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Chapter 1

Introduction

The invention of the transistor and the capability to integrate numerous
devices (transistors and other electrical components) into a single circuit
have a profound impact on society. The availability of integrated circuits
(IC's) has resulted in new products and the improvement or replacement
of existing products.

IC's essentially exist of (patterned) layers of various materials stacked on
top of each other. Since the advent of the IC-technology the size of devices
has continually decreased, while the complexity (i.e. the number of devices
comprised in a single IC) has increased. The continuing miniaturization
has been accomplished through continued efforts to improve the electrical
and physical-chemical properties of the materials used in the fabrication of
IC's.

Thermally grown silicon dioxide films have been used for some 30 years
as insulating films with superior electrical properties. Its properties as a
barrier against indiffusion of contaminating atoms (e.g. sodium and alu-
minium) are poor. Silicon nitrid" films have superior diffusion barrier prop-
erties, but electrically it is inferior to silicon dioxide. Because of the dif-
fusion barrier properties (patterned) nitride films are used as passivation
layer and oxidation mask.

Silicon oxynitrides consist of a stoichiometric mixture of silicon, nitrogen
and oxygen atoms, i.e. all silicon atoms are completely bound to oxygen
and/or nitrogen atoms. Depending on the process used to grow oxynitride
layers a varying amount of hydrogen is present.

Silicon nitroxides are obtained by nitridation of silicon dioxide, i.e. by
exposure to an ammonia ambient at high temperatures or to an ammonia
plasma. Due to the poor diffusion barrier properties of the oxide, nitrogen
atoms diffuse throughout the entire film and are incorporated.
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Using a naive picture it is conceivable that in silicon oxynitride or nitrox-
ide films the superior properties of both silicon nitride and silicon dioxide
can be combined such, that a material with properties better suited for a
particular application may be obtained. In order to distinguish oxynitride
layers with various compositions, the atomic concentration ratio of oxygen
and nitrogen atoms in the films (0/N) will be used throughout this thesis.

Ample evidence has been collected to support the following mor'el for
the structure of silicon oxynitrides [1,2,3,4,5]. The structural building units
in the material are regular SiOxNy-tetrahedra (with x + y = 4). A silicon
atom is located in the center of the tetrahedron, and oxygen and/or nitrogen
atoms are located at its vertices. The tetrahedra are jointly connected at the
vertices to form a continuous random network (CRN). At an oxygen vertex
two tetrahedra are connected, while at a nitrogen vertex three tetrahedra
are joined. A silicon oxide is comprised of rings which vary in size from
3 to 8 tetrahedral members [5]. The bond angle at the silicon atoms is
close to the ideal tetrahedral value (i.e. 109.47°). The bond angles at the
oxygen and nitrogen have a broad distribution around most likely values of
144° and 121° respectively [3,4,6]. The oxygen bond angle is cited to vary
between 120° and 180° [5,6]. The lengths of the Si-N and Si-O bonds are
1.72 and 1.60 A respectively [3,4].

During oxidation and nitridation Si-0 bonds are converted into Si-N
bonds and vice versa. The structure of oxide and nitride differ considerably.
This implies that a structural change has to occur during both oxidation
and nitridation.

In view of possible applications of oxynitrides and nitroxides, in this
thesis physical-chemical properties of these materials determined with high
energy ion beam techniques are presented.

In chapter 2 a detailed discussion of ion beam techniques is given. With
these techniques elemental compositions and depth profiles of thin films can
be determined quantitatively in a non-destructivj way. The numerical tools
developed in this chapter will be applied to obtain the results presented in
subsequent chapters.

The behaviour of hydrogen in silicon nitride during high temperature
annealing is known to influence the electrical properties of silicon nitride
films. Investigations of the behaviour of hydrogen in oxynitride layers are
presented in chapter 3.

The oxidation of oxynitrides is considered in chapter 4, since oxynitrides
are applied as an oxidation mask in the LOCOS (= LOCal Oxidation of
Silicon) process.

The properties of silicon dioxide dielectrics may be improved by (rapid)
thermal nitridation. Nitrogen and hydrogen incorporation during (rapid)
thermal nitridation is discussed in chapter 5.
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Finally in chapter 6 oxidation of silicon oxynitride layers and nitridation
of silicon oxide layers are compared.
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Chapter 2

Analysis of thin films
with high energy ion
beams

2.1 Introduction
The fabrication of integrated circuits is largely based on the successive
growth of thin films of various materials. For the characterisation of the
physical and chemical processes underlying the growth of these films the
following question has to be answered:

What is the depth distribution of the elements in the film?

Various techniques to determine the elemental depth distribution are used,
e.g. secondary ion mass spectroscopy (SIMS) and Auger electron spec-
troscopy (AES). In this chapter depth profiling techniques using high en-
ergy ion beams are considered. A general description of processes involved
in the interaction of a high energy ion beam with condensed matter will
be given based on concepts developed for backscattering spectroscopy [1].
This general description is applied to the following high energy ion beam
techniques:

• Rutherford backscattering spectroscopy (RBS);

• elastic recoil detection (ERD). This technique is sometimes also re-
ferred to as 'forward recoil spectrometry';

• nuclear reaction analysis (NRA).
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For these techniques a charged particle beam with an energy of the order of
1 MeV/amu is used. The charged particles are produced in a plasma dis-
charge or sputter source. They are subsequently accelerated in an electric
field usually generated with a Van de Graaff-(tandem)accelerator. Electro-
magnets are used to guide the particle beam to and focus it on the target.

For the application of the results obtained in this chapter to the analysis
of experimental results, several computer programs were written. These
programs will be discussed.

Theoretical results presented in this chapter will be compared with ex-
perimentally obtained values.

In the following chapters the methods described in this chapter will be
applied to the analysis of (oxidized) silicon (oxy)nitride films and silicon
nitroxide films.

2.2 Interaction of ion beams with matter
A beam of high energy particles (projectiles) moving through matter is
subject to several effects.

Interaction with electrons (and to a small extent long range interaction
with atomic nuclei) in the target material results in a gradual energy loss
(stopping), and stripping of the electrons from the projectiles, so effectively
a beam of ions is moving through the target material. Due to the discrete
nature of the interaction with the target material and the large number of
events to which a single projectile is subjected, the variation of the energy
of the particles in the beam increases during its trajectory through the
solid.

If the distance between a projectile and a target atom becomes suffi-
ciently small, an elastic collision occurs. The projectile is scattered over a
large angle and the target atom is recoiled from its position in the target.

As the closest distance between the projectile and the target atom is
further decreased, i.e. at a relatively high beam energy, the nuclear force
becomes effective and nuclear reactions occur.

2.2.1 Energy transfer in an elastic collision

During a collision of a moving particle (the projectile) with an atomic nu-
cleus (the target atom), part of the energy of the projectile is transferred
to the target atom (figure 2.1). The potential and kinetic energy of the
target atom before the collision are negligible compared with the projec-
tile energy. The energy transfer can be described with kinematic factors.
The kinematic factors give the fraction of energy retained by the scattered
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Figure 2.1. Energy transfer during an elastic collision.

projectile

E. = KRBSEP (2.1)

and the fraction of the energy transferred to the recoiled target atom

Er = KERDEP (2.2)

The kinematic factors can easily be deduced from conservation of energy
and momentum. They are given by [1, page 23]

KRBS =

, 2

and [2,3]

^

M,

cos©'

(2-3)

ft.
(2.4)

in which Mp and Mt are the masses of the projectile and the target atom
respectively, 0 is the angle with the primary beam at which particles are
scattered and 0 ' is the angle with the primary beam at which the atoms
are recoiled from the target. Kinematic factors for scattered projectiles are
tabulated by e.g. Chu [1].
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2.2.2 Scattering cross sections
The probability that a scattered projectile or a recoiled target atom will
move at an angle 0 with the primary beam, is, in the considered energy
region, given by the Rutherford differential scattering cross section. The
magnitude of the Rutherford differential scattering cross section is such
that only a small fraction (« 10~5) of the particles in a beam is scattered
over a large angle. The Rutherford differential cross section for a scattered
projectile is [1, page 29]

da

with E the energy of the projectile immediately before scattering and e the
electron charge. The Rutherford differential scattering cross section for the
recoiled target atom is given by [2,3]

At relatively low energies the point of nearest approach between the target
nucleus and the projectile lies outside the innermost electron shells. As
a result the target nucleus is partially screened from the projectile and
the effective differential scattering cross section is reduced compared with
the Rutherford differential scattering cross section. A correction for the
electronic screening is given by [4]:

*nj (2J)
da\ _(

with E the projectile energy in keV, (^)eyy the differential scattering

cross section for a screened nucleus and (%)nucl the Rutherford differential
scattering cross section for the bare target nucleus. This expression is valid

for small values of -— £
y ' . For a 1 MeV He ion the deviation from the

Rutherford formula is 3.6%.
In experimental situations a detector extending a finite solid angle SI is

used. For detectors extending only a small solid angle, which is typical in
scattering experiments, it is convenient to use the average differential cross
section
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Figure 2.2. Stopping cross section of selected isotopes in silicon nitride.
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2.2.3 Stopping

The energy loss of an ion beam passing through matter is caused by ran-
dom discrete collions of the ions with electrons (electronic stopping). The
collisions cause excitations and ionisations in the target material. At a
beam energy of the order of 1 MeV/amu scattering over very small angles
on atomic nuclei contributes to a small extent to the energy loss (nuclear
stopping). The collisions cause excitations and ionisations in the target
material.

The stopping cross section e is defined as the energy loss divided by the
atomic areal density of the target. It is usually expressed in eV/(at.-cm~2).

No general quantitative energy loss theory has been formulated, but a
large amount of stopping cross section data have been collected by Ziegler,
Biersack and Littmark [5]. On this empirical basis they give formulas to
calculate the stopping cross section of an arbitrary projectile in a target
composed of a single element with an accuracy of 5% or better. The stop-
ping cross section generally goes through a maximum as a function of the
energy. In the case of silicon nitride as a target material it is observed
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to have a maximum of several hundred eV/1015at. cm 2 at an energy of
approximately 1 MeV/amu. Stopping cross sections of various elements in
silicon nitride are given in figure 2.2. The position and the value of the
maximum increase with the atomic number of both the projectile and the
target atoms. Stopping cross sections in a compound material (AmBn • • )
can be calculated with Bragg's rule [1, page 44]

e ( A m B n . . . ) = m • e ( A ) + n • e ( B ) + ••• (2.9)

2.2.4 Straggling

The energy loss of heavy ions moving through matter is mainly caused by
excitation and ionisation, resulting from random, discrete collisions. Due
to the statistical nature of these processes the amount of energy lost per
unit length fluctuates.

The energy straggling can be described with the assumption of a Gaus-
sian distribution. Ample experimental evidence for this assumption has
been obtained [6,7]. At low energies the straggling width can be described
with Firsov's and Hvelplund's theory as formulated by Geissel et al. [6,
formula (5)]

Q2,tr = 3.2256 x 10-10-^-(Zp + Ztf
f3 MeV2/1015at. • cm"2 (2.10)

Mp

with E the energy in MeV, Mp the mass of the projectile in amu and Zp and
Zt the atomic number of the projectile and element in the target. Within
30% this simple formula predicts all measured results in gases over a wide
energy range [6, figure7].

For a single element target Zt represents the number of electrons of a
target atom [8]. For compound target materials the theory can be adapted
by replacing Zt with the weighed average atomic number of the target

with n the number of elements in the target, Ni the abundance of the ith
element in the target and Zt its atomic number.

For thin layers, in which the stopping cross section (in MeV / 1015at.
cm"2) is assumed to be constant over the layer thickness, it is convenient
to write the straggling as a function of the average energy loss Eiot, (in
MeV) of a particle beam

m
2 _

u,tr = ",tr e{E)
= AElo,, (2.12)
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2.2.5 Energy distribution of particles
In the following the modified Firsov-Hvelplund theory presented in the
previous section will be used. For the sake of simplicity, contributions to the
fluctuation of measured particle energies derived from the accelerator, the
beam guiding system and the detecting system are assumed to be gaussian
distributed. In this thesis the width of a gaussian distribution will be
indicated as 'width' without further specification. With the assumption
of gaussian distributions the contributions to the fluctuation in measured
energy distributions can be summed quadratically.

Using the assumption that the energy distribution is Gaussian, the prob-
ability to measure a particle energy E when a beam with average energy
Eb is used, can be written as

exp [S=^l]
P1(Eb,E) = 1 * * J (2.13)

v2x • ub

with u>b the width of the energy distribution of the particles in the beam.
The probability to measure a particle energy E after a layer with thick-

ness x has been passed by the particles, can be written as

P2(Eb,E,x) = "—= L (2.14)
V2ir

and the probability that a particle scattered at or recoiled from a depth
a: in the target is detected with an energy E is given by

alrn \lE-KjEb-S,,(J))+S.«,(I)13 1

P3(Eb, E, x) = [- -= i (2.15)
/ 2 T

with K the kinematic factor of the scattering process, and 5,n(i) and
SOut(x) the total energy loss due to stopping before and after the colli-
sion. The width w of the probability distribution can be written as

u2=u2
ttr + uj2

b (2.16)

in which wj t r is the range straggling, which can be calculated with Firsov's
and Hvelplund's theory, u\ describes the finite width of the energy of the
particle beam, including contributions due to the scattering geometry and
the instrumental resolution.

It should be noted that in the case of elastic recoil detection, before the
collision energy is lost by the projectile, while after the collision energy is
lost by the recoiled particle.
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2.3 Analytical applications

Essentially two types of analytical applications of high energy particle
beams are considered.

First, elastic recoil detection and Rutherford backscattering spectrosco-
py are discussed. With these techniques different elements in the target are
distinguished using the mass dependence of the amount of energy retained
by the projectile and the amount of energy transferred to the target atom
in an elastic collision (formulas 2.3 and 2.4). Depth information is deduced
from the energy lost due to stopping in the target material, i.e. a particle
scattered at or recoiled from a larger depth has a lower energy.

Next, nuclear reaction analysis will be discussed. With this technique
a nuclear reaction of the element of interest and a suitable particle beam
is used. If reactions with a small resonance width are used, the reaction
will occur only if the energy of the projectiles approximately equals the
resonance energy. The number of reaction products is proportional to the
concentration of the element of interest. Depth information is obtained by
increasing or decreasing the beam energy. Only when, due the stopping, the
energy loss of the particles is such that their energy equals the resonance
energy, the nuclear reaction may occur.

2.3.1 Rutherford Backscattering Spectroscopy (RBS)
and Elastic Recoil Detection(ERD)

Experimental setup

In RBS experiments an energy spectrum, i.e. the number of particles de-
tected as a function of the particle energy, of backscattered projectiles is
measured, while in ERD experiments an energy spectrum of particles re-
coiled from the spectrum is measured. The experimental configuration to
measure RBS spectra is schematically drawn in figure 2.3. The sample is
bombarded with a beam of light ions (e.g. 2 MeV 4He+). The energy spec-
trum of particles backscattered from the sample is measured with a silicon
surface barrier to detect the particles, and an amplifier, an analog-to-digital
converter and a computer to process the dectector signals. Since the energy
retained by the projectile after the collision increases with the mass of the
target atom (formula 2.3), RBS is particularly suited to measure the depth
distribution of heavy elements in an light matrix.

Essentially, ERD is the complement of RBS. The sample is bombarded
with a beam of heavy ions (e.g. 30 MeV 28Si5+). An energy spectrum of
atoms recoiled from the samples is measured with a system simular to the
one used for RBS. In front of the detector a foil (e.g. 9 pm mylar) is placed

20
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Figure 2.3. The configuration to measure energy spectra of backscattered projec-
tiles (upper figure) and recoiled target atoms (lower figure).
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to prevent scattered projectiles from reaching the detector (figure 2.3). A
diaphragm is placed in front of the detector to limit the contribution of
the angular dispersion due to the finite size of the particle beam to the
fluctuation in the measured energy.

Shape of RBS and ERD spectra

The total number of particles N(E) detected with an energy E due to the
collision of projectiles with target atoms of a certain element can be found
by multiplying Ps(Eb, E, x) with the scattering cross section (?i(Eb, x) and
the number of target atoms N{(x) at a depth x, and integration over all
depths and summation over all elements

Vi(x)-ai(El>,x).P3ti(Eb,E,x) (2.17)
•=i Jo

in which d represents the thickness of the layer from which the detected
particles orginate. For a thin film the scattering cross section and the
width of the probability distribution are approximately constant, while the
total energy loss is a linear function of the depth. For a homogeneous film
consisting of a single element N(E) can be written as

N(E) = H[P(E~E') - P{E~Ei)] (2.18)

in which H is the height of the profile in the spectrum, P( . . . ) is a Gaussian
probability function, E, and £,- are the average energy of particles scattered
at the surface and interface respectively, and w, and Wj are the variation of
the energy of particles scattered at the surface and interface respectively.
Properties of the Gaussian probability function are given by Zelen and
Severo [9].

Composition of a film

In the following it will be shown that the composition of a film can be
determined without an external standard of reference from ERD and RBS
spectra if at least one of the elements is present in both spectra and if all
other elements are present in at least one of the spectra.

For analytical purposes it is meaningful to distinguish thin and thick
films. For thin films the entire film can be seen in the spectra; for thick
films in at least one of the spectra only the top layer can be distinguished,
i.e. the energy of the beam is insufficient for particles to reach the detector
after a collision at the interface or even to reach the interface.
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For thin films the area of the peaks of the elements can be obtained
from the spectra. The area of the peak V is proportional to the scattering
cross section a£g t .a the number of particles AT in the film. The results
from the ERD and the RBS spectra can be linked using

in which the subscript C refers to an element present in both spectra. The
atomic percentage of the elements in the film can be calculated using

; -jgr- = 100% (2.20)

while the weight percentages can be calculated using

5 ' ' m ' = 100% (2.21)
_̂  Nc Tnc

in which m is the atomic mass and n is the number of elements in the
sample.

For thick films only the height H of the orofiles in the spectra can be
obtained for all elements. To obtain an equivalent of formulas given above
i.e. to reduce the thick film problem to a thin fiim problem, we proceed as
follows. For the thin film problem the area of the peaks can be calculated
by multiplication of the height and the width of the peak. The width of
the peak is the difference in the energy lost hj particles scattered at the
frontside and backside of the film. Using stopping cross sections for the
elements (given by Ziegler et al. [5]), we calcula^ the width AE of a peak
produced by collisions in a layer with thickness y &- the surface of the film
(surface approximation). For RBS, AE due to the energy loss in a thin
surface film is given by (see figure 2.4)

AE = E2-E'2
= E(E ) • U -4- E(E' \ • t/9 (2 22)

with j / ! and y2 the distance travelled by the particles before and after
scattering at a depth y. In ERD a foil is present in front of the detector,
so the energy loss in the foil has to be considered as well. For a foil with
thickness d the resulting expression is

- / e(E)dE+ / e{E)dE (2.23)
JE, JE1,
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Using these expression, formula 2.19 can be rewritten as,

Ni <rc • Hi

Nc ~ (Ti • Hc • AEC
(2.24)

Since the stopping cross section is determined by the composition of the
film, the thin film approximation can be solved only in an iterative way. In
first approximation AE is the same for all elements. With this assumption
an initial value of the composition of the film is determined. Using this
initial result the stopping cross section for the film is recalculated and so
on. The iterative process thus obtained converges rapidly. After about 5
steps the composition calculated for successive iteration steps, differs less
then one in thousand.

Film compositions were calculated from both the peak areas and the
heights of the profiles in the spectra. Within experimental accuracy (typi-
cally 1% at most) the results of both methods are identical. Therefore the
surface approximation is concluded to be valid.

Film thickness

When the composition of a thin film is known, the thickness of this film
can be calculated from the total energy lost in the film. From the position
of the surface of two elements in a film and the energy Eh of the primary
beam, the energy dispersion of spectra can be calculated. With the energy
dispersion the energy difference Eiot, of particles scattered at the surface
and particles scattered at the interface is determined. This energy loss can
be written as

'"""" }V (2-25)
COS (j> CO8 if)1

with d the thickness of the film, e() the stopping power, Ein(y) the en-
ergy at depth y of the projectile moving towards the interface, Eout{y) the
energy of the scattered projectile or recoiled target atom and <j> and 4>' the
angles between the normal on the target and the trajectory of the moving
particle before and after scattering. From formula 2.25 the film thickness
d is calculated with numeric integration by increasing the value of d until
the correct energy loss is obtained.

COMPOS

A computer program (COMPOS) has been written to calculate film com-
positions (and thicknesses) from data obtained from energy spectra. With
COMPOS only straightforward calculations are needed to obtain results.
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Other methods used to analyse energy spectra (e.g. simulations) are usually
more complicated to use and more time consuming. However, COMPOS
cannot be applied for inhomogeneous films.

With COMPOS the experimental setup (beam type and energy, angle
of incidence of the beam on the target, scattering or recoil angle, elements
in the film, foil thickness and composition), the data obtained from the
measured spectra and the step size to be used for numeric integration can
be entered interactively or read from file. COMPOS reads data needed to
calculate kinematic factors, cross sections and stopping powers from data
base files. Film compositions and thicknesses are calculated and optionally
written to file.

2.3.2 Nuclear reaction analysis

Experimental setup

For analytical purposes nuclear reactions with a small resonance width and
an off resonance cross section which is some orders of magnitude smaller
than the peak cross section, are of particular importance. Such a reaction
will only take place at a depth in the sample where the beam has slowed
down to the resonance energy. The number of reaction products detected
is proportional to the concentration of the element of interest at the depth
in the target where the nuclear reaction occured. A depth profile of the
element of interest can be obtained by a gradual increase or decrease of the
energy of the beam.

In the nuclear reactions considered in this thesis, 7-radiation is gener-
ated. As 7-radiation is highly penetrating, the detector used to measure the
spectra can be outside of the vacuum system in which samples are placed.

During measurements of 7-spectra a contribution from radiation origina-
tion from natural sources (cosmic radiation, radio-active isotopes in build-
ing materials) is always observed (figure 2.5 above). The spectrum of the
radiation originating from the nuclear reacting used for depth profiling is
superimposed on the background radiation. To correct for the contribution
of the background radiation, the following procedure is used [10]. A window
is set around the region in the spectrum in which the so called photo-peak
and the single-escape-peak [11, page 209-222] of 7-radiation produced in
the nuclear reaction is detected. With the assumption that a constant ratio
exists between the number of background quanta detected in this window
and the nummer of background quanta detected in a second window at a
higher energy, the correction for the background contribution can be made
with simple arithmetic.
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Shape of NRA depth profiles

The number of 7-quanta produced in a nuclear reaction is given by

Ny(Eb) = D J IN{x)Pr(E,Er,Tr)P2{Eb,E,x)dEdx (2.26)

in which D is the beam dose, N(x) is the depth distribution of the ele-
ment of interest, P r(...) is the reaction probability for a resonant nuclear
reaction with resonace energy ET and width F r, and P2() is the prob-
ability distribution defined in formula (2.14). If the width of the reso-
nance is small compared with the width of the probability distribution (i.e.
Pr(...) —• 6((E — Er)/Tr), the number of quanta detected can be written

Ny(Eb,d) = C f N(x)P(Eb,Er,x)dx (2.27)
Jo

in which d is the thickness of the sample and C is a constant describing the
beam dose, the sample-detector geometry and the magnitude of the reac-
tion cross section. For the reaction 1H(15N,a7)12C the resonance energy
is C398.0 ± 2.1 keV for 15N2+ [12] , the width of resonance is 1.8 keV and
the ratio of the on-resonance and off-resonance cross section is 2104 [13].
Since for the experiments described here the energy width of the beam is
5.7 keV, the assumption of a 6-function is justified and the contribution of
the off ressonance reaction to the beam is negligible.

With the assumptions that the energy width of the beam is approx-
imately constant, while the total energy loss is a linear function of the
depth, for a homogeneous film N-y(Eb,d) can be written as the difference
of two error functions (see section 2.3.1).

Simulation of NRA depth profiles

For a non homogeneous distribution of the elements in the sample the ex-
pression for Ny(Et,,d) can only be solved in a numerical way. The following
procedure is used. The sample is considered as a multi-layer structure. The
composition of separate layers is taken as homogeneous. The trajectory of
the beam through a layer is divided in segments with an equal length (the
calculation thickness). Thus the film is divided into calculation layers with
an equal calculation thickness. All the atoms of the element of interest
are considered as concentrated on top of the calculation layer. For each
segment of the trajectory the contribution to Ny(Eb,d), the energy loss
and the width of the beam are calculated using the stopping data given
by Ziegler et al.[5] and the modified Fireov-Hvelplund-theory. In general,
the length of the trajectory of the beam in a layer is not a multiple of the
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calculation thickness, so the contribution of the remaining segment of the
trajectory in a layer is calculated separately.

A yield curve for the energy range of interest is calculated using values
of Eh equally distributed over the range. The constant C is calculated as
the ratio of the calculated and measured yield for the bulk of a reference
sample with a known composition.

Boundaries between the layers in the sample are calculated as the beam
energy for which the energy loss is such that the energy at the boundary
equals the resonance energy.

PRFL

For the calculation of NRA yield curves a computer program (PRFL) was
written in VMS-Pascal. Data concerning the experimental setup (incidence
angle of the particle beam with the target, the nuclear reaction and the
assumed elemental compostion of the sample, description of the reference
sample) can be entered interactively or read from file. Experimental data
and data on stopping powers are read from a database file. An extensive
set of options to modify the parameters relevant for the calculation of a
depth profile has been implemented.

A reduced x2 to give a quantitative measure of the 'goodness' of the
simulation is calculated as

v2 * \-^ (Vtim,i—Ytxp,i\

with n the number of measured points, Yexp.i and AYerPi,- the yield for the
ith datapoint and its error, and Y,imii the corresponding calculated yield.

Systematic errors in the experimental data and models used for the
calculation of a depth profile may cause an incorrect interpretation of the
measured depth profiles. As PRFL has been used extensively for the anal-
ysis of hydrogen depth ditribution in both silicon oxynitride films after
various high temperature anneals and oxidized silicon oxynitrides, infor-
mation concerning the effect of these systematic errors is neccessary. To
obtain this information for hypothetical samples yield curves were calcu-
lated. Contributions to the inaccuracy due to an inaccurate knowlegde or
determination of the following parameters determining the yield curve were
considered:

• the film thickness (and stopping, as a larger film thickness has the
same effect as a lower stopping power and vice versa);

• the straggling theory;
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• hydrogen concentration;

• calculation thickness.

As a standard film to study these effects a 400 • 1015at. • cm"2 thick Si3N4

film with 1 at.% hydrogen was used in combination with the nuclear reaction
1H(15N,a7)12C and the 15N2+-beam incident with the sample at 45° with
the surface. The width of the energy distribution of the 15N2+-beam was
taken as 5.72 keV.

'Experimental' data were obtained by randomizing the simulated yield
curve for the standard film parameters and taking the square root of the
calculated yield as 'experimental' error.

From the results for Xrtd is estimated that with PRFL

• the hydrogen concentration is accurate within 5% if 1 at.% hydrogen
is present in the film;

• apart from the effect of the inaccuracy in the stopping data, the thick-
ness can be determined with an error of 2%.

The effect of the straggling on the calculated yield curve was determined
for both the standard film and a thin hydrogen layer buried underneath a
hydrogen-free standard film. In order to quantify the effect of an inaccuracy
in the straggling a straggling modification factor is introduced. The amount
of energy straggling calculated with with the modified Firsov and Hvelplund
model is multiplied by this factor.

In figure 2.6 depth profiles calculated with these factors ranging from 0.5
to 1.5 are shown. The effect of the correction factor on the calculated depth
profile is considerable, although in terms of x>ed its effect is comparable
with the effect of hydrogen concentration and stopping. The accuracy of
the straggling theory, however, is limited. A difference upto 30% between
experimental and theoretical values of the straggling has been observed [6].
As can be seen, the limited accuracy of the straggling can cause considerable
systematic errors in the shape of the depth distribution near an interface.
The bulk value of the yield (i.e. the yield obtained for a depth in the film far
away from interfaces), however, is insensitive to the straggling modification
factor. So bulk concentrations can be obtained with high accuracy.

Depth profiles of thin buried hydrogen layers are shown in figure 2.7.
These profiles were calculated to study the effect of straggling on pile up
of hydrogen at interfaces. The height of the calculated profiles shows a
strong dependence of the straggling correction factor. Depth profiles are
quantified by comparison with the yield for the hydrogen in the bulk of
homogeneous sample. This yield is insensitive for the effect of straggling.
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Figure 2.6. The effect of straggling on the depth profile of 400 • 10 at. • cm sil-
icon nitride. Straggling modification factors used to calculate these depth profiles
are 0.5, 0.7, 0.9, 1.0. 1.1, 1.3 and 1.5.
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Figure 2.7. The effect of straggling on the shape of a depth profile of a thin
buried hydrogen layer. Straggling modification factors used to calculate these
depth profiles are 0.5, 0.7, 0.9, 1.0. 1.1, 1.3 and 1.5.
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Therefore the limited accuracy of the straggling theory may cause consid-
erable systematic errors in the determination of the amount of hydrogen
piled up at an interface.

It should be noted that the contribution of the inaccuracy of the strag-
gling theory to the inaccuray of the calculated depth profile is more or less
constant for a class of materials with a similar composition. So qualitative
effects and changes induced during a physico-chemical process at a buried
interface can be studied, although a considerable systematic error may be
present. In the following chapters concerned with the physico-chemical
charaterization of the Si-O-N-H system the validity of the preceding re-
mark will be implicitly assumed.

In order to calculate a yield curve with PRFL the same numerical eval-
uation has to be made for each layer into which the film is divided. In
order to reduce the (computer) time needed for a simulation, the calcula-
tion thickness must be taken as large as possible without loss of accuracy.
No loss of accuracy will occur, when the calculation thickness is chosen as
half the depth resolution for a particular particle beam-sample combina-
tion. For a 15N-beam with an energy width of 5.72 keV incident at 45° with
the surface of a silicon nitride sample the depth resolution at the surface is
16 1015at. • cm"2(= |V2- 23 1015at. • cm"2 i.e. the pathlength along which
an energy loss of 5.72 keV occurs). So no loss of accuracy results with a
calculation thickness < 10 • 1015at. • cm"2.

In summary, systematic erros in stopping power data will result in an er-
roneous determination of the film thickness. Systematic errors in the strag-
gling theory will influence both the determination of the shape of depth
destributions at an interface and the amounts of hydrogen piled up at in-
terfaces. The calculation thickness must be taken small compared with the
energy width of the particle beam used.

2.4 Examples
In this section some results obtained with the high energy particle beam
techniques described in previous sections will be described. These example
have been chosen to give an impression of applications of high energy ion
beam techniques. In the following chapters ion beam techniques will be used
as a tool to study physico-chemical properties of the Si-O-N-H system.

2.4.1 Molybdenum disilicide
Silicide formation is of considerable technological interrest to form good
ohmic contacts between a silicon semiconductor device and metal intercon-
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Figure 2.8. RBS spectrum of a molybdenum silicide film on a silicon substrate.

nects. With the exception of aluminium, all metals of interest for silicide
formation have a much larger atomic mass than silicon[14,15]. In RBS the
kinematic factor (formula 2.3) increasses with the mass of the target atom.
So with RBS the signals originating from the metal and the silicon in the
sample can be separated, as is shown in the RBS-spectrum of a molyb-
denum silicide film on a silicon substrate in figure 2.8. The spectrum was
measured with a 2 MeV 4He+ incident at 90° with the sample surface and
a scattering angle of 170°. As the shape of the spectrum is very character-
istic, it has been measured routinely at the start of each experiment to test
the proper operation of the equipment.

The composition and thickness of the molybdenum silicide film shown
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in figure 2.8 can be calculated easily from the measured spectrum. The
contents of the molybdenum peak can be calculated directly from the spec-
trum. The position of the interfaces and the height of the step belonging
to the silicon in the silicide are obtained by fitting a suitably chosen sum of
error functions to the spectrum. The compostion of the film is calculated
with COMPOS as Mo33 7 ± 0 2Si66.3±o.2- The thickness is calculated with
COMPOS as (1290±10)1015at. • cm"2.

2.4.2 Lithium compound
To study the usefulness of lithium films as a target for nuclear physics
experiments, lithium was evaporated on a single crystal silicon substrate.
Since the evaporated film consists of light elements, its composition can
easily be determined by using ERD only. The ERD spectrum obtained
with a 30 MeV 28Si5+-beam incident at 30° with the sample and a silicon
surface barrier detector with a 9 /im thick mylar foil in front placed at 36°to
the primary beam of the evaporated film, is shown in figure 2.9. The two
stable isotopes of lithium are seen separately in the spectrum. Furthermore
features derived from hydrogen, carbon and oxygen are observed.

The composition of the film is homogeneous. From the peaks in the
ERD spectrum the composition of the film was calculated as 26.6 at.% Li,
50.5 at.%, 13.5 at.% C and 9.4 at.% H. Apparently the evaporated lithium
film is highly reactive and conversion into a basic carbonate occurs upon
exposure to air.

The isotopic composition of the film is 10.5% 6Li and 89.5% 7Li. The
natural isotopic abundance of lithium is 7.5% 6Li and 92.5% 7Li [16]. So
during evaporation some enrichment of the lighter lithium isotope occurs.

2.4.3 Borophosphosilicate glass
The method described above to determine the compositions of homogeneous
films without an external standard of reference was originally developed for
the analysis of borophosphosilicate glass films.

Borophosphosilicate glass (BPSG) is applied as interlayer dielectric, as
final passivation layer and as reflow glass in the production of integrated
circuits. The reflow properties of BPSG strongly depend on the amount of
B and P in the film [17,18].

The samples were grown with plasma enhanced chemical vapor deposi-
tion (PECVD) with varying amounts of PH3 and B2H6 diluted in Ar which
is added to a mixture of 70 seem S1H4, 2300 seem N2O and 10 seem 02-
The reactor is a commercially available PECVD system, described in more
detail elsewhere [17].
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Figure 2.9. The ERD spectrum of an evaporated thin Li-C-O-H film.
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Energy spectra were measured with RBS (2 MeV He beam incident at
90° with the surface of the samples and a scattering angle of 170°) and ERD
(30 MeV Si beam incident at 24° with the surface of the sample; particles
recoiled at 32.5° with respect to the primary beam were detected with a
silicon surface barrier with a 9 /im mylar foil in front).

Typical ERD and RBS spectra of both thin (figure 2.10) and thick
(figure 2.11) BPSG films are shown. Within experimental error the results
obtained for the thin and the thick films are the same, so the stopping
power correction described in a previous section is valid for BPSG films
[19].

2.4.4 Comparison of ERD and NRA
With ERD the entire depth profile of an element in a sample is measured
simultaneously. Information about the depth distribution of the element is
derived from from the energy loss due to stopping (section 2 3.1).

In order to determine the concentration of an element at a certain depth
in a sample with NRA, the energy of the particle beam has to be adjusted
to a value corresponding to the desired depth. An entire depth profile is
obtained with NRA by subsequent measurements using different energies
of the particle beam, (section 2.3.2).

The time needed to measure an entire depth profile with NRA is long
compared with ERD. However, NRA has a better depth resolution.

In chapter 4 extensive data oi hydrogen depth profiles measured with
both ERD and NRA are presented. From an analytical point of view these
results can be summerized as follows. With NRA (using the nuclear reac-
tion with 15N) the depth resolution for hydrogen at in oxynitride layers is
approximately 5 nm at the surface (figure 4.13). With ERD using a 2 MeV
He beam this depth resolution is approximately 10 nm (figure 4.14), while
with a 30 MeV 28Si beam it is appproximately 12 nm (figure 4.4).

2.4.5 Straggling in silicon nitride measured with NRA
Homogeneous silicon nitride films were deposited on to single crystal sili-
con wafers with low pressure chemical vapor deposition from a mixture of
S1H2CI2 and NH3 at a temperature of about 820°C and a total pressure
of 200 mTorr. The hydrogen depth distribution in the films was measured
with NRA. The sum of two Gaussian probability functions was fitted to
the measured depth profiles. The height of the profile, and the width and
position at half height of the slope of the profile were used as adjustable
parameters. Several contributions to the measured width of the interface
can be distinguished, i.e. the incident beam width, the resonance width of
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the nuclear reaction, the actual width of the interface and the straggling.
Of these contribution the straggling only depends on the thickness of the
film. The measured interfacial width as a function of the total energy loss
is shown in 2.12. The slope of the straight line drawn through the data
points, i.e. the proportionality constant A in formula 2.12, was determined
as 0.84 ± 0.09 keV. Using <r(6.398 MeV) =246.8 eV/1015at. - cm"2 (calcu-
lated from the data given by Ziegler et al.) and an average atomic number
for silicon nitride Zav = 10, A is calculated as 1.07 keV. Values of the strag-
gling calculated with Firsov's and Hvelplund's theory deviate up to 30 %
from results measured in gas targets [6]. The deviation obtained for silicon
nitride is of the same magnitude. Therefore data reduction methods using
the straggling theory may introduce considerable systematic errors.

It should be noted that for stoichiometric silicon oxynitrides (i.e. silicon
is completely bound to 0 or N) the average atomic number is 10 indepen-
dent of the O/N ratio, so in first order approximation the straggling is the
same in all silicon oxynitrides.

2.5 Conclusions
In this chapter numerical tools have been described which were developed
*•- — > • " • - - ! — : e ii f.t^i-:.. „-)..„:„ «r tk;« i *k:~L.



layers. It has been shown that these techniques can be used both to de-
termine the elemental composition and depth distribution of elements in a
layer. Some illustrative examples have been given.

The effect of systematic errors in experimental data en theoretical mod-
els used in the analysis lias been evaluated. In an experiment to determine
the composition of borophosphosilicate glass layers stopping power data
were found to be accurate within experimental error.

The theory on straggling deviates from experimental results (up to
30%). It has been shown, that this may introduce considerable system-
atic errors in both the determination of the shape of flanks in a depth
distribution and in the quantification of the increase of the concentration
of an element localized at a certain depth in a sample.
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Chapter 3

Hydrogen distribution in
oxynitride/oxide
structures

3.1 Introduction

Thin silicon nitride (Si3N<t) films are widely used as dielectric in metal-
nitride-oxide-semiconductor (MNOS) structures for non-volatile memories.
In a memory device the electrical performance of the nitride and its in-
terfaces is very important. Charge trapping characteristics of the materi-
als and memory retention time are usually associated with Si-H and N-H
bonding configurations. The presence of hydrogen in the material probably
influences the number of potential trapping sites [1,2,3].

It has been reported that charge transport in MNOS structures can be
reduced by replacing the SiaN4 film by a silicon oxynitride (SiOrNy) film
[4]. The origin for this reduction may be found in the hydrogen distribution
of oxynitride film.

In this chapter the hydrogen distribution after (subsequent) annealing
of oxynitrides with 5 different 0/N ratios in flowing N2 and H2 will be
reported. Electrical properties have been associated with the presence of
hydrogen in the material. It has been shown, that the 0/N ratio influences
the electrical properties of the material. Therefore the hydrogen distribu-
tion in silicon oxynitride layers is expected to depend on the O/N ratio.



3.2 Experimental

Samples were deposited at IMEC, Leuven, Belgium with low pressure chem-
ical vapor deposition from a mixture of 25 seem SiH2Cl2 and 75 seem
NH3+N2O at 800-820°C. Oxynitrides with five different 0/N ratios were
obtained by varying the NH3/N2O gas flow ratio. Samples were deposited
on a silicon substrate with a native oxide, or a thin (3 nm) or thick (30nm)
thermal oxide.

After deposition, samples were subsequently annealed in N2 (3.6 1/min)
for 1 hour at 1000°C, H2 (85 1/min) for 1 hour at 1000°C and a hydrogen
plasma for 1 hour at 300°C. The hydrogen plasma was produced with 300
W RF power (13.56 MHz) in a H2 flow of 100 seem with a pressure of 123
mTorr.

Additional oxynitride layers were annealed for times ranging from 10 to
90 minutes at 900 and 1000 °C.

Samples were analyzed with elastic recoil detection (ERD) for the O/N
ratio and total amounts of hydrogen. For the elastic recoil detection mea-
surements a 30 MeV 28Si5+ beam was used.

Hydrogen depth profiles were obtained with nuclear reaction analysis
(NRA) using the resonant reaction 1E(i5N,aj)12C. The 7-yields were con-
verted into hydrogen concentrations by comparison with the 7-yield of a
LPCVD SiaN4 film with a known hydrogen concentration.

3.3 Data reduction

3.3.1 The composition of the samples

As described in the previous chapter, in ERD the number of recoiled parti-
cles detected is proportional to the recoil cross section and their concentra-
tion in the film. For the analysis of the spectra the contributions of oxygen
in the oxynitride and oxygen in the underlying oxide had to be separated.
In the oxynitrides with a tbick thermal oxide, the transition from oxygen
in the oxynitride to oxygen in the oxide can be distinguished in the recoil
spectra. This is not the case for samples with a native or thin thermal
oxide. For these samples the yield for the oxygen was corrected using the
values found for the as deposited nitride samples. The correction is based
on the assumption, that for the as deposited nitride samples the oxygen
signal is due to the oxide present on the substrate prior to deposition.



f

7-
yi

el
d 

-

o

o
o

20
0

10
0

Sample

-

-

6.45

111F

H

6.50 6.55
Energy in MeV —

\

6.60
—>

S(d)

o \ ^ O

6.65

Figure 3.1. Hydrogen depth profile measured with nuclear reaction analysis. The
parameters used to fit an integrated gaussian distribution function are indicated.

3.3.2 The hydrogen depth distribution

The 7-yield measured with nuclear reaction analysis (NRA) can be written
as a convolution of the the hydrogen depth distribution and the probability
that for a given beam energy a particle with a certain energy is found at a
particular depth in the sample, as described in the previous chapter. If the
hydrogen distribution is constant over the film thickness, the 7-yield at the
interface (at a depth d) can be approximated with an integrated gaussian
distribution function with a mean value ET + S(d), a width w, and a height
H which is proportional to the hydrogen bulk concentration (figure 3.1).
Er and S(d) are respectively the resonance energy of the nuclear reaction
and the amount of energy lost while the particle beam moves through the
film.

Two methods have been used to characterize the measured yield curves:

• a numerical simulation of the measured depth profiles using PRFL as
described in the previous chapter;

• fitting an integrated gaussian function to the measurement.
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In order to be able to compare results obtained with both these methods
hypothetical hydrogen depth profiles have been characterized. From the
result obtained for these profiles is was concluded that an increase of the
hydrogen concentration near the interface with the substrate results in a
decrease of w; and vice versa. This is due to the limited depth resolution.
Therefore u>, must contain a component uact describing the width of the in-
terfacial region in which the hydrogen concentration diminishes, the actual
interface width. According to Geissel et al. [5] the range straggling contri-
bution to u>i is proportional to the total energy loss AE due to stopping.
Thus the width of the interfacial region can be described as

ult=u,j-u,2b-AAE (3.1)

with wj the energy width of the particle beam. For silicon nitride A was
determined to be 0.84±0.09 keV. In this chapter the value of A is assumed
to be independent of the value of 0/N.

3.4 Results

The hydrogen bulk concentration [H]jujjt as a function of the sample com-
position 0/N determined from NRA measurements is given in figure 3.2. It
shows a maximum for O/N«0.3. [H]ju/t decreases during N2-annealing and
increases again during H2-annealing, although it remains below the initial
value. The [H]ju/fc maximum shifts to a higher 0/N ratio after successive
anneal steps.

The behaviour of the interface width, determined by NRA, shows a
clear dependence on both sample composition and annealing treatment.
It is indicated in figure 3.3. For low values of 0/N uaet has a minimum
after N2-anneal. For high values of 0/N a maximum is observed after N2
annealing (figure 3.3).

In all plasma annealed samples a high hydrogen concentration is ob-
served in the layer near the surface. This layer is about 10 nm thick. In the
plasma annealed samples with O/N«0.97 and an underlying thin or thick
oxide, a hydrogen concentration of about 7% in the oxide is found.

In figure 3.4 the time dependence of the relative amount of hydrogen
released from the oxynitride films during annealing in a N2 ambient is
shown. During annealing at 900°C hydrogen is gradually released from
the oxynitride layers. Annealing at 1000°C results in a rapid decrease of
the amount of hydrogen within 10 minutes after which the concentration
remains at a constant level.

During annealing in H2 most of the hydrogen release occurs during
the initial 10 minutes (figure 3.5). At most about 30% of the hydrogen is
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Figure 3.6. Amount of hydrogen oxynitride layers present in oxynitride layers
after 60 minutes annealing in N2 at 900°C (O/N=0.35 and O/N=l) and 1000'C
(O/N=0) followed by annealing in a H2 ambient at 1000°C.

released during annealing in H2, while auring annealing in N2 the hydrogen
release amounts to 80%.

Hydrogen is reintroduced in the oxynitride layers, if after an anneal in
N2 an anneal in H2 is applied. This reintroduction is completed within 30
minutes (figure 3.6).

From the results obtained on the time dependence of the anneal be-
haviour in various ambients, it can be concluded that at 1000°C no further
change will occur after 30 minutes of annealing. Therefore it is safe to
conclude, that the results obtained with annealing for 1 hr at 1000°C are
representative for a stable situation.
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3.5 Discussion
First the relation between the hydrogen concentration and the film compo-
sition in the as deposited case is discussed.

In order to incorporate significant amounts of oxygen in the oxynitrides,
the N 20 flow must be strongly increased at the expense of the NH3 flow
[4]. Thus the supply of hydrogen is strongly reduced when films with a high
O/N ratio are grown. Nevertheless a constant hydrogen concentration of 3
at.% up to O/N=0.4 has been observed [6] . In the measurements presented
in this chapter even an increase of the hydrogen concentration up to values
of 0/N around 0.3 is measured.

This increase of the hydrogen bulk concentration with O/N may be
interpreted as follows. In silicon oxynitrides only N-H and Si-H bonds are
observed in considerable numbers, whereas no O-H bonds are observed.
This is concluded from infrared measurements [7]. The concentration of
silicon and nitrogen atoms decreases with increasing O/N. Therefore less
potential sites for H bond formation are available. On the other hand the
of Si-H and N-H bonds strengths may possibly increase with the O/N ratio
due to the greater electronegativity of oxygen [6].

Next the influence of the different annealing treatments on the hydrogen
concentration will be discussed.

The rate of hydrogen loss during annealing in N2 may result from var-
ious causes, e.g. bond breaking and diffussion. A greater stability of the
hydrogen will result in a smaller decrease of the hydrogen concentration
during N2 annealing. It has been suggested, that the rate of hydrogen loss
is determined by bond breaking [8].

During N2 annealing the relative decrease of the hydrogen concentration
is observed to be minimal for O/Nw0.4. Therefore it can be concluded that
the stability of hydrogen has a maximum for this value of O/N.

During the H2 annealing the hydrogen concentration increases again,
but remains below the value observed for as deposited samples. It appears
that the release of hydrogen from the oxynitride is only partly reversible.
To explain this partial reversibility, it should be noted that the release of
bound hydrogen during the N2 anneal may be partly due to cross linking,
resulting in the formation of N-N and Si-N bonds [9]

Si-H + N-H —• Si-N + H2 (3.2)

and [10]
N-H + N-H — N-N + H2 (3.3)

The as deposited oxynitrides have an abrupt interface with the sub-
strate. For low O/N uiaet decreases after N2 annealing, which indicates
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that more hydrogen is remaining in the interfacial region than in the bulk.
Apparently hydrogen is relatively strongly bound near the interface. For
high values of O/N the opposite effect is observed. No difference between
the hydrogen in the bulk and the interfacial region is observed for interme-
diate values of 0 /N.

From the measurements presented in this chapter, it can be deduced
that the hydrogen stability increases with O/N for low values of O/N and
decreases with O/N for high values of O/N. The maximum stability occurs
for O /NRJ0 .4 . The observed behaviour of hydrogen in the interfacial layer
is consistent with the observed O/N dependence of the hydrogen stability
in the bulk, if it is assumed that the interfacial region in the (oxy)nitride is
more oxygen rich than the bulk of the film. Indeed, in LPCVD SiaN4 such
an increase of the interfacial oxygen concentration has been observed in a
layer of 3-4 nm thickness near the interface [11].

The stability and the interfacial width of of hydrogen in silicon oxynitride
layers depend on the O/N ratio. The maximum stability occurs at a value
of O/N about 0.4.
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Chapter 4

Oxidation of silicon
(oxy)nitride films

4.1 Introduction
For a further decrease of the dimensions of metal-oxide-silicon very large
scale integrated (MOS VLSI) devices, a compact isolation scheme is a pre-
requisite. The lateral encroachment of the field oxide ("bird's beak") grown
with the conventional LOCOS (= LOCal Oxidation of Silicon) technique
[1] can be reduced substantially if an oxynitride layer is used instead of a
combination of silicon nitride and a stress relieve oxide [2,3]. This modified
LOCOS process is very attractive from a technological point of view since
it does not add any process step compared with the conventional scheme.
In order to optimize the modified LOCOS process a detailed understanding
of the oxidation behaviour of silicon (oxy)nitride films is a prerequisite.

In this chapter an extensive study concerning the oxidation behaviour
of silicon (oxy)nitride films is presented.

The technological application of silicon (oxy)nitride as an oxidation
mask will be discribed briefly. Data and models presented in literature will
be reviewed. Experimental data obtained for the oxidation rate and hy-
drogen depth distribution in oxidized films will be presented and discussed.
The effect of the following process parameters on the oxidation rate and
the hydrogen depth distribution in the oxidized films are considered:

• O/N ratio of the oxynitride films;

• thickness of the oxynitride films;

• preoxidation anneal at 1000°C in an N2 ambient;
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• oxidation temperature;

• H2O/O2 ratio in the oxidizing ambient;

• HC1 in the oxidizing ambient.

4.2 The LOCOS process

In order to isolate separate devices in VLSI applications oxide regions are
grown between separate devices with the LOCOS (= LOCal Oxidation of
Silicon) process.

In the LOCOS process a silicon nitride oxidation mask is formed on top
of a silicon single crystal wafer with (low pressure) chemical vapor deposi-
tion (LPCVD) and selective etching of the deposited nitride layer. Silicon
nitride has a low oxidation rate compared with silicon. Silicon nitride is a
very good barrier against the diffusion of oxidizing species and it has a very
high oxidation resistance compared with silicon dioxide. For these reasons a
localized oxide can be grown to a considerable thickness, without oxidation
of the nitride covered regions of the substrate.

The thermal expansion coefficients of silicon and silicon nitride differ
considerably. As a consequence the interfacial region is highly stressed,
resulting in a poor adherence of the nitride film. For improved adherence
a stress relief oxide has to be grown prior to the deposition of the nitride.
In the LOCOS process this oxide interlayer acts as a pathway for diffus-
ing oxidants, causing lateral oxidation of the silicon from the edges of the
oxidation mask inwards. The resulting structure is called "bird's beak"
because of its characteristic shape.

The region, in which the bird's beak is formed, cannot be used for device
formation. In order to obtain a higher device packing density, the size of
the bird's beak must be reduced.

The interfacial stress in a silicon/silicon oxynitride structure depends on
the O/N concentration ratio in the oxynitride but in any case it is lower than
in a silicon/nitride structure [4, p. 224]. This results in a good adherence
of a oxynitride film to the silicon substrate without the use of a stress relief
oxide. The LOCOS process can be modified by the replacement of the
nitride with an oxynitride oxidation mask [2,3]. Since no stress relief oxide
is present in this modified LOCOS process, no pathway for lateral oxidant
diffusion is available, the inward growth of oxide beneath the oxidation
mask edges is diminished and the size of the bird's beak is reduced.
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Figure 4.1. Bird's beak formation in a conventional LOCOS process (above) and
a modified LOCOS (below).
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4.3 Models for the oxidation of silicon and
silicon oxynitride thin films

Owing to its great importance in planar silicon device technology, the for-
mation of silicon dioxide layers by thermal oxidation of single crystal silicon
has been studied very extensively in the past 30 years. On the oxidation of
silicon (oxy)nitrides publications are few, although the LOCOS process is
of major technological importance in device isolation schemes for VLSI ap-
plications. Due to the similarity observed between the oxidation of silicon
and silicon (oxy)nitride, theoretical considerations and models applicable
to the former are considered to be of use for the description of the latter as
well.

In 1965 Deal and Grove [5] published their now classical model for the
growth rate of silicon dioxide on a silicon single crystal substrate. This
model assumes a steady state situation and is only valid if the thickness
of the oxide already grown is sufficiently large. Typical values for this
minimum thickness are 150 A and 6 A for dry and wet oxidation at 1000°C
respectively.

In the Deal Grove model three stages in the transport of oxidizing
species can be distinguished:

1. transport from the bulk of the oxidizing gas to the outer surface of
the (oxide covered) silicon, where it reacts or is adsorbed;

2. diffusion through the oxide film towards the silicon;

3. reaction with silicon at the silicon/oxide interface to form a new layer
of oxide.

Depending on the film thickness two growth regimes exist due to the dif-
ferent stages in the transport of oxidizing species. For thin oxide films the
growth rate is determined by the reaction rate of the oxidizing species with
the silicon substrate and a linear increase of the film thickness in time is
observed. For thick films the diffusion of oxidant species through the oxide
already formed limits the growth rate and a parabolic relation between film
thickness and oxidation time is observed.

The oxidation rate of silicon is observed to increase with temperature
and the amount of water in the ambient. The transition from the reaction
controlled to the diffusion controlled growth regime depends on the process
parameters.

Since the publication of the linear parabolic model of oxide growth by
Deal and Grove attention has been focused on increasingly smaller devices
structures and consequently on thinner oxide films. For very thin oxide
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films the Deal-Grove model is not valid. An anomalously rapid growth is
observed for small oxide thicknesses. Murali and Murarka [6] explained this
rapid inital growth as follows. For very thin films the oxidation reaction at
the silicon/oxide interface is not able to consume all the oxidant diffusing
through the oxide. Diffusion of oxidant into the silicon substrate and an
enhanced reaction rate in the diffusion zone occur. Murali and Murarka
present a model in which an enhancement factor is used to describe the
initial rapid growth. They show, that this model gives a good fit to all
available experimental data including the rapid initial growth.

The Deal Grove model as modified by Murali and Murarka gives a very
simple description of the oxidation kinetics, which is very well suited for
technological applications. It does not yield any information about physical
and chemical processes on an atomic scale, which underly the oxidation of
silicon. It has been shown that a wide variety of diffusing species and
diffusion driving forces results in an mathematically similar description.
The existence of two parallel diffusion processes cannot be distinguished
from a single diffusing species process either. For a detailed and accurate
description of oxide growth, structure and electrical properties, an atomic
scale numerical model is probably a prerequisite [7,8].

Published data on the oxidation of silicon (oxy)nitride are few and they
cover samples prepared in widely different ways.

• Franz and Langheinrich [9] observed Deal-Grove kinetics for oxidation
times in excess of 2 hours. They found that the oxidation kinetics of
a nitride is comparable with the oxidation kinetics of silicon. They
noted that the release of N2 and H2 is thermodynamically favored
above NH3.

• Goursat et al. [10] studied powdered S13N4 and S12N2O samples. They
observed a pressure dependence of the oxidation rate related to a
sorption process in the early stages of the oxidation only. They found
activation energies of 70 and 43 kcal/mole for the oxidation of SiaN4
and Si2N2O respectively, and 35 kcal/mole for the diffusion of the
oxidant through the oxide.

• Enomoto et al. [11] found t» kinetics for the oxidation of nitride films
densified in a N2 anneal. They suggest a NH3 pile up at the interface
retarding the oxidation.

• Chramova et al. [12] observed 13 kinetics. They found an increase of
the oxidation rate with the amount of hydrogen in the nitride, but
this was not influenced by the diffusion of hydrogen towards the inter-
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face. The oxidation kinetics of as deposited nitrides and nitrides, from
which a previously grown oxide had been etched of, were identical.

• For the oxidation of a nitride formed with thermal nitridation of sili-
con covered with a native oxide Marurka et al. [13] found three distinct
growth regimes. For N/(O+N) > 0.2 nitrogen is rapidly replaced with
oxygen and removed from the film. For N/(O+N) between 0.1 and
0.2 the relative amount of nitrogen slowly decreases due to uptake of
oxygen and slow oxidation of the substrate. The oxidation progresses
rapidly once more when N/(O+N) decreases below 0.1.

• Brow and Pantano [14] observed layer by layer oxidation for sol-gel
derived oxynitrides and an increase of the oxidation resistance with
the amount of nitrogen in the film. The oxidation rate in a wet
ambient is much higher than in a dry ambient.

• Schott et al. [15] formed oxidation resistant layers with the implan-
tation of 10 keV N+ in combination with a high temperature anneal.
The highest oxidation resistance was found for oxynitride films and
not for stoichiometric nitride films.

4.4 Experimental

4.4.1 Sample preparation

For all samples prepared in this study B doped (17-23 ft-cm) float zone Si
(100) oriented wafers with a diameter of 100 mm and standard backside
damage were used as substrate material. Samples were prepared at the
Philips Research Laboratory, Eindhoven, the Netherlands.

Silicon oxynitride films were grown on the substrate with low pressure
chemical vapor deposition (LPCVD) [16]. The films were deposited from
a mixture of NH3, N2O and SiCl2H2 at a temperature of 820°C Differ-
ent batches of samples were prepared, with compositions corresponding to
oxygen to nitrogen atomic ratios (O/N) ranging from 0 to 1.0. The compo-
sition of the samples was changed by adjusting the NH3/N2O ratio of the
reactive gas mixture. Film thicknesses between 40 nm and 150 nm were
grown. Half of the samples from each batch were additionally annealed in
dry N2 at 1000°C for 1 hr.

Oxynitride films were oxidized at 850, 950 and 1000 °C using a standard
furnace in a clean room facility. The composition of the oxidizing ambient
was varied such that experiments were performed with 6 different H2O/O2

ratios in the furnace: 0/100, 25/75, 50/50, 67/33, 75/25 and 90/10. Be-
cause most of the experiments were performed with a H2O/O2 flow ratio
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of 90/10, in the remainder of this chapter this ratio will be referred to as
"wet oxidation".

A total flow of H2O and O2 of 7500 cnr^-min"1 was maintained in the
furnace. Proper amounts of H2 and O2 were mixed to obtain the required
H2O/O2 ratio. At the oxidation temperature all H2 is converted into H2O.

In a number of oxidation runs HC1 was added to the ambient by bub-
bling N2 through a container of trichloroethane held at 30°C. The HC1
concentration in the furnace could be varied between effectively 0.8 and 6
vol.% by adjusting the N2 flow.

Oxidations were carried out for 0.5, 1, 2, 4, 9 and 16 hrs. Upon com-
pletion of the actual oxidation the furnace was ramped down to 900°C in
25 min, and subsequently to 850°C in 17 min, and the boat carrying the
wafers was then unloaded from the furnace in 15 min, all under N2 purge.

A Si wafer and a wafer covered with a 100 nm thick thermal oxide
layer were included for comparison in all oxidation experiments. The oxide
thickness grown on the reference Si wafer was measured to check the correct
performance of the equipment for all oxidation experiments.

In total, over 400 wafers were used in this study.

4.4.2 Sample analysis

The absolute amount of nitrogen and oxygen atoms per cm2 in as deposited
and oxidized oxynitride films was determined using Rutherford backscat-
tering spectroscopy and elastic recoil detection. RBS is most suited to
determine the composition of thick films, while ERD was used for the anal-
ysis of thin films.

Oxygen analysis with RBS

For RBS a 2 MeV He beam incident at 90° with the surface of the samples
was used. Energy spectra of He particles scattered from the samples at 170°
with the primary He beam were measured with a silicon surface barrier
detector. In order to reduce the background due to the Si substrate, RBS
spectra were invariably recorded under channeling conditions. Thus the
accuracy of the determination of the N and O peak areas was increased. The
RBS spectra were measured at the Philips Research Laboratory, Eindhoven,
the Netherlands.

In figure 4.2 RBS spectra of a silicon nitride film on Si, before and
after oxidation are given. From this figure it is deduced, that the oxidation
proceeds from the outer surface. The oxide forms at the surface and the
nitrogen signal is found below the surface in the oxidized sample. Layer
by layer oxidation is typical for (oxy)nitride films, as evidenced by all RBS
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Figure 4.2. RBS spectra of 40 nm Si3N4 before and after 9 hrs oxidation at
1000°C (H2O/O2 = 50/50, 3% HC1). The arrows identify the surface energy
positon of the elements indicated.

62



and ERD spectra of oxidized samples. Chlorine present in the as deposited
layer [17], is not detected in the oxidized upper part of the sample, as can
be seen in the enlarged part of the RBS spectrum near channel 320.

From the RBS peak areas of N, O and (amorphous) Si the number of
atoms per cm2 was determined. By comparison with the as deposited layer,
the increase in the number of O atoms due to oxidation is obtained. This
increase is referred to as AO hereafter. The AO values were corrected
for the spread in thickness inherent to the LPCVD process applied [16].
This correction was obtained by comparison of the Si content of oxidized
and as deposited samples. Apart from thickness spread Si-peak areas in
as deposited and corresponding oxidized samples should be equal. It was
verified for each sample that the AO value corresponds reasonably well to
| times the decrease of the number of N atoms, as should be the case when
a stoichiometric (oxy)nitride is converted into a stoichiometric oxide.

The thickness of the oxide layer formed is estimated from the AO value
by dividing by the atomic density of O in SiO2 and multiplying the result
by (1 4- §O/N) to account for the amount of oxygen initially present in the
oxynitride.

Oxygen analysis with ERD

For small (changes of the) oxygen contents (21015at. cm"2 or less) the
sensitivity of RBS limits the accuracy of the determination of AO. In ERD
no interfering background signal is present. Thus this technique is both
more sensitive and reliable to monitor the first stages of the oxidation pro-
cess. ERD measurements were performed using a primary beam of 30 MeV
28Si5+ incident at 24° with the surface of the sample, a recoil angle of 35°
and a 8.9 fim thick mylar absorber foil. Further experimental details have
been given in chapter 2.

In the spectrum of an oxidized nitride film shown in figure 4.3 two
oxygen contributions can be distinguished, one originating from Llic native
oxide at the substrate interface and the other originating from the oxide
layer formed at the surface. As may be deduced from figure 4.3 the O
and N contributions will start to overlap for oxynitride films thicker than
50 nm. So ERD was applied for films thinner than 50 nm only.

AO values were derived from ERD spectra by determining the total
amount of oxygen before and after oxidation. In general, the ERD and
RBS results were found to agree well. The differences were always smaller
than 21016 cm"2 for AO (ASiO2<4nm) and in most cases even less than
5-1015 cm"2 (ASiO2<lnm).
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Figure 4.3. ERD spectrum of 40 nm Si3N4 oxidized for 0.5 hr at 1000°C (H2O/O2

= 75/25, 3% HC1). The larger oxygen peak is due to the oxide layer grown, the
smaller one results from the native oxide layer on the Si substrate.
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Figure 4.4. ERD spectrum of the hydrogen distribution in a silicon oxynitride
with O/N=0.69 oxidized for 9 hrs at 1000°C (H2O/O2=90/10).

Hydrogen contents and profiles were determined using NRA and ERD.
With NRA hydrogen depth profiles were determined with a depth res-

olution at the surface of 5 nm. A detailed description of this technique has
been given in chapter 2. Since NRA is rather time consuming when the
hydrogen concentration in the samples is less than one atomic percent, only
a selected number of samples was analysed with this technique.

To analyse the remainder of the samples, ERD was applied with a either
Si or a He beam. To distiguish between them the latter will be referred to
as He ERD. Compared with NRA the time needed to obtain a hydrogen
depth profile with (He) ERD is much less. However, the depth resolution
of (He) ERD is poor compared with NRA. He ERD spectra were measured
at the Philips Research Laboratory, Eindhoven, the Netherlands.

To obtain hydrogen depth profiles with a Si beam, primary ions with an
energy of 9 MeV incident at 36° with the surface of the samples were used.
In front of the detector a 5.5 fim mylar foil was placed to prevent scat-
tered Si ions and recoiled particles (with the exception of protons) to reach
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the detector. At the surface a depth resolution of 12 nm is achieved. For
thin oxides the surface peak originating from adsorbed water and hydrocar-
bons could not be separated from the hydrogen pile up at oxide/oxynitride
interface and as a result the hydrogen pile up at the interface could not
be determined. For thick oxide layers the surface and interface peak are
completely separated (figure 4.4; the drawn line is a fit of the measured
spectrum and dashed lines indicate the separate contributions to the fit,
i.e. the surface and interface peak, and the constant hydrogen level in the
oxide and the remaining oxynitride). The results obtained for the thick
oxide layers are in good agreement with the results derived with He ERD
and NRA.

He ERD with a primairy beam of 2 MeV He ions was applied. The
scattered He ions and all recoiled particles except for the protons were
stopped in a 8.9 /im thick mylar foil. A depth resolution of about 10 nm
is achieved with the incident beam at a grazing angle of 5° with respect
to the surface [18]. The recoiled protons were detected at an angle of 30°
with the primary beam. These He ERD measurements were performed in
an UHV scattering chamber with a pressure of typically 110~8 torr during
analysis, resulting in the absence of a hydrogen surface peak.

4.5 Oxidation rate

4.5.1 Time dependence

The effect of 'wet oxidation' (H2O/O2 = 90/10), expressed as AO in atoms
per cm2, with increasing oxidation time is shown in figure 4.5. Straight lines
are produced for all O/N ratios, although they all intersect the AO scale at
a positive value near 11016 at.cm"2. Presumably the oxidation of the first
few atomic layers proceeds at an increased rate similar to the effect observed
for the oxidation of Si [6]. For O/N=1.0 the 100 nm thick deposited layer
was completely converted into SiO2 within 9 hrs of oxidation, so that only
one point could be determined. The oxide thicknesses formed in 16 hrs
range from 20 to 100 nm for O/N=0 and O/N=0.7 respectively. For the
same conditions an oxide thickness of 1900 nm is grown on Si, revealing the
superior oxidation resistance of silicon oxynitrides.

4.5.2 Effect of HC1 addition

The oxidation rate of oxynitride films is increased when small amounts of
HC1 are injected into the furnace. Figure 4.6 shows the results obtained with
3% HC1 added to the oxidizing ambient. For comparison the data for 4 hrs
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Figure 4.5. Increase of the oxygen content as a function of the oxidation time,
measured in oxynitride layers with a different composition for wet oxidation
(H2O/O2 = 90/10) at 1000°C.

oxidation in an HCl-free ambient are included. During the first 4 hours
data for oxidation in a HC1 containing ambient can be fitted reasonably
well with straight lines. However, for longer oxidation times deviations
from linearity occur. For lower O/N ratios the rate was found to slow down
after longer oxidation times.

The effect of HC1 is shown in figure 4.7. The rates shown were deter-
mined from the slopes in the figures for oxidation in an HCl-free ambient
and an ambient with 3% HC1 added. The effect of HC1 is largest for pure
Si3N4 and fades out with increasing 0/N ratios. The HC1 induced acceler-
ation of the oxidation rate decreases from a factor 5 for O/N=0 to 1.25 for
O/N=1.0. In a HCl-free ambient a minimum oxidation rate is observed for
O/N=0. This minimum shifts to O/N = 0.4 when 3% HC1 is added to the
ambient.

4.5.3 Influence of the H2O/02 flow ratio

The effect of the humidity of the gas flow on the oxidation rate is shown in
figure 4.8. AO values after 4 hrs of oxidation at 1000°C in ambients with
various H2O/O2 ratios and 3% HC1 are compared. The extent of oxidation
is shown to increase fairly linearly with the water content of the ambient,
although some saturation seems to occur above ^0 /02=50/50 for the
samples with a low O/N ratio.
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4.5.4 Effect of pre-annealing

The oxidation behaviour at 1000°C of as deposited films and films annealed
for 1 hr at 1000°C in N2 prior to oxidation are compared in figure 4.9. A
preanneal apparantly has virtually no effect on the wet oxidation rate of
silicon oxynitrides. In contrast, a dear reduction of the oxidation rate
results if HCI is added to the ambient. The effect is not the same for all
compositions; the larger the O/N ratio the smaller the improvement of the
oxidation resistance.

At lower oxidation temperatures a small effect of the pre-anneal is no-
ticeable, at least for the larger two O/N ratios: figure 4.10.
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4.5.5 Temperature dependence
The AO values obtained for wet oxidation at 850 and 950 °C are shown
in figure 4.10. Within experimental error, the oxidation proceeds linearly
with time at these temperatures, simular to the results of the experiment
at 1000 °C (figure 4.5).

The slopes of the curves in figures 4.5 and 4.10 are presented as an
Arrhenius plot in figure 4.11. From this plot the activation energy of the
oxidation reaction is derived for the different O/N ratios. As shown in figure
4.12, the activation energy for the linear stage of the oxidation process is
found to be about 2 eV for small O/N ratios; for ratios in excess of O/N=0.3
the activation energy gradually decreases to 1.3 eV at O/N=0.75. For pre-
annealed samples the same set of activation energy values was calculated.

The temperature dependence of the wet oxidation in an ambient with 3%
HC1 has been determined as well. Within experimental error the activation
energy was found to be the same as for the HCl-free oxidation process

4.6 Hydrogen distribution

4.6.1 Wet oxidation
In all oxidized oxynitride layers three distinct regions in the hydrogen depth
distribution can be distinguished (figure i3):

1. a surface region, corresponding in thickness to the oxide grown, con-
taining a very low level of hydrogen;

2. a hydrogen peak near the oxide/oxynitride interface;

3. a constant level of hydrogen in the remaining oxynitride film.

In addition a surface hydrogen peak is observed, presumably due to ad-
sorbed water or hydrocarbons (the background pressure in the NRA vac-
uum system was in the 10~6 torr range).

The observation of the interface peak may be obscured in the case of
a relatively high hydrogen level in the (oxy)nitride underneath, as is illus-
trated by the He ERD spectrum of a layer not subjected to a pre-oxidation
anneal in N2 and oxidized at 850°C (figure 4.14). In the previous chapter
it was shown, that annealing at 1000°C substantially reduces the hydrogen
content of oxynitride films and that this effect is partly reversible. Dur-
ing wet oxidation of pre-annealed films at 850°C only a limited amount of
hydrogen will be reintroduced, and the three regions mentioned above are
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Figure 4.13. Hydrogen depth profile in a 150 nm thick oxynitride film (O/N=0.7)
after wet oxidation at 950°C for 9 hrs measured with NRA. The solid curve
represents the best fit of the profile obtained with the computer program PRFL
described in chapter 2. The small peak near 6.4 MeV corresponds to the sample
surface, the larger one around 6.5 MeV to the oxide/oxynitride interface.
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Figure 4.14. He ERD spectra of the hydrogen distribution in 50 nm S13N4 oxidized
at 850°C for 4 hrs in a wet HCl-free ambient. The arrow indicates the energy
corresponding to the surface position of the hydrogen.
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Figure 4.15. He ERD spectra measured after 16 hrs of wet oxidation at 1000'C
in a HCl-free ambient. The arrow indicates the surface energy position.

case i9 about the same as for the unannealed film oxidized at 1000°C. It
appears that to a first approximation the hydrogen concentration in the re-
maining (oxy)nitride is determined by the highest temperature the sample
has been subjected to.

The behaviour of the interface peak in the oxidation process may be
of more interest. This peak responds to process conditions such as ox-
idation time (see next section) and oxynitride composition (figure 4.15).
In SisN4 samples the interface peak area was always found to correspond
to 11015at. • cm"2, whereas for O/N=0.7 it varied from 2.61015at. • cm"2

(1 hr, 850°C) to 5.51015at. • cm"2 (16 hrs, 1000°C). As is shown in fig-
ure 4.15 the interface may appear broadened when it is at greater depth.
This is partly due to energy straggling of the energetic ions in the layer.
However, the hydrogen pile up at the interface must extend over at least a
10 nm thick region in the O/N=0.7 sample.

In view of the better depth resolution, further quantitative information
was extracted from NRA profiles, such as shown in figure 4.13 using the
computer program PRFL described in chapter 2.

Using PRFL the content of the hydrogen interface peak was determined
for various samples. To quantify the interface peak the layers with an
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Figure 4.16. Evolution of the amount of hydrogen piled up at the interface during
wet oxidation of pre-annealed silicon oxynitride samples with O/N=0.7 in a HC1-
free ambient, as determined from NRA profiles like that of figure 4.13.

79



0

O/N
Figure 4.17. Hydrogen accumulation at the interface determined with NRA after
4 hrs of wet oxidation. Results for oxidation at 1000°C in HCl-free and HC1
containing ambients are compared.

increased hydrogen concentration compared with the oxynitride bulk were
used. The total amount of hydrogen in these layers was used to obtain
the peak content, while their total thickness was taken as the width of the
interfacial pile up.

Results for the content of the hydrogen interface peak are presented in
figure 4.16. The hydrogen accumulation at the oxidation front occurs in the
early stages of the process and reaches a saturation level in about 4 hrs.
The saturation level depends on the temperature applied, but also on the
oxynitride composition as is demonstrated in figure 4.17.

The hydrogen inter'acial width, i.e. the width of the region near the
interface in which the hydrogen piles up during oxidation, after 4 hrs of
wet oxidation in an HCl-free ambient is shown in figure 4.18. This width
is larger when either the O/N ratio is higher or the oxidation temperature
increases.

The evolution of the hydrogen interfacial width is shown in figure 4.19.
The hydrogen interfacial width increases with the oxidation time and it
appears to reach a maximum extension of about 15-1016 atcm"2 corre-
sponding to about 15 nm.
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Figure 4.20. Hydrogen profiles as determined with He ERD in 50 nm thick Si3N4

films after 4 hrs of wet oxidation at 1000°C. The arrow marks the surface position.

For the calculation of the depth profiles oxide and oxynitride thicke-
nesses determined with ERD or RBS were used. The position of the ox-
initride/silicon interface calculated with PRFL is in good agreement with
the position obtained for the depth profiles measured with NRA. It appears
that PRFL correctly calculates the depth at which hydrogen is located in a
film. Calculations with PRFL indicate, that the hydrogen pile up is located
in the oxynitride near the oxide/oxynitride interface.

4.6.2 Effect of HCI

In figure 4.20 it is shown that adding HCI to the oxidizing ambient affects
the hydrogen profiles dramatically. Both the interface peak and the hydro-
gen level in the underlying (oxy)nitride layer are found to be reduced when
HCI is added to the ambient. The interface peak is found at a higher energy,
hence at greater depth, in agreement with the larger oxide thickness grown
in HCI. In figure 4.7 it was shown that the effect of HCI on the oxidation
rate diminishes towards higher O/N ratios. This does not apply for the
hydrogen profiles. For instance, the amount of hydrogen at the interface is
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Figure 4.21. Development of the hydrogen interface peak with oxidation time foi
the various oxynitride compositions; T=1000°C, H2O/O2=75/25, 3% HCl.

about 11015at. • cm"2 for O/N = 0.7 (9 hrs, 1000°C), which is a factor of
5 less than that measured after wet oxidation in the absence of HCl.

Neither the interface peak nor the level of hydrogen in the remaining
oxynitride appear to vary with the HCl concentration in the gas phase in
the range 0.8-5% HCl. In this respect H behaves similarly to the oxidation
rate as shown previously.

Since the hydrogen content in the oxynitride film after oxidation in an
HCl containing ambient is much lower than after HCl-free oxidation, the
interface peak can be quantified more accurately. In figure 4.22 data are
collected to demonstrate the hydrogen accumulation at the interface during
oxidation at 1000°C of various oxynitride samples. The curves show, that
hydrogen piles up rapidly in the first hour of the oxidation process, after
which a saturation level is reached, similar to the ran? f TT/~1' free oxidation
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Figure 4.22. Dependence of the size of the interface hydrogen peak on the water
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(figure 4.16). The time dependence of this accumulation process is quite
different from the oxide growth (compare with figure 4.5). The size of the
interface peak at the saturation level is proportional to the humidity of the
oxidizing ambient and increases more than proportionally with the 0/N
ratio (figure 4.22).

Several HC1 oxidized samples were also measured with NRA. Figure
4.23 collects hydrogen profiles in SiaN4 for various oxidation periods. The
hydrogen pile up is observed to shift inwards with increasing oxidation time,
consistent with a growing oxide layer.

Simulations with PRFL of the profiles (solid curves in figure 4.23) reveal
that the content of the interface peak increases from 1.8-1014 H at.-cm"2

for 0.5 hr to 3-1014 H at. cm"2 for 4 hrs, in good agreement with the ERD
data in figure 4.21. In oxynitrides with O/N<0.5 the measured interface
peak can be simulated assuming a monolayer thick hydrogen containing
interface layer. For larger 0/N ratios the width of the peak is somewhat
greater, but in all cases it is much smaller than those found in the HCl-free
case.

4.7 Discussion

4,7.1 Interface reactions

Abundant experimental proof has been given to show that hydrogen has
a role in the oxidation of silicon (oxy)nitride. Water not only accelerates
the oxidation, it is probably a prerequisite for the reaction to occur in the
considered temperature range.

In dry oxidation the only source of hydrogen is the oxynitride layer itself.
At 1000 °C in the first half hour of the oxidation most of this hydrogen will
desorb from the layer and may contribute to the oxidation, giving rise to a
slight surface oxidation. This effect may account for the initially larger rate
as deduced from extrapolation of the curves in figure 4.5 to an oxidation
time of 0 hr. If no additional hydrogen is supplied from the ambient, as
in the case of dry oxidation, the oxidation of the layer will terminate after
this initial period.

Further support for the role of hydrogen in the oxidation process follows
from the intriguing observation of a hydrogen peak at the oxide/(oxy)nitride
interface. This peak is related to the oxidation process itself, as is demon-
strated in figures 4.16, 4.21 and 4.22. Hydrogen migration induced with
a high energy ion beam has been observed [19]. However, the peak size
responds to variations in the oxidation conditions, which precludes the pos-
sibility that this phenomenon is due to an artifact of the applied analytical
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Figure 4.23. Hydrogen profiles as determined with NRA in 50 nm thick SisN4
films at various stages of wet oxidation at 1000°C. The shift of the interface peak
to greater depths as the oxidation proceeds, corresponds to the growth of oxide
formed.
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techniques or to alterations in the sample composition occuring after com-
pletion of the oxidation treatment. Any physically dissolved hydrogen or
water will desorb during cooldown in N2 after oxidation, so one can conclude
that the hydrogen profile must be due to bonded hydrogen and somehow
reflects the situation during oxidation. This deduction and observation ob-
servation that the hydrogen pile up is located in the oxynitride, suggest
that the incorporation of hydrogen in the oxynitride is neccessary for the
actual conversion from oxynitride to oxide.

Therefore, it is worthwhile to relate the H peak to the actual oxida-
tion reaction, e.g. to Si-OH and Si-NH groups formed at the interface as
intermediate reactions products. The following reaction reaction scheme is
proposed:

Si Si
J^N— Si + H20 <=> / N — H + Si—OH (4 1)

Si Si

/ N — H + H20 <*=* Si—NH2 + Si—OH (4.2)

Si

Si—NH2 + H20 *==*• NH3 + Si—OH (4.3)

Si

Si—OH + Si—OH •«=*• ^ 0 + H20 (4.4)
Si

In this scheme the rupture of an Si-N bond involves the generation of a
silanol group, possibly via formation of a N- • I^O- • -Si transition complex.
This would explain why no oxidation occurs in dry oxygen. Kainaskii et al.
have observed that NH3 is an end product of the wet oxidation of oxyni-
trides [20], which is in support of the above reaction scheme. The formation
of the so called "white ribbon" underneath an S13N4 mask during the wet
oxidation step in the conventional LOCOS process can be described ade-
quately assuming that NH3 or NHr is formed. The white ribbon effect was
not observed when the oxidation was carried out in dry oxygen [21].

In fact, the reaction mechanism proposed is the reverse of the mecha-
nism that has been assumed to be operative in thermal nitridation of SiO2
(chapter 5, [22,23]). In this mechanism NHr groups are essential for nitri-
dation too. In a N2 or N2+H2 ambient hardly any nitridation is observed
and only at high temperatures. Nitride species are formed at the expense
of NHX groups and with the release of oxygen in the form of water [24]. A
further indication of the importance of hydrogen in the nitridation process
can be found in the fact that nitrogen implantation in SiOj does not result
in nitridation [25].
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4.7.2 Oxidation kinetics
Rate limiting step

Compared with the oxidation of silicon (see section 4.3) two additional
stages in the transport of mobile species can be distinguished when oxyni-
tride films are oxidized:

4. diffusion of reaction products from the oxidizing front back to the
surface of the sample;

5. desorption of reaction products into the ambient.

The oxidation may be represented as

OH* + Si-N «=> Si-0 + NH* (4.5)

which is a simplification of the overall reaction equation that follows from
the reactions given in equations 4.1 to 4.4.

Experimental results were given previously, showing that the oxidation
rates of oxynitrides are much lower than those of silicon and silicon dioxide.
Since no known evidence exists which would indicate that the oxide grown
on silicon is a material widely different from that formed by the oxidation
of (oxy)nitride, the adsorption of the oxidizing species at the surface of
the oxide and its subsequent diffusion through the oxide will be similar for
a conventional thermal oxide and an oxide grown on an oxynitride. The
outdiffusion of reaction products in the case of oxynitride oxidation may
interfere with the indiffusion of oxidizing species. This effect however is
not severe enough to cause the oxidation process to become diffusion rate
limited for the oxidation times considered here.

In view of the greater bond strength of Si-N as compared with Si-Si,
the reaction rate at the interface may very well be lower than in the case
of silicon oxidation. As a result, the oxidation process may remain in its
reaction controlled regime for considerably longer periods than observed
for the oxidation of silicon and would show linear kinetics for longer reac-
tion times and thicker grown oxides. The plots in figure 4.5 indeed reveal
a linear dependence of oxidation incorporation on time for all oxynitride
compositions investigated.

Similar behaviour is displayed in figure 4.6 for the HC1 case. On the
other hand, it has been found [26] that for reaction times in excess of 4 hrs
the curves deviate from linearity, but not in a similar way for all O/N ratios.
With HC1 the oxidation rate gradually slows down in the case of a low O/N
ratio, but speeds up for O/N=l. This transition can be assigned to non
linear kinetics due to the outdiffusion of reaction products becoming rate
limiting, although it is also feasible that different reactions become involved.
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However, for the conditions pertinent to figures 4.5 and 4.6 the oxidation
of silicon (oxy)nitride layers is proposed to be reaction controlled. Hence,
if equation 4.5 is an adequate representation of the interface reaction, the
oxidation rate may be expressed as

where A is the frequency factor and E the activation energy as in an Ar-
rhenius equation. To complete the model, HC1 stimulated removal of NHr

from the reaction interface will be assumed.
With this model variouo observations can be explained directly. For

instance, adding HC1 to the ambient will reduce [NHr] at the reaction in-
terface. This will shift the equilibrium of the oxidizing reaction to the right
and result in a higher oxidation rate t;, whereas the activation energy E
remains the same. Thus a higher oxidation rate causes a net reduction
of [NHr]+[OHj;] at the interface, which is in agreement with the smaller
interfacial hydrogen peaks found for HC1 oxidized samples. Further the
oxidizing reaction is first order in [OHX], so the oxidation rate is expected
to depend linearly on the H2O/O2 ratio in the gas phase. This was in-
deed found to be the case, as shown in figure 4.8. Moreover, figure 4.22
shows, that the interfacial hydrogen peak is also linearly proportional to
this H2O/O2 ratio, which we take as being in support of expression 4.6.

Effect of O/N

Figure 4.7 shows that the oxidation rate increases with the O/N ratio of the
oxynitride film. This effect cannot be explained directly with the model pre-
sented. The data in figure 4.12 reveal that the activation energy decreases
with O/N, which would suggest that a Si-N bond in a oxygen rich oxyni-
tride matrix is more easily broken than in an oxynitride with a low oxygen
content. This may be related to the structure of the material. For the
transformation of a silicon nitride into a silicon oxide the structure of the
material has to be rearranged more profoundly than for the transformation
of a silicon oxynitride.

In addition there may be a concentration effect due to the lower nitro-
gen density for higher O/N. Moreover, at a low nitrogen concentration the
interface may be effectively extended over more than just one atomic layer,
leading to an increase in reaction volume and hence in reaction rate: the
increase of the interfacial hydrogen peak size with O/N, as shown in figure
4.17 and 4.21. might be an indication of such an effect.

During the oxidation a structural transition from oxynitride to oxide
is needed once the Si-N bonds in the oxynitride are broken. Before the
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oxidation, silicon atoms are bound to threefold coordinated nitrogen atoms,
while after the oxidation all silicon atoms are bound to twofold coordinated
oxygen atoms. The presence of hydrogen can be viewed as an indication
of structural imperfections in the material. In the case of oxidation the
presence of hydrogen indicates that perfect silicon oxide stoichiometry has
not yet been attained, i.e. the structural transition is still in progress at the
interface.

In this view hydrogen pile up at the interface indicates that the construc-
tion of the oxide structure lags behind the breakdown of the the oxynitride
structure. At higher temperature and higher O/N ratios this lagging effect
is more pronounced as the rate with which the oxynitride structure is bro-
ken down increases. Eventually, however, an equilibrium of breakdown and
construction rates is reached as both the amount of hydrogen piled up at
the interface and the interface width level off to a saturation value.

The effect of HCl

The increased oxidation rate due to HCl diminishes for larger O/N ratios
as shown in figui<; 4.7. In order to interpret this effect one has to speculate
about the precise role of HCl in the oxidation mechanism. In the model for
the oxidation process presented here, it was assumed that HCl accelerates
the transport of NHs out of the sample. This assumption is based on
the observation that HCl increases the oxidation rate without affecting the
activation energy E. Hence, the rate limiting reaction is the same in either
case.

The action of HCl may be conceived in various ways:

• chlorine incorporates in the growing oxide, thus making this layer
more permeable to NHr, so that the rate will increase according to
equation 4.6;

• HCl adsorbs at the surface of the oxide and reacts with the arriving
NHt species to form a readily desorbing compound, e.g. NH4CI;

• chlorine facilitates the structural transition from an oxynitride to
an oxide possibly through the formation of chlorine containing com-
plexes;

• during HCl assisted oxidation substantially more hydrogen diffuses
out of the oxynitride film (figure 4.20). This desorbing hydrogen
will pass the oxidation front and may then become involved iH the
oxidation reaction.
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The minimum in the oxidation rate observed in HC1 assisted oxidation
near O/N=0.4 (see figure 4.7) can now be understood to result from two
additive processes, which depend in opposite ways on the value of 0/N;
the decreasing activation energy E with 0/N and superimposed on this
the accelerating effect of HC1 which diminishes with increasing O/N. The
resulting minimum has — in this view — no deeper physical background.

Effect of preanneal

The plots of figures 4.9 and 4.10 demonstrate that a preanneal treatment
has only a very limited effect on the oxidation process when no HC1 is
added. Annealing strongly reduces the hydrogen content of the material
(chapter 3, [17]), but apparently the hydrogen present in the as deposited
material plays no active role in the oxidation.

In the HC1 assisted process the effect of the anneal treatment is is more
pronounced and O/N dependent. Figure 4.9 indicates a value of AO of
3-1016 at. cm"2 at O/N=0 after 4 hrs wet oxidation at 1000°C. More
specific knowledge of the role of HC1 in the oxidation process is required to
interpret the preanneal effect properly.

4.8 Conclusions
LPCVD silicon nitride and silicon oxynitride films were found to oxidize
in a wet ambient at rates that are nearly two orders of magnitude smaller
than found for oxidation of silicon under identical conditions. After a rapid
initial oxidation of the surface region the process displays linear kinetics for
the times (up to 16 hours) and temperatures investigated (850-1000° C).
This observation identifies the the oxidation of (oxy)nitride as a reaction
controlled process. The activation energy of the reaction was found to
decrease from 2 eV for SiaN4 to 1.3 eV for silicon (oxy)nitride films with
O/N=0.7.

Ample evidence for the role of hydrogen has been gathered. Hydrogen
is thought to be essential for the oxidation to proceed, i.e. in the absence
of hydrogen no oxidation will occur.

An accumulation of hydrogen species at the oxidizing interface during
oxidation was found. This accumulation at the interface reaches a satura-
tion level in about 4 hrs. The extent of accumulation increases with the
O/N ratio of the samples and the water content of the ambient.

A model has been proposed. In this model the bonds between a single ni-
trogen atom and its three neighbouring silicon atoms are consecutively bro-
ken and oxygen is initially inserted as an OH group. In this scheme silanol

92



formation is essential for bond breaking to occur. Nitrogen is thought to be
removed from the layer through the formation and diffusion of NH* groups.
This would would explain why (oxy)nitrides do not oxidize in dry oxygen.

In accordance with the model the interface hydrogen peak is assigned
to NHX and OH species present at the reactive interface.

When HC1 is added to the ambient the oxidation rate of nitride is found
to be enhanced by roughly a factor 5. This accelerating effect decreases with
increasing O/N ratio. HC1 is assumed to activate the transport of NHr

species from the reaction interface to the surface. Indeed, less hydrogen
is found in HC1 oxidized samples, and in particular the interface peak is
smaller and narrower than in the case of HCl-free oxidized oxynitrides.
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Chapter 5

(Rapid) Thermal
Nitridation of SiO2 films

5.1 Introduction
Thermally grown silicon dioxide thin films are widely used as gate insula-
tor in metal-oxide-silicon very large scale integrated (MOS VLSI) devices.
With a decreasing size of devices both the physico-chemical and electrical
properties of the gate insulator become more critical. Some properties of
thin silicon dioxide films can be improved with thermal nitridation in an
ammonia ambient. Thermally nitrided silicon dioxide (nitroxide) films are
reported to have a higher resistance against exposure to plasmas and irradi-
ation with an electron beam [1,2]. A diffusion barrier is formed during the
nitridation. Current enhancement in MIS structures due to penetration of
Al is prevented and diffusion of Na contamination is effectively blocked [1,3].
Electrically active interface states [2,4] and local trap sites [5] are reduced
by thermal nitridation even at low temperatures (900 °C or less). A higher
resistance against high temperature reflowing has also been observed [4].
The improved electrical properties of nitroxides have been contributed to
the clogging of micropores during nitridation [6], and the filling of pinholes
combined with nitridation of the silicon substrate [7].

For thermal nitridation a high temperature processing step is needed.
Dopant diffusion profiles will broaden during high temperature processing
steps. This dopant redistribution results in a deterioration of the properties
of the devices. In order to avoid this deterioration the thermal budget of
the processing must be reduced. This can be achieved with a reduced
processing time in a lamp heated furnace (rapid thermal nitridation) or
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Figure 5.1. The temperature profile of the RTN unit used to prepare the 32 nm
thick samples.

a reduced processing temperature using a plasma discharge as an energy
source to activate the nitridation process.

In this chapter results of separate experiments on (rapid) thermal
nitridation of SiO2 films are reported. Experiments were performed in
different reactors. In the experiments rapid thermal nitridation
in a lamp heated furnace was used to study respectively the inital stages
of nitridation (up to 60 s) and the effect of the oxide thickness (8, 25 or
45 nm) on the nitridation process.

The composition of the films was determined with elastic recoil de-
tection. From the temperature dependence of the nitrogen incorporation
effective activation energies for the incoporation process were determined
for the initial stages of nitridation.
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5.2 Experimental

5.2.1 Sample preparation

Silicon dioxide films thermally grown at 900°C in dry oxygen to a thick-
ness of 32 nm on 4 inch lowly doped p-type silicon wafers were used to
study the initial stages of the nitridation process. Prior to oxidation the
silicon wafers were cleaned extensively. An initial clean of 15 minutes in
H2SO4/H2O2 at a ratio of 4:1, followed by a rinse with deionized water, 30
seconds in water with 2% HF and another rinse with deionized water was
used. A pre-oxidation clean of 10 minutes in H2O/H2O2/NH4OH (5:1:1),
a rinse in deionized water and 10 minutes in H2O/H2O2/HCI (5:1:1) was
furthermore applied. The oxide films were nitrided in a lamp heated fur-
nace with ammonia containing less then 5 ppm water for 10, 30 or 60 s
at temperatures of 950, 1000, 1050, 1100 or 1150 °C. Processing is done
on a single wafer base, which allows for a quick and uniform heating and
cooling of the wafer. A two-step nitridation process was used. Initially the
reactor is heated to 800°C and held at this temperature for 10 s in order to
stabilize the system before the temperature is increased to the nitridation
temperature. Ammonia at atmospheric pressure was allowed to flow into
the reaction chamber at the start of the first process step. The ammonia
flow was maintained during cool down. The temperature profile for a pro-
cess cycle of the RTN unit is given in figure 5.1. The wafers were processed
at IMEC, Leuven, Belgium.

Oxides with three different thicknesses were grown to determine the
effect of the oxide thickness on the nitridation process. Silicon dioxide
films were grown to thicknesses of 8 nm in O2+HCI at 850°C, 25 nm in
O2+HCI at 900°C and 45 nm in O2+H2 at 950°C on 6 inch n-type (P
doped 5-8 Q/cm) Si (100) wafers. Prior to oxidation the silicon wafers
were cleaned in a HF solution. The oxide films were nitrided in a lamp
heated furnace with ammonia at atmospheric pressure containing less then
10 ppr« water for 60, 120 or 240 s at temperatures of 1050, 1075 and 1100
°C. The wafers were processed at Matra Harris Semiconducteurs, Nantes,
France.
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5.2.2 Sample analysis

The composition of the samples was determined with elastic recoil detection
(ERD). A 30 MeV 28Si5+ beam was incident at 30° with the surface of the
sample. Energy spectra of the particles recoiled from the sample at 36.5°
to the primary beam were measured with a silicon surface barrier detector.
In front of the detector a 9 fim mylar foil and a diaphragm were placed.
A graphite chopper covered with a thin gold film was used to measure the
beam dose. To obtain absolute results a 30 nm thermally grown silicon
dioxide (i.e. an oxygen areal density of 139.5-1015at. • cm"2) was used as a
standard of reference.

The nitrogen and hydrogen in the nitroxide films were not stable under
bombardment with the highly energetic silicon beam, i.e. these elements
are gradually released from the film during the ERD measurement. To
obtain the composition of the nitroxides for nitrogen and hydrogen, ERD
energy spectra were measured for several values of the beam dose and the
results obtained thus were extrapolated to a zero beam dose.

The beam dose was chosen such, that the statistical error in the mea-
sured amounts of oxygen are less then 2% , which corresponds to 3 • 1015

at. • cm"2. With this beam dose the amounts of nitrogen and hydrogen
in the film are determined with a statistical error of 10% at most. Both
nitrogen and hydrogen concentrations were corrected for the concentration
already present in the as grown oxide films and for the contamination of
the surface of the sample.

Hydrogen depth profiles in the 32 nm films were measured with nuclear
reaction analysis (NRA) using the reaction 1H(15N,a7)12C.

5.3 Results and discussion

5.3.1 The initial stages of nitridation

The initial stages of thermal nitridation (up to 60 s) were studied with
rapid thermal nitridation using 32 nm thick SiC>2 grown in dry oxygen as
a starting material. In figure 5.2 the hydrogen and nitrogen areal densities
(atcm~2) and the H/N concentration ratio as a function of the nitridation
time for the different temperatures are given. The amount of nitrogen is
in the range 1015-1016 at. cm"2. It increases linearly with the nitridation
time.

Within experimental accuracy of the measurements the amount of oxy-
gen in the films has not been changed by the nitridation treatment in the
time and temperature range used to study the initial stages of nitridation.
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Figure 5.2. Time dependence of the nitrogen areal density in 32 nm thick
films for different nitridation temperatures.

The measured hydrogen areal density shows a large fluctuation, part
of which can be ascribed to fluctuations in the contamination level of the
surface of the sample. The H/N concentration ratio is near 2 after short
nitridation periods at the lower temperatures. This quantity decreases for
longer times and at higher temperatures in agreement with the observations
in conventional furnace nitrided oxides [8].

A plot of the nitrogen areal densities versus 1/T is given in figure 5.3.
The drawn straight lines are least square fits to the data points. Since
nitrogen uptake proceeds linearly with the nitridation time, the slope of the
lines in figure 5.3 represents the effective activation energy for the nitrogen
incorporation process. Consistently, the slopes of the lines in figure 5.3 do
not vary with the nitridation time.

It appears that the initial nitrogen incorporation process is characterized
by only one effective activation energy in the entire temperature and time
range considered. Its value amounts to 1.10 ± 0.06 eV.

The incorporation of hydrogen is subject to a completely different ki-
netics compared to the incorporation of nitrogen. It has been argued that
the presence of hydrogen as NH3 is a prerequisite for nitridation of SiO2
to proceed [9]. The decrease of the H/N concentration ratio with nitrida-
tion time indicates that the hydrogen content after nitridation is a result
of incorporation and subsequent disappearance from the film. If at all con-
sidered temperatures the first step of nitrogen incorporation is the same,
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Figure 5.3. Arrhenius plot of the nitrogen areal densities in 32 nm films for
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Figure 5.4. Hydrogen depth profile measured with NRA in a 32 nm oxide nitrided
for 60 s at 1100°C.

then the decrease of the H/N concentration ratio with increasing nitrida-
tion temperature indicates that the desorption of hydrogen from the film
proceeds faster at the higher temperatures.

The concentration of hydrogen is, apart from the surface range, con-
stant over the depth of the film (figure 5.4). Overwhelming evidence exists
for surface and interface pile ups of nitrogen also under rapid thermal ni-
tridation conditions [10,11]. Due to the presence of surface contamination
it was not possible to establish unambiguously if a hydrogen pile up in the
surface region exists as a result of the nitridation treatment. However, in
the as grown thermal oxides used in this experiment the total amount of
hydrogen present is in the order of lO^at.cm"2, while after nitridation the
hydrogen pile up at the surface is in the order of 1015at.cm~2. This is a
strong indication, that due to the nitridation process not only a nitrogen
but also a hydrogen pile up at the surface occurs.

In the following a model will be presented to explain the observed hy-
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drogen and nitrogen depth distribution. In this model possible reactions
and the resulting bond configurations will be considered. During nitrida-
tion twofold Si coordinated oxygen atoms are replaced with threefold Si
coordinated nitrogen atoms.

Using the infrared attenuated total reflection technique it has been
demonstrated that Si-NHX groups are formed as a result of furnace ni-
tridation for 10 min at 1150°C [12]. Furthermore Si-OH groups appear to
have been removed from wet oxides as a result of the same treatment [12].
No Si-H groups have been detected [12].

The incorporation of nitrogen in S1O2 can be described with the net
reaction c. „.

Si SI

3 J.0 + NH3 <=* 2 ^ N — S i + H2O (5.1)
Si Si

In the following successive reaction steps through which this net reaction
proceeds, will be discussed.

Ammonia has been reported [13] to chemisorb in the surface region of
silica at 650°C through:

S i v
/ O + NH3 •«=* Si—NH, + Si—OH (5-2)

Si

Furthermore it is conceivable tha t ammonia diffusion occurs through the
same reaction [14]. In accordance with the large values for t he H / N concen-
t ra t ion ratio after short periods of ni t r idat ion at low tempera tu res , the first
s tep of nitrogen and hydrogen incorporation is considered t o be reaction 5.2.
I t is important to stress tha t this results in the formation of Si-OH bonds.
At higher t empera tures and for longer ni t r idat ion periods t he H / N ratio
decreases below 2, therefore multiple Si-N bonding must occur subsequent
to reaction 5.2, for instance through:

Si
Si—NH3 + Si—OH *=*• / N — H + H2O (5.3)

Si

a n d Si Si
^ N — H + Si—OH -«=>• / N — Si + H2O (5.4)

Si Si

These reactions result in a loss of Si-OH groups through diffusion of H2O
to the outer surface and desorption in t he ambient . Wi th in th is view Si-OH
groups are necessary as intermediates in the formation of a stoichiometric
(oxy)nitride dur ing heating of SiOa films in NH3. Since the incorporation
ra te of nitrogen (reaction 5.2) decreases due to the high surface nitrogen
concentration itself and /o r the result ing formation of a diffusion barrier,
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Figure 5.5. The number of silicon-nitrogen bonds per incorporated nitrogen atom.

and due to a low S12O concentration in the surface region, reactions 5.3
and 5.4 proceed until either all nitrogen atoms will be threefold coordinated
with silicon and/or the Si-OH concentration is reduced.

The mentioned reactions are equilibrium reactions. The reactions pro-
ceed to the right hand side if reaction products are removed from the reac-
tion volume. This can occur for reaction 5.2 through the reaction 5.3 and
for reactions 5.3 and 5.4 through escape of H2O in the ambient and in the
oxidation of silicon in the interfacial region [9].

In the bulk of the oxide it is more difficult for H2O to escape, therefore
for reactions 5.3 and 5.4 the equilibrium will be on the left hand side.
This prevents the nitrogen from being twofold coordinated with Si and
enhances the diffusion of nitrogen species in that particular region of the
film. Consequently, both the low N concentration and the enhanced H/N
concentration ratio in the bulk compared to the surface and interface regions
are a result of the limited net rate of reactions like 5.3 and 5.4.

Under the assumption that the first step of nitridation of SiC>2 is indeed
reaction 5.2, an estimate of the relative amount of threefold Si coordinated
nitrogen atoms can be derived from figure 5.5. This figure shows the total
amount of hydrogen involved in the nitridation reaction (which is equal to
three times the amount of nitrogen atoms) minus the amount of hydro-
gen still present in the film after the nitridation treatment, relative to the
amount of incorporated nitrogen. Stated otherwise, if the presence of Si-
OH groups is neglected, figure 3 shows the average number of Si-N bonds
per incorporated nitrogen atom. It can be concluded that at the higher
temperatures, the majority of the nitrogen atoms in the nitroxide films are
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Figure 5.6. The amount of nitrogen incorporated during nitridation at 1075 °C
in oxide films with several thicknesses as a function of the nitridation time.

already threefold coordinated with Si after 30 s. At temperatures below
1050°C the number of Si-N bonds per N atom in the film hardly exceeds 2.
This value is probably understimated since the presence of Si-OH groups
may also contribute to the total amount of hydrogen. Since only one activa-
tion energy has been observed in the entire temperature region in the initial
stage of N uptake (t < 60 s), the energy for the structural rearrangement
which is neccesary to allow N atoms to be coordinated with three Si atoms
does not contribute significantly to the measured activation energy of 1.10
eV.

The value of the measured activation energy is close to that estimated by
Vasquez and Madhukar [14] for the hopping diffusion of nitrogen-hydrogen
species in oxide (1.2 eV). This diffusion of nitrogen containing species may
well be rate limiting if the surface layer is saturated with Si — NH2 (accord-
ing to reaction 5.2) and further uptake of NH3 is possible only if absorption
sites (Si2O) become available as a result of disappearance of -NH2 species
from the surface layer through diffusion into the bulk.
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5.3.2 Thickness dependence

The time dependence of the nitrogen incorporation at 1075 °C in oxide films
with several thicknesses is shown in figure 5.6- The amount of nitrogen
incorporated in the 8 nm thick oxide is significantly lower, compared to
the amount in the 25 and 45 nm thick oxides. As discussed previously, the
incorporation of nitrogen during nitridation is observed to proceed mainly
at the surface and the interface of the oxide. This was ascribed to the effect
that only sufficiently close to the surface and interface a path for the removal
of water released during nitradion is available. This effectively results in the
presence of reaction zones with a certain thickness. Outside these reaction
zones hardly any nitrogen incorporation will occur during the nitridation
times considered here. As a result the amount of nitrogen incorporated
is independent of the oxide thickness as observed for the 25 and 45 nm
thick layers. With a decrease of the oxide thickness both reaction zones
will overlap and the number of sites available for nitrogen incorporation
decreases. This effect is actually observed for the 8 nm thick oxides.

Even after 1 minute of nitridation a decrease of the nitrogen incorpora-
tion rate is observed. This effect may be due to a decrease of the number
of available reaction sites, i.e. nitrogen is already present at some of the
reaction sites and the reactions involved in the nitrogen incorporation are
slowed down. Also, nitrogen incorporation may result in the formation of
a diffusion barrier and a lower diffusion rate.

The H/N ratio (figure 5.7) in the 8 nm thick oxide films nitrided at 1075
°C appears to be lower compared with the 25 and 45 nm thick films. This
indicates that in the thinner films the nitrogen incorporation reactions have
proceeded further after a certain time. This is additional evidence for the
proposed decrease of the number of reaction sites available in the reaction
zones if the oxide becomes sufficiently thin.

5.4 Conclusion

Extensive data on the nitridation of silicon dioxide films have been pre-
sented and discussed in this chapter. A model has been presented in which
the essential role of hydrogen in the nitridation process is indicated. The
structural rearrangement needed to change the oxide structure to a nitride
structure during nitridation does not limit the nitrogen incorporation rate.

The nitridation kinetics depend on the thickness of the oxide. Below
a certain threshold value of the oxide thickness the incorporation rate of
nitrogen is decreased. This may be explained with the existence of reaction
zones near the surface and interface of the film. In these zones a certain
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number of reaction sites is available. With decreasing film thickness the
reactions zones start to overlap and the number of reaction sites available
decreases.

Compared with furnace nitridation in rapid thermal nitridation the tem-
perature can be varried in a very short time. Therefore, rapid thermal
nitridation is a very useful tool for the study of the initial stages of the
nitridation process.

During the initial stage of nitridation only small amounts of nitrogen
are incorporated in the oxide. Initially the H/N concentration ratio is high.
This indicates that nitrogen is not three fold coordinated with silicon.
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Chapter 6

Comparison of oxidation
and nitridation

In the previous chapters extensive experimental data on the oxidation of
silicon (oxy)nitride and nitridation of silicon dioxide have been presented.
Discussions of the results obtained for oxidation and nitridation were given.
Models of both the oxidation and nitridation process were presented. In
this final chapter oxidation of silicon (oxy)nitrides and nitridation of silicon
dioxides will be compared.

Silicon (oxy)nitride layers have superior diffusion barrier properties. Ox-
idizing species are therefore unable to diffuse into the (oxy)nitride layer.
This results in an layer by layer oxidation of (oxy)nitrides. The rate of
oxidation does not change up to at least 9 hours. This indicates that the
transport of oxidizing species through the oxide layer formed after this
period of time is rapid compared with the rate of the actual oxidation reac-
tion. Ample evidence has been presented for the essential role of hydrogen
containing species, i.e. OH r and NH* groups, in the oxidation process. A
hydrogen pile up is observed at the oxide/(oxy)nitride interface. Hardly
any oxidation is observed in a dry oxygen ambient. It was tentatively sug-
gested that in the absence of hydrogen in the material itself, no oxidation
will occur.

In an ambient containing H2 and N2 no incorporation of nitrogen in a
silicon dioxide layer is observed. However, in an ammonia ambient nitrogen
is incorporated, indicating that hydrogen, in the form of NH r , is essential
for nitridation to proceed. The incorporation of nitrogen in the oxide layer
initially occurs at the surface and interface only. This results from a com-
bination of two effects. Due to the poor diffusion barrier properties of the

109



oxide layer NHr groups diffuse throughout the layer. Incorporation of ni-
trogen only occurs where water, a reaction product, can be removed, i.e. at
the surface and the interface of the ambient. Nitrogen incorporation during
nitridation rapidly changes the properties of the oxide. As a result, within
minutes the rate of incorporation of nitrogen is observed to decrease.

During oxidation as well as during nitridation hydrogen is involved in the
reactions. The presence of hydrogen in the films after the treatments is
viewed to be the consequence of a reaction scheme in which the two Si-0
bonds for the oxygen atom in the oxide and the three Si-N bonds for the
nitrogen atom in the nitride are consecutively broken and respectively re-
placed by NHr and OH groups. The observed hydrogen depth distribution
indicates where in the film the insertion reactions actually take place.

The consecutive breaking of Si-N bonds during oxidation will eventually
result in the substitution of nitrogen atoms bonded to three Si atoms by
oxygen atoms bonded to two Si atoms. The reverse substitution occurs
during nitridation. Since the structure of silicon nitride and silicon oxide
differ considerably (see Chapter 1), a structural change is neccesary for the
substitution of nitrogen atoms with oxygen atoms or vice versa.

A silicon oxide layer is gradually cahnged into a material with a de-
creasing 0/N ratio during oxidation. The time dependence of the value of
this ratio is a function of the position in the oxide film. Due to the gradual
nature of the nitrogen incorporation, the structural change associated with
this incorporation does not limit the rate of incorporation during the initial
stages of nitridation.

Oxidation of silicon (oxy)nitride films occurs layer by layer. This results
in a complete conversion of the (oxy)nitride into an oxide in a relatively
short time. A complete structural rearrangement is needed as well while
this conversion occurs. The conversion of an (oxy)nitride into an oxide
occurs through the formation of hydrogen containing intermediates. The
large amounts of hydrogen that are present near the oxide/(oxy)nitride
interface are most likely due to the reaction kinetics. However it may also
indicate, that the structural rearrangement limits the oxidation rate.

The hydrogen pile up is located in the (oxy)nitride layer. This suggests
that the conversion of an (oxy)nitride into an oxide may occur in two sep-
arate stages. Initially the (oxy)nitride is converted into a material with a
structure comparable to the structure of an oxide through the formation of
Si2NH groups. Subsequently the nitrogen in this intermediate material is
replaced by oxygen.

In a model in which the essential role of hydrogen during oxidation and
nitridation is comprised, both oxidation and nitridation can be described
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Table 6.1. Reactions during the oxidation of silicon (oxy)nitride and nitridation
of Bilicon dioxide.



with the same reactions. These reactions are given in table 6.1. Reactions
I-IX proceed to the right hand side during nitridation and to the left hand
side during oxidation.

Oxygen and nitrogen diffuse through the oxide as NHj and OH (reac-
tions X and XI). In the (oxy)nitride no diffusion occurs. The formation
of a second bond with silicon strongly reduces the mobility of oxygen and
nitrogen atoms.

During nitridation, oxygen is removed from the ox:de at the surface and
interface in the form of water (reactions IV-VII), while during oxidation
nitrogen is released at the surface as ammonia (reactions I, III, XIII and
IX).

In brief: the reactions to describe oxidation and nitridation are the same.
On an atomic scale an exchange of nitrogen and oxygen atoms occurs.
However, due to the poor diffusion barrier properties of silicon dioxide
and the good diffusion barrier properties of silicon (oxy)nitride layers, the
phenomena observed on a more macroscopic scale are widely different.



Summary

In this thesis the processes occuring during high temperature treatments
of silicon oxynitride and silicon oxide layers are described. Oxide layers
were thermally grown on a silicon substrate in an oxidizing ambient, while
(oxy)nitride layers were grown on a silicon substrate with low pressure
chemical vapor deposition. Oxynitride layers with various atomic oxygen
to nitrogen concentration ratios (O/N) are considered.

The high energy ion beam techniques Rutherford backscattering spec-
troscopy, elastic recoil detection and nuclear reaction analysis have been
used to study the layers structures. A detailed discussion of these ion beam
techniques is given in chapter 2. Numerical methods used to obtain quan-
titative data on elemental compositions and depth profiles are described.

The electrical properties of silicon nitride films are known to be influ-
enced by the behaviour of hydrogen in the film during high temperature
annealing. Investigations of the behaviour of hydrogen are presented in
chapter 3. With (subsequent) annealing of oxynitride layers in nitrogen
and hydrogen ambients at 1000°C it was demonstrated, that hydrogen is
most strongly bonded in oxynitride layers with O/Nw0.4.

Oxidation of silicon (oxy)nitride films in O2/H2O/HCI and nitridation
of silicon dioxide films in NH3 have been studied extensively.

The results of the oxidation experiments are given in chapter 4. A
linear increase of the oxidation thickness with oxidation time is observed.
The rate of oxidation increases with both 0/N and the amount of water
in the ambient. A further increase of the oxidation rate is observed for
all 0/N ratios if HC1 is added to to the oxidizing ambient. The oxidation
treatment in a water containing atmosphere results in a pile-up of hydrogen
at the oxide/(oxy)nitride interface. The activation energy for the oxidation
process is about 2 eV for O/N<0.4 and decreases for larger O/N ratios.

In chapter 5 the nitridation of silicon oxide layers in an ammonia am-
bient is considered. The initial stages and the dependence on the oxide
thickness of nitrogen and hydrogen incorporation are discussed. The initial
"•"• r M :"-~-'"-»»*»+;'-in in SiO* is characterized hv an activation enerffv



of 1.1 eV.
In chapter 6 oxidation and nitridation are compared. The presence

of hydrogen species (NHr and 0Hx) is essential for both oxidation and
nitridation reactions to proceed. Models to describe both processes have
been presented. The chemical reactions are the same in both processes.
However, the direction in which they proceed, are different for oxidation
of (oxy)nitride and nitridation of oxide. Since (oxy)nitride layers have
excellent diffusion barrier properties they are oxidized layer by layer. Oxide
layers are poor diffusion barriers, so NHr species will diffuse through the
entire layer. Nitrogen incorporation will initially proceed at locations in
the oxide layer where water produced in the nitriding reaction is removed
from the layer, i.e. at the surface water is desorbed from the layer while at
the interface water is removed by oxidation of the silicon substrate.
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Samenvatting

Om IC's te maken worden ondermeer lagen silicium oxynitride en silicium
oxide gebruikt. Een oxidelaag kan op gecontroleerde wijze op een kristalijne
siliciumplak aangebracht worden door oxidatie. Oxynitridelagen kunnen
vanuit de gasfase worden gegroeid door chemisch opdampen bij een lage
druk. Diverse zuurstof stikstof verhoudingen (O/N) in de oxynitridelagen
worden beschouwd.

In dit proefschrift worden processen beschreven die plaatsvinden, als
lagen oxide of oxynitride bij een hoge temperatuur een behandeling onder-
gaan. De effecten van deze behandelingen zijn gemeten met behulp van
bundels snelle ionen. De gebruikte meettechnieken zijn gebaseerd op me-
ten van de energie van terugverstrooide of weggeschoten deeltjes, dan wel
het detecteren van tijdens een kernreactie geproduceerde 7-kwanten. In
hoofdstuk 2 worden deze technieken uitgebreid besproken. Daarbij worden
numerieke methoden om de samenstelling van de laag en diepteprofielen
van elementen te verkrijgen gepresenteerd.

Het is bekend dat het gedrag van waterstof tijdens uitstoken bij een hoge
temperatuur de electrische eigenschappen van nitridelagen beïnvloedt. On-
derzoek naar dit gedrag van waterstof wordt in hoofdstuk 3 besproken.
Oxynitridelagen zijn (achtereenvolgens) in een stikstof en een waterstof
atmosfeer verhit. Op deze wijze is aangetoond, dat waterstof in een oxy-
nitride met een atomaire zuurstof-stikstof-verhouding (O/N) van 0,4 het
sterkst gebonden is.

De oxidatie van silicium oxynitridelagen in een mengsel van O2, H2O
en HC1 en de nitridatie van silicium oxidelagen in een NH3-atmosfeer zijn
onderzocht.

De resultaten van de oxidatie-experimenten worden gepresenteerd in
hoofdstuk 4. De dikte van het gevormde oxide neemt lineair toe met de
oxidatietijd. Een toename van de oxidatiesnelheid met zowel de zuurstof-
stikstof-verhouding in de laag als de hoeveelheid water in de oxiderende
atmosfeer is waargenomen. Door toevoeging van HC1 aan de oxiderende at-
mosfeer wordt de oxidatiesnelheid verhoogd bij alle O/N. Als gevolg van de
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oxidatie ontstaat een aanzienlijke ophoping van waterstof nabij het grens-
vlak tussen het oxide en het oxynitride. De activeringsenergie bedraagt
ongeveer 2 eV voor O/N<0,4; voor hogere O/N verhoudingen neemt de
activeringsenergie af.

Nitridatie van silicium oxide in een ammonia atmosfeer wordt in hoofd-
stuk 4 besproken. De inbouw van stikstof en waterstof tijdens de aan-
vangsfase van het nitridatieproces is bestudeerd. Tevens is gekeken naar de
invloed van de dikte van de oxide laag op de inbouw van stikstof en zuurstof.
Het eerste stadium van de stikstof inbouw in S1O2 wordt gekarakteriseerd
door een activeringsenergie van 1,1 eV.

In hoofdstuk 6 worden nitridatie en oxidatie met elkaar vergeleken. Zo-
wel voor oxidatie als nitridatie is waterstof in de vorm van OH* en NHr

noodzakelijk. Modellen om beide processen te beschrijven, zijn gebaseerd
op dezelfde evenwichtsreacties. Een andere ligging van het evenwicht van de
reacties en een verschil in de eigenschappen als diffusiebarriere, veroorzaken
dat oxidatie en nitridatie op een sterk van elkaar verschillende wijze verlo-
pen. In oxynitriden vindt vrijwel geen diffusie plaats, terwijl oxidelagen in
hoge mate doorlatend zijn. Hierdoor verloopt de oxidatie laagsgewijs. Ni-
tridatie vindt in het begin vooral plaats aan het oppervlak en het grensvlak
met het silicium substraat. Op die plaatsen in de laag kan het tijdens de
reactie gevormde water namelijk afgevoerd worden.
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Levensbeschrijving

De schrijver van dit proefschrift, Jos Oude Elferink, is op 7 augustus 1959
geboren in Kortenhoef. Vanaf 1971 genoot hij voortgezet wetenschappe-
lijk onderwijs aan het A. Roland Holstcollege in Hilversum en behaalde
daar in 1977 het diploma Atheneum B. Aansluitend studeerde hij natuur-
kunde aan de Rijksuniversiteit te Utrecht, alwaar hij in januari 1985 het
doctoraal examen experimentele natuurkunde aflegde. Zijn afstudeeron-
derzoek bij de vakgroep Technische Natuurkunde betrof het toepassen van
hoog-ener ge tische ionenbundels voor het bepalen van de samenstelling van
dunne lagen.

Van juni 1985 tot juni 1989 was hij werkzaam bij de Vakgroep Techni-
sche Natuurkunde (thans Atoom- en Grenslaagfysica) van de Rijksuniver-
siteit te Utrecht. Resultaten van het in die periode verrichte onderzoek zijn
in dit proefschrift weergegeven.

Naast zijn activiteiten op het gebied van de natuurkunde was hij van
juni 1982 tot april 1989 sekretaris van de Vereniging Leefmilieu het Gooi,
de Vechtstreek en omstreken. Tevens is hij sinds december 1983 bestuurslid
(vanaf december 1985 in de functie van sekretaris) van de afdeling Hilver-
sum van de Partij van de Arbeid.
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Nawoord

Ter afronding van dit proefschrift resten mij aog slechts enige opmerkingen
van algemene aard.

Het uitvoeren van het in dit proefschrift beschreven onderzoek heb ik
als uitermate leerzaam ervaren. De mogelijkheden en beperkingen van op
technisch/wetenschappelijke wijze problemen oplossen heb ik beter leren
kennen; een waardevol hulpmiddel, maar geen universeel middel tegen elke
kwaal.

Als ik probeer om inhoud en uitvoering van mijn onderzoek met een
enkel woord samen te vatten, dan komt grens als vanzelf naar boven.
Grensoverschrijdend was het in ieder geval. De gebruikte monsters wer-
den in België, Frankrijk en Nederland gemaakt en geanalyseerd. In de loop
van het onderzoek werd Ce vakgroep Technische Natuurkunde opgenomen
in de vakgroep Atoom- en Grenslaag Fysica. Door de gebruikte analyse-
technieken was het vaak nuttig en noodzakelijk om de grenzen van de eigen
vakgroep te overschrijden en een beroep te doen op de kunde en vaardig-
heden van leden van de vakgroep Kernfysica. Is het beschreven onderzoek
daadwerkelijk grensverleggend? De tijd zal het leren.

Mensen
Aan het tot stand komen van dit proefschrift is door een groot aantal men-
sen op enigerlei wijze een bijdrage geleverd. Voor het leveren van zijn of
haar aandeel bij het verwezenlijken van dit proefschrift, niet in de laatste
plaats door het bieden van een prettige wijze van samenwerken, wil ik een
ieder hartelijk danken. Mocht ik in de onderstaande aftiteling iets of ie-
mand vergeten zijn, dan dan was dat beslist niet de bedoeling. Daarvoor
bij voorbaat mijn excuses.

Van de deelnemers aan ESPRIT project 369 wil ik om te beginnen Ton
Kuiper (Philips Natuurkundig Laboratorium in Eindhoven) noemen. Hij
zorgde voor een groot aantal plakken (alleen al voor het oxidatie-onderzoek
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ruim 400). Ook een deel van de analyses werd door Ton verzorgd, terwijl
het merendeel van de illustraties in hoofdstuk 4 eveneens van hem afkoms-
tig is. Marc Heyns (IMEC, Leuven, België) en Jean-Luc Liotard (Matra
Harris Semiconducteurs, Nantes, Frankrijk) zorgden voor het snel nitride-
ren van siliciumoxide lagen. Mare leverde eveneers de plakken voor de
stookproeven. Voor een deel waren de plakken zelfs al uitgestookt.

Van Jan Holsbrink (destijds werkzaam bij ASM in Bilthoven) kreeg ik
de BPSG-lagen.

Bert was zeer bedreven in het uitstoken en nitrideren van monsters in
een welhaast antiquarisch Radyne system 100. Van Adrie kreeg ik meerma-
len 'exotisch' montera. Uiteindelijk kon ik hieruit zelfs illustratiemateriaal
putten voor hoofdstuk 2.

Kleine aanpassing aan de meetopstellingen werden door Gerrit, Gerard
en Gerard snel en kundig gemaakt.

De ionenbundels werden door Henk, Ben, John, Hans, Flip en Aart
in vele soorten en maten geleverd. Voor een probleem met het vacuum
kon ik altijd een beroep op Flip of Theo. Advies en bijstand aangaande
electronica, kabels en aanverwante zaken kreeg ik van Cees, Jaap, Marco
en Wim.

Robert Jan, Evert Jan, Chris en Rob leerden mij veel over het gebruik
van computers en het schrijven van computerprogramma's.

Martin leerde aan mij de eerste beginselen van lATgX. Daardoor ben ik
nu in staat om zeer snel fraai ogende teksten te produceren. '-

De definitieve tekst van mijn eerste artikel werd nog door Riny getypt. •
Daarna begonnen de tekstverwerkers met een onverbiddelijke opmars. Voor |
het typewerk deed ik pas weer een beroep op Riny op het moment, dat ik
besloot om UTgX te gaan gebruiken en mijn literatuuroverzichten volstrekt !
niet aansloten op hetgeen IAT^X verlangde. Riuy zorgde toen voor de nood- '
zakelijke aanpassingen. Nadat ik met een deel van de vakgroep verhuisd was
richting versnellers, zorgde Riny dat het contact met de zesde verdieping
in stand bleef en de aanvoer van de post verzekerd bleef.

Frits veranderde vieze kladjes in fraaie tekeningen op het moment dat
het schrijven mij volledig in beslag nam en er toch nog een aantal aantal
plaatjes gemaakt moest worden.

De wijze waarop ik begeleid ben door mijn co-promotor laat zich moei-
lijk beschrijven. Inspirerend was het zonder meer. Op momenten dat ik
volstrekt niet meer wist hoe verder te gaan, kwam Frans meestal aanzetten
met een suggestie. Soms leidde dat uiteindelijk tot niets, maar intussen
had ik dan wel weer het nodige bruikbare ateriaal verzameld.

Op enige afstand werd het onderzoek door mijn promotor gevolgd. Juist
daardoor was Werner in staat om aan te geven, waar mijn teksten voor
niet-ingewijden volstrekt onbegrijpelijk dreigden te worden. Hopelijk is het

t
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eindresultaat redelijk leesbaar en begrijpelijk.
Het begeleiden van studenten bij het uitvoeren van een research-prac-

ticum of afstudeeronderzoek was voor mij erg leerzaam. Ik hoop dat dit
wederzijds is geweest. Wim, Uulke en Jean-Luc leverden ieder een belang-
rijke bijdrage aan het onderzoeken van het uitstookgedrag van oxynitride
lagen. Henri verzamelde een grote hoeveelheid gegevens over langdurig
(minstens 10 minuten) nitrideren. Roderik werd in korte tijd zeer bedre-
ven in het analyseren van geoxideerde oxynitriden met behulp van ERD en
NRA.

Publicaties
Delen van dit proefschrift zijn of worden op enigerlei wijze elders gepubli-
ceerd.

De resultaten van het meten van de straggling in nitridelagen zijn ge-
presenteerd tijdens een conferentie in 1984 te Padua, Italië over het gebruik
van versnellers voor het uitvoeren van interdiciplinair onderzoek en opge-
nomen in het conferentieverslag. Een artikel over het analyseren van van
BPSG-lagen met behulp van RBS en ERD is gepresenteerd tijdens Eca-
sia '85 in Veldhoven en verschenen in het conferentieverslag (Surface and
Interface Analysis, vol. 9. pg. 293).

Hoofdstuk 3 is voor een deel gepresenteerd tijdens INFOS '87 in Leu-
ven, België en in het conferentieverslag verschenen (Applied Surface Science
30(1987)197).

Hoofdstuk 4 is in artikelvorm aangeboden voor publicatie in het Journal
of Vacuum Science en Technology en zal voorts verschijnen in een in een
ESPRIT-boek over de fysisch-chemische en electrische eigenschappen van
oxynitridelagen. Voorlopige resultaten van het gedrag van waterstof tijdens
de oxidatie van oxynitrideiagen zijn al eerder gepubliceerd (Applied Surface
Science 33/34(1988)765).

Hoofdstuk 5 is gebaseerd op een tweetal artikelen. Deze artikelen zijn
respectievelijk gepresenteerd tijdens INFOS '89 in München, BRD en de
Materials Research Society Spring Meeting in San Diego, Ca., USA. Deze
artikelen zullen verschijnen in de conferentieverslagen.

Voorts heb ik medewerking verleend aan een onderzoek naar het chemisch
opdampen van silicium oxynitridelagen met behulp van een plasma (Journal
of Applied Physics 60(1986)2536).
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