results 
in increasing electron density and hence production of H(n=3) can be expected to increase 
according to reaction (a). On the other hand it is likely that dissociation increases as well with 
increasing power which might result in more H(n=3) created by electron induced dissociation 
(reaction (b)). Moreover, when the pressure increases as well with increasing power, resulting in 
a lower Te, the situation becomes even more complex since changing Te affects the emission as 
well and straightforward interpretation of the change in intensity with a change in the chosen 
plasma parameter is not possible anymore. 

4.3 Mass Speetrometry Results 

4. 3.l.Detected Species 
With the MS stabie species are monitored in the plasma. A mass spectrum versus cycle time of 
the SiHJNH3 plasma is shown in Figure 4.5. On cycle 67 gases are injected into the plasma 
vessel. This gives rise to an increase in signal on mass 30 (SiHz+) and masses 15, 16 and 17 (NH+, 
NH/ and NH3+, respectively). On cycle 91 the plasma is ignited and it is experienced that the 
signals on mass 2 (Hz) and mass 28 (Nz) increase immediately. This confirms the formation of Hz 
and Nz in the plasma. These are the only stabie species that are measured with the MS to be 
formed. 

It is clear that when plasma is ignited the signal on mass 30 disappears completely, indicating that 
SiH4 is consumed and the concentration is lower than the detection limit of the MS. Also a 
decrease on masses 15, 16 and 17 is clearly seen and this is due to consumption of NH3. The 
amount of consumed NH3 can be calculated using the intensity on mass 16 according Eq. 2.1 
where lom Ioffand lbg appear from the figure. 
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Figure 4.5: mass spectrometer scan asfunction oftimefor masses 2,15,16,17, 28, 30. On cycle 
67 gases are injected and on cycle 91 the plasma is ignited. Formation ofN2 and H2 occurs due 

to dissociation ofNH3 and (total) consumption ofSiH4 is seen. 

4.3.2 Higher Silanes and Aminosilanes 
In literature [18] it is often reported that disilane (SizH6) and even higher silanes (Si0 H2n+2), n>2, 
are found an a NH3/SiH4 plasma. Also Smith et al. [ 18] report on the formation of aminosilane 
groups (Sik(NH2)mHn) and suggests that these particles can play an important role in the growth of 
a-SiNx:H films. In their case the abundance of Si2H6 decreases with increasing RF power. The 
abundance of aminosilane groups increases with power. It is noted that they measured these 
particles with a mass spectrometer that was able to measure radicals. 

To investigate the presence of stabie forms of these particles, a 0.11/0.66 sim SiHJNH3 plasma is 
created at 5 kW at pressures of 0.05 to 0.15 mbar. These parameters correspond with process 
conditions for the growth of a-SiNx:H films. With the mass spectrometer no signals were found 
on masses 58 to 62 which corresponds to SizH/ and H2Si{NH2) 2+ and its related peaks from the 
cracking pattem. Also no signal was measured on masses 45 to 47 {H3Si{NH2t) and its related 
peaks) and 76 and 77 {HSi{NH2)/ and Si{NH2)/). Signals on these masses would have suggested 
that stabie forms of aminosilanes and high silanes are present in the plasma. 

Subsequently, plasmas were created in a range of 0.5 to 5 kW with a flow ratio from 0.1110.66 to 
0.2/0.1 sim SiHJNH3• Plasma pressure was kept in the range 0.05 to 0.15 mbar at all 
measurements by changing pump speed. According to [18] higher silanes might be found at low 
power levels and a transition might be experienced to aminosilane products when power 
increases. No signals were measured on masses that indicate the presence of these species. The 
settings of the mass spectrometer were changed to increase the sensitivity for higher masses. This 
still resulted in no signals measured on the masses mentioned above. 

From these measurements it can be concluded that stabie silane molecules (with more than one Si 
atom) and stabie aminosilanes are not present in the plasma in concentrations above the detection 
limit of the MS. lt can not be stated that these species and particularly their radical form do or do 
not contribute to film growth. lt is possible that the stabie products do not form in the plasma, but 
that their radicals do form. These radicals can not be measured with the mass spectrometer. Other 
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detection methods are necessary to draw conclusions a bout the presence of these particles in the 
plasma. 

4.3.3 Formation and Consumption as a Function o[Pressure 
In a pressure range of0.05 to 0.24 mbar the intensities ofH2, N2, NH3 and SiR. are monitored for 
a 5 kW 0.1110.66 sim SiH4/NH3 plasma. When plasma was ignited the SiH2 + signal disappeared 
from the spectrum for all pressures and hence, it is concluded that, within the detection limit for 
SiH2 + of the MS ( ~ 10"14 A), all the silane is consumed. For lowest pressure the signal on mass 30 
when plasma is switched off was approximately 10"13 A and therefore it can be stated that at least 
90% of silane is dissociated by the plasma. The pressure was varied during these measurements 
by changing the turbo pump speed while keeping other parameters constant. Results are displayed 
in Figure 4.6. Here the absolute intensities of H2 and N2 (after correction of background signal) 
are displayed together with the change in signa} for NH3, !plasma, of! - lplasma,on' which is directly 
proportional to the consumption ofNH3. 

<f - o - formation H2 LÄ 
:: 5 - o - formation N

2 b 0 ..-
4 

- À - consumption NH
3 

0 

::N 3 0/ Ä 
§N 2 07/ 
~ 0/ Á 

E ------ __-o ..... Á - Á 0---

0 0--

N 

2.0 ~b 
...... .......... 

"' 1.5 I 
z 
c 

1.0 g 
a. 
E 

0.5 ~ 

u. --o=-o--0 +-....:::,..-.--~-...--~-,--~-.--~---,,-J 0.0 

c 
0 
u 

0.04 0.08 0.12 0.16 0.20 0.24 

p [mbar] 

Figure 4. 6: intensities of H2, and N2 signals as a function of pressure. F or NH3 the difference in 
signa/ intensity between plasma of! and on is displayed, which is proportional to the consumption 

ofNHJ. Consumption ofsilane is not shown in thefigure but was >90%for all pressures. 

From the tigure it is clear that the number of gas molecules that are formed in the plasma, N2 and 
H2, increase with pressure (assuming no significant changes in conductance with pressure). Also 
it is concluded that the consumption of NH3 increases with pressure while at all pressures the 
SiH4 was consumed totally within the detection limit of the mass spectrometer. 

SiH4 consumption 
To begin with the latter, it seems favourable to consume all the silane. The bond energy of an N
H bond is 4.66 eV while the bond energy of a Si-H bond is 3.97 eV giving a first indication that 
Si-H honds are easier to break than N-H resulting in a higher dissociation degree. Furthermore the 
cross-section of SiR. as function of electron energy in a range of 10 to 100 eV is nearly a factor 
of 2 higher than for NH3 [8] and hence, it is expected that this results in a larger ionisation rate for 
SiH4 ionisation by electroos when compared to NH3. Since the plasma is started by electron 
impact dissociation it is expected to be easier to dissociate a SiH4 molecule than a NH3 molecule. 
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To further explain the high consumption of SiH4 it is assumed that the following reaction plays an 
important role in the plasma: 

(A). 

with a rate constant ofk = 2.68·10_1z cm3/s for Tg~ 500 K [37]. This reaction is assumed to he 
important for dissociation of SiH4 in numerous literature [2,20]. lt also can explain the formation 
of Hz molecules. 

Now the same reaction can occur for NH: 

(B). 

However, this rate coefficient is estimated to he 6.7 10-16 cm3/s [21] fora gas temperature of 600 
K, more than 3 orders lower than that for SiH4• Hence, the H atoms that are produced by electron 
impact dissociation or possible dissociative ionisation of Si~ or NH3 are thought to react more 
with other SiH4 particles. This model can explain the high dissociation degree (>90%) of SiH4 

since both H and e dissociate SiH4. lt is stressed, however, that many other reactions are possible 
in the plasma making the exact model much more complicated. 

NH3 consumption 
It is clear that the consumption of NH3 increases with increasing pressure. One mechanism for 
this can he that, due to this increasing pressure, less electrans are lost to the wall (better 
confinement) resulting in more NH3 consuming reactions. Furthermore, when pressure increases, 
the callision frequency increases which might result in more NH3 dissociation as well. On the 
other hand these collisions with molecules might result in energy losses when exciting ro
vibrational levels. It is possible that an electron after such a callision does not have enough 
energy left to dissociate NH3 which counteracts the dissociation. It is proposed that a combination 
of these mechanism results in increasing NH3 dissociation by electrons. 

Another mechanism that can influence the NH3 consumption is interactions of NH3 with SiHn 
radicals. Increasing pressure results in better confinement of SiH0 , n<4 radicals, and hence less 
losses to the wall. This increases the probability of SiHn radicals to react with NH3 forming for 
example aminosilanes: 

n<4 (C) 

Dissociation reactions ofNH3 via SiHn canthen explain the increasing consumption ofNH3• 

Regarding NH0 , n<3, radicals having influence on NH3 consumption, it is known from [21] that 
for low gas temperatures (T<500 K) the reaction between NHn and NH3 does not play an 
important role. Assuming the gas temperature does not exceed 500 K, it is expected that NH0 

radicals do not contribute to NH3 consumption. 

H2 and N2 formation 
Hydragen molecules can he formed in the plasma by H-abstraction following reaction (A). 
Another mechanism that is often proposed is the formation of Hz at the surface where Si-H and 
N-H honds lose their H atom and the Hz molecule returns to the gasphase [22]: 

Si-H(s) I N-H(s) + H ~ Hz(g) (D) 
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A third mechanism is the formation of Hz from two gas phase H-atoms. However, this reaction 
requires a third partiele to conserve energy and momenturn making it very slow when compared 
with the other two reactions. 

The sub-linear behaviour of the Hz signal can be explained as follows : increasing pressure results 
in increasing consumption of NH3 leading to more H atoms. These H-atoms can form Hz in the 
gas phase by three-particle recombination, H-abstraction of SiH4 (reaction A) or by formation at 
the wall. The latter channel decreases with increasing pressure when it is expected that diffusion 
of H atoms to the wall becomes more difficult with increasing pressure and the H atoms react 
with other particles during their joumey. This means that with increasing pressure an increasing 
amount of Hz can be formed by the first two mechanisms especially since all SiH4 remains 
consumed. However, this process grows slower and slower due to partly cancellation of the H2 
formation on the wall, when it is assumed that the diffusion of H atoms in the plasma is more 
difficult when increasing pressure. This then results in less H atoms reaching the substrate and 
walls since first the flux of atoms is lowered and secoud the H atoms collide more often with 
other particles with which they might react. Assuming H2 formation at the wall is the most 
dominant process, this can explain the sub-linear behaviour of Hz forma ti on. 

Following reaction (E), it is clear that the increase in Nz production can be explained when the 
following reaction with a ra te constant of 8.31·1 o-11 cm3 /s [21] is assumed to be important: 

NH+NH~ N2+2H (E). 

This reaction becomes faster with growing NH radical density. Since the NH density is likely to 
increase with increasing pressure due to increasing consumption ofNH3 with pressure, more N2 is 
formed as the pressure increases. Many other reactions in which N2 is formed are possible though 
and these might as well cause an increase in N2 particles in the plasma. However, since NH 
radicals are detected with OES it is for sure that they are present in the plasma and might be 
involved in reaction (E). 

4.3.4. Formation and Consumption as Function o(Power 
Figure 4. 7 shows the formation of H2, N2 and consumption of NH3 as function of power for an 
0.1110.66 sim SiHJNH3 plasma. Pressure was experienced to increase with power from 0.0349 
mbar (1 kW) to 0.080 mbar (5 kW). Again the SiH/ signal disappeared totally from the mass 
spectrum when the plasma was ignited and hence, all the silane is assumed to be consumed. From 
the figure it appears that increasing power results in increasing consumption of NH3 and 
increasing formation ofNz and H2. 
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Figure 4. 7: formation of H2 and N2 and the consumption of NH3 in a 0.11/0.66 slm SiH4/NH3 

plasma. 

N ote that on the right vertic al axis the consumption is calculated according to Eq. (2.1) and can 
be >55%. It seems that the signals tend toa saturation point that is not yet reached for 5 kW. This 
suggests that even higher power can be used to consume more NH3 and hence, form more N2 and 
H2. Increasing power leads to increasing electron density and hence to an increase in electrans 
colliding with neutrals. This suggests that more radicals are formed which in turn can contribute 
to dissociation as well. 

4. 3. 5. Formation and Consumption as a Function o[Silane Flow 
Figure 4.8 shows the plasma signals measured with mass speetrometry as function of SiH4 flow. 
The power delivered to the plasma was 5 kW and the fixed NH3 flow was 0.66 sim. Pump speed 
was kept constant and hence increasing the SiH4 flow from 0 to 0.2 sim resulted in pressure 
increasing from 0.113 to 0.163 mbar. Since it was seen that the consumption ofNH3 increased 
when the SiH4 flow was increased from 0 to 0.05 sim, new measurements were done in this 
region in steps of 0.01 sim. Those are shown in the figure as well. The consumption of SiH4 was 
complete for all SiH4 flows. 

For flows >0.04 sim it is clear that the consumption of NH3 and formation of N2 decrease. The 
formation of H2 increases with increasing SiH4 flow. For small SiH4 flows (<0.04 sim) however, 
the consumption ofNH3 increases with SiH4 flow. 

SiHdlow > 0.04 slm 
Since it is experienced that total consumption of SiH4 occurs for all SiH4 flows it is clear that with 
increasing SiH4 flow an increasing part of the power delivered to the plasma is used for SiH4 

consumption. Hence, with increasing Si~ flow less power is availible to consume NH3• This can 
explain the decreasing consumption ofNH3 and formation ofN2. 

SiH4jlow < 0.04 slm 
Ifthe assumption is made that SiHn radicals are contributing to NH3 consumption (see reaction C) 
then it is possible that for low flows (< 0.04 sim) this contribution might be larger then the lossof 
power not being available for NH3 consumption. This results then in increasing NH3 

consumption. 
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Figure 4. 8: plasma signals as a function of silane flow. Each ft gure shows two measurements 
corresponding with the signals measured over a range ofO to 0.2 sim and 0 to 0.05 sim SiH4. For 

NH3 the change in signa/ for NH2 + is displayed which corresponds to Iplasma,off - Iplasma,on· 

H2Jormation 
Since all SiH4 is consumed, Hz is expected to increase with increasing SiH4 flow when it is 
assumed that reaction (A) is the dominant reaction for Si~ consumption. As can beseen the Hz 
signal intensity, corresponding to the number of Hz particles in the plasma increases with SiH4 

flow. And this suggests that reaction (A) is important. However, the change in NH3 consumption 
might as well have influence on the formation of Hz and hence the Hz+ signal. Also formation of 
H2 at the surface ofthe films gives probably a contribution to the rise in H2 signal. 
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Chapter 5 

Determination of Electron Density ne 

5.1 Introduetion 
This chapter treats results of measurements of the electron density (ne) in Ar and NH3• It first 
focuses on the theory used to interpret the Langmuir probe measurements and comments on the 
validity of the assumptions that are made and discussed in Chapter 2. Then measurements of ne as 
function of power and pressure are discussed and their behaviour as a function of these plasma 
parameters is compared with literature. Hence, this chapter provides further answer to question 4 
formulated in the introduetion of this report: 

4. what is the behaviour of partiele concentrations and electron density as a function of 
power, pressure andflow? 

Furthermore the results of these measurements are used in Chapter 8 to propose a reaction model 
for the SiHJNH3 plasma. 

5.2 Comments on the Metbod 

Malivation for measurements of the ion saturation current 
With single Langmuir probe, measurements of the ion saturation current are performed. First of 
all only this part of the probe characteristic is chosen since it is assumed that the ion density 
equals the electron density to a large extent. Hence measuring the ion current and determining the 
ion density results in data for the electron density. 

Second, probe measurements in an ICP are more complex to analyse as they are in a de discharge 
due to the possible capacitive coupling component of the ICP (see Section 3.3). Since the fluxes 
of charged species to the wall have to be equal to maintain quasi-neutrality, the plasma potential 
fluctuates with the RF potential of the induction coil. The electrous follow this fluctuation and 
hence the current drawn by a biased probe is not easy to interpret anymore. The ions however, are 
assumed to respond only to the time averaged fields and hence the ion current can be assumed as 
a constant current to the probe. This assumption is acceptable when the squared ion plasma 
frequency, m/ is much smaller than the squared RF frequency mR/ [1]. Estimating the ion plasma 
frequency for ne = 1016 m-3 results in m/lmR/ = 0.086 and hence this assumption is valid. This 
constant ion current to the probe is easier to interpret 

Validity of the methad 
Positive ions are collected by the probe by applying a negative potential to the probe. Ions that 
enter the sheath will then be accelerated towards the probe. At a certain negative voltage VP , no 
electrous are reaching the probe and a constant flux entering the sheath is collected. From that 
point decreasing VP should not lead to a larger ion current. However, with VP increasing ion 
current is measured since the sheath thickness is dependent on the probe's potential. This results 
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in a larger ion collecting sheath area and hence a larger ion current to the probe is measured with 
increasing probe potential. According to Eq. (2.3) plotting Iio/ versus VP should give a linear 
result from which ni is determined by the slope. Iio/ as function of Vp in a 5 kW Ar plasma at p= 
0.40 mbarand a 5 kW NH3 plasma at 0.255 mbar is displayed in Figure 5.1. These pressures are 
for each gas the highest at which probe measurements were performed in this work. 

The tigure shows Iio/ versus Vp for Ar and NH3• For Ar it is seen that at p = 0.40 mbar an 
accurate linear fit is possible. Although the mean free pathof the i ons at this pressure (1.0·104 m) 
is comparable with the sheath thickness (4.5·10·5 m), it seems that the assumption of a 
collisionless sheath is still reasonable. 

lt was also mentioned that the assumption of sheath thickness being much larger than probe 
radius, which is one of the basic assumptions on which this theory is based, might not be fulfilled 
since the probe radius (1.8·1 o·4 m) and sheath thickness (2.5·1 04 m at VP= -40 V) have the same 
order of magnitude. The tigure shows that, if present, the deviations are ignorable. Concluding, 
for Ar the metbod described in Chapter 2 for Langmuir probe measurements can be used to 
determine n •. Furthermore it can be stated that !ion to the probe increases with V/2
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Figure 5.1: Measurements of Iio/ as funetion of VP (here tPP is assumed to be zero). The picture 
shows the linear dependenee ofthe ion eurrent squaredas ajunetion ofVP. From the slope ofthis 

graph ni is determined. 

For NH3 a linear dependenee is found as well, however it seems that for potentials lower than -35 
V a small deviation occurs and this means that !ion does not increase exactly with V/2

• As turns 
out in the next session the electron density for NH3 can be lower than 1016 m·3

. A lower electron 
density results in a thicker sheath (the plasma has less charged species to shield the probe 
potential) and this thickness is estimated to be :::::: 7.9·104 m (Vp = -40 V). The ion-neutral mean 
free path for NH3 and p= 0.255 mbar is estimated to be:::::: 1.63·10·4 m (using T= 300 Kandan 
ion - neutral cross-section of order of magnitude of 10"18 m2

). Hence, it is possible that in this 
region a transition occurs from a collisionless to a collisional sheath since these two values are of 
the same order of magnitude. If this happens it is possible that the ion current decreases, since the 
transport of ions from the sheath edge to the probe becomes more difficult due to collisions. lt 
might also be possible that ions are scattered out of the sheath after collisions. However, this is 
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not in correspondence with the measurements. lt seems l;a/ increases more than linear with Vr 1t 
is possible that through these collisions other ions are formed by charge transfer that may be 
faster due to their lower mass, for example: NH3 + + H ~ NH3 + H+, resulting in a larger flux of 
(more mobile) H+ i ons to the probe. 

When a fit is made through the data points in the range -10 to -35 V and ne is determined from the 
slope it becomes clear that these values deviate less than 3% from when the slope is determined 
from -10 to -40 V. This is an acceptable error and from this it becomes clear that as well fora 
NH3 plasma the metbod described in Chapter 2 can be used. However, to be sure that no electrons 
reach the probe the slopeis determined for all measurements from -30 to -40 V as well forAras 
for NH3 from which ne is determined. For all measurements no significant deviations ofthe linear 
relation of !;0 / versus VP were experienced. 

5.3 Electron Density in Ar and NH3 as Function of Power 
To compare this plasma souree with other sourees used in industry the plasma behaviour is 
studied as function of pressure and input power. In literature it is seen that ne increases more or 
less linearly with input power [24,25,26]. Langmuir probe measurements are performed as a 
function ofpressure in a 2 slm 0.042 mbar Ar and 1.5 slm 0.149-0.307 mbar NH3 plasma. For the 
latter the pressure changed with increasing power due to increasing consumption and hence 
increasing number of particles with power. Input power was varied from 1 to 5 kW while all the 
other parameters were held constant. Measurements forArand NH3 are displayed in Figure 5.2. 
The electron density at the edge of the substrate and at the substrate centre was determined. The 
density at the substrate edge is lower as in the center for Ar while the opposite is the case for 
NH3. More about this feature will be discussed in Chapter 7 where the profiles of ne as a function 
of position in the plasma are discussed. In this chapter only the evolution of ne (measured at 10 
cm above the substrate center and above the substrate edge, see Section 2.3.3) as a function of 
power and pressure is treated. From both figures it is clear that the electron density increases with 
increasing power level. 
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Figure 5.2: electron density ne asfunction of input power for 0.042 mbar Arplasmaand 0.149-
0.307 mbar NH3.plasma. Power is variedfrom 1 to 5 kW and ne is determined at two positions of 

the probe in the plasma, above the edge and the center ofthe substrate. For NHJ the pressure 
increases with power due to increasing dissociation. 

43 



First of all it is noticed that the electron density in Ar has values ranging from 2·1 017 to 6·1 0 17 m-3• 

This order of magnitude is typical for the electron density in an Ar inductively coupled plasma as 
is found in [1]. 

Second it is noticed that the electron density in NH3 is more than two orders of magnitude lower 
than in argon. Two mechanisms that can cause extra losses of electrans in a NH3 with respect to 
an Ar plasma are: 

• energy losses to ro-vibrationallevels ofthe NH3 molecule or its radicals 
Since many more (ro-vibrational) energy levels are available in a molecule as there are in 
an Ar atom (no ro-vibrational levels) the probability that a high energy electron loses 
energy in collisions with molecules is much larger. After this callision the electron has 
less energy and might not be able again to ionise other particles. It needs to be 
accelerated again in the electric field of the plasma. Hence, the ionisation rate might be 
much lower in a molecular plasma with respect to an atomie plasma, resulting in a lower 
ne. 

• dissociative recombination 
The recombination process for Ar+ + e + M ~ Ar + M, needs a third partiele (M) to 
conserve energy and momentum. This makes the reaction very slow. Fora NH3 plasma 
this third partiele is not needed regarding the case of dissociative recombination. An 
example is: NH3 + + e ~ NH2 + H. Since this dissociative recombination process can not 
occur in Ar this gives an explanation of a higher electron density in Ar. 

These mechanisms result in extra losses of electrans in NH3 when compared to Ar where they are 
not present. They can have their contribution to a lower electron density. 

Regarding the case of Ar it appears that the electron density does not increase linear when the 
power level is increased (from P>2 kW) and this is in contradiction with the behaviour 
experienced by others [24,25 ,26]. From the power balance (Eq. 4.1) it is expected that a linear 
relation exists betweenPand ne since for P > 2 kW the electron temperature does not increase 
(Figure 4.3), resulting in no increasing energy losses with particles lost to the wall. However, 
since this linear relation does not appear it is suggested that with increasing power the heating of 
the cooling water or vessel as well as losses in the matching network increase, which results in 
less power coupled to the plasma and hence a lower ne. 

Between P = 1 kW and 2 kW the increase in ne is larger than for power levels above 2 kW and 
this might be caused by an increasing electron temperature for P < 2 kW since increasing Te 
results in a higher ionisation rate. Moreover, the switching from a dominant capacitive coupling 
to mainly inductive between these two power levels can have its influence on the trend as well. 
For NH3 the electron density as function of power increases sub-linear as well and this can be 
directly attributed to the decrease in electron temperature, and hence ionisation rate, with 
increasing pressure (see Figure 4.4) when power is increased from 1 to 5 kW. A combination of 
increasing power and increasing pressure results then in the trend in tigure 5.2. 

5.4 Electron Density in Ar and NH3 as a Function of Pressure 
The electron density as a function of pressure is measured in Ar for pressure ranges of 0.14 to 
0.40 mbarand in NH3 for 0.060 to 0.255 mbar. Input power was 5 kW at all measurements and 
gas flows were constant (3 slm for Ar, 1 slm for NH3) . Pressure was varied by changing the turbo 
pump speed. Figure 5.3 shows the behaviour ofne with pressure forArand NH3. 
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In Ar the electron density increases with increasing pressure. This trend is generally seen in noble 
gases [26,27] and is attributed to the better confinement of the electrans and thus a larger time, 
Ttoss' for the electrans to get lost at the wall. This explanation is plausible when regarding the 
electron-neutral mean free path dependence, À.en, with pressure. Since p -1/Àen and Ttoss - 1/Àen it 
follows that an increase in pressure results in the same increase in Ttoss· This results in a linear 
relationship between pressure and ne which is seen in Figure 5.3. However, the decrease in Te 
with increasing pressure as was described in Chapter 4 can result in a decreasing electron density 
since less ionisation reactions might occur. This effect is not seen at all in Figure 5.3. 

The trendfora NH3 plasma is opposite, ne decreases with pressure. Keller e.a. [27] experienced a 
same trend in a CF4 and 0 2 plasma and they attributed this effect to recombination processes. 
Two counteracting effects are possibly causing this trend in this plasma. The first one is that, as is 
the case in Ar, an increase in pressure results in a larger loss time 'tJoss for the electrans to the wall 
resulting in an increasing electron density. This effect is counteracted by the loss mechanisms of 
electrans described in Section 5.3. To conclude it is described in Chapter 4 that with increasing 
pressure Te decreases as well and this probably results in less ionisation as well. According to 
Figure 5.3 this mechanism tagether with the loss mechanisms in Section 3.3 are dominant over 
the increase in electron density due to an increase in 'tJoss· 
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Figure 5.3: behaviour ofne asfunction ofpressure. Left: ne in a 5 kW 3 sim Ar plasma. 
Right: ne in a 5 kW 1 sim NH3 plasma. 

5.5 Comparison with ion and electron density in a SiHJNH3 Plasma 

0.25 

lt is stressed here that ni is measured in a NH3 plasma and related to ne and that no SiH4 is added. 
Adding SiH4 is expected to deposit an a-SiNx:H layer on the probe resulting in a insulating layer 
making probe measurements impossible. Therefore care should be taken when applying the 
Langmuir probe results to the plasma that is used to deposit a-SiNx:H films. However, it is 
expected that when a part of the NH3 particles is replaced by SiH4, the ion density ni has the same 
order of magnitude and the same trends follow as a function of power and pressure. 
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Other phenomena that can occur is that adding silane probably results in more H-atoms being 
present in the plasma ( due to dissociation of silane) and possible formation of R particles. Care 
should then be taken by equating n; = ne since the actual value of ne might be lower than n; due to 
negative ion formation. 
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Chapter 6 

Properties of the ICP souree regarding film deposition 

6.1 Introduetion 
This chapter treats the a-SiNx:H films that are grown on a mono-crystalline silicon substrate with 
the ICP source. On two questions formulated in the introduetion of this report is focused in this 
chapter and these are: 

5. how does the deposition rate campare with other industrial sourees and which 
dependenee does it have on plasma parameters? 

6. what is the mechanism behind the relatively high density of films that are grown at 
relatively low substrate temperatures ( R: 120 ° C)? 

The film properties are determined with spectroscopie ellipsometry (refractive index, surface 
roughness and layer thickness) and FTIR (SiH and NH bond density, H content, film density, 
Si/N ratio) as was described in Chapter 2. Film properties are measured at two positions on the 
14" substrate holder, in the corner and in the center. 

6.2 Properties of a-SiNx:H films 
As mentioned before NH3 and SiH4 are the gases used for a-SiNx:H deposition. In Table 6.1 the 
ranges of the properties of the deposited films are listed. These values can be reached by using 
different combinations of flow, power and pressure. 

Table 6.1: properties ofthe a- SiNx:Hfi/ms 
Deposition rate [nrnlsl 1-4 

Density [glcm3
] 1.2-2.6 

Refractive index 1.7-2.5 
Si/N ratio 0.6-1.4 

Si-H bond density [cm-3
] (0.2- 3)-1022 

N-H bond density [cm-3
] (0.4- 4)-1022 

6.3 Deposition rate 

6.3.1 Deposition Rate Compared withOther Sourees 
The deposition rate of the ICP souree is typically 2 nm/s at 5 kW, 0.1110.66 sim SiH4/NH3 and 
0.1 mbar. This deposition rate is comparable with other deposition sourees used in industry. For 
deposition of silicon nitride from NHiSiH4, deposition rates with accompanying plasma 
parameters as were found in literature [28,29,30,31] are given in Table 6.2. The layers are grown 
with five different kinds of plasma sources. The rates are all of the order of 1 nmls. 
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Table 6.2: deposition rates of different plasma sourees used for deposition of silicon nitride from 
NH3 and SiH4 precursors. f.J,-Wave is micro-wave generaled plasma, CCP is capacitively coupled 
generaled plasma, ECR is electron cyclotron resonance generaled plasma and ETP is expanding 
th I I d d erma pwsma usznK a casca e are. 

Souree p [W] p [mbar] Deposition rate [ nm/s] 
jl-wave 150 0.16 3 
CCP 700 3.6 3 
ICP 800 0.013 1 
ECR 500 0.002 0.5 
ETP 1800 0.2 5 

From the table it becomes clear that deposition rates in the order of 1 nm/s can be reached by 
setting various parameters. One parameter that is widely used to increase the deposition rate is the 
input power. When more energy is coupled to the plasma, more SiH4 and NH3 will be consumed 
resulting in a higher concentration of radicals, which are most responsible for growth. To check 
this statement the deposition rate as a function of power input level is measured. These 
measurements are discussed in the next paragraph. 

6.3.2.Deposition Rate as a Function of Power and Pressure 
To investigate the deposition ra te as a function of power, films are deposited on mono-crystalline 
silicon wafers. Since with increasing power (1-5 kW), pressure increases a factor 2, the 
deposition rate as a function of pressure at constant power (5 kW) is measured as well. This is 
done to distinguish between change in deposition rate due to pressure increase and power 
increase. The flow was 0.11/0.66 slm SiHJNH3 and substrate temperature was (110±20) °C. 
Measurements are shown in Figure 6.1. 
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Figure 6.1: deposition rate as ajunetion of input power (left) and pressure (right). Pump speed 
andjlow are kept constant when power was varied resulting in pressure increasingfrom 0.07 to 

0.13 mbar for I to 5 kW. In the right ft gure pressure was changed by changing pump speed. 
Power was 5 kW. Total flow was 0.1110.66 sim SiH41NHJ/or all measurements. Same error bars 

are valid for measurements in the center. 
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Growth rate as a (unction o(power 
As becomes clear from the left figure, deposition rate measured in the corner of the 16 inch 
substrate increases with power. In the center of the substrate the deposition rate decreases slightly 
after 2 kW and no clear explanation can he given for this. For a further discussion about this 
phenomenon the reader is referred to Chapter 7. Since the substrate temperature was kept 
constant, surface reaction probabilities are assumed not to change while changing input power 
and the change in growth might he explained by a changing partiele flux to the substrate. In 
Chapter 4 it was shown that increasing power leads to increasing consumption of NH3 while SiH4 

consumption was complete. Hence, a possible explanation for increasing growth might he that 
more NH0 n<3 radicals result first of all to an increasing flux of radicals to the substrate. Second 
the formation of aminosilanes (H0 Si(NH2)m) which are suggested to he important species for 
growth in a NH3/SiH4 plasma according to [18,32], might he enhanced. 

Growth rate as a (unction o(pressure 
From pressure dependenee of the deposition rate it is seen that in the center the deposition rate 
decreases. Assuming SiH0 , n<4, is important for growth it suggested that with increasing pressure 
the diffusion of SiH0 particles to the center becomes more difficult. Also it is noticed here that the 
distance for a SiHn partiele to travel to the center is twice the distance as to the substrate which 
influences the deposition as well. Fora more detailed study of non-uniform deposition is referred 
to Chapter 7. 

In the corner of the substrate the deposition rate first seems to decrease and then increase again. 
Two counteracting mechanisms can result in changes in deposition rate with pressure. The first 
one might he a lower flux of particles responsible for growth to the substrate due to more difficult 
diffusion. These particles react than with other particles in the gas phase which might result in a 
decreasing rate. A mechanism that increases the rate is that consumption of NH3 increases with 
pressure (see Section 4.3.3) and an increasing NHn radical density might change the plasma 
chemistry resulting in an increasing deposition rate. A combination of these two might have a 
pressure dependenee that results in the curve in figure 6.1. However, many different chemica} 
reaction mechanisms are possible, making it difficult to predict the validity ofthis mechanism. 

The deposition rate is a result of various parameters like power, pressure, flow and chamber 
geometry. Apparently this set-up with a 5 kW power souree and typical substrate temperature of 
approximately 110 oe reaches deposition rates oftypically 2 nm/s. 

6.4 Film density 
Features that have an influence on the density of the deposited a-SiNx:H films are ion 
bombardment, substrate temperature and hydrogen flux to the substrate. Ion bombardment is 
thought to compress the film resulting in increasing density. Substrate temperature is an important 
parameter for the density of films since this parameter determines the amount of energy available 
at the surface and hence, the probability of surface reactions which influence film density. It is 
expected that an increasing H flux to the substrate increases the atomie hydrogen content and 
hence [33] the porosity of the film, resulting in a lower density. These features will he discussed 
below to investigate their importance in growing dense layers. 
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6.4.1. Substrate Temperafure 
Since no measurements are done at various substrate temperatures the influence of substrate 
temperature on the density of the films is unknown. The substrate temperature is kept constant at 
all measurements and is (110 ± 20) oe. Higher temperatures are not desired since the polymer 
layer in the encapsulation stack is damaged above approximately 120 oe. 

6.4.2. RoZe o(lons 
It is shown by van Assche et al. [34] that ion bombardment can increase the density of films. In 
their experiment the energy of i ons reaching the surface was increased from a few e V to 
approximately 230 eV resulting in a density increase of2.05 to 2.4 g/cm3

• 

The ion density fora 0.1 mbar 1 slm NH3 plasma at 5 kW is 5·1015 m·3 (see ehapter 5). When it is 
assumed that the addition of SiH4 to the plasma does not increase the electron density, the ratio of 
positive i ons with respect to neutral particles at 0.1 mbar is n/nn = 1.5·1 o-6 m·3

. Furthermore when 
these i ons reach the sheath edge they are accelerated to the substrate with an energy of ~ 10 e V 
(see Section 3.5). 

Using the average deposition rate of 2 nm/s and the average density of 2 g/cm3 it can be 
calculated that the growth flux of radicals to the substrate is r,ad = 1.2·1020 m·2s-1

. Assuming the 
flux of i ons to the substrate can be estimated by Iion = 114 n;v; [ 1] with V; the Bohm velocity of the 
ions at the pre-sheath- sheath edge (Eq. 3.14), this results for n; = 5·1015 (see Section 5.3) in Iion 
= 4.2 ·10 18 m·2s"1 and this is an upper limit since no possible ion-neutral collisions which can 
lower the flux, are assumed. 

From comparison between the magnitudes of the ion and radical flux it is estimated that one ion 
is present per 50 radicals deposited. Second the energy with which the ions bombard the surface 
(< 10 eV as was estimated in Secion 3.5) is much lower than for example in capacitively coupled 
discharges ( ~ 100 e V) where i ons can cause serious damage to the substrate. So in terms of 
energy, an upper limit of~ 0.2 eV is available per deposited partiele when it is expected that the 
energy of the ion is distributed via relaxation mechanism over the deposited particles. On this 
ground it is possible that the ions play a minor role in densification ofthe a-SiNx:H films. 

However, using the ion energy per deposited particle, 0.2 eV, and assuming this energy is 
transferred to the deposited particles as heat, it can be calculated that this results in an increase in 
temperature of > 2000 K. This increase in temperature might result in surface reactions being 
activated which results in a higher density. eoncluding, it is expected that the ions might play a 
minor role in campressing the film, but might have a large influence on the initiation of surface 
reactions. 

6.4.3. Hydragen Content 

Film properties as a function of power 
Film density is investigated by growing layers at various power levels. From these films the 
hydrogen content is determined together with the density. Results are given in Figure 6.2. 

As becomes clear from the left figure the hydrogen content decreases with increasing power. 
From the right graph it appears that the film density increases with power and saturates more or 
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less after 3 kW. In the following, attention is focussed on the change in film properties in 
correlation with consumption of precursors as was described in Chapter 4. However, an important 
mechanism in changing surface properties and densification of films might be the ions that 
bombard the surface. In Section 6.4.2 it is mentioned that the mean temperature with per 
deposited partiele can increase with 2000 K (which should be considered as an upper limit). Now 
since pressure increases with increasing power, the electron temperature is expected to decrease a 
factor of less than 2 (Fig. 4.4). This results in a smaller sheath voltage over which the ions are 
accelerated (see Eq. 3.13) and hence less energy available per deposited partiele is less. However, 
from tigure 5.2 it is experienced that the electron and thus ion density increases a factor of ~ 10 
from 1 kW to 5 kW and hence the flux of ions increases resulting in an increase of ion 
bombardment of the film. The net result is that it is expected that with increasing power the i ons 
play a role in changing film properties as well and this should be kept in mind while discussing 
the following results. 
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Figure 6.2: hydragen contentand density ofthe depositedfilms as ajunetion power. Flow was 
0.1110.66 slm SiH/NH3. Pressure increasedwith power from 0.070 mbar at 1 kWto 0.131 mbar 

at 5 kW. Substrate temperature was kept constant. Same error bars are validfor the 
measurements in the center. 

Conceming the consumption of precursors the decrease in hydrogen content can be explained 
when the flux ofNHn, n<3 and the flux ofH radicals to the substrate are assumed to be important. 
lt was experienced in Chapter 4 that the consumption of Si~ was complete while the 
consumption of NH3 increases with increasing power. The latter phenomenon is expected to 
cause an increasing flux of NHn and H radicals to the surface. When an NHn partiele reaches the 
surface, it might abstract a H atom and return to gas phase, leaving a dangling bond. The same 
mechanism can occur for formation ofH2 at the surface from H-atoms: 

NHn(g) + H(s) ~ NHn+I (g), n<3. 
H(g) + H(s) ~Hz (g). 

This vacancy due to the abstracted H atom can then be tilled with, for example a SiHn radical. 
When subsequently an H-atom is abstracted again, this mechanism can lead to lower hydrogen 
content in the film. Especially H-abstaction from Si-H honds by NHn is favoured since stronger 
honds are favoured at the expense of weaker honds [35]. The ratio of concentrations of one 
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radical toanother originating from the same precursor, for example the concentration ofNH2 with 
respect to NH and SiH3 to SiH, might change as well with power and can also have an influence 
on the hydrogen content in the film. Also the ion density was experienced to increase (Figure 5.2) 
and enhanced ion bombardment might as well result in changing film properties. 

Film properties as a function of pressure 
To investigate the validity of the model described above further, film properties as a function of 
pressure are measured as well. Results of the hydrogen content in the film and the density as 
function ofpressure are shown in Figure 6.3. 

The hydrogen content shows a minimum at a pressure of ~0.13 mbar. This corresponds to a 
maximum density of ~2.4 g/cm3

• This value has been verified with much more accurate RBS 
measurements. From the two figures it appears that the trends are quite opposite. A decrease in 
hydrogen content results in an increase in film density and vice versa. 

The same model as described in the previous section can explain this behaviour when more 
difficult transport to the substrate with increasing pressure is regarded as well. Increasing pressure 
may result in an increasing NHn and H partiele density in the gas phase due to increasing NH3 

consumption (see Chapter 4). However, this doesnothave to result in an increasing NHn and H 
partiele flux to the substrate when it is assumed that diffusion to the substrate is suppressed with 
increasing pressure as well resulting in more collisions in which the particles can react with 
others. It is possible that for pressures >0.15 mbar the H content in the film increases due to more 
difficult transport of 'H-abstracting' particles to the substrate with increasing pressure. These 
particles might then react with other particles in the gas phase. This results in a decrease in film 
density which is seen in the right graph in figure 6.3. It is also noted that the plasma chemistry 
might change, that is for example that concentrations of particles responsible for growth can 
change as a function of pressure. This can have influence on film density as well. 
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lt is not quite clear why the hydrogen content in the film decreases with increasing pressure for 
pressure <0.15 mbar. This feature can not be explained by a more important role of ions either 
since with increasing pressure the ion density (Figure 5.3) decreases as well as the energy of the 
ions accelerated over the sheath. It is again noticed here that this decrease results in an increase in 
film density. 

The density at 0.12 mbar in figure 6.3 should match with the density at 5 kW in figure 6.2 since 
all parameters are identical. This is the case and both sets of parameters result in a film density of 
::::: 2.3 g/cm3

• Hence, it is concluded that the results are reproducible. 

Film properties as a function of SiHiNH3 flow ratio 
Figure 6.4 shows the hydrogen content in the film and the density as a function ofNH3/SiH4 flow 
ratio. First the SiH4 flow is brought to a maximum of 0.2 slm to decrease the ratio. After this the 
NH3 flow (0.66 slm) is decreased to increase the ratio further from 3.3 to 1. These two regions are 
separated by the dasbed line. From the figure it appears again that the hydrogen content seems to 
be inversely proportional to the density. Hence, it is quite plausible that the density of the film is 
mainly determined by the amount of hydrogen that is incorporated in the film as follows as well 
from measurements of H content and film density as function of power and pressure. 

It was shown in Figure 4.8 that increasing SiH4 flow first leads to an increasing NH3 consumption 
(SiH4 flow 0 - 0.04 slm). When the SiH4 flow is further increased (>0.04 slm) the NH3 

consumption decreases. 

Following the model ofNHn and H responsible for H-abstraction from the surface, it is expected 
that hydrogen content should increase with increasing SiH4 flow (starting from 0.08 slm) since 
less NHn is created with increasing SiH4 flow. This is not the case. It seems that the previous 
model is not the only mechanism that occurs that is responsible for less hydrogen in the film. 
However, it is stressed here that the measurements in Figure 6.4 are performed at lower pressure 
(factor of::::: 5) than measurements performed while changing pressure and power and this lower 
pressure regime might introduce new artefacts. 
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6.4.4. Conc/uding Remarks 
From the measurements it appears that an inversely proportional relationship seems to exist 
between the hydrogen content in the film and the film's density. Since substrate temperature is 
kept constant at all measurements abstracting H-atoms from the film surface might be responsible 
for the trends in the film density in combination with the flux of i ons to the substrate which might 
activate surface reactions. A mechanism that is proposed is that the NHn and H radicals are, for a 
part, responsible for H-abstraction from the surface resulting in lower hydrogen content in the 
film. This can partly explain the trends in film properties when power and pressure are varied. 
However, this mechanism can not explain the film properties dependenee on SiH4 flow and other 
mechanisms might play a role here. For example, the plasma chemistry might change significant 
with changing plasma parameters P, p and SiH4 flow as well, which can also result in changing 
hydrogen content and hence, density. 

Conceming the relative high density, 2.4 g/cm\ at relatively low substrate temperature (120 oq it 
is possible that ions activate surface reactions that result in H atoms being released from the 
surface, forming Hz and disappearing into the gas phase. This then causes a relative low H 
content in the film resulting in high density. This suggestion is based on the fact that, although the 
flux of ions is much smaller than the growth flux to the substrate, the ions transport energy to the 
substrate of::::: 0.2 eV per deposited partiele and this might activate surface reactions. lt is noted 
that many more reactions are probably occurring at the surface than just the Hz formation by two 
H atoms which can influence the film density. Also particles in the plasma can have such 
composition and concentrations that a dense film is deposited. 
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Chapter 7 

Uniformity ofthe plasma souree 

7.1 Introduetion 
Films deposited on multi-crystalline silicon gaveastrong indication that the deposition profile is 
non-uniform. Also measurements presented in Chapter 6 showed a difference in film properties 
between the corner ofthe 14 inch substrate and the center. Examples are presented inSection 7.2 
of this chapter. Subsequently the possible mechanisms that can be responsible for non-uniform 
deposition are discussed in Section 7.3 and possible explanations for the profiles presented in 
Section 7.2 are provided. Hence, in this chapter possible answers are discussed to the question 
formulated in the introductory chapter of this report being: 

7. which features are important for a uniform deposition profile and how can such a 
uniform profile be obtained? 

Properties that influence uniform film deposition are shown schematically in Figure 7 .1. 

uniform assumed to 
power be important 
coupling 

homogenous assumed to 
gas mixing be important 

Uniform 
deposition 

uniform ion assumed to 
flux be important 

uniform 
minor 

substrate 
rele 

temperature 

Figure 7.1.: factors that are supposed to have influence on the uniform deposition of silicon 
nitride layers 

As was described in Chapter 3 the power coupling to the plasma is simulated and results show 
that a non-uniform alternating magnetic field is generated by the coil. It is possible that this field 
produces a non-uniform electtic field in the plasma. Since the electric field is responsible for 
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plasma generation, the plasma might be non-uniform as well. This feature is investigated by 
Langmuir probe measurements and expected to be an important property for non-uniform 
deposition. lt is as well expected that the mixing of precursors has its influence on a uniform 
deposition profile. Hence, the injection of gases into the plasma vessel and the mixing of these 
gases are discussed in this chapter. Conceming the ion flux to the substrate it was discussed and 
assumed in Chapter 6 that this flux might be responsible for activation of surface reactions. When 
the creation of i ons is not uniform distributed over the plasma, this might result in a non-uniform 
flux to the substrate resulting in non-uniform film properties as well. Furthermore it is expected 
that the ions have a large influence on the plasma chemistry in the gas phase (for the charged 
particles sustain the plasma) and hence a non-uniform ion distribution might result in non
uniform consumption of precursors which influences deposition profile as well. 

The last mechanism that is suggested to influence deposition profile and film properties is a 
gradient in the temperature over the substrate. lt was experienced that the maximum temperature 
difference during deposition between the center and the edge of the substrate was ~T=30 K and it 
is assumed that this plays a minor role in comparison with the other features discussed above. 

7.2 Deposition Profiles on Multi-Crystalline Silicon 
Figure 7.2 shows deposition profiles on multi-crystalline silicon as function of power. The total 
flow is kept constant (0.11/0.66 slm SiHJNH3). Also pressure is kept constant (0.18 mbar) at all 
power levels by adjusting the pump speed. 

Two features appear from these three figures. First it is noted that the deposition profile for 1 kW 
is totally different than those for 3 and 5 kW. This can be caused by a possible more dominant 
capacitive coupling at low power of 1 kW (see Section 3.3). If this is true, the power coupling 
mechanism for 1 kW is totally different from the mainly inductive coupling for 3 and 5 kW. 
Hence, the deposition profile might be much different as well. 

P=1 kW P=3kW P=5kW 

Figure 7.2: deposition profilesjor 1,3 and 5 kW Pressure (0.18 mbar) and tota/flow (0.11/0.66 
s lm SiH/NH3) are kept constant. The yellow squares are pieces of tape to hold the mul ti 

crystalline wafers together. The yellow color of the film for 3 and 5 kW indicates a thicker layer 
relative to the blue colared spots. The size of the substrate is approximately 14 x 14 inch (3 6 x 3 6 

cm) 
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When regarding the 3 and 5 kW profiles it is assumed that the coupling is mainly inductive. It 
seems that for 3 kW the film is more uniform concerning the thickness than for 5 kW judging by 
the change of color which corresponds to change in film thickness. 

Also it appears that at the top, the left, and the right side of the substrate deposition is less, 
although the holes in the silane ring are equidistant distributed. This feature is stronger for 5 kW 
than it is for 3 kW. Since the pump speed is changed to keep pressure constant, a change in flow 
pattem in the chamber might cause this pattem. However, a clear explanation is lacking. 

7.3 Deposition Profiles for Different Pressure and Flow 
To demonstrate the different features that have an influence on the non-uniform deposition 
profiles four more deposition profiles are shown in Figures 7.3 and 7.4. Figure 7.3 shows the 
profiles at two different pressures where power (5 kW) and flow (0.1110.66 slm SiH.v'NH3) are 
kept constant. 

p = 0.18 mbar p = 0.56mbar 

Figure 7.3: deposition profiles at two pressures. Power (5 kW} andjlow (0.1110.66 slm SiH4/NH3) 

are kept constant. Pressure is varied by changing pump speed. More localized deposition at the 
edge of the substrate occurs at higher pressures. 

From differences in the color it is concluded that with increasing pressure more species are 
deposited at the edge of the plasma and hence the film is expected to be much thicker there. 

Figure 7.4 shows two different profiles where the total flow is varied and at the same time the 
pump speed adjusted to keep pressure constant. Power (5 kW) and flow ratio (SiH4:H3 flow= 1 :6) 
are kept constant as well. At this situation two features can cause a different deposition profile. 
First of all, the flow pattem in the vessel is expected to change when changing total flow. Second, 
the residence time of the particles in the vessel changes since pump speed is varied to keep 
pressure constant while changing total flow. These features affect the deposition profile as well. 

The left picture shows roughly the same shape of profile except that it is braader than in the right 
figure. Moreover, judging by the co lor of the films, the deposited film in the right figure seems to 
be thicker at the edge/comer. Although pressure is kept constant the diffusion of particles to the 
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substrate might be changed by a changing flow pattem in the chamber which results in changing 
non-uniform profile. 

SiH,/NH3 = 0.065/0.39 sim SiH,/NH3 = 0.11/0.66 sim 

Figure 7.4: deposition profiles at different totalflow. Power (5 kW), pressure (0.18 mbar) and 
flow ratio (1 :6 sim SiH,/NH3) are kept constant. A combination of the change in flow pattern and 

residence time of the particles in the vessel is expected to cause different profiles. 

7.4 Electron Density Profiles 
To provide a possible answer tothenon-uniform deposition profiles the electron density profiles 
are measured with a single Langmuir probe in NH3 (for an explanation of this diagnostic see 
Section 2.3.3). No SiH4 is added since this results in deposition of an insulating layer on the probe 
tip. Therefore it is assumed that the trends of ne campare with the trends in a SiHJ NH3 plasma. It 
is expected that a non-uniform power coupling results in a non-uniform electron and ion density 
profile which in turn might result in a non-uniform ion and radical flux to the substrate. The ion 
density is measured over half the length of the substrate (0 to 160 mm) and from this the electron 
density is determined (ni = ne). Since the centre ofthe substrate is located at the plasmacentreit is 
assumed that the electron density is symmetrical. Subsequently the density profiles are presented 
over the fulllength of the substrate. Density profiles are measured in a NH3 plasma as a function 
of power and pressure. Results are displayed in Figure 7.5. 

From bath figures it appears that at the substrate edges the electron density is higher than in the 
center and this can be explained by the non-uniform power coupling resulting in a stronger 
electtic field at the edge of the substrate. At this position electrans are most accelerated and the 
ionisation rate might be largest. This then can result in a non-uniform ion flux (since ne=n) to the 
substrate as well as a non-uniform radical flux if radicals are created by collisions with electrans 
and ions. Bath fluxes might result in a non-uniform deposition profile. 

It is clear from the left graphs in Figure 7.4 that increasing pressure and hence gas particles 
density results in an increasing non-uniformity of the density profile. It is possible that with 
increasing pressure the electron gradient (between edge and center) increases since it becomes 
more difficult for the electrans to diffuse tagether with the ions to the center of the plasma and 
thus smoothing the density profile. This results in a kind of chain reaction, since the electrans are 
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more or less 'stuck' at the plasma edge where they are accelerated most. An increase in ne at the 
edge can then result in even more ionisation and hence a higher electron density. 

-•- p=0.060 mbar 

4 .0 -o- p=0.091 mbar 
···• -4-p=0.132mbar • 

3.5 1~~:~~~~~~~~~: ... /~'•-·/·-·-·/·-·-

-160-120 -80 -40 0 40 80 120 160 
d [mm] 

-•- 5 kW x 1.27 

5.0 -D-4 kW X 1.26 h-~.,......,....-.--. 
e -4-3 kW x 1.26 e 

4.5 \ -<;J-2 kW x 1.24 I 
~ e -+-1 kW x 1.45 • ? 

4.0 b "•-·-·-·-·-·-·-·-·-·-·-·-·/ rf 'o ' o/ 3.5 
er 'E 3.0 

"' 2.5 
-0 
=.. 2.0 

c."' 1.5 

1.0 

A. -o-o-o-o-o-~-o-o-o-o-o- A. 
"....... : ~ 

·-·-·-·-·-·-·-·-·-·-·-·_.... 

·-· : .,. -•--+--+-•-+-+-•-+-•-+-•--+--+-
0.5 : substrate orientation 
0.0 ~~~~~:f1~~~~~ 

-160 -120 -80 -40 0 40 80 120 160 
d [mm] 

Figure 7.4: electron density profiles as a function of pressure (5 kW, 1 slm NH3) and power 
(0.149<p<0.307, 1.5 slm NH3) . The numbers added to the legend in the rightfigure represent the 

difference between lowest and highest value for ne. like displayed in the left ft gure. 

For power levels from 2 to 5 kW the difference in electron density between edge and center is 
practically the same (ne(edge) = 1.26 ne(center) for 2 to 5 kW) . For 1 kW the difference in ne 
between edge and centre is little larger. Comparing the deposited films in figure 7.2 for 1 kW 
with those for 3 and 5 kW, it appears that the deposition process is different and this might as 
well be explained by a stronger capacitive component which changes the way of power coupling 
to the plasma (see Section 3.3). For 3 and 5 kW the discharge is expected to he mainly in the 
inductive mode and a change in electron density profile is not experienced. However the electron 
density is higher for 5 kW and this might result in a quicker dissociation of SiH4 resulting in a 
more localized deposition. 

It is remarkable that an increasing non-uniformity is not seen in the right picture since with 
increasing power (2 to 5 kW) the pressure increases with a factor of ::::J 1.36 and hence the same 
kind of behaviour is expected as in the left figure. It is suggested that the flow pattem in the 
plasma chamber might have an influence on the electron density distribution as well, for the flow 
pattem is expected to change when pressure is changed (by changing pump speed). The flow 
pattem is not changed while performing measurements as a function of power since flow and 
pump speed are kept constant. This can then possibly explain the discrepancy between the left 
and right figures. 

Another remarkable fact is that for 5 kW the profile in the right figure is for -lOO<d<lOO quite 
flat. Since pressure was 0.307 mbar, which is higher than the largest pressure in the left figure it 
is expected that the profile should be more non-uniform due to more suppressed diffusion of 
electrons and ions to the center. This is not the case. Also the factor between ne at the edge and 
the center (1.27) is uch lower than that for 0.132 mbar (2.27). All parameters are the same 
between these two measurements except the NH3 flow which was higher for the measurements 
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performed as a ftmction of pressure. This might cause in another flow pattem in the vessel which 
bas its influence on electron-ion diffusion. 

7.5 Mixing of Gases 
Gases are injected into the vessel at two different locations as was described in Chapter 2. NH3 is 
injected via a 'showerhead' and the gas flow is parallel to the substrate. SiH4 is injected via a 
square hollow ring (diameter 3.4 mm) through 16 holes (diameter 0.6 mm) perpendicular to the 
substrate. This is made clear in Figure 7.5 where dimensions are given as well. 

cross-section SiH4 ring 

~RA·B,., 0.10 m 

~RA·C,., 0.21 m 

'\.A 

, 

random walk of: a pèrticle 

NH3 showerhead . 

0 

parallel 

B 

NH3 injection 

~ 

substrate 

Figure 7. 5: direction of gas jlows and dimensions of the system. The SiH4 particles travel through 
the background gas present (p=O.l mbar) to the substrate via a random walk. 

First of all it is investigated if silane is distributed uniformly within the ring. This is important 
because only then the flow through each hole in the silane ring can be considered equal. This 
condition is satisfied if the conduction of the orifices in the silane ring through which the silane 
flows into the chamber is much smaller than the conduction for SiH4 in the ring itself. To use the 
right expressions for this calculation it is first investigated if the flow through the orifice flows 
with a velocity equal of higher than the speed of sound. When this is the case the flow is said to 
be choked [38] since communication with particles in the ring is not possible anymore. This 
condition is reached for all gases if the pressure in the ring is at least 2.1 times the pressure in the 
vessel [ 40], which is 0.1 mbar. Assuming a flow of 0.2 slm SiH4 the pressure in the ring, Pring, can 
then be calculated according to Eq. (7.1). 

(7.1). 

Here Fm [kgls ]is the mass flow of SiH4 partiel es, v is the mean velocity [ m/s] of the gas particles 
and A101 is the total area [ m2

] of the holes in the ring through which the gas flows into the reactor. 
With these parameters, assuming the gas temperature is 300 K, the pressure in the ring is found to 
be Pring = 43 mbar. Comparing this with the pressure in the vessel, 0.1 mbar, it is clear that the 
flow is choked. A property of choked flow is that a transition occurs from supersonic to subsonic 

60 



flow where the pressure adapts to the background pressure, 0.1 mbar. The evolution of the flow is 
then mainly geometrically determined and the transport of any partiele is controlled by diffusion. 

To study if the pressure can assumed to be constant over the ring the conductance of the orifices 
with respect to the conductance of the ring between two successive holes is calculated. This is 
schematically shown in Figure 7.6. 

length used to 
calculate cring 

I= 100 mm 

dring= 3.4 mm 

t•06mm 
·r-T P.,..so~ = 0.1 mbar 

L 

Figure 7. 6: explanation of the model and dimensions used for calculation of conductance of ring 
and orifice. 

lt is noted here that this calculation is performed for air. An expression can be found for the 
conductance of a ring for different gases. In the expression the viscosity of the specific gas is then 
admitted. However, for the conductance of an orifice only the expression forairis given in [38] 
and hence the conductance for air of the ring is calculated as well to be able to compare these 
values. It is noted that at 288 K the viscosity of SiH4 is 1.08·10-5 Pa.s while for air the viscosity is 
1. 70·1 o-5 Pa· s and these val u es_ are comparable. 

For the case of choked flow the following expressions for the conductance of an orifice and a 
long round tube can be used [38]: 

(7.2) 

Here A is the area ofthe orifice, c' = 0.85 is a constant, and P1 and P2 are the pressure in the ring 
and vessel respectively. The conduction of one orifice can then be calculated and is 0.0482 1/s. 
For the conductance of the ring (d= 0.0034 m the diameter, l = 0.10 m is taken the distance 
between two successive holes in the ring and (P; +P1)12 = 21.5 mbar is the average pressure) the 
conductance Cring = 3.96 1/s. From these numbers it appears that Corific/C,;ng = 0.012 and it is 
assumed that the far more better conductance of the ring with respect the orifices results in a 
practically constant pressure in the ring. 
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The next step is uniform mixing in the gas phase of particles responsible for growth. Only when 
the mixing of gas phase particles is uniform in front of the total area of the substrate, it is 
expected that a uniform deposition profile can result. Now assume for the moment that the Si~ 
particles leaving the silane ring only collide with other particles (they do not react) until they 
reach the substrate. For pressures around 0.1 mbar (process pressure) the mean free path of the 
particles is of the order of 104 m and it can he said that the transport of particles through the 
plasma is mainly govemed by diffusion resulting in a random walk of the particles to the 
substrate (see Figure 7.5). From the figure it is clear that particles leaving the silane ring reach the 
substrate quicker at the edge than they do at the center due to the larger distance they have to 
travel to the center. lt is not a too rude assumption that most SiH4 particles are dissociated when 
they exit the injection ring (in Chapter 4 it was experienced that all the SiH4 particles are 
consumed at all power levels and pressures) the flux of particles responsible for growth that reach 
the surface is larger at the edge than in the center. This can result in a higher deposition rate at the 
edge as compared with the center resulting in non-uniform deposition profiles. 

The above ignores the reaction with other particles during the journey from the silane ring to the 
substrate. Since traveling from A to C results in more collisions with other particles as from A to 
B this might have a result on differences in deposition as well. Regarding the deposition profiles 
in figure 7.3 and figure 7.4, this phenomenon is not expected to contribute to a more uniform 
deposition profile. It rather enhances the non-uniform deposition profile. 

A feature that is ignored in the explanation described above is the flow pattem in the vessel due to 
injection of NH3• This flow pattem results in an even more complicated transport of particles to 
the substrate and production of radicals. It influences as we11 the deposition profile which 
becomes clear from Figure 7.4 where the flow is changed together with pump speed to keep 
pressure constant. This makes it difficult to provide a definite answer to the question of non
uniformity of the source. However, to provide more uniform deposition an attempt could he to 
increase the di stance between silane ring and substrate or try other distributions of the holes in the 
silane ring. 

From the previous discussions it is clear that various parameters can influence the deposition 
profile. Hence, it is difficult to predict which settings are desired to create a uniform deposited a
SiNx film. Simulations of the flow pattem at different flows and pump speeds might give insight 
in the deposition mechanisms and flow pattems. However, it is noted that this can he very 
complicated since possible reaction mechanisms should he included as well. Three mechanisms 
have been presented that are expected to have a large influence on deposition profile while one 
other is discussed to he less important. However, a combination of these mechanisms might result 
in non-uniform deposition profile. 

To conclude this section it was found in [36] that a combination of non-uniform electron density 
profile and (non-uniform) gas flow can result in a uniform deposition. From this it can as we11 he 
concluded that also the gas flow can have significant influence on non uniform deposition. 
Moreover, the (undesired) electron density profile might he compensated by changing gas flow. 

62 



Chapter 8 

Conclusions and possible reaction mechanism 

8.1 Introduetion 
This chapter draws and summarizes conclusions that can (partly) answer the questions stated 
in the introduetion of this report and that are discussed in more detail in the previous chapters. 
Subsequently reaction mechanisms are proposed that follow from the measurements 
performed on the plasma and properties of the a-SiNx:H films. This provides a (part of) a 
possible answer to the last question formulated in Chapter 1: 

8. can a correlation be found between the plasma reaction mechanisms and deposited a
SiNx:Hfilms? 

8.2 Answers to the Questions Formulated in Chapter 1 

Operation and properties o(the souree 
The power is coupled mainly inductively to the plasma for power levels above 2 kW. For 
lower levels a capacitive component is expected to add a large contribution. The non-uniform 
B-field induced by the RF current in the coil is expected to induce a non-uniform azimuthal 
electric field in the plasma. Electrons are accelerated by this electric field and transfer their 
energy via collisions with neutrals resulting in plasma ignition and sustainability. The plasma 
is sustained by ohmic heating. Power is absorbed by the plasma in a skin layer of ~ 15 cm. 
Potential differences over the sheath accelerate the positive ions typically to 10 eV before 
they reach the substrate. 

Type of matching network 
The type of matching network that is used deviates from the types that are commonly used in 
industry since this type of network contains a transformer. This structure results in reduction 
of the necessary tuning range of the capacitors used to match plasma and power supply which 
is advantageous for practical and economical reasons. This transformer makes a first rough 
match between plasma and power supply, resulting in the fact that the capacitors only need to 
be fine tuned. 

Species present in the plasma and behaviour of dissociation degree of precursors and 
electron density 
With OES it is found that the radicals H, SiH, Si and NH are present in the plasma. The H 
atoms were measured to be present in different excited states, Ha, H~ and Hy. With MS the 
stable species H2 and N2 were found and these species are reaction products of the plasma. No 
high silanes (Si0H2n+2, n;:::2) or aminosilanes (HmSi(NH2)n) were found with the MS. This does 
not mean these species and especially their radical forms are not present. They can be present 
in concentra ti ons below the detection limit of the MS. Their radical form can not be measured 
by the MS at all. 
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For all power levels (1-5 kW) and pressure levels (0.05-0.25 mbar) and a flow of 0.11/0.66 
slm SiHJNH3 a total consumption of SiH4 was experienced. NH3 consumption was 
experienced to increase with increasing power and pressure. Changing the SiH4 flow from 0 
to 0.04 slm first resulted in increasing NH3 consumption after which the consumption was 
decreasing for SiH4 flows > 0.04 slm. From measurements as function of power it was 
concluded that NH3 consumption increased to >55% for 5 kW. 

Jncreasing power leads to an increasing electron density which in turn results in increasing 
dissociation of precursors. The latter is verified by MS measurements. Jncreasing pressure 
resulted in decreasing electron density due to possibly increasing energy losses to ro
vibrational levels of molecules or due to dissociative recombination reactions. The latter can 
explain the increase in consumption of precursors while electron density was decreasing with 
pressure. 

Deposition rate and density ofthe films 
The deposition rate of the ICP souree is camparabie with other types of sourees used in 
industry. A deposition rate of 1 to 4 nm/s is feasible, dependent on the combination of flow, 
pressure and power. Jncreasing power results in an increasing deposition rate at the edge of 
the substrate and a decreasing rate in the center. It is expected that an increase in pressure due 
to increasing power (more dissociation and thus more particles present) limits diffusion of 
radicals that are important for growth to the center of the substrate and hence leads to a lower 
deposition rate. 

The density of the film is relatively high for a substrate temperature of 120 °C. A clear 
explanation for this is nat presented. It is calculated that the ion flux is low with respect to the 
radical flux to the substrate. Hence, it is estimated that the ions play a minor role in the 
densification and growth of the film. 
The concentra ti on of hydragen incorporated in the film seems to be inversely proportional to 
the film density and hence, it is concluded that the amount of hydragen in the film mainly 
determines the density of the film. 

Non-uniform deposition profile 
In Chapter 7 is described that a possible substrate temperature gradient might play a minor 
role in non-uniformity of the deposited films. It is assumed that this non-uniform deposition 
profile is caused by a non-uniform ion and electron density profile in combination with 
localized deposition of a-SiNx:H due to inefficient mixing of radical species. These 
mechanisms contribute to the non-uniformity of the deposition profile, however other 
phenomena like, for example, flow pattem in the plasma chamber, can nat be excluded to 
have an influence on non-uniform deposition as well. 

8.3 Reaction mechanisms 
This section proposes several reactions that are important in the plasma and their possible 
relation with film properties. This model follows from the measurements that are described in 
this report and from mechanisms suggested in the literature. Since many more particles can be 
present in the plasma than have been measured with mass speetrometry and optica} emission 
spectroscopy, it is stressed that this model does nat totally explain the plasma chemistry and 
other reaction rnadeis might be possible as well. First the measurements as a function of 
power coupled to the plasma are discussed and reactions that can be important are given. 
Subsequently the results as a function of pressure are discussed. 
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8.3.1 Discussion o(Measurement as a Function o(Power 
First of all it is noticed that the plasma is sustained by ionisation reactions of NH3 and Si~. 
Possible reactions that lead to ionisation are 

SiH4 + e ~ SiH2+ + H2+ 2e 
NH3 + e ~ NHn+ + (3-n)H + 2e 

(A) 
(B) 

Reaction (A) describes the formation of the SiH2 + radical and this reaction is chosen since 
according to [37] it has a slightly higher reaction rate (Tg=500 K) than for SiH3+ formation (k 
= 5 .64·1 o-12 cm3 Is). However formation of SiH/ is expected to occur as well. 

No reaction rate constants for electron impact ionisation were found for NH3, however these 
ionisation reactions are expected to occur as well in the ICP. 

Increasing power to the plasma results in a higher electron density as is shown in Figure 5.2. 
This in turn results in more electron - neutral collisions in which either ionisation takes place 
according to reaction A and B or dissociation according to reactions C and D. 

SiH4 + e ~ SiH3 + H + e 
NH3 + e ~ NHn + (3-n)H + e 

(C) 
(D) 

As appears from the rate coefficients for reaction A and C dissociative reactions appear more 
often than ionisation reactions. Again no electron impact rate coefficients were found for 
NH3, however to distinguish between C and D it is noted that the total cross-section for an 
electron range of 10 to 100 e V is a factor of ~2 larger for Si~ and hence it is expected that 
reaction rates for electron impact on Si~ are larger than for NH3. Furthermore, the reactions 
B, C and D result in H atoms present in the plasma. It is found [2,20,37] that these H atoms 
are important for consumption of SiH4 as well via reaction E. 

k = 2.68·1 o-12 cm3 Is (E) 

This reaction first leads to increasing consumption of SiH4 providing an explanation of the 
complete consumption of SiH4. Second this reaction results in H2 formation which is observed 
with mass spectrometry. It is believed that with increasing power Si~ is consumed via 
mechanism A and C. 

Conceming the increasing consumption ofNH3 with power it is believed that this is only due 
to increasing e-NH3 collisions with power which is supported by the following. In [37] it is 
found that reaction F: 

(F) 

has for gas temperatures <500 K a rate coefficient that is much smaller than that for reaction 
(E). Furthermore Kushner [37] estimates that dissociation reactions ofNH3 via NHn radicals 
results in negligible reaction rates as well. Conceming dissociation via SiHn radicals, Dollet 
e.a. [38] notice that the reaction with SiH2 and NH3 requires 0.4 eV and it is thought that the 
SiH2 particles can not deliver this energy. They state that other SiHn particles are less reactive, 
resulting in more improbable reaction rates. Following this, the only species left to explain 
increasing consumption of NH3 are the electrons. Electron density increases with power and 
hence, reactions B and D are expected to occur more often making this explanation plausible. 
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Relation with film properties 
As becomes clear the deposition rate increases at the substrate edge with increasing power. 
By [ 18, 32] it was suggested that formation of aminosilanes are important species for growth 
and it is considered that these speciescan be formed in the ICP as well via reaction G. 

k= 7.8·10- 11 cm3/s [37] (G) 

Since NH3 consumption increases with power the concentration of NH2 might increase 
resulting in an increasing production rate of HSi(NH2) responsible for growth and hence 
increasing deposition ra te. Artifacts that might explain the decreasing rate in the center of the 
substrate are explained in Chapter 7 where it was noted that the distance to travel for SiHn 
particles to the center is twice the distance to the substrate edge. This can explain less 
deposition in the center with respect to the edge but it is not quite clear why it should result in 
a decreasing rate with increasing power. The ion density in the plasma center and edge 
increases as well with power and hence it is not expected that the flux of i ons to the substrate 
center decreases which could result in lower probability of surface reactions. This can not 
provide an explanation as well. Since pressure increases a factor of 2 with increasing pressure 
the diffusion to the center is suppressed. However, the same can be said for diffusion to the 
substrate edge but here deposition rate increases and hence this does not give an explanation 
either. 

Concerning the film density three mechanisms are proposed for explaining increasing film 
density as a function of power. The first is that an increasing flux of NHn and H radicals 
reach the surface ( due to increasing consumption of precursors) where they abstract weakly 
bonded H atoms andreturn to the gas phase (reaction H). 

H(g)/NHn(g) + H(s)--+ H2(g)/NHn+l(g) (H) 

This mechanism might then lead to decreasing H content and increasing film density. This 
mechanism is proposed by Dollet e.a. [39] as well. A second mechanism is that since ion 
density increases with power the flux of ions to the substrate increases as well which might 
result in a higher surface energy due to bombardment of ions. This can result in surface 
reactions that lead to formation of H2 that disappears in the gas phase resulting in a larger film 
density as well. 

A third mechanism that is suggested is that with increasing power the concentrations of 
radicals with respect to each other changes. For example, at higher power levels the ratio 
[SiH3]/[SiH2] can change which results in other species becoming more important for growth, 
causing a changing film deposition. However, no measurements of these radical 
concentrations have been performed to verify this line of thought. 

8.3.2 Discussion o(measurements as a (unction o(pressure 
From Figure 5.2 the electron density was experienced to decrease with increasing pressure. 
On the other hand the consumption of Si!L remained total whereas the NH3 consumption 
increased with pressure. The total SiH4 consumption as a function of pressure can be 
explained when it is assumed that reaction E is driving this consumption and at all pressures 
an excess of H atoms is present in the plasma. These H atoms originate then from ionisation 
and dissociation from NH3 and SiH4 by electrons (reactions A toD). In the previous section it 
was stated (based on literature) that the only species able to dissociate NH3 are the electrons. 
Following this it is highly unlikely that dissociation of NH3 is caused only by electrons as a 
function of pressure since the electron density decreases and hence reaction D occurs less 
often. 
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The reason that the electron density decreases with increasing pressure does not necessarily 
have to mean that production is less with increasing pressure. It is as well possible that loss 
processes become faster, for example negative ion formation: K or NHn-· As mentioned 
before the electronegativity for H is 0.75 eV [9] which makes negative ion formation 
possible. For NHn particles no electronegativities are known. When it is supposed that these 
ions are formed they might have their influence on increasing NH3 consumption. For the 
moment no clear explanation can be given for increasing NH3 consumption. 

Relation with Film Properties 
From Figure 6.3 it appears that film density increases with increasing pressure to 0.14 mbar. 
It is expected that with decreasing electron density (and hence ion density) the flux ofions to 
the substrate decreases. It is likely that ions induce surface reactions that result in denser film, 
and hence this indicates that ions are not causing this decrease in film density. 

Furthermore an increasing flux of SiHniNHn and possibly H atoms is expected to the 
substrate. When it is assumed that SiHn particles (possibly reacted with NHn to aminosilanes) 
are responsible for growth, and the H and NHn particles abstract weakly bonded H atoms from 
the substrate this might result in less hydrogen content, explaining an increasing density. 

For pressure higher than 0.14 mbar this is not valid anymore. The flux ofNHn and SiHn to the 
substrate is still expected to increase with increasing pressure ( concluded from measurements 
in Figure 4.6), however the film density decreases as well in the substrate center as at the 
edge. A possible explanation might be that after p=O.l5 mbar the flux of particles to the 
substrate seems changes due to other chemistry mechanisms. 

8.3.3 Discussion ofResults as ajunetion ojSiH4jlow 
From measurements of plasma and film properties as a function SiH4 flow(Figures 4.8 and 
6.4) it is experienced that it seems that a maximum exists in the film density as a function of 
flow. As the ratio is increased it is expected that the flux of SiHn particles to the substrate 
increases since with mass speetrometry it was measured that Si~ remains consumed 
completely. A decreasing flux of NH3 to the substrate is considered since it appears from 
figure 4.8 that the NH3 consumption decreases with increasing Si~3 ratio. It might be the 
combination ofNHn and SiHn particles that results in first an increasing film density followed 
by a decreasing film density. The rise in film density for flow ratios below 0.5 can be 
attributed to an excess ofHHn radicals reacting with SiHn resulting in more Si-N honds in the 
film and hence increasing density. The decreasing density is then for a flow ratio of more than 
0.5 attributed to excess of SiHn particles with respect to NHn radicals resulting in more 
amorphous growth of silicon nitride resulting in lower density films. 

Concluding Remarks 
Again it is stressed that the reactions and mechanisms described above are possible in the ICP 
and can (partly) explain the measurements on plasma behaviour and film properties. It is for 
sure that many other reactions occur which all can have their influence on plasma and film 
chemistry. This chapter however combines experimental results with models suggested in 
literature and therefore gives a good indication of what can be happening. 

Further research recommendations are to measure the full probe characteristic, for this 
enables comparing ion density with electron density. This can then provide results on the 
formation of negative ions. Furthermore, a mass spectrometer can be used that is able to 
measure radicals to characterize other species and investigate the presence of aminosilanes in 
the ICP. 
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