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1 Motivation

Among hard materials for thin film applications, cubic boron nitride (¢cBN) has attracted
a lot of interest and a large number research activities in the last two decades. Besides the
very high hardness (Vickers microhardness: H, = 50 - 60 GPa [1,2]), other outstanding
properties give reason for the scientific interest. Superior to diamond, cBN is resistant to
oxidation up to temperatures of 1300° C [3, 4| and does not react with ferrous materials [3].
This makes it a promising material for the coating of high speed cutting tools. Since cBN
is transparent in the visible and infrared range, it is also a desirable material for protective
coatings of optical elements. Due to its wide band gap of ~ 6 eV, its ability of p- and n-
type doping [5], and the high thermal conductivity of 13 Wem'K~! [6] it also could be
used in electronic devices.

Polycrystalline cBN was synthesized first in high temperature high pressure experiments
by Wentdorf in 1957 [7]. Since the late 1980s also the preparation of ¢BN thin films became
possible with a variety of deposition methods. It was found that ¢cBN layers can be produced
at relatively low temperatures (100 - 500° C) but in any case a bombardment with energetic
particles is necessary to nucleate the cubic BN phase. The particles are usually ions in the
energy range of 100 to 1000 eV. This particle bombardment of the growing film has some
grave consequences for the film properties. On one hand the cubic phase does not nucleate
directly on the most common substrates. This leads to a very characteristic layer structure
of the films with a hexagonal BN (hBN) phase at the substrate/film interface from which the
cubic phase nucleates. Additionally the thin film material is (almost) always nanocrystalline.
On the other hand the ion bombardment leads to very high intrinsic compressive stress in
the layers, exceeding -10 GPa. The characteristic evolution of the intrinsic stress during the
layered growth of cBN was studied by in situ stress measurement during ion beam assisted
deposition (IBAD) of boron nitride films by Fitz and Fukarek [8,9].

Due to the layer structure and the poor crystallinity, up to now any application for elec-
tronic devices seemed to be not practicable. Only very recently however, the heteroepitaxial
growth of ¢cBN on diamond substrates could be demonstrated, which may open the path
for the fabrication of electronic devices [10]. Regarding hard protective coatings, the high
intrinsic stresses limit the adhesion of the films. Usually when the film thickness exceeds
a critical thickness of some hundred nm, the films delaminate. In previous works it could
be shown for IBAD that ion implantation in the energy range of 1.1 MeV to 35 keV dur-
ing or after deposition significantly reduces the intrinsic stress [11-13|. Boyen et al. [12]
could produce for the first time, 1 um thick, stress released ¢cBN layers by an alternating
process of cBN IBAD and stress relaxation by ion implantation with 300 keV Ar ions. Fitz
et al. used in situ stress measurement to monitor the stress relaxation in ¢cBN induced by
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medium energy ion implantation during post deposition ion implantation experiments [14]
and simultaneous ion bombardment of the growing ¢BN film [13].

This route should enable the deposition of ¢cBN films of um thickness. However, IBAD
has some drawbacks regarding industrial upscaling. This is mainly the low growth rate
and the fact that the boron evaporation rates become unstable in long term deposition
experiments. Also, for the stress relaxation, a linear accelerator providing the high energy
ions is required.

On the other hand, magnetron sputter deposition offers a solution to the problems
imposed on IBAD: it can be operated at high and stable deposition rates and is already
widely used in the commercial deposition of hard coatings on tools. A broad knowledge of
the cBN deposition regimes in magnetron sputtering has been collected by a large number
of researchers along the last decade (e.g. references [15-22|). Different routes were described
to produce adherent ¢cBN films by magnetron sputtering, including the deposition of buffer
layers [23,24], the incorporation of third elements [25,26], and the optimization of the
process parameters [21,27]|. However, so far the residual stresses could not be reduced
sufficiently to enable a commercial use of ¢cBN coatings on machining tools. The possibility
to apply a negative voltage to the substrate allows, also in magnetron sputtering the use of
high energy ions for stress relaxation.

Out of these considerations the aims of the present work arose:

1. The deposition of cBN was to be realized by magnetron sputtering, which is a widely
used method for the commercial deposition of hard coatings tools.

2. To be able to understand and control the ¢cBN film growth, the plasma characteristics
(ion flux, ion energy distribution and plasma composition) have to be known. There-
fore the magnetron discharge had to be characterized by means of Langmuir probe
measurements and energy selective mass spectroscopy.

3. The in situ stress measurement was to be adjusted for the magnetron sputtering
process.

4. With in situ stress measurement, the stress evolution in BN films was to be measured
during magnetron sputter deposition and to be compared with the results obtained
previously by IBAD.

5. Stress relaxation by energetic ion bombardment was to be realized for magnetron
sputtering by plasma immersion ion implantation technology using a pulsed substrate
bias. In this way stress relaxation could be achievable at acceptable costs for industrial
application.

6. The stress relaxation was also to be studied by in situ stress measurement. Specially
the influence of the process parameters ion flux and ion energy on the stress relaxation
was to be investigated with emphasis on very low ion energies (< 10 keV).

7. Changes of the microstructure of the layers induced by the ion bombardment were to
be investigated. Specially the question arose whether the stress relaxation takes place
within the cubic BN or it is due to a phase transformation to the hBN.



8. The parameters limiting the film adhesion were to be investigated and measures to
improve the adhesion should be examined.



2 Boron nitride

2.1 Structure and properties of boron nitride

Boron nitride is isoelectronic to carbon and exists in different phases analogue to the carbon
system. As in the case of carbon, boron nitride can have sp? or sp® hybridization. The
structures of the crystalline boron nitride phases are shown in figure 2.1. The sp? hybridized
phases are the hexagonal (hBN) and rhombohedral (rBN) boron nitride, which both consist
of hexagonal basal planes but differ in their stacking sequence. The hBN is the analogon to
graphite with an AA’A stacking sequence, whereas in the rBN the stacking of the hexagonal
planes is in an ABC sequence. Due to the partial ionicity of the BN bonds the hBN is,
unlike graphite, not conducting What is referred to as turbostratic boron nitride (tBN)
is a low ordered form of hBN, where the hexagonal planes have random stacking and are
randomly oriented around the ¢ axis. Additionally, in tBN the spacing between the planes
can be somewhat larger than the spacing in ordered hBN [28] and the hexagonal basal planes
can be bended and cross-linked similar to the fullerene like structure in carbon and carbon
nitride films [29]. Cubic boron nitride (¢BN), which possess the Zincblende structure, is
tetrahedrally coordinated with sp® hybridization. The high covalent degree of the bonding
and the short bond length result in the very high hardness of this material. Wurtzitic boron
nitride (wBN) is like the ¢cBN sp® bonded and therefore also tetrahedrally coordinated. But
here the unit cell is hexagonal and the stacking sequence is AA’A. Comparing the local
bonding environment of cBN and wBN, in the wBN structure one of the tetrahedral bonds
is elongated along the [0001] direction where the other bonds have the same length as in
¢BN. In thin BN films tBN and ¢BN are the predominant sp? and sp® phases, respectively.
Table 2.1 summarizes the structural parameters of the four crystalline boron nitride phases.

The stability of the different BN allotropes was first investigated by Corrigan and Bundy
in 1975 [34]. The p-T phase diagram was established with results from high pressure high
temperature (HPHT) experiments |7] and extrapolation from the carbon phase diagram.
The stability boundaries of Corrigan and Bundy, represented in figure 2.2 by the dashed
lines, indicate that at ambient conditions hBN would be the stable phase. More recent
thermodynamic [35] and ab initio calculations [36] however show that ¢BN is the stable phase
at atmospheric pressure up to ~1600 K, see figure 2.2. These calculations are supported by
experimental results of Sachdev et al. [37]. The phase transition at ambient conditions is
however hindered by kinetic barrier and as will be seen in the next section, ¢cBN thin film
deposition takes place at conditions far from equilibrium.



2.1 Structure and properties of boron nitride

[0001]

Figure 2.1: Structure of the hexagonal (hBN), cubic (cBN),
rhombohedral (rBN), and wurtzitic (wBN) boron nitride modi-
fications [30]

Table 2.1: Structural parameters of the boron ni-
tride phases (Data are taken from [30] and references
therein)

Phase a(A) «c¢(A) Space group Reference

hBN 23043 6.6562 P6ymme [31]
(195)

rBN 25042 999  R3m [32]
(160)

BN 36153 F43m [3,33]
(216)

wBN 25505 4.210 P6smc [33]

(186)
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Figure 2.2: Phase stabilities in the BN system: the black dots are calcu-
lated by Albe [36] and compared to the calculation of Solozhenko (solid
line)[35] and the data of Corrigan and Bundy (dashed line) [34]

2.2 c¢cBN thin films

2.2.1 Parameters for cBN synthesis

In thin film growth a number of parameters limit the window for the fabrication of the cubic
BN phase. In any case low energy ion bombardment of the film is required. The degree
of ion bombardment can be generally controlled by four experimental parameters: a)ion
energy E, b) ion mass m, c) ion flux J and d) the ratio of ions to film forming neutrals
arriving at the substrate % Kester et al. [38] found that the window for ¢cBN growth can
be described by the momentum of the ions transferred to the film:

P J
= — 2 omE 2.1
- = _y2mEy (2.1)

where P is the momentum transferred to the film per incoming atom, a denotes the
incoming neutral flux (number of atoms per unit area and time), m and E are the ion
mass and energy, respectively. The factor v describes the maximum energy that can be

transferred in a single collision: v = (Tif%m where M is the averaged mass of the target

(i.e. film) atoms.

When more than one ion species are present 5 is summed over each ion species i and
equation 2.1 becomes:
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g = Z (%) \/2m; By (2.2)

In the above work the threshold momentum transfer for the growth of ¢cBN was found
to be around 200 (eV - amu)¥2. Above 300 (eV - amu)¥? the authors observed no net film
growth due to total resputtering. Mirkarimi et al. [39] investigated ¢BN growth by pulsed
laser deposition (PLD). The authors argumented that ¢cBN formation scales rather with the
total momentum transfer of the incident ions, described by eq. 2.3, than with the maximum
momentum that can be transferred in a single collision, as described in eq. 2.2, since for ion
energies larger than 100 eV a single collision can not be assumed anymore (see section 5).

a2 (@) .

In a recent literature review by Kulisch et al. [40]| parameter spaces for cBN nucleation
that were experimentally determined by a large number of groups are compiled. Out of
this review, the ¢cBN threshold data with respect to ion energy and ion/B-atom flux ratio
F' are given in figure 2.3. The different symbols of the data points stand for the different
experimental groups (for detailed references see [40]), and the solid lines label Pk and Py
are the theoretical momentum transfer thresholds of Kester et al. [38] and Mirkarimi et al.
[39]. The resputter limit is indicated with the upper line F,. and the lower line Fy; points
out a stoichiometry limit (the stoichiometry condition is discussed below).

3 v AL e wed T ! T T 1.5
‘\ » g ® h=BN
\ : $ i
\
a Y . ® c—BN
(-]
"R ® resputter e
Ry : {10 §
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o
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= » e
m [ ¥ 1] : m
] L] T F.f
0 | ] | ] | 0

0.
0 250 500 750 1000 1250 1500
ion energy [eV]

Figure 2.3: Parameter windows regarding ion energy and ion to neutral flux ratio for the deposition
of cubic and hexagonal BN films obtained by different experimental groups as indicated by different
data symbols (for detailed references see [40]). Pk and Py are the theoretical momentum transfer
thresholds given in [38] and [39], resp.. Frand Fy indicate the resputter limit and a stoichiometry
limit, resp.. The graph is taken from [40].
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Besides the momentum transfer limit also a lower energy threshold exists for the forma-
tion of ¢cBN [29]. In mass selected ion beam assisted deposition (MSIBAD) experiments,
where boron and nitrogen both arrive as energetic ions, the lower energy threshold was
determined to be 125 eV [41]. Typically the ion energies range from few hundred eV up to
1 keV.

It is generally observed that different ion bombardment thresholds exist for the nucleation
and the growth of ¢cBN (|40] and references therein). Once ¢cBN has nucleated, the lower
energy threshold for the growth of ¢cBN is between 50 and 75 eV [42]. Since in the MSIBAD
of ¢cBN by BT and N7 the resputter limit is not reached, the authors could perform also
growth experiments at very high energies and found that cBN grows as well at ion energies
of 15 and 20 keV for B* and N*, resp. [42]. The growth under these extreme conditions
should take place well below the surface (20-50 nm), and the mechanism is under discussion.
The main goal of reducing the ion energy, ion/neutral arrival rate or the Ar*/Nj ratio after
the ¢cBN nucleation is the reduction of intrinsic stress and will be discussed in more detail
in section 2.3.

Other parameters limiting the ¢cBN nucleation and growth window include the sub-
strate temperature, stoichiometry and the presence of other elements (alloying elements or
contaminations). The temperature appears to affect only the nucleation of ¢cBN. A lower
temperature of 100° to 120° C is required for the nucleation process [43]|, whereas once
nucleated ¢cBN can be grown at room temperature [44]. Panayiotatos et al. [45] reported
that for deposition at room temperature an homogeneous, amorphous sp® bonded material
is produced that does not show the typical layered structure. For the nucleation and growth
of ¢BN, a boron to nitrogen ratio of 1 has to be maintained [46,47]. Even a small deviation
of this stoichiometry condition leads to sp? bonded material. Also the presence of ~ 5 at%
of other elements deliberately added or by contaminants inhibits cBN growth, e.g. [48,49].

2.2.2 Nucleation models

Although meanwhile ¢cBN films can be produced with a large number of different processes,
the actual mechanism of the cBN nucleation is not yet fully understood. Different models
have been developed to describe the cBN growth. Some of the models, like stress induced
nucleation of ¢BN [50] and preferentially sputtering of sp? bonds [51] were not in agreement
with experimental results [8, 52|, and are therefore not described here in further detail.

The subplantation model [53] and the cylindrical thermal spike model [54] were both
developed for the deposition of amorphous tetrahedrally bonded carbon (ta-C) films and
adopted for cBN growth. Both models describe a subsurface growth process.

In the subplantation model, the sp® bond fraction is related to a local density increase
due to interstitials below the surface. These interstitials can be formed either by direct
penetration of an energetic ion or by knock on implantation of a surface atom during a
collision with an energetic ion. A part of the interstitials is relaxed by diffusion to the
surface during the thermal spike that follows the ion impact (see chapter 5).

On the other hand, Hofséiss et al. [54] described the formation of sp® bonds to take
place in a volume where the excess ion energy is dissipated in thermal lattice vibrations,
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the thermal spike. Assuming an activation energy of 3 eV [55| the number ny of rearranged
atoms is calculated and compared to the total number of ng atoms in the spike volume.
When the spike volume is quenched, the material solidifies in a phase according to the local
density and bonding state. If the ratio of ny/ng > 1, the conditions are given for the
formation of sp® bonds. This process occurs in the range of 1072s. The model predicts a
lower and an upper energy limit for the cBN growth. The lower limit could be well confirmed
with experimental data [42|. However, this group has shown recently that cBN growth takes
place even at ion energies of 20 keV, which is clearly out of the limit of the thermal spike
model. It was therefore suggested that different growth mechanisms may be involved in the
different ion energy ranges.

2.2.3 Deposition methods

The deposition of ¢cBN films is possible with a number of physical and chemical vapour
deposition (PVD and CVD) techniques. All of them have in common that they are non
equilibrium processes and that they employ ion bombardment of the film surface. The source
of ions can be either an ion gun, e.g. a Kaufman ion source, or the ions are extracted via a
substrate voltage from a plasma. Most common is the mixture of Ar and Ny ions. But also Ne
[56], Kr, and Xe ions 38,39, 57| have been used. In most of the cases nitrogen is delivered as
ionized species to the substrate. The film constituting boron is either physically evaporated
or provided in form of volatile precursor compounds. Ton beam assisted deposition (IBAD),
Pulsed laser deposition (PLD), and plasma assisted deposition (PAD) are described in the
following to more detail.

Ion beam assisted deposition (IBAD) was one of the first successful techniques to
synthesize nearly phase-pure ¢BN films [58]. In figure 2.2.3 the principle setup of such a
system is shown. Here the source for the film forming boron atoms is an electron beam
evaporator that is fed with grains of elemental boron. Using two electron beam evaporators
with different source materials, also ternary compounds with a controlled stoichiometry can
be synthesized [59]. A Kaufman-type ion source delivers Ar and Ny ions to the growing
films surface. Alternatively, as shown in figure 2.2.3, it is also possible to sputter a boron
target by a second Kaufman ion source to provide the film forming boron atoms [60]. Since
the ion and neutral fluxes and the energies of the ions can be controlled separately and
independently, IBAD has been a widely used method to investigate the parameter space
for ¢cBN nucleation and growth in thin film deposition (e.g. [61,62], more reference can be
found in [30] and [40]).

A modification of IBAD is given by the mass selected IBAD (MSIBAD). Instead of
evaporating or sputtering boron and bombarding the film with Ar and Ny ions, here the
film is deposited from magnetically mass separated ''B™ and N [41]. With this technique
the ¢cBN nucleation and growth was investigated in the energy range from 20 eV to 30 keV
(see above) [41,42].

Although IBAD is a very good tool for the study of the fundamental processes of the
cBN growth, it has some drawbacks which inhibit any applicative upscaling of the process.
These are mainly the very low growth rate, typically 0.1 A/ s, and the instability of the
boron evaporation rate during long time deposition [8].
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a):lon beam assisted deposition b): Dual ion beam assisted deposition
Substrate Substrate
A
AE*,NZ‘ Ar',N,’ Boron atoms
N Boron atoms N*
Kaufman

Kaufman Kaufman ion source
ion source ion source
‘} 4—|
\ r

_4

Boron
Ar+N, -y evaporator Ar+N, Boron target

Figure 2.4: a):Schematic view of an ion beam assisted deposition using an electron
beam evaporator and a Kaufman ion gun, b): Schematic view of a dual ion beam assisted
deposition with a second Kaufman ion source sputtering a boron target

In Pulsed laser deposition (or pulsed laser ablation), a boron nitride target is ablated
in Ny/Ar atmosphere with a powerful laser, e.g. an KrF excimer laser [57,63]. In order to
initiate nucleation of the cubic phase the film surface has to be bombarded additionally
with ions of some 100 eV energy. With this method very high growth rates can be obtained.
However, macroparticle incorporation is a serious problem, since each particulate from the
ablation target incorporated into the film disrupts the ¢cBN growth. A mechanical chopper
or a bending magnetic field can be used to filter the macroparticles from the ablation plume.
Naturally, the growth rate is decreased by such means.

Plasma assisted deposition techniques like magnetron sputtering, diode sputtering,
and plasma assisted chemical vapour deposition (PACVD)' are as well able to produce
cBN films if a negative bias voltage is applied to the substrate. Usually PAD gives much
higher and more stable growth rates than IBAD. Additionally large areas can be coated
homogeneously, and the process can be scaled up more easily.

One of the most commonly used PAD methods is magnetron sputtering (MS). The
principles of MS are described in more detail in section 4.1. For the synthesis of boron
nitride films, either a metallic boron [15, 16,64, 65| or a ceramic boron nitride target are
used [65,66]. With a non-conducting hBN target the discharge has to be operated with an
r.f. voltage. Although the deposition rates in r.f. discharges are generally lower than in
dc discharges, higher ¢BN contents in the films were obtained with r.f. sputtering [15,67].
Boron targets can be sputtered in a dc discharge when they are heated to about 800°C and
the conductivity is sufficient. With the presence of sufficient nitrogen in the discharge, high

'PACVD is included here since the "chemistry” is restricted to the dissociation of the B and N precursors.
The ¢BN growth process is comparable to plasma assisted PVD. When the precursors contain fluorine, the
situation is different as will be described in the text.
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quality ¢BN films can be produced also by using conducting B,C targets in dc¢ mode [26].
By reducing the nitrogen content in the plasma also ternary BCN films can be deposited
[23,68]. Up to now the ternary BCN films are all sp? bonded although a ternary sp® bonded
BC,N compound theoretically exists.

Unlike in chemical vapour deposition (CVD) of Diamond, the chemical route to de-
posit ¢cBN films requires the assistance of ion bombardment. The process is then called
plasma assisted CVD . Either an micro wave (2.45 GHz) or an r.f. (13.56 MHz) plasma
is commonly used. The list of precursors in the literature is quite extensive. Some of these,
like the widely used diborane (BoHg), [69, 70] are toxic. Other precursors are e.g. trimethylb-
orazine (B3N3Hs(CHs)s) [71] or other organic compounds like borane dimethylamine [72].
By the introduction of fluorine in the PACVD process, recently, the deposition of sev-
eral um thick ¢BN films was achieved. In references [73| and [74] the deposition of ¢cBN
films with a DC plasma jet operated with an Ar — N, — BF3 — Hy gas mixture is de-
scribed. Alternatively, an electron cyclotron resonance (ECR) plasma was used with an
Ar — He — Ny — BF3 — Hy gas mixture [75], which is more cost efficient and is capable of
coating larger areas. It is believed that fluorine etches preferentially the sp? bonds and
therefore leads to a very high sp® phase purity of the films. Hydrogen has to be added to
the process to bond the surplus fluorine [76]. The films produced with fluorine-CVD exhibit
a relative low amount of compressive stress, around -1 to -2 GPa [77]|. This is most likely a
result of the very high deposition temperatures that exceed 900°C, where stress is released
in the film but also plastic deformation of the silicon substrate and in consequence stress
relaxation occurs. The disadvantages of this process are on one hand the use the toxic BF3
and on the other hand the very high temperatures that are required for the cBN growth,
which are not practicable for tool coating.

2.2.4 The layer structure of cBN films

On all of the most commonly used substrate materials for ¢cBN thin film deposition (Si,
WC, Steel and TiN), the cubic phase can not be nucleated heteroepitaxially due to the
large lattice mismatch and differences in bonding and ionicity. One exception to this rule is
the heteroepitaxial deposition of cBN on CVD diamond substrates [10]. But in general the
films have a very characteristic layered structure that was characterized by a large number
of techniques (e.g. FTIR, ERD, TEM, in situ stress measurement). A typical TEM cross
section image of the layer sequence of a BN thin film is shown in figure 2.5 (taken from
[69]).

On Si substrates, the films exhibit the following layer sequence: 1. A thin amorphous
layer at the substrate interface, 2. a layer of turbostratic BN, 3. the ¢cBN nucleation zone,
4. the actual cBN layer.

The 2-5 nm wide amorphous layer is often described as amorphous boron or boron
nitride (aBN). With in situ ellipsometry it could be shown, however, to be mainly amorphous
silicon [9]. With high lateral resolution electron energy loss spectroscopy (EELS) and energy
dispersive x-ray spectroscopy (EDX) the elemental composition of this layer was investigated
[78]. Here the authors found that the amorphous layer consists of native Si oxide and
complex oxide layer of Si, B, and N with 10 - 20% oxygen. This layer is most likely produced
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by ion mixing during the first stage of the deposition [79], since the thickness of this layer
is approximately the ion range.

On this amorphous layer, a layer of turbostratic BN is formed. When the film is deposited
under ion bombardment, the tBN layer is oriented with the ¢ axis parallel to the substrate
surface and the hexagonal basal planes oriented randomly around the c axis [62,80]. When
the tBN grows without ion bombardment the basal planes are oriented with the c axis
perpendicular to the surface. The origin of this preferred orientation is discussed in the
literature to be either due to the minimization of the elastic strain energy (resulting in a
minimization of the Gibbs free energy G) [81] or caused by plastic deformation [82,83].
Theoretical calculations of the orientation-dependence of the strain energy are not in agree-
ment with the experimental findings. Main reason is that the elastic tensor of the material
is included in the calculations of GG. Reliable data on the elastic properties of tBN thin films
are not available but due to the microstructure of the films (larger lattice spacing, bending
and cross-linking of planes as can be seen in fig 2.5) they should be rather different from
bulk material.

Out of this textured tBN layer ¢cBN can nucleate. The nucleation takes place in sepa-
rated islands [84]. Up to the coalescence of the islands, both ¢BN and tBN crystallites are
growing. When the coalescence is fully accomplished, almost pure cBN is growing further
with columnar structure [85]. It is believed that the oriented tBN planes serve as growth
template for the ¢cBN (111) planes [86] in such a way that three of the ¢cBN (111) planes
match with two of the tBN (0002) planes. Then the relative lattice spacings of 2.09 A and
3.33 A for ¢BN and tBN, resp., approach a 2:3 ratio. This model is confirmed by high
resolution TEM (HRTEM) by Weissmantel et al. [87] as can be seen in fig 2.6. An earlier
model according to which the ¢cBN nucleates directly by a stress induced compression of the
tBN in [0002] direction appears to be less valid, since the stacking sequence in hBN and
¢BN is different (and the stacking sequence in tBN might be completely random).
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Figure 2.6: TEM cross sectional image of the hBN/cBN interface
showing the 2:3 matching of the tBN (0002) planes with the cBN
(111) planes [87]

The cubic crystallites are generally very small (10-30 nm) and with at least one of the
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[111] directions parallel to the surface (an in-plane [111] texture) [86]. In some cases also a
[110] out-of-plane texture with two [111] directions parallel to the surface is observed [88|.

With surface sensitive techniques (e.g. Auger electron spectroscopy or electron energy
loss spectroscopy but also HRTEM) very often a thin sp* bonded surface layer is observed
(e.g. [89]). The thickness is usually not more than 1-2 nm. Fukarek could show with in situ
ellipsometry that this sp? surface layer is present throughout the ¢cBN growth with IBAD
[9]. This leads to the conclusion that the formation of sp® bonds takes place below the
surface within the ion range, which is supported by the subplantation model [53] and the
thermal spike model [54].

2.3 Strategies for the deposition of thick cBN films

In the Literature several approaches are known to realize the deposition of thick (>1um)
cBN films at moderate temperatures. On one hand the reduction of the high intrinsic stress
was pursued and on the other hand the adhesion of the film to the substrate was improved.
In the following the different routes are discussed. A third route is to really relax the stress
in the layers. This has been achieved by energetic ion implantation and the principles and
outcomes are discussed in section 3.3.

Optimization of process parameters To reduce the stress in the ¢cBN films, one way
is the optimization of the process parameters, in particular the ion energy (see the Davis
model p. 20). The fact that the ion energy can be reduced after the ¢cBN nucleation [30] has
been used in a number of publications to deposit layers at a reduced level of compressive
stress [21,27,90-92|. Also the deposition with an increased ion energy (up to 1000 eV) was
discussed by Kulisch et al. [71]. Using this high ion energy the deposition is operated very
close to the resputter limit and an efficient growth rate can not be achieved. In order to
grow ¢cBN films with low stress, the following deposition parameters can be changed after
c¢BN nucleation:

e Reduction of the ion mass, i.e. the reduction of the argon content of the growth
assisting ions [52, 71|

e Decrease of the ion to neutral ratio [52, 93|

e Decrease of the substrate temperature after cBN nucleation [29] as well as post depo-
sition annealing [21,94] are discussed.

Addition of alloying elements In several publications it could be shown that the addition
of alloying elements like C [26], Si [95], and Al [25] lead to reduced stress in the ¢BN films.
However it was found for all alloying elements as well as for unintentional contaminations
that the presence of more than ~ 5 at% of additional elements in the film completely inhibits
a cBN nucleation. Also the achieved stress relaxation was not sufficient to produce pym thick
films.
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Adhesion layers and multilayers In the following paragraph those works are summarized,
which deal with the improvement of the adhesion mainly by employing intermediate layers.

e BCN buffer layers with a gradually decreasing C content on Si and WC substrates
proved to have sufficient adhesion strength to sustain several ym thick ¢cBN layers on
top [23|. Recently such a layer system was deposited on cutting tools and first tests
of high speed cutting tools showed promising results [96].

e In several works the adhesion could be improved due to the deposition of a thick hBN
interlayer either on Si substrates [97,98], or on WC substrates [63]

e Boron-rich buffer layers were used to enable the deposition of adherent cBN films on
Si, WC, and Al,O3 substrates [99, 100].

e The possibility of heteroepitaxial growth of cBN was demonstrated by Feldermann
[101] at al. on AIN and by Zhang et al. on CVD Diamond [10]. In the latter however,
this was achieved only at significantly elevated temperatures (900°C).

e Lee et al. [24] could deposit 0.4 pum thick ¢BN layers on top of an AIN buffer layer,
however with an hBN interlayer. Further on in this work AIN/BN multilayers were
produced. Since the cBN has to nucleate from the hBN in each multi layer period,
a minimum period thickness of 20 nm was necessary to grow cBN containing multi
layers.

e Also titanium nitride was used as an adhesion layer [102] and in TiN/BN multi lay-
ers. In these multi layers the boron nitride was fully hexagonal, since the minimum
thickness needed for ¢cBN nucleation was not reached.

Summarizing these results, it becomes clear that the different buffer layers provide a
structure that is able to compensate or to bear the high stress of the film, but the stress
itself is not reduced. Due to the fact that cBN cannot be grown heteroepitaxially (in most
of the cases), multi layer deposition always will include some hexagonal boron nitride as a
seed layer for the cBN nucleation.



3 Stress in thin films

The state of stress of a material is generally described by the stress tensor, which contains
the directional stress components of a differential volume [103]:

511 S12 S13
Sij = S21 S22 S23 (3-1)
531 S32 533

The diagonal elements denote the normal contributions of the stress in a cartesian coor-
dinate system, and the off-diagonal elements denote the shear stresses.

A biaxial state of stress is defined by the components si1, Soo, S12 = S91 and S33 = S13 =
S31 = S93 = 833 = 0.

Any state of stress can be transformed to be aligned along its principal directions, where
the shear components vanish. The principal stresses are denoted S;.

In a thin film, where the film thickness is much smaller than the substrate thickness
dy < ds and the lateral dimensions are much larger than the total thickness of film and
substrate, the state of stress is biaxial and the stress tensor can be written as

Sy 0 0
Si=|( 0 S 0], (3.2)
0 0 O

where S; and S5 are the principal stresses in the plane of the film and S3, which is the
principal component normal to the plane is zero. Additionally, in-plane elastic isotropy is
assumed in a thin film so that S; = 55.

A strain € that is imposed to the film (e.g. due to the introduction of defects, change of
the temperature or a phase transformation) will lead, according to Hooks law, to a stress S
that is:

S = Sl = SQ =Ye (33)

where Y (biaxial modulus) is given by Y = E//(1 —v). E and v are the Youngs modulus
and the Poisson ratio of the film. Note that in the following S is used to describe a biaxial
film stress that is averaged over the film thickness and o = o(dy) denotes the instantaneous
biaxial stress at a certain depth d; in the film.
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In a thin film that is attached to the substrate, any strain and in consequence stress in
the film, will lead to a bending of the substrate and the film. This is schematically shown
in figure 3.1, where the strained film is symbolized by a elongated or compressed spring.
The relations between the stress in the film and the bending radius R of the film/substrate
compound are given below.
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Figure 3.1: Schematic illustration of the bending of a
film /substrate compound induced by biaxial stress in the
thin film (picture taken from [104])

For an isotropic film and substrate, the total force imposed by the film on the substrate
is an integral of the stress over a given cross sectional area:

F= /Odf o(ds)Wdd;, (3.4)

where d is the thickness of the film and W the width of the film and substrate. If
the stress is isotropically distributed throughout the film thickness, the film force can be
expressed as F' = Syd;W.

The steady state is reached when the moments of force of the substrate M, = Y,Wd3/12R
(with Y; being the biaxial elastic modulus of the substrate, ds the thickness of the substrate
and R the bending radius) and of the film AM; = Sd;W (d,/2) are equal. Then the global
stress becomes



18 3 Stress in thin films

_ Y

5= 6Rd;

(3.5)

For silicon substrates Y; = 180G Pa [105]. Positive values of S denote tensile stress,
where negative values are defined as compressive stress. Equation 3.5 is known as the
Stoney formula [106].

The film force per unit width (FPUW) on the substrate surface can be calculated by

Y.d:
6R

FPUW = Sdy = (3.6)
Equation 3.6 is valid for dy < d,, then the FPUW is proportional to the substrate
curvature 1/R.

If S varies through the film thickness (e.g. due to parameter changes during deposition
or a phase transition), the instantaneous stress o(dy) has to be considered. If no subsurface
stress relaxation occurs (e.g. thermal relaxation or due to ion bombardment), then at a
given instantaneous film thickness during deposition, ¢ is defined as the first derivative of
the force per unit width with respect to the film thickness:

_ A(FPUW) a( L)
o(dy) = o) . ad; | (3.7)

From equation 3.7 it becomes obvious that for thin films with an inhomogeneous dis-
tribution of the stress, e.g. tBN/cBN layered films, to obtain the instantaneous stress, the
evolution of both, bending radius of the substrate and film thickness has to be measured
during the deposition. The experimental details are discussed in section 7.1.1.

3.1 Origin of stresses in thin films

Intrinsic stress of thin films can be produced by a number of processes and various types
of defects. In epitaxial film growth misfit stress arises when the lattice spacings of the
film and substrate material are different. The incorporation of residual gas atoms and non
reactive process gases can lead to compressive stress. However, in the case of magnetron
sputter deposition of metal films Thornton et al. found that the contribution of the noble
gas incorporation to the total film stress is rather small [107, 108]. Other examples of defects
that lead to stress are low angle grain boundaries, vacancies, and self atoms or impurities
built in on interstitial sites. Recrystallization and phase transformation can lead to large
volume changes and in consequence to high stress.

Thermal stresses are extrinsic and arise from differences in thermal expansion coefficients
of the film («f) and the substrate (ag). When changing the temperature from Ty to Ts,
e.g. from deposition temperature to ambient temperature, a thermal stress ot is produced,
given by
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LBy
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(O[f — Oés)(Tl — Tg) (38)

ar

E¢ and 14 are the Youngs modulus and the Poisson ratio of the film respectively. For
cBN films deposited on silicon substrates, the thermal stress that arises during cooling
from deposition to ambient temperature is tensile [8]. For ¢BN films on metal or hard
metal substrates, where the thermal expansion coefficient is larger than that of the film, the
thermal stress induce by cooling becomes compressive and adds additionally to the intrinsic
compressive stress. Also for this reason, the deposition of cBN on metallic or hard metal
substrates should be carried out at moderate temperatures.

Stress can also be induced by energetic particle bombardment of the film during depo-
sition. This is discussed detailed in the next section.

3.2 lon-induced stress in thin films
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Figure 3.2: Thin film microstructure resulting from ion bombardment in different
energy regimes (picture taken from [109])

In the 1970s to 1980s Thornton and Hoffman [107,108| identified energetic particles
as the origin of intrinsic compressive stress in thin films. In this early work, magnetron
sputtering of metal films without any additional substrate bias was investigated and hence
the energetic particles were neutralized inert gas atoms backscattered from the sputtering
target (energy up to several 100s eV). Thornton and Hoffman explained the stress to be a
result of recoil implantation of film surface atoms into some nm depth by the impact of the
energetic particles (often referred to as ’ion peening’, see also section 5). This process leads
to a local densification and hence to compressive stress, as is schematically shown in figure
3.2. The principle of stress generation can be applied to all sorts of deposition processes
where energetic neutrals or ions are involved like low pressure plasma assisted deposition
with additional substrate bias, IBAD, cathodic arc evaporation, or pulsed laser ablation.

In the early 1990’s Davis developed a simple theoretical model for cathodic arc deposition
that relates the stress in thin films with the energy of incident ions [110]. Analog to the
subplantation model for the formation of sp® bonds in diamond-like amorphous carbon
(DLC) films by Robertson [111], in the model of Davis the stress results from a balance
between recoil implantation and relaxation due to defect annealing in thermal spikes and is
expressed by
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Y E1/2
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(3.9)

where Y is the in-plane Young’s modulus, v is Poisson’s ratio, a is the rate of film atoms
deposited per unit area, J is the flux of energetic ions to the film surface, p is a materials
dependent parameter in the order of unity, E is the energy of the incident ions. Fj is the
excitation energy for atoms in metastable positions to move to the surface, which is assumed
to be in the order of 10 eV [112]. A typical evolution of stress in a thin film with increasing
ion/particle energy is shown in figure 3.3. For lower ion energies, the formation of defects
prevail, and hence the stress is increasing with the ion energy. Depending on the material
and the deposition conditions a maximum of compressive stress is usually found in the range
of 100 - 200 eV. For higher ion energies the compressive stress decreases, since the removal
of atoms on defect positions requires less energy than the formation of a new defect from
an atom on a lattice position.
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Figure 3.3: Dependence of the intrinsic stress in a thin film upon
the energy of the incident particles.

From results of molecular dynamic simulations of a film deposition by carbon ions with
energies between 1 and 100 eV, Marks et al. [113] proposed that in this case stress is produced
by ion impact-induced compression of the surface bonds rather than subplantation or recoil
implantation. As a result, a distribution of bond stresses was obtained, which gives an
average compressive state of stress.

The evolution of stress in magnetron sputtered films could differ from the Davis model
due to the presence of noble gas ions that bombard the film but are not incorporated into
the crystalline structure. Kazansky et al. showed that for a substrate bias voltage of -350
V a significant amount of Ar is trapped in pores in the film [114].

The prediction of stress in a film becomes more complicated if the preferred orientation
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in the film changes with the ion energy or when a phase transition can be induced by the ion
bombardment, as it is the case for BN films. For amorphous and homogeneous sp® bonded
BN films that were deposited with magnetron sputtering at room temperature, Panayiotatos
et al. [45] showed that the stress dependence on negative bias voltage fits very well with
the theoretical predictions of the Davis model.

3.3 Reducing stress in thin films

The model of Davis [110] and the results of Marks [113] described the stress relaxation
taking place at higher ion energies and below the film surface. Within the thermal spike
or the collision cascades, breaking of compressed bonds below the surface is induced with a
subsequent reformation of the bonds without compression. Thus, to produce films with low
stress, the ion energy has to be chosen either very low or very high. However, both models
describe the case when the ions are incorporated into the film structure and nobel gas ions
do not play a role. In a number of deposition processes including IBAD and magnetron
sputtering this is not the case: here the film is formed by low energy neutrals (0.1 - 20 eV)
and ions with energies ranging from several 10s of eV up to ~ 1 keV are employed to densify
the film or to induce phase transformation like in ¢cBN deposition. Most commonly Ar ions
are used and for reactive nitride film growth nitrogen ions are added. The consequence of
this is that at low ion energies the desired film properties are not achieved and for very high
ion energies the resputter limit is reached and no efficient film growth can be achieved (e.g.
reference [115]). Especially in the case of cubic boron nitride the optimum ion energy range
to produce dense and purely cubic films coincide with the maximum of stress in the 'Davis
curve’.

To overcome this dilemma, it is proposed here that the film growth can be separated
from the stress relaxation. This means that the film is formed mainly by the deposition of
low energy particles (neutrals and/or ions) and only a small fraction of the particle flux to
the film consists of high energy ions. Then the film growth takes place at the surface and is
accompanied by large compressive stress. The high energy ions, however, can penetrate into
some depth below the surface and induce thermal spikes or collision cascades and in turn
the stress is released. Sputtering is minimized since the high energy ions account for only a
few percent of the deposition flux, and if the energies are chosen to be very high (> 10 keV)
the sputter yield is decreased as well. In practice, this has been realized in plasma assisted
deposition of hard coatings other than ¢cBN by the application of a pulsed bias voltage in
the range of 1 kV up to several 10 kV to the substrate [109,116-119].

For the deposition of ¢cBN, the lower threshold of the ion energy is in the order of 0.1
to 0.5 keV. So a process that realizes growth and stress relaxation needs to include ions
with some hundred eV as well as ions with significantly higher energy. This was up to now
performed only for IBAD with additional high energy ions (35 keV - 1.1 MeV) delivered by
a linear accelerator. Thereby different experimental techniques have been used:

1. In post deposition ion implantation 1.1 MeV Xe and He ions were used [11]. Due to
the mean ion range of > 300 nm, the ions penetrated the total film, including the
hBN layer and even are implanted into the substrate. The stress was reduced by this
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treatment, however for ion doses > 5 - 10'%ions/cm? a phase transformation from ¢cBN
to hBN was observed. The authors found that the implantation induced total number
of displacements per unit volume is the key parameter for stress relaxation but also
for phase transition.

. In a sequential process of film growth, implantation of 300 keV Ar ions, and annealing

1 pm thick BN films with a very high ¢cBN content could be produced [12]. The growth
sequences were chosen to deposit 180 nm ¢cBN to match the mean projected range of
the ions. in this way, the substrate was not irradiated.

. Fitz et al. [13] demonstrated for the first time a simultaneous process of film growth

by IBAD and irradiation of the growing film with 35 keV N* or 70 keV Ar™ ions. The
hBN layer and about 40 nm ¢cBN were deposited without additional ion implantation,
in order to prevent the ions from penetrating the hBN/ ¢BN interface. By in situ
stress measurement, the stress relaxation in ¢cBN from > -10 GPa down to -1.3 GPa
due to the ion implantation could be quantitatively measured for the first time in real
time during deposition.

The experimental set up for the latter procedure is displayed in figure 3.4 showing a boron
evaporator, a Kaufman ion source, and a Danfysik 200 kV implanter, which delivers 35 keV
N ions.

Danfysik | Substrate
LAY 3 :
Implanter ‘x\\\ Pumping

system

Boron evaporator

Figure 3.4: Experimental set up for the IBA deposition of low stress
cBN films with simultaneous medium energy ion bombardment in-
cluding a boron evaporator, a Kaufman ion source and Danfysik
200 kV implanter, which delivers 35 keV N7 ions.

Up to now it was not possible to realize the range of ion energies in a plasma assisted

PVD process, since no suitable power supply for the substrate bias was available. In the
present work this has been realized and the experimental details are described in chapter
4.2 and the results are presented in chapter 8.
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4.1 Magnetron sputter deposition

In this work magnetron sputtering was used for the deposition of the cBN films since it
provides higher and more stable growth rates than IBAD and is a widely used method for
the industrial deposition of many different functional thin films including hard coatings on
tools. To be able to estimate the fluxes of sputtered particles to the substrate as well as ion
fluxes and the ion energy distribution a detailed investigation of the deposition process in
the magnetron system was performed and is summarized in section 6.

The most common method of PAD of ¢BN films is unbalanced magnetron sputtering. In
a planar magnetron like shown in figure 4.1, a sputter target, that serves as cathode, is placed
above a configuration of permanent magnets that produce a magnetic field over the target
surface. In a "balanced” magnetic field all field lines are closed (i.e. they extend from the N
pole to the S pole of the permanent magnets). In unbalanced magnetic configurations some
of the magnetic field lines close on the substrate or the walls of the chamber. In operation,
the electrons of the low pressure plasma are confined on a so called race track just above the
target surface by the magnetic field due to the E x B drift. Therefore the electron density is
increased in this area and consequently the ionization rate due to electron impact ionization
of neutral gas particles is as well increased. The erosion of the target material by the ions is
then very high leading to high deposition rates on the substrate. Compared to IBAD, the
increase of the growth rate is however gained by the loss of separate control of neutral and
ion fluxes to the substrate. In unbalanced magnetrons the high density plasma is extended
towards the substrate and hence the ion flux to the substrate is increased. When insulating
targets are used, the magnetron discharge has to be powered by an r.f. voltage, then also a
matching network is required. Conducting targets are normally operated with a d.c voltage.

4.2 Experimental set up

The deposition chamber that was used in this work is schematically shown in figure 4.2,
including the in situ ellipsometer and the in situ stress measurement (these in situ diagnostics
are described more detailed in section 7.1). The reactor is evacuated with a turbo molecular
pump down to 2x107% Pa. The argon and nitrogen feed gases (99.999999% and 99.99999 %
purity, respectively) are introduced through a mass flow controller. If not stated else, for
the deposition experiments the argon and nitrogen fluxes are set to 14 sccm and 7.5 sccm,
respectively. For the plasma diagnostics, the Ar/(Ar + Ny) ratio was varied between 0 and 1.
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Figure 4.1: Schematic view of magnetron sputter deposition

During deposition a gate valve between the reactor and the turbo molecular pump is used to
adjust the total pressure. For Langmuir probe measurements (see section 6.1) the working
gas pressure was varied between 0.1 to 0.5 Pa, during deposition it was always 0.1 Pa. The
sputtering system consists of an unbalanced magnetron parallel to the substrate surface at
a distance of 60 mm. A 3" hBN target is sputtered in the Ar/N, ambient. The magnetron
is capacitively powered by a 13.56 MHz radio frequency power supply. With an L-type
matching network between the power supply and the discharge, the reflected power can
be minimized to below a few percent. The r.f. power was scanned from 100 to 300 W in
the plasma diagnostic experiments. For film deposition it was set to 250 W. All standard
deposition parameter are summarized in table 4.1

The films are deposited on (001) oriented silicon substrates or on cantilever structures
of 22 x 4 x 0.18 mm? that are etched into 45 x 30 x 0.3 mm? (001) silicon substrates. The
substrates are clamped into a molybdenum mask of 3” diameter that is placed on the
substrate holder. The mask is used to fix the cantilever and to ensure good electrical
contact with the substrate holder since the substrate has to be biased. During deposition
the substrate is heated to 350°C. The heater consists of a 100 W lamp positioned in the
center of a parabolic mirror below the substrate, and the substrate temperature before
deposition is measured ellipsometrically (see section 7.1.2).

In plasma based deposition methods like magnetron sputtering, the ion bombardment
that is required for the nucleation and growth of the cubic BN phase, is provided through
a bias voltage at the substrate. Since BN is insulating, either a r.f. self bias or a bipolar
pulsed dc bias is required to prevent charging of the film surface during the deposition of
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Table 4.1: Standard deposition parameters for the growth of cubic
boron nitride films (Note that the substrate temperature is measured
ellipsometrical, see section 7.1.2)

Deposition parameter Value
Base pressure <5-107°Pa
Working pressure 0.1 Pa

Ar Flow 14 scem (65%)
N, Flow 7.5 scem (35%)
R.F. power 250 W
Substrate bias -150V /) +80 V
Substrate temperature 350 °C
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Figure 4.2: Schematic view of the magnetron system including the in situ ellipsometry and the in

situ stress diagnostic.
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Figure 2.5: TEM cross section of the layered structure of a cubic
boron nitride film consisting of an amorphous layer (aBN), a layer of
turbostratic BN (tBN), a mixed region with tBN and ¢BN, and the
cubic top layer (cBN). The figure is taken from reference [69].
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thick films. In the experiments described here a bipolar pulsed dc bias is used.

The substrate bias power supply (developed by GBS Elektronik GmbH, Dresden, Ger-
many) provides the possibility to add high voltage pulses to the bipolar pulsed low voltage
dc bias. The substrate voltage sequence including high voltage pulses is schematically shown
in figure 4.3 (note: the time axis is not scaled). If not stated else, the bias voltage settings
for all experiments are as follows: the low voltage substrate bias that is required for cBN
nucleation and growth is set to -150 V pulses of 80 us. To discharge the surface, the low
voltage pulse is followed by a short intermediate pulse of a positive voltage (+80 V for 3us).
High voltage pulses of -2 to -8 kV for 2 us enable simultaneous stress relaxation by energetic
ion bombardment. Since the negative HV pulses are followed directly by a positive discharge
pulse, they are square shaped. The pulse rise time of ~ 500 ns is added to the programmed
pulse duration of 2 us. In order to preserve the life time of the switches in the power supply,
after each positive pulse a 5 us brake is programmed, in which the voltage out put is zero.
Varying the repetition rate of low-voltage cycles between the high voltage pulses, the ratio
of high energy to low energy ions impinging on the substrate can be controlled. In this work,
the ’duty cycle’ is referred to the ratio of the on-times of the high energy pulses to the low
energy bias and is varied between 0.3% and 1.2%, corresponding to HV pulse frequencies
between 1.4 and 4.5 kHz. In this way the duty cycle is a direct measure for the flux ratio of
high energy ions to low energy ions to the substrate.

The potential at the film surface does not necessarily equal the applied bias voltage. The

reason herefore is the insulating character of the boron nitride film, resulting in charging
of the surface and a voltage drop across the film thickness. The charging is avoided by
applying a positive voltage pulses to the substrate. The discharge potential should be above
the plasma potential (see section 6.1), but not too high in order to avoid excessive electron
currents. In all experiments described here the discharge voltage was + 80 V. Using lower
voltages, charging of the surface reduced the ion energy in such that the nucleation of cBN
failed. Increasing the discharge voltage from +80 to +120 V did not show any effect on
the phase composition or the film stress. Therefore it is concluded, that the film surface is
completely discharged during a 3 us pulse of +80 V.
Since boron nitride is an isolator, the film acts as a capacitor. The resulting voltage drop
depends on the film thickness and the dielectric constant! of the film. Compared to the
dimensions of the chamber, the film thickness is very small and the voltage drop across the
film is negligible. In the experiments the applied substrate bias of -150 V was sufficient to
sustain ¢cBN growth up to a thickness of 900 nm (thicker films were not deposited).

Due to the shape of the cantilever and its fixation in the sample holder, the substrate
temperature might be different on the cantilever tip and on the reference position. The
reference spot on the frame of the structure is on three sides in good thermal and electrical
contact with the substrate holder, where the cantilever itself has only on one short side
contact with the sample holder. Very likely this leads to an inhomogeneous temperature
distribution across the sample. Within the deposition chamber possibilities to measure the
actual substrate and film temperature are limited. A thermo couple would not necessarily
give the real substrate temperature and would not be able to detect an inhomogeneous
temperature distribution. The temperature of the silicon substrate is therefore measured

leoo =2 — 10 [30] and references therein
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Figure 4.3: Schematic of the pulsed substrate bias voltage with typ-
ical settings

ellipsometrically by the shift of the band gap. This, however is only possible before the
deposition, as soon as the silicon is covered by film material, the signature of the Si band gap
can not be detected anymore. It is therefore also not possible to measure the temperature
changes due to ion bombardment of the film. By a simple estimation of the heating power
of the lamp and the ion flux to the substrate, it was found however that the additional
heating power density due to the ion bombardment is small (0.02 W/cm?)? compared to
the heating power density from the lamp (1 W/cm?).

2the heating power of the high energy ion bombardment was calculated assuming an time average ion
flux of ~ 1-10'%ions/cm?s = 1.6uA/cm? and an ion energy of 8keV.
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The effects of ion bombardment on a solid material can generally characterized in terms
of the volume that is affected by the ion bombardment and the energy that is dissipated
in this volume (for an in depth treatment of ion-solid interactions see references [120,121]).
The kinetic energy of the ion is transferred to the solid during elastic nuclear collisions
and by inelastic electronic stopping processes. In the energy range considered here (< 10
keV), nuclear stopping is dominant and therefore electronic stopping processes will not be
considered. If the energy that is transferred during a binary collision from the incoming ion
to a target! atom is larger than the displacement energy, the atom will be removed from its
lattice position. If the transferred energy is less than the displacement energy, the target
atom undergoes large amplitude vibrations and the energy is dissipated as heat (thermal
spike). This thermal spike stage follows the collisional stage of the ion impact and can
induce extremely high temperatures in the spike volume, which are exceeding the melting
temperature. Displacement energies are typically around 25 eV and therefore during an
ion impact with E; > 100eV several displacement collisions can take place (linear cascade).
The displaced target atoms can receive sufficient energy to displace other target atoms in
secondary collisions (collision cascade). The elastic energy transfer in a nuclear collision is
given by:

AMMs (0
T, = By 122 7], 5.1
O(M1+M2)28m <2 (5.1)

where Fj is the ion energy, M; and M, are the projectile and target masses, resp., and 6 is
the scattering angle.

When the primary ion energy has been spent in collisions, the ion will finally come to
rest somewhere in the solid. The distance between the surface and the settled ion is called
projected range. The depth distribution of projected ion ranges can be approximated by a
Gaussian distribution function and the mean projected range R, is the most probable depth
in the solid for the ion to stop, given by the center of the Gaussian. The displacement of
lattice atoms, and the incorporation of the bombarding ion can lead to a number of defects
like vacancies, interstitials, selfinterstitials and substitutional impurities. Also sputtering
has to be considered, where the bombarded surface is eroded due to collisions between the
incoming ions and the atoms in the near surface layer. The opposite effect is also known in
thin film growth: an ion/atom collision occurring in the near surface region results in the
implantation of the surface atom into regions below the surface is referred to as ion-peening,

'In the discussion of ion-solid interactions, the solid atoms are usually referred to as target. This should
not be confused with the magnetron sputter target.
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knock-on implantation, recoil implantation, or subplantation. This process is responsible
for densification of the films and in turn can lead to phase transformation [53,111] and/or
high compressive stress [110].

Computer simulations like the TRIM [122] code that is based on the binary collision
approximation enable the experimentator to estimate the ion ranges and predict the degree
of radiation damage. Since in TRIM a static substrate is assumed, it can be used only for
implantation in the range of low fluence. For the simulation of deposition or etching ex-
periments the dynamic binary collision code TRIDYN has to be used. In these simulations
the incoming ions are characterized by their mass, atomic number, angle of incidence and
kinetic energy, and the target is determined by the mass and atomic number, stoichiome-
try, and surface binding energy of the constituents, and the element or compound density.
TRIDYN considers also the incident fluxes and the surface growth or etching rate. A range
distribution of 8keV Ar ions implanted into ¢cBN as calculated by TRIM is shown in figure
5.1a. The atomic Ar concentrations were calculated for an implantation dose of 1 - 106 jons.

To estimate the ion radiation damage, the total number of displacement collisions that
occur during one ion impact can be estimated by TRIM. From this number of displacements
per each incident ion, the total ion fluence and the atomic number density of the substrate
the number of displacements per atom (dpa), i.e. of how often each target atom is displaced,
can be calculated. For the example of a fluence of 1-10' Ar ions impinging with 8 keV
onto ¢cBN the distribution of the dpa is shown in figure 5.1b.

For a dynamic process like film growth or etching, the number of displacements per
atom or generated Frenkel pairs cpp can be calculated considering the total number of dis-
placement collisions N, per incoming ion, the ion flux J; and the velocity of the surface
vs (i.e. the growth rate). Using the Gaussian depth distribution function of the displace-
ments generated per incident ion obtained from static TRIM, the relative time dependent
concentration of Frenkel pairs can be calculated according to

crp = zn: JilViot {erf (x ; j) — erf (wﬂ (5.2)

— s w

with erf being the error function , w the standard deviation of the Gaussian, ¥ its center
with respect to the surface or approximately the mean projected ion range, and ¢ being the
deposition time.

crp is given in displacements per atom (dpa) and is a measure of how often each film
atom has undergone a displacement due to the high energy ion bombardment. Since w
and Z are a function of the ion energy (for a fixed ion mass and target density) and J;
is proportional to the duty cycle, the number of dpa in the experiments discussed here is
controlled by the pulse voltage and the duty cycle.

Figure 5.2 shows dynamic depth profiles that were calculated for a ¢cBN film growing with
5 nm/min under argon and nitrogen ion bombardment for 20, 60, 240, and 360 s deposition
time after the beginning of the high energy ion bombardment. This example was calculated
for a bias voltage of -8 kV and a duty cycle of 0.6 % (see section 4.2). The dynamic damage
profiles were calculated separately for Art, NI, and NT and superpositioned according to
the actual ion fluxes (see table 6.1 in section 6.1). In the graph, the actual position of the
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surface is indicated for each curve. The number of displacements are accumulating below
the growing surface.

After about 5 min of film growth under ion bombardment, corresponding to an overgrown
film thickness of about three times z, a stationary amount of displacements is reached in the
region well below the surface of the film, which represents the stationary bulk damage. The
thin surface zone, where the damage is lower than the bulk damage value and where hence
the state of stress is different from the bulk, is not considered, since the stress measured
by cantilever bending (see section 7.1.1) is representative for the bulk. Only in section 8.4
where the results from x-ray absorption spectroscopy (XANES) are discussed, the stress
in the surface region has to be considered, since this method is sensitive to the bonding
configurations in the very surface region (max. 10-20 nm depth) .
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Figure 5.2: Dynamic damage profile evolution during Ar/Njy ion
bombardment of a ¢BN film growing with 5 nm/min. A bias volt-
age of -8 kV and a duty cycle of 0.6% were assumed. The profiles
were calculated separately for Art, NJ, and N* and superpositioned
according to the actual ion fluxes (see table 6.1 in section 6.1).

In the following, the stress relaxation by simultaneous ion bombardment is discussed in
terms of the stationary bulk damage. Since in most of the experiments, the parameters of
the film forming (low energy) ion bombardment were kept constant , the damage that is
introduced by these ions is not discussed here, although the damage that is introduced by
the low energy ions (dynamic damage ~ 3 dpa ) is much higher than the damage due to
the high energy ions .



6 Analysis of the deposition process

In magnetron sputtering the ion energy at the substrate is usually controlled by an
external voltage that is applied to the substrate (bias or substrate bias). The energy that is
gained by the ions traversing the plasma sheath has to be added to the energy gained due to
the substrate bias. The neutral particles originate from sputtering at the target and therefore
possess some kinetic energy of 10 to 20 eV [123,124]. In order to understand and control
growth and stress formation of the boron nitride films, the ion composition, flux, and energy
distribution have to be known. Therefore, the ion density, plasma potential, and electron
temperature have been measured with a Langmuir probe at the substrate position. Ion
energy distribution and ion and neutral composition of the plasma including contaminations
were measured using energy resolved mass spectrometry. The scaling of the incorporated
neutral boron and nitrogen fluxes with the discharge power and pressure have been measured
by elastic recoil detection analysis (ERDA) and the presence of contaminations originating
from the sputter target, the sample holder, and the walls of the chamber were detected by
Rutherford backscattering spectroscopy (RBS) and residual gas analysis. The experimental
procedures of the ion beam analysis are given in sections 7.2.2 and 7.2.3.

6.1 Langmuir probe measurements

Electrical probes, commonly called Langmuir probes, are the oldest and up to date widely
used tools to analyze plasmas. Such a probe consists of an electrode that is immersed in the
plasma. By sweeping the probe through a voltage range and collecting the current from the
plasma to the probe, electron and ion density (n. and n;, resp.), plasma and floating potential
(Vp, Vi) and the mean electron temperature T, can be evaluated. Further analysis yields
also the electron energy distribution function (EEDF). Probe geometries can be planar,
spherical or cylindrical. In this study, a cylindrical probe is used that consists of a thin
tungsten wire. The dimensions of such a probe should fulfill the following requirements: the
probe radius r should be much smaller than the sheath thickness s and the probe length
|1 should be much larger than s. The dimensions of the tungsten wire are: r = 0.19mm,
1 =25mm. In order to measure at the substrate position, during this measurements the
substrate holder is removed.

As an example a current voltage characteristic (I-V curve) obtained from the r.f. unbal-
anced magnetron discharge is shown in figure 6.1. For large positive voltages, only electrons
are collected by the probe and the current is called the electron saturation current. Between
the plasma potential and the floating potential the electrons are repelled by the increasing
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negative potential and only those who have sufficient energy reach the probe. Therefore this
electron retardation region can be used to obtain the EEDF. At the floating potential the
net current to the probe is zero. At high negative probe voltages (~ —60V), all electrons
are repelled from the probe and only the ion current is collected. The current is then the
ion saturation current.

electron saturation current
16 L Probe voltage >> Vp

—_
N
T

Probe current (mA)
oo

N

lon saturation current

| Probe voltage << 0
0

-10 0 10 20 30 40 50
Probe voltage (V)

Figure 6.1: Current-voltage characteristic measured with a Lang-
muir probe in an Ar/Ns magnetron discharge

The theory of electrical probe data analysis has been described by Chen [125] and by
Swift and Schwar [126]. In 1966, Laframboise presented a numerical technique to extract
the desired informations from the I-V characteristics [127]. A practically oriented review
was published by Clements [128]. The main issues are pointed out in the following.

In order to simplify the analysis, some approximations are made: the plasma is homo-
geneous and isotropic, the sheath around the probe is collisionless (mean free path > probe
radius), ions are only singly charged and have all the same mass, the ion temperature T; is
well below T, and finally the electrons have a Maxwellian energy distribution. Due to the
magnetic confinement of the electrons, a magnetron discharge is naturally not homogeneous.
But it is assumed that it is at least homogeneous within the surrounding of the probe tip.
Also due to the unbalanced magnetic field, the electrons energy distribution is likely not a
Maxwellian and a significant amount of electrons can be found in the high energy tail of the
distribution [129, 130].

For a cylindrical probe of length [ and radius 7, the collected ion saturation current I;

can be described as:
ok, /?
Ii = enirpl <L ) ii, (61)

my;
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where m; is the ion mass and i; is a dimensionless ion current which originates from the
sheath expansion due to the applied voltage and is a week function of the ion density [126].

The electron temperature can be obtained from the electron retardation region of the
I-V curve. Here, the collected electron current is:

I, x exp(’f_%/e) (6.2)

and a plot of Inl, vs. V will give a straight line from whose slope T, can be evaluated.
The inflection point of the IV curve yields the plasma potential V,, i.e. at d/(V)/dV? = 0.
The evaluation of the electron saturation current has some disadvantages since for probe
voltages positive with respect to V,,, excessive electron currents can be collected by the
probe. In this work the IV characteristics were analyzed using a commercially available
software (Smart Soft (©Scientific Systems). Here T, and V, are extracted in a first step
from spline fits. The software uses an iterative procedure to obtain n; and 7; from the ion
saturation current. Finally the electron density n,. is calculated from the probe current at
Vi

SORYEUAE ©3)

Ne =
A, \e3kt.

with A, being the probe area and m, the electron mass.

Probe measurements in magnetized and r.f. discharges

Probe characteristics can be influenced by a time varying field like in r.f. discharges and the
presence of magnetic fields. Both are present in the magnetron discharge under investigation.
In order to compensate for the r.f. field the probe has a reference electrode, which is allowed
to follow the r.f. field and serves to correct the probe voltage. At the sputter target the
magnetic field strength is 150 mT but decreases to less than 1 mT at the substrate position.
Therefore the Langmuir probe current is not influenced significantly by the magnetic field
lines.

Another source of error is the fact that a gas mixture is used and a number of different
ions are present in the plasma (Ar*, Ny, N*). Since one single ion mass is used to calculate
the plasma parameters from the I-V characteristic, an average ion mass is used here. It
will be seen later from energy selective mass spectrometry that the ion composition in the
discharge resembles the neutral gas composition. Therefore an average ion mass can be
calculated on the base of the source gas composition.

6.2 Energy resolved mass spectroscopy

Ion and neutral composition, and ion energy distribution are measured with a HIDEN EQP
500 plasma monitor. The probe consists of an extractor tube with a 100 um aperture
followed by a 45° electrostatic energy analyzer (0 -100 eV) matched to a quadrupole mass
filter (0 to 500 amu) and a secondary electron multiplier (channeltron). The plasma monitor
is differentially pumped to a pressure of 5-10~7 Pa. In neutral detection mode, neutral
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species diffuse from the plasma into the mass spectrometer through the extractor orifice and
are ionized by an integrated electron impact source. The electron energy can be adjusted
between 10 and 120 eV. In general, the electron energy is held at 70 eV. By scanning the
electron energy across the ionization threshold, also called appearance potential method,
radicals in the plasma like atomic nitrogen can be detected [131]. Extractor and electron
impact source can be biased to a positive potential. By choosing a bias voltage which is
higher than the plasma potential, ions from the plasma are hindered from entering the
analyzer. In the positive-ion-detection mode, ions pass through the orifice and are focused
into the energy analyzer to be selected according to their energy. The selected ions enter the
quadrupole r.f. mass filter to be detected as a function of their mass-to-charge ratio (m/z).
Scanning the mass at fixed ion energy allows the detection of various ionic species, whereas
scanning the energy at a fixed mass allows the measurement of the ion energy distribution.
The plasma monitor is located at the substrate position with the orifice perpendicular to
the target and substrate axis. In this way covering (and eventually complete sealing) of
the pinhole by sputtered atoms from the target is prevented. In such a configuration,
information is collected only from the plasma since the sputtered species cannot enter the
pinhole.

45° electrostatic
energy analyser

ﬁ‘“/ Jj
T,

Electron source Quadropole
mass filter

AN

Focus

Channeltron

Figure 6.2: Schematic view of the HIDEN EQP 500 energy selective
mass analyzer

In the following sections the ion and neutral characteristics of the magnetron discharge
are discussed.
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6.3 lon characteristics

In figure 6.3 the ion densities NV; of a pure argon and a pure nitrogen discharge are plotted
as a function of the working gas pressure. For both pure gases and the investigated mixed
compositions, ion density increases with the pressure and r.f. power (not shown). Comparing
the two gases, the ion density in the argon discharge is 4 to 5 times higher than in a nitrogen
discharge at otherwise identical conditions. The increase of N; with the argon content in
the plasma is shown in figure 6.4. Studies of Pintaske et al. [16] on r.f. and dc Ar/N,
magnetron discharges used for BN thin film deposition have shown similar results using a
double Langmuir probe.
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Figure 6.3: Ton density in an argon discharge (diamonds) and nitro-
gen discharge (triangles) at 225 W discharge power as a function of
pressure.

In Figure 6.5 the spatial ion density distribution is shown for an Ar discharge. In this ex-
periment, the Langmuir probe was moved stepwise outward from the center of the discharge.
The ion density is constant within 5% up to a distance of 20 mm from the center of the
discharge, and then decreases rapidly down to 50% at 50 mm. This inhomogeneous distri-
bution results from the magnetic confinement of the electrons by the unbalanced magnetron
configuration. It has to be considered that the inhomogeneous ion density distribution leads
not only to a lower degree of ion bombardment but also to a lower deposition rate in the
outer parts of the substrate.

The ion composition and the ion energy distribution function were measured by energy
selective mass spectrometry. A typical ion mass spectrum sampled by the plasma monitor
is shown in Figure 6.6. The dominant ion species in an Ar/N, discharge are Ar™ and Nj.
A small amount of N* ions is found, Ar?* is not detected.
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Figure 6.4: Ton density as a function of the Ar concentration in the
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Figure 6.6: Ion mass spectrum of an Ar/Ny discharge. The Ar and Ny gas flows were 10 sccm
each, the total pressure was (0.1 Pa and the discharge power was 225 W.

Figure 6.7 shows the representative Ar* and Nj ion energy distributions (IED) in an
50% Ar/50 % Ny discharge recorded with the plasma monitor. These IED consist of a
single narrow peak with full width at half maximum (FWHM) of about 4 eV. The width
of the ion energy distribution mainly arises from the ion optics of the plasma monitor and
the resolution of the energy analyzer. The narrow IED and the very small number of low
energy ions indicate that the sheath is collisionless. Under these conditions the ion energy
corresponds to the plasma potential, which is confirmed by Langmuir probe measurements
(see below, fig. 6.8). The ratio of the integrated areas under the IED peaks yields an ion
composition of 48 % Art and 52 % N?*. Although the ion density increases with the Ar
content in the discharge, the ion composition reflects the neutral gas composition. Since
the ionization energy and the collision cross section for electron impact ionization are very
similar for Ar™ and N3 (~ 15.7 ¢V and 2.5-107?**m?, resp. [132]), comparable ionization
rates are reasonable. It is known that in argon discharges ionization occurs also due to
collisions of excited neutrals, since their relaxation energy is higher than the ionization
energy. This process, called Penning ionization, can explain the higher ion density in the
argon rich plasmas.

Figure 6.8a shows the plasma potential as measured by the langmuir probe in Ar and N,
plasmas as a function of the working gas pressure and in figure 6.8b the electron temperature
dependence on the working gas pressure is presented. The plasma potential is independent
of the r.f. power in pure Ar as well as in Ny discharges. For pure argon the plasma potential
exhibits very little dependence on the pressure and ranges from 35 to 45 V. In the case
of nitrogen the plasma potential is high for low pressure (55 V at 0.1 Pa). As pressure
increases, the plasma potential decreases towards a plateau of about 30 V. The evolution of
plasma potential is related to the electron temperature: a decrease in the plasma potential is
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Figure 6.7: Ton energy distribution of Art and NJ ions in a mixed Ar/Ny discharge. The Ar
and No gas flows were 10 sccm each, the total pressure was 0.1 Pa and the discharge power
was 225 W.

observed as the electron temperature decreases. In general the plasma potentials measured
in the magnetron discharge are rather high compared with r.f. discharges without magnetic
confinement (usually around 20 V). A reason could be an artificial loss of electrons due to
the unbalanced magnetic field: the electrons follow the magnetic field lines and are driven
out of the discharge and, as a consequence, a higher plasma potential is induced.
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Figure 6.8: a) Plasma potential in Ar and Ny discharges at a r.f. power of 300 W as function
of the pressure and b) Electron temperature in Ar and Ny discharges as function of the pressure
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6.4 Neutral characteristics

In figure 6.9 a typical neutral mass spectrum measured with an electron impact energy of
70 eV is shown. The spectrum shows contributions from Ar*, ArJ, and N, which indicates
the presence of Ar atoms and Ny molecules in the plasma. N7 ions are present in the
spectrum and can be attributed to the presence of Ny molecules and N atoms in the plasma,
corresponding to dissociation or direct ionization, respectively, in the electron impact ion
source of the plasma monitor. To distinguish the contributions of Ny and N to the N+t
signal, appearance potential spectroscopy was applied [131]. This experiment showed the
amount, of atomic nitrogen to be under the detection limit, indicating a low dissociation
rate of nitrogen molecules in the plasma and a neutral gas consisting mainly of Ar and
Nj. In pure Ar discharges, N5 is detected in small amounts. This points to the presence of
residual nitrogen or the presence of nitrogen in the plasma which originates from the boron
nitride sputter target. It is observed that the detected signal increases with r.f. power and
hence with the sputter rate. Therefore it is suggested, that this nitrogen is sputtered from
the target and subsequently undergoes recombination. In this low pressure a recombination
seems more likely to take place on any surface (target holder or walls of the reactor), than
by collision in the plasma, since the mean free path for N-N collision are 1.7 m at 0.1 Pa
and 0.35 m at 0.5 Pa (calculated from the covalent radius of N atom).

In the neutral mass spectrum (figure 6.9) an HyO™ peak is observed revealing the pres-
ence of HyO in the chamber. The moisture arises from desorption of water from the wall
of the chamber and the surface of the sputter target. This amount of water in the system
can be reduced effectively (by a factor of 10) by bake-out or running the discharge for 10
to 15 min prior to the deposition.

The neutral particle flux to the substrate was estimated in a series of deposition experi-
ments in an argon discharge without bias voltage. In this way, no ionized nitrogen species
but only sputtered atoms from the target are incorporated into the film. The elemental
depth profile, measured with ERD (see section 7.2.2), of a BN film produced in this way is
shown in figure 6.10. Due to the presence of 1°B and ''B isotopes that can not be separated
in the detector, the B depth profiles are shifted (see section 7.2.2). The integrated area
densities are however correct and the B/N ratio is 1.8. The nitrogen deficiency correlates
with the recombination of some sputtered nitrogen to volatile N5. Stoichiometric films can
be grown with a nitrogen concentration in the discharge of at least 30%. The amount of
oxygen and hydrogen contamination from the residual gas are 3 at% and at%, respectively.
The oxygen is concentrated mainly on the film /substrate interface and near the film surface.
Its presence is likely due to the native silicon oxide and surface contamination. Hydrogen
is distributed homogeneously through the film. It was found that hydrogen and in some
cases also oxygen are present in high concentrations (up to 8 at %) in boron rich films, in
stoichiometric films however,the H and O concentrations are less than 2 at% of the film
composition.
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Figure 6.9: Neutral mass spectrum of an argon-nitrogen discharge.
The Ar and No gas flows were 10 scem each, the total pressure was
0.1 Pa and the discharge power was 225 W.

N —a—B
m-N
S 16 \' N
§ 6x10"° - \ 0
E .\././. [ ] —Y—H
S /
S 16 | | oo B: 55 at%
> 10 [ et N: 32 at%
D ¢ O: 6 at%
o) “\ H: 7 at%
o 20" [ .
o L
g | L
= [ m VYV o \
< / ,v/v/v,v/rfv ¥ Y-y vy \l\
0|» "’"*X%\!“!-!‘!-!—!f!f!f!f!f!
L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 50 100 150 200 250 300
Depth (nm)

Figure 6.10: Elemental depth profile of a BN layer grown in Ar
discharge at 0.1 Pa and 250 W r.f. power without substrate bias
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6.5 Summary of the process analysis

Using the Child law the ion flux J; to the substrate surface was calculated from the electron
temperature kT, and the averaged ion mass m; according to

KT,

m;

Ji=06-N;- (6.4)
Similar to the ion density, the ion flux is also increasing with the working gas pressure,

the discharge power, and the argon content in the plasma. The results are summarized in
figure 6.11 and table 6.1.

From the area density of boron and nitrogen the incorporation rates have been calculated.
For a deposition in argon at 0.1 Pa , they are shown together with the calculated ion fluxes
in figure 6.11 as a function of the r.f. power. Now it is possible to estimate roughly the ion to
neutral flux ratio. For the given conditions it is in the order of 1 m. Only a very
rough estimation of the flux ratio can be made, since in deposition experiments nitrogen
is added to the plasma and a considerable amount of nitrogen arrives as energetic ionized

species at the substrate.

T T T T T T T T T
™ Ar Plasma @ 0.1 Pa
N% 2.5x10"° | A lonflux d2.5x10"
@ ® B + N incorporation rate —
S 15 [ ~ i 15 9
S 2.0x10 — 2.0x10° S
@© - =
o - _ bl
O 15x10°} AT 115x10° &
c 7 7
< @
% » o
5 1.0x10"° | e 11.0x10% 3.
O -~ ~
g e
2 soxtotr W 4 5.0x10%

1 " 1 " 1 " 1 " 1 " ]
100 150 200 250 300 350
r.f. Power (W)

Figure 6.11: Ion flux and neutral (B + N) incorporation rate as a
function of r.f. power for an Argon discharge at 0.1 Pa

The ion and neutral fluxes obtained for the standard deposition conditions (see table 4.1
in section 4.2) are summarized in table 6.1. Since N ions dissociate upon impact on the
substrate surface, the total flux of nitrogen ions to the substrate surface equals the argon
flux. After the dissociation, the two nitrogen radicals are left with half the energy of the
primary ion. The consequence of this is that in a mixed Ar/Ny discharge the film surface is
bombarded with ions of different energies.



6.5 Summary of the process analysis

Table 6.1: Ion and neutral particle fluxes to the growing
film surface for standard deposition conditions (see table
4.1 in section 4.2).

Fluxes to the | Value
film surface (particles/cm?s)
B+ N 1.7-10%
Ton flux (total) 1.5-10%
Art 9.75-10*
N} 42101
N+ 1.05- 10"
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7.1 In situ diagnostics

7.1.1 Stress measurement

In section 3 it was demonstrated how shear forces in a stressed thin film lead to a bending of
the substrate. The principle of a bending substrate is therefore a useful tool for the analysis
of stress in a thin film and was already described by Stoney in 1909 [106]. For the in situ
analysis of stress in ¢cBN films in this work a combination of laser deflection and spectroscopic
ellipsometry is employed. The experimental set up and the data analysis were developed
by Fitz and Fukarek et al. [8,133| for IBAD and were adopted for magnetron sputtering
during this work. The laser deflectometry and the stress measurement are described in this
section, the experimental set up of the in situ spectroscopic ellipsometry is described in
section 7.1.2.

According to equation 3.6 the substrate bending radius R and the film thickness d; have
to be known to calculate the force per unit with (FPUW) and the global film stress S.
To obtain the depth distribution of S, i.e. the instantaneous stress o, the differential film
thickness and the bending radius as a function of the film thickness are required (eq. 3.7).
In principle, R and dy can be obtained ex situ for e.g. by measuring the substrate curvature
and d¢ by profilometry after certain steps of deposition or after stepwise back etching of
the complete film [71] [134]. But to be able to resolve the layer structure of the BN films
accurately, the FPUW and d; have to be measured dynamically during the deposition.
The experimental set up for the in situ stress measurement on cantilever substrates is
schematically shown in figure 7.1. The cantilever is clamped into a molybdenum mask
of 3” diameter that is placed on the substrate holder, as shown in figure 7.1. The mask is
used to fix the cantilever and to ensure good electrical contact with the substrate holder
since the substrate has to be biased. Outside the chamber a HeNe Laser is placed together
with a beamsplitter in such a way that two parallel beams with 5 mm distance are directed
onto the substrate. One laser beam is reflected on the cantilever tip, the other on the sample
reference position. Using a rotating beam chopper either one of the beams is passed into
the chamber or both are blocked and the offset is measured. The beams are denoted C, R,
and off (cantilever, reference, and offset). Two photo diodes at the beam chopper report the
actual state of the chopper to the personal computer (PC). After reflection on the cantilever,
the laser beam hits a 2 dimensional position sensitive diode (PSD) of 20 x 20 mm area and
induces a photo current. This current is measured in the x and y direction of the array (I
and I, resp.). An amplifier converts the measured photo currents into output voltages for
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the x and y direction (Uy and Uy) and corrects the voltages for field distortions of the array.
An analog digital converter (ADC) measures and converts the voltages to digital data. All
PSD data (cantilever beam, reference beam and off set) are recorded continuously by the
PC together with the signal from the photo diodes. During the data analysis all the position
data points are separated according to the C, R, and off position of the beam chopper.

HeNe Laser + Beam splitter

=T ly 2D PSD
RF
6’?(13.56 Mhz) Ix
Matching
Ar, N
"2 Inetwork /
"\\\ JJ,' ! 4
“ Magnetron |, % v
\_/A ilter
\_ Ux
Beam chopper Amplifier
+ 2 photo sensors Uy
-150 V
+40V L
> AD-Converter F»— PC

Figure 7.1: Experimental set up for the in situ laser deflectometry

The principle of laser deflectometry on a bending cantilever is shown in figure 7.2. Due
to the bending of the cantilever, the position of the C-Laser beam on the PSD is shifted
by x. By geometric considerations the bending radius of the cantilever can be calculated
according to equation 7.1. The second laser beam is used as a reference beam and reflected
on a fixed position on the cantilever frame. Then AX in equation 7.1 is the relative change
of the distance between the two laser spots on the PSD. L is the distance between the
cantilever tip and the PSD and is 280 mm, [ = 22 mm is the length of the cantilever.

1 AX
R 2LI (7-1)
The spatial resolution with which the position of the laser spot on the PSD can be
determined depends on the preset sensitivity of the ADC board, which is the voltage range
divided by 1024, and the noise level. Here, the voltage range was -10 V to +10 V giving
a resolution limit of the ADC of 0.02 V corresponding to AX of 20 ym. The resolution is
limited however mainly by the level of noise, which is AU = 0.25 V corresponding to AX —
25 pm. From this the resolution of the bending radius is calculated to be 45 m and AFPUW
is then 20 GPa*nm. The rotation frequency of the beam chopper is ~ 0.5 Hz, therefore a
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| =22 mm

Figure 7.2: Deflection of two parallel laser
beams on a bending cantilever substrate

full set of data (incl. U, US, UX, UF, U and UST) can be recorded each 2 seconds, which

equals an increase of d; of approximately 0.8 to 1.6 A.

Since the substrate holder is solid and properly connected with the chamber walls, distor-
tion due to heating is negligible and hence the laser deflection is not significantly influenced
or misaligned by thermal movement of the substrate holder. Nevertheless a reference beam
is required for the data analysis, since there is some signal of the PSD that originates from
the magnetron plasma. An interference filter is used to block all other wave lengths besides
the laser wave length (632 nm), and in principle the signal coming from the plasma is very
low compared with the laser intensity. However, during growth the reflected laser intensity
undergoes interference maxima and minima due to reflection of partial beams at the sub-
strate/film interface. In the interference minima the reflected intensity is almost zero and
the signal of the PSD is entirely caused by light emission from the plasma. The reference
beam is here used to established the point of the interference minimum (to be sure, the
signal is not coming from the cantilever bending). The data recorded during these minima
are not evaluated (or interpolated) and during the experiments it was taken care not to
induce any additional signal of cantilever bending by changing deposition parameters or
nucleation of the ¢cBN. In figure 7.3, the calculated FPUW are plotted on the left y-axis and
for comparison the measured reflected intensity of the reference laser is plotted on the right
y-axis. The interference minima appear at ~ 80 and 250 nm film thickness. In this regions
the FPUW data are marked red and for the analysis of the instantaneous stress the curve
is interrupted here. But since the real slope of the curve does not change in this regions,
the data can be interpolated across the interference minima. The physical features of the
FPUW curve are discussed in detail in sections 8.1 and 8.2.
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Figure 7.3: Calculated FPUW and reflected laser intensity showing
the measurement artifacts due to interference minima in the reflected
laser intensity.

7.1.2 Spectroscopic ellipsometry

Ellipsometry is a very sensitive tool for the analysis of optical properties of thin films and
multilayer stacks. The technique is based on the measurement of the state of polarization of
initially linear polarized light after reflection of the sample surface. In figure 7.4 the optical
set up of an ellipsometry experiment is schematically shown.

In references [136] and [135] reviews on the theory of ellipsometry are given. The plane
that is defined by the vectors of the incident and reflected beam and the normal to the
sample surface is called the plane of incidence. The p- and s- direction denote vectors
parallel and perpendicular to the plane of incidence, respectively. The incident polarized
light (superscript ¢) is characterized by the components of the electric field in p and s
direction E; and EZ. The polarization state of the incident wave is defined as x* = E; / EX.
The same conventions are used for the wave reflected of the sample surface and the reflected
polarization state is X" = £/ E.

For isotropic media the electric field components of the reflected wave are £ = TpE;?
and B = r B where r, and ry are the complex amplitude reflection coefficients with
s = €»=. The change of the polarization state due to interaction of the light with the
sample is characterized by the Fresnel reflection coefficient ratio p and often expressed with
the ellipsometric angles ¥ and A:
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Figure 7.4: Geometry of an ellipsometric experiment showing the p-
and s- planes [135]

p = Xi/Xr = 1p/Ts = tanWe® (7.2)

where ¥ and A denote the ratio of the Fresnel reflection coefficients and the phase shift
between the Fresnel reflection coefficients in p and s direction.

In ellipsometry only the ratio of the measured quantities is required, which is much
more precise than measuring absolute intensities. Each of the parameters in equation 7.2
is dependent on the wave length ), the angle of incidence ®, the dielectric function of the
sample, and in case of investigations on thin films also the film thickness. In the experimental
set up an in situ M44 spectroscopic ellipsometer ( J.A. Woollam Co., Inc. Lincoln, NE, USA)
was used that measures at 44 wave lengths in the range between 340 nm and 630 nm under
an fixed angle of incidence of 70°. During deposition, a full spectrum of ¥ and A values is
taken approximately every 2 s.

To obtain the dielectric function and the thickness of the film each ¥ and A spectrum
is fitted with an optical layer model using the WVASE software by J.A. Woollam Co., Inc.
[135]. The layer model consists of the silicon substrate at 400°C, 1.5 nm SiO, and an hBN
and ¢BN layer. Bulk highly oriented hBN is uniaxial negative! with n, = 1.65 (E||c) and
n, = 2.17 (E L ¢) [137]. Thus n, of hBN can be even higher than the refractive index of ¢cBN
(nepny = 2.11 — 2.13 at 630 nm [137]). In the visible range both BN phases are essentially
transparent [138]. Due to this similarity of the optical constants of hBN and ¢BN in the
visible range, it is not possible to distinguish clearly between the phases using the M44
Ellipsometer. If the spectral range is extended to either the UV [139,140] or the infra red
[80, 141], hBN and ¢BN can be very well distinguished by ellipsometry due to the position

li.e. the material is optically anisotropic. In trigonal, tetragonal and hexagonal crystals two different
refractive indices n, and n. exist along different crystallographic orientations. Perpendicular to the c axis
is the ordinary direction with n,, and parallel to c is the extraordinary direction with n.. If n, > n., the
material is uniaxial negative. Crystals with lower symmetry have three different refractive indices along the
three crystallographic orientations and are optically biaxial.
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of the band gap or the different phonon positions.

The total film thickness and the growth rate of an hBN/c¢BN film however can be ob-
tained with good accuracy from in situ ellipsometry in the visible range, as it is done in this
work. As an example, in figure 7.5 the hBN and ¢BN layer thickness as well as the total
calculated films thickness are shown. The slight oscillations of the individual layer thick-
ness, especially after the deposition was stopped, arise from the proximity of the dielectric
constants. But the total film thickness increases continuously and remains constant after
the deposition has been stopped. Due to the different densities of h BN and ¢cBN, the growth
rate decreases significantly during the cBN nucleation and grain coalescence.

70 - deposition of cBN total film
- 2-layer model thicknes
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£ I cBN layer
£ 50fF s
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Figure 7.5: Resulting thickness of the hBN and ¢BN layer of the
optical layer model and the total film thickness as a function of the
deposition time

In situ ellipsometry is also used to determine the temperature of the silicon substrate
before the beginning of the deposition. For this, one takes advantage of the fact that the
band gap of silicon shifts to lower energies with increasing temperature. In figure 7.6, a A /W
plot for room temperature (RT) and deposition temperature is shown. Using a calibration at
10 different temperatures between RT and 450° C, the temperature of the measured sample
is estimated by interpolation to be 340°C 4 20°C.
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Figure 7.6: A/¥ plot for Si at room temperature and 340 °C, show-
ing the temperature induced shift of the band gap position

7.2 Ex situ diagnostics

7.2.1 Infrared spectroscopy

Infrared spectroscopy is the most widely used technique to characterize the phase compo-
sition of boron nitride films, since it is non-destructive and provides fast and meaningful
information. It is based on the absorption of the incident photons in the infrared region by
lattice vibrations. If the film and the substrate material are both transparent in this spectral
range (like BN films on silicon), IR spectra can be recorded in transmission geometry. In
the case of either metallic films or substrates, e.g. BN films on TiN, reflection geometry
has to be used. In this work, the spectra are recorded with a MagnaFTIR fourier transform
infrared spectrometer (Nicolet) in reflection geometry with an angle of incidence of 9°. The
incident beam is s-polarized, i.e. the E vector of the light is perpendicular to the plane
of incidence. To compensate for the spectral dependence of the IR light source and the
sensitivity of the detector, all sample spectra are normalized to a reference spectrum of an
aluminum mirror.

As an example the IR spectrum of a boron nitride film that was deposited during this
study is shown in figure 7.7.

The cubic boron nitride phase is identified by the presence of the cBN TO mode or
Reststrahlen region, which appears in bulk material at 1065 cm™' [142]. The in-plane B-N
stretching and out-of-plane B-N bending modes of the hexagonal BN phase are located at
1367 cm~! and 783 cm™!, respectively [143]. The intensity ratio of the out-of-plane and
the in-plane mode can provide information on the orientation of the hexagonal basal planes
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Figure 7.7: IR reflectance spectrum of a BN thin film showing the cBN Restrahlen region and the
hBN in-plane and out-of-plane modes.

with respect to the substrate normal [144].

In the disordered tBN this intensity ratio can give also information on the degree of
interplanar ordering [134].

In general, the volume fraction of ¢cBN F, in the films can be estimated by either the
peak intensity ratio

I
F.= < 7.3
o1 (7.3)
or the peak area ratio
A
F,= —°— 7.4
1A (7.4)

with /. and A. the normalized peak intensity and peak area of the cBN Reststrahlen
region around 1100 cm™! and I, and A; the peak intensity and peak area of the hBN
absorption around 1400 cm™!. Several data are available in the literature for the absorption
coefficients of hBN (a;) and ¢BN (a.). However the ratio 2 is in the order of unity [144],
therefore equations 7.3 and 7.4 are widely used to estimate the relative cBN content of thin
films. There are however some objections against this procedure. A strong orientation of the
hBN with the axis parallel to the substrate can lead to an overestimation of the cBN content
(|30] and references therein). Further, for thin films interference effects have to be considered
due to multiple reflections on the substrate film interface. Also the layered structure of the
BN films can not be resolved since the total film volume is sampled. In order to obtain the
desired ¢cBN content of the ¢cBN top layer, the spectra should be either measured in situ
[145] or by comparing the IR spectra of samples deposited with increasing time [60].
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this way the contributions of hBN and ¢BN layers to the IR spectrum can be separated. A
more precise analysis of IR spectra can be done by modeling the dielectric function with an
optical layer model, where the TO phonons are described as damped harmonic oscillators
[146,147].

The resonance frequency wg of phonons in crystalline material is related to the strain
of the material, i.e. a measured shift of the resonance frequencies can give information
about the stress of the sample. For bulk ¢cBN the dependence of the TO phonon position
on hydrostatic pressure P was measured by Raman spectroscopy [148] to be

wo(P)/em™ =1054.7 + 3.38 - P/GPa (7.5)

This experimental work is in agreement with theoretical calculations by Fahy [149] and
Cardona et al. [150]. In the case of thin films, however it is very ambiguous to use the peak
shift of the cBN phonon as a direct measure for stress in the layer. Fitz et al. [147] compared
a number of stress and IR data published by different authors [12,151, 152 and showed that
there is no clear relation between the measured stress and the cBN TO phonon position. An
effect of the film thickness can arise due to the reflection of partial waves at the interfaces.
During the island-type nucleation of the ¢BN, (see section 2.2.4), a depolarization by the
small and separated ¢cBN grains cause a shift of the phonon frequency up to 80 cm~!, which
outranges the effect of strain. After coalescence still the ¢cBN phonon frequency can be
shifted by the gain size and stoichiometry [147].

7.2.2 Elastic recoil detection analysis

The boron and nitrogen contents of the BN films and the depth profile of the B/N ratio
are investigated with elastic recoil detection (ERD) analysis. Also the contamination by
the light elements H, C, and O is quantified with ERD. The samples are irradiated with 35
MeV 35CI%* ions under an incidence angle of 15°. The elastically recoiled target atoms were
detected with a Bragg ionization chamber as a function of the atomic number Z and the
energy, which is related with the escape depth of the recoil. The depth resolution of the
detector is ~ 5 nm. Since with the Bragg chamber the recoils are detected as a function
of Z and not of their mass, in the spectra the '°B and ''B isotopes can not be separated.
The consequence of this is that the depth profile of B is shifted and the region close to the
substrate appears to be boron-rich, where the surface appears to be boron-depleted. The
integral area elemental densities are however correct.

Hydrogen was detected with a semiconductor telescope with a depth resolution of ~ 20nm.
Details of the experimental set up and data analysis are given in [153]. In all investigated
samples C was present in concentrations < 1 at %. Oxygen is present in concentrations
~ 3 at %, but from the profiles it can be seen that it is mainly incorporated at the film
substrate interface due to the native Si-oxide layer and on the film surface due to adsorption
in air. It was found that hydrogen and in some cases also oxygen are present in high
concentrations (up to 8 at %) in boron rich films, in stoichiometric films however,the H and
O concentrations are less than 2 at% of the film composition.
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7.2.3 Rutherford backscattering spectroscopy

Complementary to ERD analysis heavy element contaminations are identified with Ruther-
ford backscattering spectroscopy (RBS). Here the sample is irradiated with 1.7 MeV He ions
and the backscattered primary ions are detected in an semiconductor detector according to
their energy. To analyze the obtained data, the spectra are simulated with the RUMP code
by Doolittle [154]. The film is modeled to be a layered structure of ¢cBN/hBN/Si with den-
sities of 3.5g/cm? and 2.2g/cm? for ¢cBN and hBN, respectively and with an B/N ratio of 1.
Metal contaminations are mainly Mo, originating from the Mo-substrate holder. All metal-
lic impurities occur in concentrations of less than 1 atomic %. Plass et al. [62| found for
IBA deposited films that the Argon distribution is ~ 4at% in the hBN and ~ 2.5at% ¢BN
layer. These results can be reproduced also with the magnetron sputtered samples: here
~ 4.2at% and ~ 2.5at% Ar have been measured in the hBN and ¢BN layer, respectively.

7.2.4 X-ray absorption near edge spectroscopy

Information about the short range structure of especially light element material can be
obtained by x-ray absorption spectroscopy (XAS). Since the XAS spectra originate from
a depth max. 10-20 nm below the surface, it is a very sensitive tool for surface analysis.
Usually XAS experiments are performed with synchrotron light, since a precise control of the
photon energy and a photon current are required. The principle of XAS is shown in figure
7.8. The incident photons have energies in the range of 100 to 1000 eV. Above an energy
threshold the photons are absorbed by core level electrons, which promote to unoccupied
states in the conduction band. As a result of the absorption, secondary electron and photon
emission from the sample occurs. Therefore the absorption coefficient at each incident
wave length is proportional to the total photon or electron emission (total yield). The
XAS spectrum can be divided in two regions: the near edge region (XANES or NEXAFS),
extending ~ 50 eV from the edge and the extended fine structure (EXAFS) between ~ 50 and
~ 1000 eV from the edge. In the near edge range, the position and shape of the absorption
edge provide information about the chemical bonding. On the other hand in EXAFS the long
range oscillations of the absorption coefficient are used to extract informations about the
geometrical structure, in particular the bond length, the bond angle, and the coordination
number.

Since XANES allows the study of light element, nanocrystalline or amorphous material,
this study was focused on the near edge structure of boron and nitrogen. Specially XANES
can give very distinct signatures of sp? and sp® hybridization.

XANES measurements were performed at the SuperAco synchrotron at the Laboratoire
pour L'Utilisation de Rayonnement Electromegnétique (LURE) in Orsay, France. The data
were acquired in the total electron yield mode by recording the current drained to the
ground from the sample. The intensity was normalized to the simultaneous signal from a gold
covered grid located upstream in the x-ray path to compensate photon flux variations coming
from the synchrotron ring. The sample was set up in the "magic angle" geometry (55° with
respect to the incident beam) to eliminate the angular dependence of the absorption intensity
of the m -bonds on the natural horizontal polarization of the synchrotron radiation. For
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comparison highly oriented pyrolytic hexagonal boron nitride (HOPBN) and poly-crystalline
cubic boron nitride powder were used as reference materials.
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Figure 7.8: Scheme of x-ray absorption spectroscopy and instrumentation for
a XAS experiment

7.2.5 X-ray diffraction

Complementary to the stress measurement by cantilever bending, x-ray diffraction experi-
ments were performed. Suitable for the analysis of thin films, grazing incidence diffraction
(GID) was used. The x-ray diffraction experiments were carried out at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble at the Rossendorf Beam Line (ROBL).
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The x-ray wave length was A = 1.2 A and the samples were mounted in a six-circle go-
niometer. The incident beam hit the sample at an angle of 0.2°. In this geometry, the
information originates mainly from the surface regions and the signal from the substrate is
largely suppressed. The geometry of the GID experiments is shown in figure 7.9.

Incident
beam

Figure 7.9: Geometry of grazing incidence x-ray diffraction, with
;= angle of incidence, k;= incident wave vector, k.= reflected wave
vector, k¢= scattered wave vector, k; x Z = plane of incidence [155]

The diffracted beams originating from the diffraction at one specific set of lattice planes,
lie all on the Debye-Scherrer-cone. In a non-textured and non-strained material, the cross
section of the cone is circular and the diffracted intensity is homogeneously distributed. In
textured material, the diffracted intensity varies across the Debye-Scherrer-cone according to
the orientation of the lattice planes with respect to the plane of incidence. In material under
stress, the lattice is strained, i.e. the lattice distances deviate from the equilibrium value.
As explained in chapter 3, thin films are biaxially stressed. That means for compressive
stress, the spacings between lattice planes parallel to the surface are compressed whereas
the spacing perpendicular to the surface is strained, i.e. the Debye-Scherrer-cone becomes
ellipsoidal.

In order to be able to detect a biaxial state of stress, 2w (in plane) and 26 (out of plane)
scans were performed. At ’'in plane’ geometry, lattice planes oriented perpendicular to the
surface are detected, whereas in ’out of plane’ geometry the planes parallel to the surface
are scanned. The positions of the diffraction peaks are obtained by a fitting procedure using
the program PEAKFIT. From the position of the diffraction peaks on the 2w and 26 circle,
the lattice distances are calculated respectively according to the Bragg law:

nA = 2d)sin(w) (7.6)

nA = 2d, sin(6). (7.7)
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From the full width at half maximum (FWHM) of the diffraction peaks the coherently
diffracting domain size L can be estimated by the empirical Scherrer formula:

0.94)\

- cos(FWHM)’ (7:8)

where FWHM is given in radians.

7.2.6 Transmission electron microscopy

The layered structure and the microstructure of the individual layers were investigated with
transmission electron microscopy (TEM). TEM cross sections were prepared by gluing two
5 x 5 mm? pieces of the sample with the film face together. This sandwich structure is first
mechanically thinned, finally the sample is sputtered with Ar ions of 1 keV at an angle of
incidence of 2° (ion milling). The sample preparation is a very time consuming and destruc-
tive procedure, therefore only a few selected samples were investigated. A Phillips CM300
microscope operated at 300 keV is used for the investigations. Using electron diffraction
hBN and ¢BN crystallites can be identified according to the hBN (0002) and the ¢cBN (111)
lattice spacing.
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In the following, the effect of ion bombardment of the growing film is described. In the
experiments described here, there are generally two ion energy regimes with different effects
on the growing film:

1. low energy regime: Ion energies are in the range of ~ 100-200 eV and are used to
enable ¢cBN nucleation and growth. In our case the ions are accelerated by the low
voltage dc bias. In this range the plasma potential of about 40 V (see page 39)
contributes significantly to the energy of the ions. Ions in this energy range produce
high compressive stress in the films (see section 3.3).

2. high energy regime: In the context of this work, the high energy regime comprises ion
energies in the order of 1-8 keV. The ions are accelerated by the high voltage bias
pulses and serve for the relaxation of the compressive stress.

Approximately 80 % of the nitrogen ions are present in the molecular form. Upon impact,
they are dissociated and leave the two N-radicals with slightly less than half of the primary
energy (the dissociation energy of ~15 eV is spent).

The effects of the ion bombardment are described and discussed in terms of intrinsic
stress and stress relaxation, microstructure, bonding structure and stoichiometry in sec-
tions 8.1, 8.2, and 8.3, resp. In section 8.4 the characterization of the near surface zone is
described. In section 8.5, the results from sections 8.1 - 8.4 are summarized and interrela-
tions between stress and the microstructure as well as possible stress relaxation mechanisms
are discussed. The problem of poor adhesion of the films is addressed in section 8.6 and
possible solutions to this problem are suggested there.

8.1 cBN growth

If not stated else in the text, all films have been prepared under the same conditions. For
details of the preparation see section 4.2 and table 4.1. The ion and neutral fluxes to the
substrate under standard conditions are summarized in table 6.1. The typical layered growth
sequence of cubic boron nitride films [9] reflects very well in the evolution of the FPUW
and the growth rate throughout the deposition. In figure 8.1, this is demonstrated for a
deposition of a 60 nm c¢BN film, where the low voltage substrate bias was set to -150 V.
Figure 8.1a shows the evolution of the FPUW data calculated from cantilever bending, and
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fig. 8.1b pictures the film thickness obtained from ellipsometric data, both as a function of
the deposition time.
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Figure 8.1: Evolution of the FPUW (a) and the film thickness (b) during the deposition
of a ¢cBN film. For deposition conditions and plasma parameters see tables 4.1 and 6.1.

As described in section 2.2.4, the layered growth of the BN films consists of 1.) hBN
growth (including the formation of an amorphous layer at the interface), 2.) island-type
nucleation of ¢cBN and growth of the isolated nuclei until coalescence, and 3.) growth of
nearly phase-pure cBN. The three stages are indicated in fig. 8.1.
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During the growth of the first 2 or 3 nanometers, as shown in the insert in figure 8.1
(note: here the FPUW is plotted versus the film thickness), the FPUW stays at almost
zero. Most likely, this corresponds to the implantation of the ions into the substrate and
amorphization of the silicon substrate (see section 2.2.4 and references |9, 78, 79|). Therefore
no stress is build up in the initial stage of deposition. The formation of an amorphous layer
was detected by in situ Ellipsometry [9] for IBAD using 500 €V Ar ions. In magnetron
sputtering, however, the inclusion of an amorphous layer in the optical layer model did not
improve the fitting results. Therefore the thickness of such layer is much less than 2 nm.

Further on, during the hBN-growth, both the growth rate and the increase of the FPUW
are constant. The beginning of stage 2 is characterized by a decrease of the growth rate and
at the same time, the FPUW increases less. The decrease of the growth rate is attributed
to the formation of the denser cubic phase and the decrease from 8.5 nm/s to 4.5 nm/s
corresponds to an increase of the density from 2.2 to 3.5 g/cm3. X-ray reflectivity data
confirmed that the densities of the hBN and ¢BN layer are within 90 % of the nominal bulk
density. As stage 3 begins, the growth rate is constant again and the slope of the FPUW
curve increases sharply. At the end of the deposition time, the slope of the FPUW decreases,
indicating the beginning of cracking or delamination of the film.

In order to obtain the instantaneous stress o from the recorded FPUW and film thickness
data, the FPUW is plotted as a function of the film thickness, as shown in figure 8.2. With
eq.3.7 on page 18, o is the first derivative of the FPUW with respect to the film thickness.
To obtain a useful and informative numerical derivation, a very low noise level of the data
would be required.
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Figure 8.2: FPUW recorded during the deposition of a ¢cBN film as function of the film thick-
ness (open diamonds) and regression lines (straight lines), from whose slopes the instantaneous
stress is obtained. For deposition conditions and plasma parameters see tables 4.1 and 6.1.
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Since however, the FPUW increases linearly with the film thickness (after ¢cBN coa-
lescence and without any parameter changes) linear regressions are used to analyze the
evolution of ¢. In the remainder, when the FPUW vs d;¢ curve is discussed for different
experiments, the instantaneous stress o always refers to d(?;;gm obtained from linear re-
gressions at the point of deposition indicated.

In figure 8.2 linear regression were fitted to the particular sections of the FPUW curve. As
indicated in the figure, the instantaneous stress in the hBN is -3.9 GPa , slightly decreases
in the ¢BN nucleation stage (-3.3 GPa), and increases sharply to -10.7 GPa when the
nuclei have coalesced. This results are in agreement with the model of a cBN nucleation
in the subsurface region, since the formation of the denser cubic phase below the surface
is accompanied by a volume decrease and hence a reduction of compressive stress in the
surrounding hBN. During this nucleation stage the compressive stress in the cBN grains
can be compensated, since the surrounding compliant hBN allows an expansion of the cBN
grains. After complete cBN coalescence, an expansion is inhibited by the neighbouring cBN
grains resulting in the observed sharp increase of o.

This sharp increase of o enables the determination of the point of completed ¢cBN nucle-
ation in real time. Although the evolution of the FPUW is very characteristic, the absolute
values of o vary between -2 and -4 GPa in hBN and -8 to -11 GPa in ¢cBN. These variations
are mainly attributed to changes in the thickness of the hBN layer (but also orientation
and curvature of the hBN planes, the conditions at the substrate interface, impurities etc.),
since the microstructural features determine the elastic properties of the film. This typical
evolution of o during the deposition of an hBN /cBN layered structure confirms the results
obtained previously by IBAD experiments [52].

8.2 Stress relaxation

In this section the effect of high energy ion bombardment on the instantaneous stress o of
the growing film is described and analyzed. As shown in the experimental section 4.2 on
page 26 the high energy ion bombardment is realized by a pulsed high voltage bias that is
combined with the usual growth assisting low voltage bias. The evolution of ¢ is investigated
in terms of ion energy and ion flux, which are controlled by the pulse voltage and the pulse
duty cycle. In the experiments described here, the pulse voltage and duty cycle range from
2 - 8 kV and 0.3 to 1.2 %, respectively. The low voltage bias consisted always of sequences
of -150 V(80 us) followed by +80 V(3 us) as described in section 4.2.

Eyhusen et al. [42] found that the hBN/cBN interface is unstable against energetic ion
bombardment for energies > 2.5 keV and cBN is transformed back to hBN. Therefore, before
starting the high voltage pulses, 20 nm ¢BN have been grown at a bias voltage of -150 V
after the nucleation and grain coalescence. Since the mean projected ion range for 8 keV Ar
ions (highest energy used in the experiments) is ~7 nm and replacement collisions occur up
to ~15 nm depth (see chapter 5), 20 nm ¢BN should be sufficient to protect the hBN /cBN
interface!.

!The range of N ions is higher (R,= 13 nm) but ¢cBN and the ¢BN/hBN interface are more tolerant to
N ion impact. Also the atomic nitrogen ion makes up for < 10 % of the total ion flux
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As an example for ion-induced stress relaxation, the evolution of the FPUW during a
deposition experiment with high voltage pulses of 8 kV and a duty cycle of 0.6% is shown in
figure 8.3. While the growth of the hBN interlayer, nucleation, and coalescence of ¢cBN, the
evolution of the FPUW resembles qualitatively the results shown in Fig. 8.2. Upon starting
the high voltage pulses the FPUW decreases immediately. After a few nanometer growth
the sign of the curve changes again and, the FPUW increases further linearly resulting in
an instantaneous stress of -1.1 GPa.
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Figure 8.3: FPUW recorded during the deposition of a ¢cBN film with simultaneous high
energy ion bombardment as function of the film thickness (open diamonds) and regression
lines (straight lines). The bias pulse were set to -8 kV with a duty cycle of 0.6%. For
deposition conditions and plasma parameters see tables 4.1 and 6.1.

The positive slope of the FPUW curve in the first few nm growth after the onset of the
HV pulses would indicate a tensile stress. However, the decrease of the FPUW can not be
interpreted as such. Since the ion bombardment affects material, which is already grown,
it should be seen as the relaxation of stress below the surface, so that eq. 3.7 cannot be
applied in this range. Thermal stresses due to heating by the high energy ion bombardment
are not likely to produce the release of the FPUW, since the additional heating power
is negligible (see section 4.2). In addition the thermal expansion coefficient a of the Si
substrate is slightly smaller than that of ¢cBN and an increase of the temperature would
result in additional compressive stress 2.

In figure 8.4 the width of that part of the FPUW curve with % > 0 is plotted

2with ag; ~ 4 - 107°K~! (at deposition temperatures of ~ 400°C [156]) , acpy = 5-107CK~1 and
E/(1—v) =~ 800 GPa [157] the thermal stress induced by a temperature increase of 100°C would be around
- 0.08 GPa
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together with the mean projected ranges of Ar, Ny, and N ions (calculated with SRIM)
as a function of the pulse voltage (at different duty cycles). The error bars result from
uncertainties in the turning points of the FPUW vs. d; curve. It becomes clear that the
width of this region is increasing with the pulse voltage and hence the ion energy. Further
it can be seen that the extent of de% > 0 in depth is correlated with the mean projected
ion range.
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Figure 8.4: Width of that part of the FPUW curve with % >0asa

function of the pulse voltage (diamonds). The lines show the mean projected
ion range as a function of the ion energy obtained from SRIM of Ar*(solid
line), NJ (dashed line), and the atomic NT(dotted line). Note: R, of Nj is
considered to be equal to R, of NT at half the energy.

Considering the dynamic evolution of the damage profile (see section 5), it becomes clear
that the release of the FPUW (% > 0) happens until the bulk damage value is reached,
i.e. when the film has overgrown the thickness of the mean projected ion range. Until this
point, the damage is accumulating in the subsurface region and thereby, more and more
stress is released. This means that here the stress is released at a higher rate in the depth
than the stress is newly formed in the surface region. Finally, the level of the stationary
bulk damage is reached and a balance between compression in the surface region by the low
energy ions and relaxation below the surface by the high energy ion impact is established,
resulting in the further steady increase of the FPUW curve.

As already mentioned the ¢cBN/hBN interface is not stable upon ion bombardment and
the stress relaxation can be applied only when sufficient ¢cBN has been grown and the
high energy ions cannot penetrated to the hBN/¢BN interface. The consequences of this
restriction are:

1. the underlying hBN and the ¢cBN nucleation layer remain stressed.
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2. the late onset of the stress relaxation leads to stress gradients over the film which
causes curling and delamination of the film.

By using ions with a lower energy for the stress relaxation (as low as possible), the thickness
of the untreated ¢cBN could be reduced. The deposition of multilayer structures of hBN
and low-stress ¢cBN could also offer a solution to this problem in the sense that the more
compliant hBN can compensate some amount of the remaining stress and in this way reduce
the stress gradient over the total film thickness.

The instantaneous stress that was measured as a results of film growth under low energy
ion bombardment and relaxation under high energy ion bombardment, is summarized in
table 8.1 for different pulse voltages and duty cycles. All samples were produced with
a 50 nm thick hBN buffer layer (see section 8.6), a ~ 20 nm ¢BN nucleation layer and
~ 150 nm growth under HV pulses. In all samples the instantaneous stress in the cBN
nucleation layer before the on set of the HV pulses was between -8 and -9 GPa.

Table 8.1: Calculated stationary bulk damage and measured instantaneous stress
for different ion bombardment conditions. The errors arise from the quality of the
regression and the noise level of the data.

1 Ly ot |y ol |t | g p
-8 0.6% 1.2 -1.6 + 0.1
-8 0.6% 1.2 -1.9 + 0.25
-6 0.6% 0.9 -1.6 + 0.13
-2.5 1.2 % 0.7 -1.8 + 0.1
-4 0.6% 0.69 -1.7 + 0.1
-8 0.3% 0.6 -2 + 0.25
-4 0.3% 0.34 -4.3 + 0.5

The degree of stress relaxation increases with both the pulse voltage and the pulse duty
cycle, leading to the conclusion that not only the ion energy but also the ion dose plays an
important role in the relaxation process. This can be expressed by the stationary damage
values for the different ion bombardment conditions (for the calculation of the damage see
chapter 5), which are given in table 8.1. In figure 8.5 the stress values are shown as a
function of the high energy ion induced damage.

It can be seen that the instantaneous stress in the films decreases with increasing damage.
That means that the relaxation of stress is enhanced by an increasing number of atomic
rearrangements. But, when the number of dpa is exceeding a certain level (around 0.8 dpa),
no further stress relaxation can be achieved under these deposition conditions and the stress
vs. dpa curve reaches a plateau. It is important to note that the same stress relaxation can
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Figure 8.5: Instantaneous stress measured during cBN deposition with additional
energetic ion bombardment as a function of the ion induced stationary bulk damage.
For deposition conditions and plasma parameters see tables 4.1 and 6.1.

be achieved with different ion energies if the same damage is introduced by the energetic
ion implantation, i.e. if the duty cycle is adjusted accordingly.

This is an important result if pulsed substrate voltages are to be used for stress relaxation
in commercial processes, since power supplies operating in the few kV- range can be easily
integrated into large scale coating systems and are cost efficient. Using a lower ion energy
also allows to start earlier with the high voltage pulses, i.e. closer to the cBN/hBN interface,
since the mean projected range of the ions is decreased (see figure 8.4). In this way the part
of the film which remains unrelaxed can be minimized.

Results of ion induced stress relaxation during filtered arc deposition of carbon, TiN, and
AIN films have shown a comparable dependence on the product of the pulsed bias voltage
(2-20 kV) and pulsing frequency [118,158], indicating a dependence of the stress relaxation
on ion energy and ion flux as in the results reported here. In all three materials the resulting
compressive stress could be described with a power function S = —(V - f)~%/3, where V and
f are the voltage and the frequency of the substrate bias pulses. This power law, however,
does not describe the stress relaxation in the ¢cBN films. A reason might be that in BN
a phase transformation could be induced by the energetic ions. Then the measured stress
would not only be the result of relaxation in the cBN. With a phase transformation to hBN
the elastic properties would change and in consequence the measured stress would change
even though the strain might still be the same. This will be discussed in section 8.3.
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8.2.1 Comparison with results from x-ray diffraction

The measurement of the substrate curvature yields the film stress on a macroscopic scale,
even if it is measured depth resolved. In order to study the stress relaxation on microscopic
scale, the cantilever bending measurements were complemented by grazing incidence diffrac-
tion (GID). The measured samples include one reference sample that was grown without
stress relaxation, three samples with different degree of stress relaxation, and one sample
that was grown with simultaneous ion bombardment inducing 1.2 dpa and that was annealed
after the deposition at 900°C. In this sample most of the residual stress should be elimi-
nated due to the fact that above 600°C plastic deformation occurs in the silicon substrate.
The relaxation conditions, the resulting stationary damage and the stresses measured by
cantilever bending are summarized in table 8.2.

Table 8.2: Calculated stationary bulk damage and measured instantaneous stress for
different ion bombardment conditions of the samples used for GID. (*): This sample was
prepared in a 100% No discharge at 0.1 Pa and 250 W discharge power, the ion flux
(N3 + N7*) was 7.8 ions/cm?s

pulse volt- duty cycle stationary bulk | instantaneous Comments

age (kV) damage (dpa) stress (GPa)
- - - -9 GPa non relaxed ¢cBN
-8 0.3 0.5 -2.6 £ 0.1 GPa N ions only *
-4 0.6 0.7 -1.7 £ 0.1 GPa Art/NJ
-8 0.6 1.2 -1.6 + 0.1 GPa Art/NF
8 0.6 1.2 ] ?1?1?3? E:"Lija(si(zlocgl)\}

For each sample in-plane (2w) and out-of plane (26) scans were performed, which allows
to map the biaxial state of stress in the films, since lattice planes that are oriented parallel
and perpendicular to the surface can be detected. The recorded in-plane and out-of-plane
diffraction patterns are shown in figure 8.6a and b, respectively. The ¢cBN layer in the non-
relaxed film was only 30 nm to prevent delamination before the measurement was finished.
Therefore the scattered intensity is very low, and due to texture the (111) diffraction peak
in the in-plane geometry is very weak as can be seen in the enlarged spectrum in figure 8.6a.
In consequence the error in the fitted cBN peak position is large. Due to the texture of hBN
with the ¢ axis oriented parallel to the surface, the hBN (0002) diffraction peak cannot be
detected in the out-of-plane geometry.

The dy1; values obtained from a peak fitting procedure are summarized in figure 8.7.
For comparison, the djq; lattice spacing of poly crystalline ¢cBN is given as well [159].

The lattice spacings are larger in the out-of-plane than in in-plane direction, indicating
a pronounced compressive biaxial state of stress. Only the annealed sample shows isotropic
lattice spacings with equal in-plane and out-of-plane values, which confirms a complete
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Figure 8.6: XRD patterns as a function of the momentum transfer of cBN samples grown under
different ion bombardment parameters resulting in different degrees of stress relaxation. The an-
nealed sample (900°C) is regarded as a reference for a fully released ¢cBN film. The in-plane scans
are shown in panel a) and the out-of-plane scans are presented in panel b).
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relaxation of the in-plane stress. Even with the presence of compressive stress, the in-plane
d(111) values of all samples are larger than the powder reference value. This is most likely
due to the nanocrystalline structure and incorporation of defects as a result of the deposition
process. With increasing ion induced damage the in-plane and out-of-plane lattice spacings
converge towards the value of the annealed sample. This is a clear signature of strain
relaxation within the ¢cBN grains.

Taking the d;;; value of the annealed sample as reference for a non stressed nano crys-
talline ¢cBN, the residual strain in the other samples can be calculated. To calculated the
stress the elastic modulus and the Poissons ratio have to be known. Using the values for
E and v given in reference [157], E/(1 — v) ~ 800 GPa, the residual stress parallel to the
surface in the sample irradiated with 8 keV Ar and Nj ions (with 1.2 dpa) would be 2.8
GPa. Reliable data of elastic constants are available only for single crystal ¢cBN, in thin
films, the ¢cBN should be more compliant due to defects and poor crystallinity [160] and
hence the residual stress should be lower, which is in agreement with table 8.2.
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Figure 8.7: dy11 lattice spacings in in-plane and out-of-plane direction for cBN samples with
different state of intrinsic stress obtained from peak fitting of the diffraction patterns shown
in fig. 8.6. The value for polycrystalline ¢cBN is taken from [159].

8.2.2 Effect of low voltage substrate bias on film stress

In this section the effect of the low energy ion bombardment, i.e. the cBN forming ions is
investigated, since ions in this energy range are responsible for the formation of compressive
stress. It was not possible to investigate the effect of the low energy ions without stress
relaxation, since the samples delaminated in situ or the results were not reproducible due
to varying thickness of the underlying hBN nucleation layer. Therefore, the films were all
deposited in the following order: 50 nm hBN buffer layer, a ~ 20 nm ¢BN nucleation layer
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and ~ 150 nm c¢BN growth under pulses of -8kV and 0.3% duty cycle. The ¢cBN nucleation
took place at -180 V for all samples. With the starting of the HV pulses, the low voltage
substrate bias was changed to values between -150 and -90 V. Using a bias voltage of -180 V
results in a very high resputter rate of the ¢cBN films and a significant reduction of the
growth rate.

In Figure 8.8 the instantaneous stress that was measured during the growth under si-
multaneous stress relaxation is shown as a function of the low voltage substrate bias. The
dashed line is used as a guide for the eye. One can see that o is low at high substrate bias.
At ~ -120 V the stress reaches a maximum and decreases again to lower voltages. Since
the relaxation of the stress should be equal in all samples, it is concluded that at a bias
voltage of -120 V (the actual ion energy is some 20 eV higher) a maximum of compression
is build into the films. The data are qualitatively in agreement with the Davis model. This
means that at a bias voltage of -120 V the highest concentration of defects is produced. At
lower bias voltage less defects are produced and at higher voltages a part of the defects are
already annealed in thermal spikes.

The model of Davis comprises ion energies between 0 and more than 600 eV, and the
data points shown here lie within a very narrow range of the Davis curve, just about the
maximum, which is insufficient for a satisfactory fit of equation 3.9 to the data.

The data point at -90 V should be regarded with care, since in this sample the cBN
content is lower than in the other samples (see below). Due to a voltage drop that occurs
across the insulating film (see section 4.2), the final ion energy at this low substrate bias
was probably already too low to sustain the cBN growth.
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Figure 8.8: Instantaneous stress measured during cBN deposition with additional ener-
getic ion bombardment as a function of the low voltage substrate bias (diamonds). The
dashed line serves as a guide for the eye. The high voltage pulses were set to -8 kV /0.6
%. For deposition conditions and plasma parameters see tables 4.1 and 6.1.
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8.3 Microstructure and bonding characteristics

In this section the effect of the ion bombardment on the micro- and bonding structure of
the films is investigated. Especially the question is discussed, whether the observed stress
release is related with strain release in the ¢cBN or if it is caused by a transformation of the
cubic structure to the more compliant hBN structure.

8.3.1 Effects of high energy ions

The total cBN content in the film is measured by infrared spectroscopy. In Figure 8.9 the
FTIR spectra of the samples corresponding to the data points a) 0.6, b) 0.9, and ¢) 1.2 dpa
out of figure 8.5 are shown. From the ratio of the peak intensities at 1400 cm~! and 1090
cm ™! the cBN content was estimated to be approximately 65% in sample (a), 45% in sample
(b), and 33% in sample (c). It has to be considered that the hBN buffer layer is 50 nm
thick in all three samples and contributes to the peak intensity of the stretching mode with
approximately 20% (for a total film thickness of 230 nm). This leads to the conclusion,
that a phase transformation of ¢cBN to hBN takes place in a considerable amount if the
damage due to ion bombardment exceeds 0.8 dpa and becomes more pronounced with a
further increase of the number of atomic displacements. If the damage is below this value,
the transformation to hBN takes place at very low rates.
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Figure 8.9: IR spectra of ¢cBN films grown with pulsed high voltage substrate bias. The
corresponding ion-induced stationary damages were a): 0.6 dpa, b): 0.9 dpa, and c): 1.2
dpa. All samples have a total film thickness of 230 nm including a 50 nm hBN, 20 nm
¢BN nucleation layer, and 150 nm ¢BN grown under HV pulses. For the settings of the
pulsed bias voltage and the resulting instantaneous stress see table 8.1. For deposition
conditions and plasma parameters see tables 4.1 and 6.1.
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Comparing the cBN content in the films with the stress relaxation as shown in figure 8.5,
one can see that in the low damage range’ where the relaxation increases with the number
of dpa the transformation rate to hBN is low. On the other hand in the ’high damage
range’ where no further stress relaxation could be achieved with increasing the number of
dpa, an increasing hBN content is observed. From this result, the conclusion is drawn that
in the low damage range’ in fact strain is released within the ¢cBN. If more than ~ 0.8 dpa
are induced, an enhanced transformation from ¢cBN to hBN takes place instead of a further
strain release.

These findings are not in agreement with the findings in reference [42], where ¢cBN
was observed to remain stable in post deposition ion implantation experiments with Ar
ions of 30 keV energy and fluences up to 10 ions/cm? (corresponding to a damage of
2.5 dpa). However as mentioned in this reference, not only the hBN/cBN interface is
unstable upon ion impact, but also a high amount of hBN on the ¢cBN grain boundaries
and in-between the grains (which basically resembles an hBN /¢BN interface) can lead to a
pronounced instability of cBN under ion irradiation. The sp? bonded surface layer represents
an hBN/cBN interface as well. In dynamic ion bombardment with 8 keV ions this ’surface-
interface’ might be more critical than it is in 30 keV post deposition implantation, since
much more rearrangement processes take place close to the surface.

From the empirical Scherrer formula (equation 7.8), an average size of coherently scat-
tering domains can be calculated from the FWHM of the XRD peaks. For the investigated
samples, this shows that the cBN grain dimensions are ~ 6 nm and 3-4 nm in directions
parallel and perpendicular to the surface, respectively. The hBN domain size is around 2 nm
in all samples (along the ¢ axis and in the direction parallel to the surface). These domain
sizes do not change due to ion bombardment, annealing or delamination of the film. In
other words this means that although an increased hBN content is observed with increasing
ion damage, the domains of ordered ¢cBN are not decreased in their size. A possible expla-
nation might be the presence of sp?> bonded material with only short range ordering located
in between the grains, which is preferably transformed to hBN already at rather low ion
damage.

The cross sectional TEM micrograph in figure 8.10 shows an image of a ¢cBN film grown
with simultaneous stress relaxation. The white lines indicate the direction parallel to the
surface. The upper left part of the image shows the hBN buffer layer, clearly identified by
the elongated hexagonal basal planes oriented perpendicular to the surface. The middle
part shows the cBN nucleation layer. Here the structure is dense and no hexagonal planes
can be found. The on set of the high voltage pulses is marked by a bright stripe parallel to
the surface. This stripe is also visible in lower magnifications and stretches along the whole
sample. The brightness indicates a lower density, although there is no disruption. In some
places lattice planes extending across this bright line are visible. In the lower right part the
film was grown including high energy ion bombardment. Here areas with ¢cBN structure
as well as with hBN basal planes are mixed. In this part of the sample the hBN planes
do not show a preferred orientation and some are slightly curved. The TEM image of the
part of the film grown under high energy ion irradiation is generally more bright than the
cBN-nucleation part and gives only very scarce evidence of crystalline material. This would
confirm an ion induced phase transformation but could be also an artifact from the sample
preparation.
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Figure 8.10: TEM cross section of a ¢cBN film grown with simultaneous stress relaxation. The
pulse voltage and duty cycle were 8 kV and 0.6%, respectively. The white lines indicate the direction
parallel to the surface. Upper left corner: hBN buffer layer, middle part: ¢cBN nucleation layer,
lower right part: ¢cBN grown with simultaneous stress relaxation.



8.3 Microstructure and bonding characteristics 73

8.3.2 Effects of low energy ions

The effect of the low energy ions on the bonding structure is investigated in figure 8.11. The
FTIR spectra correspond to the samples that were analyzed in section 8.2.2 and figure 8.8
(see page 69). As described there, the cBN was nucleated on top of a 50 nm hBN buffer
layer and after cBN grain coalescence, the deposition was continued with pulsed bias of 8 kV
and a duty cycle of 0.3% for all samples. At the same time the low bias voltage was reduced.
The values were chosen between -90 and -150 V as indicated at the corresponding FTIR
spectra. From the area ratio of the cBN Restrahlen region and the hBN stretching mode
the ¢cBN fraction was calculated. With decreasing bias voltage the cBN content increases
from 61% to 73%. For the given layer structure, this means that at -100 V the top layer
consist of almost 100% c¢BN. At the same time as the ¢cBN content increases also the growth
rate increases from 7.1 to 8.6 nm/min. Since the increase of the growth rate is not due to an
increased hBN content it is accounted to a lower sputter rate. An estimation of the sputter
rate by TRIM (for 1.5 ions/cm?s Ar™ + NJ) gives ~ 3 - 10" atoms/cm?s at -100 V and
~ 1.2 - 10* atoms/cm?s at -200 V. Therefore it is suggested that a high sputter yield favors
the growth of hBN although the ion energy and ion to neutral ratio are within the ¢cBN
growth conditions.

Comparing these data with the stress measured in these samples (figure 8.8), another
important conclusion is drawn: obviously the cBN content in the layer is not correlated with
the amount of stress. That means that a relaxation of the stress can be achieved within
the cBN and the formation of highly hexagonal layers due to the ion bombardment can be
avoided.

8.3.3 Effect of ion species: Argon and Nitrogen

From previous results [13] it is known that 35 keV Ar ion implantation during IBA deposition
of ¢cBN films leads to a non-stoichiometric boron-rich film. Also in MSIBAD experiments
[42] it could be shown that ¢cBN is more degraded due to Ar ion bombardment than by N
ions in energy range of 20 to 30 keV.

The changes of the microstructure due to Ar ion implantation are investigated by com-
paring film growth and stress relaxation in a 100% Ny discharge with that in the common
Ar/Ny discharge as in the previous experiments. Two films have been prepared with approx-
imately the same thickness of about 400 nm with an hBN buffer layer of 120 nm. For the
stress relaxation after cBN nucleation the voltage and the duty cycle of the substrate bias
pulses were 5 keV/0.6% and 8 kV/0.6% in the Ar/Njy and in the Ny discharge respectively.
Resulting damage values are 0.55 for Ar/Ny sample and 0.6 for the Ny sample (Note: for the
damage calculation the actual growth rates were considered since for the nitrogen discharge
it is only 60 % compared to the Ar/Ny mixture). The measured instantaneous stress was
-1.6 GPa and -1.8 GPa in the Ar/N, sample and the Ny sample, respectively. The resulting
bonding structures are compared in figure 8.12.

It is obvious that in the case of a pure nitrogen discharge (sample b), the ¢cBN content
of the film is significantly higher than for sample a. Due to the transparency of the film, the
reflectance intensity in the infrared spectrum results from reflection at the film and at the
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Figure 8.11: IR spectra of ¢cBN films grown with pulsed high voltage
substrate bias set to -8 kV and a duty cycle of 0.3 %. The stationary
damage induced by the high energy ions is 0.6 dpa. The low voltage
negative substrate bias was varied between -90 and -150 V. For all other
deposition conditions and plasma parameters see tables 4.1 and 6.1.
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Figure 8.12: IR spectra of stress released cBN films grown with
pulsed high voltage substrate bias, in a)Ar/Ny and b)Njy plasma. The
pulse voltage and duty cycles were adjusted to result in a stationary
damage of a) 0.55 dpa and b) 0.6 dpa (see text).

substrate. Due to the large film thickness this leads to interference minima and maxima in
the spectrum and the exact evaluation of the cBN content from the IR spectrum becomes
difficult.

There might be different reasons for the enhanced instability of ¢cBN under Ar ion bom-
bardment. As shown in reference [13], the Ar"™ bombardment leads to a nitrogen deficiency,
which could favor the formation of sp? bonds within the collision cascades. Also, impact of
Ar ions induces a higher sputter rate at the film surface. As suggested in section 8.3.2, this
could lead as well to an increased hBN content of the films.

Finally, it has to be noted that in our magnetron sputter process the assistance of Ar
ions is not needed for the cBN nucleation nor for the successful stress relaxation. But it has
to be considered that using only nitrogen as working gas leads to significantly lower sputter
rates at the target and hence to lower growth rates. Second, due to the dissociation of the
N7 ions upon impact on the film surface, the substrate bias voltage has to be doubled to
maintain the required ion energy. The low voltage power supply that is used in this set up
has an upper limit of -200 V. In the case of cBN growth on top of a thick hBN buffer layer,
-200 V might not be sufficient to initiate cBN nucleation.

8.4 Analysis of the near surface region

The stress that is measured by the cantilever bending method as well as the structural
information obtained by infrared spectroscopy are representative for the bulk of the films.
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In the process of stress relaxation by simultaneous ion bombardment, however, the near
surface region undergoes less displacement collisions than the material in the bulk (see
figure 5.2). This should lead to a different state of stress and microstructure in the top 10 to
15 nm. Therefore low stress ¢cBN films have been investigated by x-ray absorption near edge
spectroscopy (XANES), which is very sensitive to the bonding structure near the surface of
light element materials.

Figure 8.13 shows the B(1s) XANES spectrum of a ¢cBN sample produced by magnetron
sputtering (MS) without high voltage bias pulses for stress relaxation. Under this conditions
the intrinsic stress in the ¢cBN layer is about -10 GPa. The spectra of reference samples
from ¢BN and wBN powders and of HOPBN are also shown as signatures of sp? and sp?
bonding environments. In the following discussion the focus is laid on the B(1s) edge since
it contains more detailed information than the N(1s) spectrum, although similar trends are
observed.

In the case of hBN, the XANES spectrum shows two absorption edges with thresholds
around 191 and 197 eV corresponding to transitions from 1s levels to 7* and ¢* states,
respectively. In addition, a sharp 7* peak at 192 eV is observed that originates from an
excitonic state located a few tenth of eV below the continuum [162]. For the case of ¢cBN,
the spectrum shows a single edge corresponding to 1s — o transitions around 194 eV. In
this case, no 7* resonance peaks are observed. Wurtzite-type BN shows like the cBN only
one absorption edge around 195 eV with an absorption maximum between 195 and 196 eV.
The onset of the ¢* edge is different for each allotrope and, therefore, the presence of the
different edges and their position is a direct fingerprint of the bonding environment.

For the sample grown by magnetron sputtering, the ¢* edge is located around 194 eV.
This and the presence of the 7* resonance peak at 192 eV indicate the presence of both sp?
and sp? hybrids. The low intensity of the 7* resonance peak with respect to the o* edge
and the shape of the ¢* edge revealing the presence of only one edge, however indicate the
dominance of sp*- bonds in the structure.

In order to estimate the sp®/sp? ratio, usually a spectrum fit with a linear combination of

the reference spectra of hBN and ¢cBN is done. However, this method is not applicable for the
MS sample due to the peculiar shape of the 0* edge: Instead of a broad absorption maximum
at 198 €V typical for polycrystalline ¢cBN, which corresponds to 100% sp?® hybrids without
intrinsic stress, the edge shows a square-like shape with a plateau from 195 to 198 eV. This
is interpreted as filling of states which originate from bonding environments differing from
the non-stressed tetrahedrally coordinated bonding of cBN. Also the presence of wBN-like
environments can not be assumed since a combination of the spectra from hBN, ¢cBN, and
wBN reference samples is not able to fit the spectrum of the MS sample satisfactory, since
the filling of states between 194 and 195 eV can not be explained.
Therefore, the sample can not be considered as a plain mixture of these phases and the high
intrinsic stress has to be accounted for. As the analysis of the ¢cBN (111) lattice spacings in
section 8.2.1 shows and as is described in the literature [112], the state of stress in such films
is biaxial compressive, i.e. the ¢cBN (111) lattice spacings are compressed in the plane of
the film, whereas in out-of-plane direction d;;; of ¢BN is extended (dqi;|| = 2.0896 A and
dyyy L=2.1179 A).

The spectrum of the MS sample is therefore interpreted as an sp® matrix with a distri-
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Figure 8.13: XANES Bls spectra of a magnetron sputtered cBN
sample (MS) with high intrinsic stress (-10 GPa). The reference spec-
tra of cBN, wBN and hBN are also shown for comparison. The wBN
spectrum is taken from Terminello et al. [161].
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bution of bond lengths induced by the high biaxial stress and with the intercalations of sp?
sites. Since the position of the o* edge depends on the bond length [163], such a distribution
of bond lengths would lead to the presence of several * edges and the measured spectrum
would be the composition of all of them. Therefore, the shape of the B(1s) XANES spectra
for the sample grown with MS is considered to be the result of distortion and strain of the
bond length of sp? hybrids and closely related to the high biaxial stress in the sample.

In the following, samples with different degree of stress are analyzed in order to affirm the
correlation between the stress of the sample and its bonding characteristics. The XANES
spectra originate from the near surface region of the sample, i.e. max. 10-20 nm below the
surface. In this region the dynamic damage is less than the stationary bulk damage (see
section 5). Hence, the stress in the near surface region should be higher than in the bulk. In
figure 8.14, the dynamic damage profile for cBN growth under 8 keV Ar/N, ion bombardment
with a duty cycle of 0.6 % is shown. The dashed area marks the analysis depth that is
covered by XANES. It becomes clear that the stationary bulk damage can not be used to
characterize the degree of stress relaxation in the near surface region. Therefore, an average
damage value has been calculated for the near surface of the cBN film by an integration of
the dynamic damage profile. For the samples analyzed by XANES the instantaneous stress,
the stationary bulk damage, and an average damage value for the integration from 0-10 nm
and from 0- 20 nm depth are summarized in table 8.3. Since the XANES spectrum itself
represents an average over the bonding states in the surface region, the surface damage
values should be regarded as margins only.

1.6 dynamic damage for Ar'/N,’

14 | bias voltage -8 kV / duty cycle 0.6 %

1.2
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Figure 8.14: Dynamic damage distribution for 8keV Art/NJ implanta-
tion during cBN deposition. The dashed area demonstrates the maximum
analysis depth of the XANES.

Figure 8.15 shows the B(1s) XANES spectra for ¢BN films with different level of intrinsic
stress as described in table 8.3. The spectrum of the sample produced with 0 dpa refers to
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Figure 8.15: XANES Bls spectra of ¢cBN films produced with dif-
ferent degrees of ion induced damage and different levels of intrinsic
stress. Instantaneous stress and average surface damage values are
summarized in table 8.3.
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Table 8.3: Instantaneous stress in the cBN, stationary bulk damage, and surface
damage values obtained from averaging the dynamic damage profile over 0 - 10 nm
and 0 - 20 nm for the samples analyzed by XANES.

sample

instantaneous
stress (GPa)

stationary
damage (dpa)

bulk

average surface
damage 0-10 nm

(dpa)

average surface
damage 0-20 nm

(dpa)

a -1.6 1.2 0.63 0.91
b -1.8 0.7 0.46 0.57
¢ -2 0.6 0.31 0.45

the sample produced without simultaneous medium energy bombardment and corresponds
to that shown in figure 8.13. The samples grown in the low damage range (< 1 dpa) show the
same square-like shape of the absorption edge and low signal from the 7* resonance than
the non irradiated reference sample (0 dpa). Only for the sample that was grown under
1.2 dpa, the shape of the o* edge approaches that of the polycrystalline stress-free cBN
reference spectrum. In this sample, the intensity of the 7* resonance increases substantially,
indicating the transformation of ¢cBN to hBN or an increased domaine size and ordering
of the sp? environments. The latter is unlikely since the analysis of the XRD domain size
of hBN showed no increased degree of ordering due to ion bombardment. This result is,
however, in agreement with results from infrared spectroscopy (see section 8.3.1) where an
enhanced transition to hBN was observed for damage values > 0.8 dpa. For the samples
grown in the low damage range, only very subtle changes in the spectra with respect to
the MS reference sample are observed, where at the same time a large difference of stress
is measured. This could be attributed to the fact that cantilever bending can measure the
stress depth resolved but cannot resolve the stress from the very surface region, which is
the origin of the XANES spectra. Also the ion induced damage in the near-surface region is
below the stationary bulk damage and therefore the maximum possible stress relaxation is
not achieved there. It is concluded that XANES can give, complementary to the cantilever
bending method, XRD, and IR spectroscopy, information about the stress and bonding
environment in the near surface region.

More detailed comparisons can be extracted from the derivative of the XANES intensity
(fig. 8.15), as shown in Figure 8.16. The different maxima indicate the onset of the different
absorption edges (ionization potential or IP energy). In these samples, the most prominent
feature appears around 194-195 eV, which indicates, in comparison with the reference sam-
ples, that the bonding environment corresponds mostly to ¢cBN. Only the sample that was
grown at 1.2 dpa shows a weak second maximum at 197.4 eV in the derivative spectrum
indicating some increase of the sp? content. This phenomenon could also be related with
an enhancement of the typical sp? surface layer. Looking at the IP of the sp? hybrids, a
broadening of the maximum is observed for the samples with high stress and low amount
of ion induced damage. This is interpreted, in analogy to the broad absorption maximum
of the 0 dpa sample, as a result of a distribution of bonding environments due to stress.
The position of the maximum of the o* edge (i.e. the intersection with the solid line corre-
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Figure 8.16: Derivative XANES signal of the spectra shown in figure
8.15. For comparison also the derivative spectra of the cBN, hBN, and
wBN reference spectra shown in figure 8.13 are shown. Instantaneous
stress and average surface damage values are summarized in table 8.3.
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sponding to 0) with respect to the IP is correlated with the bond length [163]. By carefully
analyzing the derivative spectra, a shift of the maximum of the ¢* edge to higher energies is
observed, corresponding to an increase of the bond length by 0.02 A between the high stress
and the low stress sample. Such an increase of the bond length is in qualitative agreement
with the observed increase of the in-plane lattice distance by XRD.

8.5 Summary of stress and microstructural
investigations

In this section an attempt is made to summarize the results obtained from all stress and
microstructural investigations and to draw some conclusions about the correlation between
the state of stress, the ion induced damage, and the microstructure.

1. ¢BN as deposited without pulsed high voltage bias

From TEM cross sectional images and XANES analysis it can be stated that once
nucleated, the cBN grows almost phase pure. The domain size calculated from x-ray
diffraction patterns is about 6 nm parallel and 3-4 nm perpendicular to the surface.
Hexagonal BN is present in the buffer layer, but also some small amount is found by
XANES in the surface region. In the XRD spectrum, the hBN signature originates
most likely from the buffer layer and shows that the basal planes there are oriented
perpendicular to the surface. This can be seen also in the TEM micrographs. Angular
studies of the XANES 7* /o™ intensity ratio reveal no preferred orientation of the hBN
in the surface region. The hBN in the surface region most likely originates from a thin
sp? bonded surface layer although it is not visible in the TEM images. The analysis of
the Bls o edge reveals a bonding structure that can not be explained by a composition
of cBN + hBN. The stress in the as deposited ¢BN is -9 to -11 GPa and by XRD is
confirmed to be biaxial. It is suggested therefore that the shape of the Bls ox* edge is
the result of a distribution of bond length due to the high biaxial compressive stress.
The XRD analysis confirms the large difference of the lattice distances in in-plane and
out-of-plane direction.

2. Low stress ¢cBN

The compressive stress in ¢cBN can be released during growth by simultaneous ion
bombardment in the energy range of 8 - 2.5 keV. The residual stress can be reduced to
-1 to -2 GPa and results from an equilibrium between stress formation by low energy
ions in the very near surface region and relaxation by the high energy ion in 5 to
15 nm depth. In the range of low damage that is induced by the high energy ions,
the stress relaxation increases with increasing number of dpa. Above a critical value
of about 0.8 dpa no further stress relaxation is achieved. It could be shown that by
adjusting the energy and the flux of the high energy ions keeping the ion induced
damage constant, also the resulting stress relaxation is constant. In this way cBN
growth with an instantaneous stress of -1.6 GPa could be achieved with pulse voltages
of only -2.5 kV.
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In the low damage range IR spectroscopy showed that cBN is stable, in the high
damage range, however, an increased transformation to hBN is observed. The cBN
and hBN domain size are not changed due to the high energy ion bombardment. This
means that cBN with long-range order across the grains is rather stable against ion
bombardment, and the observed transformation to hBN occurs probably from short-
range ordered material that contributes to the infrared signal but not to the XRD
intensity. This short-range ordered material could be composed of a mixture of sp?
and sp? bonded sites, similar as in ta-C, and become more and more sp?-like with
increasing ion-induced damage.

The shape of Bls ox* edge of those samples deposited with an ion induced damage
below 0.8 dpa, did not show any significant changes compared to the non relaxed
sample. Considering that the number of displacements in the surface region is lower
than in the bulk, the XANES results indicate that the biaxial stress remains very high
in the surface region. Only when more damage is introduced (1.2 dpa in the bulk), the
number of displacements is increased sufficiently to induce a change of the bonding
structure and stress relaxation also in the surface region.

Finally the analysis of the low energy ions revealed that the ¢cBN content in films
grown under energetic ion bombardment can be increased significantly by reducing
the energy of the assisting ions to 100 eV. From this result it is concluded that a high
sputter yield hinders the ¢cBN growth and advances the formation of hBN. Comparing
the ¢cBN content with the stress measured in this samples, it can be stated that the
cBN content is not correlated with the amount of stress in the layer.

Possible mechanisms of stress relaxation

Cantilever bending enables a macroscopic analysis of the instantaneous stress, whereas x-ray
diffraction gives insight to the microscopic strain of the material. By both methods an ion
induced stress/strain relaxation is observed and the degree of relaxation increases with the
number of atomic rearrangements. The stress measured by cantilever bending levels out at
~ -1.5 GPa. On the other hand the XRD data converge towards a fully relaxed structure,
however due to the low number of data points it cannot be concluded that a full stress
relaxation by ion bombardment is possible.

Two different mechanisms of stress relaxation are discussed. On microscopic scale the
stress is released by a relaxation of strain within the grains, i.e. due to atomic rearrange-
ments defects like self-interstitials and 3- or 5-fold coordinated atoms are annealed. In the
model of the thermal spike [55], which is implied also in the stress model of Davis [110] the
ratio of newly formed defects and annealed defects is very low for high ion energies. This
suggest that a full relaxation can be achieved.

On macroscopic scale another mechanism must be involved to explain the out-leveling of
the curve in figure 8.5. A possibility would be a partial transformation from ¢cBN to hBN.
This was observed by FTIR with increasing ion induced damage (see above). Since the
XRD domain size is not decreased by the ion bombardment, the increased hBN content is
most likely located at the grain boundaries. During the deposition of ¢cBN (see section 8.1),
o increases when the nuclei coalesce and not directly upon nucleation , i.e. when the cBN
crystallites are not anymore isolated by an hBN surrounding but are neighboring each other.
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The same mechanism may apply during ion induced stress relaxation and could explain the
experimental findings in figure 8.5: if compliant sp?> bonded material is created due to the
ion bombardment between the ¢cBN grains, the stress could be reduced by an expansion of
the ¢cBN grains. If each ¢cBN grain is surrounded completely by a compliant and low ordered
phase of mixed sp?/sp? sites, the residual stress would then originate from this matrix. And
as it is known from ta-C, such structures can have large compressive stress. This would
explain, why on macroscopical level, the stress can not be relaxed below ~ -1.5 GPa.

Probably, the observed stress relaxation behavior could be a result of competition be-
tween both mechanisms. During the collision cascade and the subsequent thermal spike
the compressive stress due to interstitial-type defects and overcoordinated atoms could be
released within the grains. But, on the other hand, the collision cascades affect also low
ordered material in between the ¢cBN crystallites. And here atomic rearrangements could
induce a transformation of short-range ordered predominantly sp? bonded material to short-
range ordered sp? bonded material, which maintains a residual compressive stress due to
the low degree of ordering.

8.6 Adhesion

In this section the issue of film adhesion is discussed. It has to be admitted that although
the film stress can be released to values, which are typical for example in commercial TiN
films, the adhesion to silicon substrates is still very poor. For magnetron deposition of
cBN without any stress relaxation, the films often delaminate already during deposition
when a critical film thickness of 80 to 100 nm is exceeded. When the films are grown with
simultaneous stress relaxation this did not occur, even for the deposition of 700 nm cBN
(with a 150 nm buffer layer of hBN). But under atmospheric conditions, the films delaminate
within short time. Figure 8.17 shows an optical micrograph of a ¢cBN film that was grown
under simultaneous stress relaxation. The film delaminated after the sample was removed
from the vacuum chamber. It reveals that the film has detached from the substrate, but is
not disrupted. This points to a good cohesion within the layer with the failure taking place
at the interface. The detached film has wrinkled, probably due to a gradient of residual
stress over the film thickness. Due to the fact that the relaxation of the stress takes place
only after the ¢cBN has nucleated (plus the growth of additional 20 nm high stress ¢BN),
the underlying hBN can still possess very high stress. This layered structure leads obviously
to stress gradients in the film and causes the curling when the film has detached from the
substrate.

Apart from stress gradients in the layer, the ambient conditions have strong influence
on the film stability. For low stress ¢cBN films, even for d; = 800 nm, delamination does
not occur during deposition, nor as long as the samples are kept in vacuum. Also storage at
atmospheric pressure in nitrogen atmosphere does not lead to delamination. Only when the
films are exposed to air, they delaminate within hours. Therefore it is believed that moisture
is determining the adhesion. On the other hand, ¢cBN films with high stress produced by
laser ablation of a BN target [63] and by magnetron sputtering from a B,C target employing
a BCN gradient layer [96], were reported to be stable under ambient conditions for years.
Also the magnetron sputtered films produced during this work are absolutely stable after
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Figure 8.17: Optical micrograph (100x magnification) of a
beautifully delaminated ¢cBN film. The film was deposited
using the high voltage substrate bias pulses and the mea-
sured FPUW is shown in fig. 8.3.

annealing at 900° C. This leads to the conclusion that a delamination due to moisture
depends on the microstructure of the layer. It is likely that H,O and OH migrate along
grain boundaries and through porosity to the film/substrate interface. Since it was found in
this work (see section 7.2.2), that boron-rich films contain up to 8 at% hydrogen, whereas
in stoichiometric films the H content is below 2 at %, it is suggested that preferably excess
boron is involved in chemical reactions producing boron oxides or boron hydroxides (boric
acid). Consequently, a volume increase leads to delamination. In laser ablation, boron and
nitrogen arrive as energetic ablated particles at the substrate (particle energies are around
100 eV). This might lead to a dense structure with little migration paths and to an overall
stoichiometry, specially at the film/substrate interface, and hence minimize the presence of
excess boron. The same effect may be attained by the presence of carbon, leading to the
formation of boron carbide bonds rather than B-B bonds, oxidation of boron, or the reaction
with hydroxides.

In this work, in order to improve the film adhesion, a thick graded hBN buffer layer
was grown prior to cBN nucleation. One aim hereby was to improve the adhesion by an
interface mixing. A second aim was to minimize the stress gradients with a graded buffer
layer. To achieve interface mixing, in the beginning of the deposition the high voltage bias
was set for 3 minutes to 5 us pulses of -2 kV without any low voltage bias. Then, the low
voltage substrate bias is increased step wise from 0 to -180 V until approximately 120 nm
hBN are deposited. At -180 V, ¢cBN nucleation takes place. The resulting evolution of the
FPUW is shown in figure 8.18.

During the interface mixing and the time with no bias voltage the instantaneous stress
in the sample is close to zero. When the bias voltage is increased, o is very high, up to
-5 GPa, for a bias voltage of -50 V, but remains then at a low value of about -1 GPa for
substrate voltages from -75 to -180 V. Only with the beginning of cBN nucleation at -180 V,
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Figure 8.18: FPUW evolution with the film thickness during the deposition
of a graded hBN buffer layer during initial interface mixing and gradually in-
creasing low voltage substrate bias from 0 to -180 V.

o increases to ~ -9 GPa, which is typical for cBN growth.

Comparing the FPUW data with the corresponding evolution of the microstructure
shown in the TEM image in figure 8.19, one can see that close to the substrate (left side)
the structure a ~ 5 nm thick amorphous layer is formed due to the interface mixing. Then
follows a part where the hBN basal planes do not show any preferential orientation but
some are bended. This corresponds to the film that was deposited with the substrate bias
set to -50 V and o is -5GPa. Further on, in the right part of the image, the basal planes
are oriented parallel to the substrate. This well aligned structure does not change until the
point of ¢BN nucleation (not shown). From this it is concluded that with increasing bias
voltage (from 0 to ~ -75 V) the orientation of the hBN basal planes changes from more or
less parallel to the surface to perpendicular to the surface. This change of the texture is
accompanied by a large instantaneous stress. But once the orientation of the basal planes
has changed to perpendicular to the surface, the instantaneous stress does not increase even
though the ion energy is increased. In the case when the substrate bias is -150 V during the
total deposition time (see section 8.1), o is constant around -4 GPa in the hBN layer.

Using this type of buffer layer, the adhesion could be improved, but not sufficiently.
Under ambient, humid conditions the layers still delaminate after some days.
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Figure 8.19: TEM cross sectional image of a hBN buffer layer deposited with
initial interface mixing and gradually increasing low voltage substrate bias from
0 to -180 V.



0 Conclusions and Outlook

The aim of the presented work was to deposit cubic boron nitride thin films by magnetron
sputtering under simultaneous stress relaxation by ion implantation.

In order to get a closer understanding of the film growth, first a plasma analysis was
performed. The results yield the basic physical parameters of the film growth like the ion
to neutral arrival ratio and the ion energy distribution.

An in situ instrument for stress measurement based on laser deflectometry and in situ
ellipsometry, developed for IBAD experiments, was adjusted for magnetron sputter depo-
sition. An important insight was that for the detection of the reflected laser beam with a
position sensitive diode, one has to take into account the signal that is induced by light
emission from the plasma.

The characteristic evolution of the instantaneous stress during the layered growth of cBN
films observed in IBAD experiments, could be reproduced for magnetron sputter deposition.

To achieve simultaneous stress relaxation, a complex bipolar pulsed substrate bias source
was constructed. This power supply enables the growth of ¢cBN thin films under low energy
ion irradiation and, for the first time, the simultaneous implantation of ions with an energy of
up to 8 keV during high voltage pulses. It was demonstrated that the instantaneous stress in
cBN thin films can be released down to -1.1 GPa by simultaneous ion bombardment during
the high voltage pulses. A simultaneous stress relaxation during growth is possible in the
total investigated ion energy range between 2.5 and 8 keV. These are the lowest ion energies
reported for the stress relaxation in ¢BN. Since such a substrate bias power supply is easy
to integrate in existing process lines, this result is important for industrial deposition of thin
films, not only for cubic boron nitride films. Also bias voltages in the order of some kV are
feasible in commercial production.

Using in situ cantilever bending it was found that the amount of stress relaxation de-
pends on the damage that is induced by the high energy ion bombardment and is therefore
dependent on the ion energy and the high energy ion flux. In practise this means that the
stress relaxation is controlled by the product of the pulse voltage and the pulse duty cycle
or frequency. This means that the same stress relaxation can be achieved with different ion
energies if the same number of dpa is introduced by the energetic ion implantation, i.e. if
the duty cycle is adjusted accordingly.

In the low damage range, below 0.8 dpa, the relaxation increases with the number of dis-
placements. In the high damage range, dpa > 0.8, however no further stress relaxation can
be achieved.

The cantilever bending measurements were complemented on microscopic scale by x-ray
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diffraction. The analysis of the ¢cBN (111) Bragg diffraction peak revealed a pronounced
biaxial compressive state of stress in a non-relaxed ¢cBN film. Post deposition annealing at
900°C of a sample with an ion induced damage of 1.2 dpa, resulted in a complete relax-
ation of the lattice with equal in-plane and out-of-plane lattice parameters. The obtained
d(111) value are considered as a reference for stress-free ¢cBN films produced by magnetron
sputtering. In the case of medium-energy ion bombardment, the in-plane and out-of-plane
lattice parameters approach the value of the annealed sample with increasing the ion induced
damage as a signature of the stress relaxation.

The stability of cBN under ion bombardment was investigated by IR spectroscopy. It
was found that for a dynamic damage above 0.8 dpa the cBN is partially transformed to
hBN. The transformation rate increases with increasing damage. That means that below
0.8 dpa the stress is released in the cBN, whereas for higher damage instead of further stress
relaxation only a transformation to hBN takes place.

On the other hand, the full width at half maximum of the XRD diffraction peaks remains
constant independent of the ion bombardment, point to a pronounced stability of crystalline
¢BN. It is therefore proposed that in between the grains a short-range ordered, sp® /sp?-mixed
phase exists, which could be similar to taC and could become more and more sp?-like with
increasing damage.

Comparing the results from substrate curvature measurement, XRD, and IR spectroscopy
possible mechanisms of stress relaxation were discussed. The observed stress relaxation
could be the result of two different processes. On the one hand, during the collision cascade
and the subsequent thermal spike the compressive stress due to interstitial-type defects and
overcoordinated atoms could be released within the grains. On the other hand, the collision
cascades affect also low ordered material in between the ¢cBN crystallites. And here atomic
rearrangements could induce a transformation of short-range ordered sp?/sp? bonded ma-
terial to short-range ordered sp? bonded material, which maintains a residual compressive
stress due to the low degree of ordering.

High energy argon ions seem to enhance the phase transformation to hBN. However,
they are not required for the nucleation and growth of the cBN in this system. Also the
stress can be released to about -2 GPa by using only nitrogen ions (i.e. using a pure Ny
discharge).

From the analysis of the near surface region by XANES, it can be concluded the stress
relaxation by the energetic ion bombardment is less at the surface than in the bulk film.
This is explained with the dynamic profile of the ion induced damage, that reaches the
stationary bulk value in 15-20 nm depth, whereas it is decreasing towards the surface. This
fits with the results that the stress relaxation is dependent on the amount of ion induced
damage.

The influence of the growth assisting (the low energy) ions on the film stress and phase
bonding structure have been investigated. In the range between 100 and 200 eV (bias voltage
plus plasma potential) the ¢cBN content and the growth rate increase with decreasing ion
energy. The instantaneous stress has a maximum at ~ -120 V and decreases for lower
and higher bias voltages, in qualitative agreement with the Davis model. This leads to 2
conclusions: first, the stress in the film is not a function of the ¢cBN content; and second an
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enhanced sputtering at the film surface promotes hBN growth on the expense of cBN.

Although the stress in the films was released to values, which are typical for other hard

coatings (e.g. TiN), the film adhesion was still not sufficient for any application. There are
two possible reasons for this. On on side stress gradients can build up in the film, since the
hBN and the hBN/cBN interface are not treated with the energetic ion bombardment. But
probably more important is the sensitivity to moisture. Since our samples are stable after
annealing at 900° C and also other groups report the production of stable films even though
they have very high stress, it is concluded that the microstructure and stoichiometry can
promote a chemical reaction with ambient H and O species.
The deposition of an hBN buffer layer before the ¢cBN nucleation can help to improve the
adhesion. The deposition of multi layered hBN/¢BN structures could help to reduce the
stress gradients over the total film thickness. Further it is suggested to use instead of an hBN
buffer layer a carbon containing buffer layer, since those are reported to be inert against
moisture.

More generally, it can be concluded that ¢cBN thin film deposition is, although not yet
fully understood, technical no longer problematic. The physical parameter window, in which
the cBN growth is possible is known and can be translated to various deposition processes.
The problem of excessive intrinsic stress has been addressed by a large number of scientists
and possible solutions have been suggested to either decrease the stress formation, to relax
the stress, or to provide a suitable interface that withstands the forces of a stressed film.
Using energetic ion implantation has been shown to relax the residual stress to a level very
well acceptable for hard coating applications. In this work it has been demonstrated that
this ion implantation can be realized in common commercial processes for the application on
hard coatings on tools at acceptable expenses. Already good experiences exist concerning
various adhesion layer systems and the elimination of the hygroscopy. Therefore, to lead
cBN films finally into application, now only an interface engineering is required, which
combines the different aspects of the ¢cBN research.
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Theses

1. The aim of the presented work was to deposit cubic boron nitride thin films by mag-
netron sputtering under simultaneous stress relaxation by ion implantation.

2. In order to get a closer understanding of the film growth, first a plasma analysis was
performed. The results yield the basic physical parameters of the film growth like the
ion to neutral arrival ratio and the ion energy distribution.

3. An in situ instrument for stress measurement based on laser deflectometry and in situ
ellipsometry, developed for IBAD experiments, was adjusted for magnetron sputter
deposition. An important insight was that for the detection of the reflected laser
beam with a position sensitive diode, one has to take into account the signal that is
induced by light emission from the plasma.

The characteristic evolution of the instantaneous stress during the layered growth of
cBN films observed in IBAD experiments, could be reproduced for magnetron sputter
deposition.

4. To achieve simultaneous stress relaxation, a complex bipolar pulsed substrate bias
source was constructed. This power supply enables the growth of ¢cBN thin films
under low energy ion irradiation and, for the first time, the simultaneous implantation
of ions with an energy of up to 8 keV during high voltage pulses.

5. It was demonstrated that the instantaneous stress in ¢cBN thin films can be released
down to -1.1 GPa by simultaneous ion bombardment during the high voltage pulses.
A simultaneous stress relaxation during growth is possible in the total investigated
ion energy range between 2.5 and 8 keV. These are the lowest ion energies reported
for the stress relaxation in cBN. Since such a substrate bias power supply is easy to
integrate in existing process lines, this result is important for industrial deposition of
thin films, not only for cubic boron nitride films. Also bias voltages in the order of
some kV are feasible in commercial production.

6. Using in situ cantilever bending it was found that the amount of stress relaxation
depends on the damage that is induced by the high energy ion bombardment and is
therefore dependent on the ion energy and the high energy ion flux. In practise this
means that the stress relaxation is controlled by the product of the pulse voltage and
the pulse duty cycle or frequency. This means that the same stress relaxation can be
achieved with different ion energies if the same number of dpa is introduced by the
energetic ion implantation, i.e. if the duty cycle is adjusted accordingly.

In the low damage range, below 0.8 dpa, the relaxation increases with the number
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10.

11.

of displacements. In the high damage range, dpa > 0.8, however no further stress
relaxation can be achieved.

The cantilever bending measurements were complemented on microscopic scale by
x-ray diffraction. The analysis of the ¢cBN (111) Bragg diffraction peak revealed a
pronounced biaxial compressive state of stress in a non-relaxed ¢cBN film. Post depo-
sition annealing at 900°C of a sample with an ion induced damage of 1.2 dpa, resulted
in a complete relaxation of the lattice with equal in-plane and out-of-plane lattice
parameters. The obtained d(111) value are considered as a reference for stress-free
cBN films produced by magnetron sputtering. In the case of medium-energy ion bom-
bardment, the in-plane and out-of-plane lattice parameters approach the value of the
annealed sample with increasing the ion induced damage as a signature of the stress
relaxation.

The stability of cBN under ion bombardment was investigated by IR spectroscopy. It
was found that for a dynamic damage above 0.8 dpa the ¢BN is partially transformed
to hBN. The transformation rate increases with increasing damage. That means that
below 0.8 dpa the stress is released in the cBN, whereas for higher damage instead
of further stress relaxation only a transformation to hBN takes place. On the other
hand, the full width at half maximum of the XRD diffraction peaks remains constant
independent of the ion bombardment, point to a pronounced stability of crystalline
¢BN. It is therefore proposed that in between the grains a short-range ordered, sp? /sp?-
mixed phase exists, which could be similar to taC and could become more and more
sp2-like with increasing damage.

Comparing the results from substrate curvature measurement, XRD, and IR spec-
troscopy possible mechanisms of stress relaxation were discussed. The observed stress
relaxation could be the result of two different processes. On the one hand, during
the collision cascade and the subsequent thermal spike the compressive stress due
to interstitial-type defects and overcoordinated atoms could be released within the
grains. On the other hand, the collision cascades affect also low ordered material in
between the cBN crystallites. And here atomic rearrangements could induce a trans-
formation of short-range ordered sp*/sp? bonded material to short-range ordered sp?
bonded material, which maintains a residual compressive stress due to the low degree
of ordering.

High energy argon ions seem to enhance the phase transformation to hBN. However,
they are not required for the nucleation and growth of the ¢cBN in this system. Also
the stress can be released to about -2 GPa by using only nitrogen ions (i.e. using a
pure Ny discharge).

From the analysis of the near surface region by XANES, it can be concluded the stress
relaxation by the energetic ion bombardment is less at the surface than in the bulk
film. This is explained with the dynamic profile of the ion induced damage, that
reaches the stationary bulk value in 15-20 nm depth, whereas it is decreasing towards
the surface. This fits with the results that the stress relaxation is dependent on the
amount of ion induced damage.
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The influence of the growth assisting (the low energy) ions on the film stress and
phase bonding structure have been investigated. In the range between 100 and 200
eV (bias voltage plus plasma potential) the ¢cBN content and the growth rate increase
with decreasing ion energy. The instantaneous stress has a maximum at ~ -120 V and
decreases for lower and higher bias voltages, in qualitative agreement with the Davis
model. This leads to 2 conclusions: first, the stress in the film is not a function of the
c¢BN content; and second an enhanced sputtering at the film surface promotes hBN
growth on the expense of cBN.

Although the stress in the films was released to values, which are typical for other
hard coatings (e.g. TiN), the film adhesion was still not sufficient for any application.
There are two possible reasons for this. On on side stress gradients can build up in
the film, since the hBN and the hBN /cBN interface are not treated with the energetic
ion bombardment. But probably more important is the sensitivity to moisture. Since
our samples are stable after annealing at 900° C and also other groups report the
production of stable films even though they have very high stress, it is concluded that
the microstructure and stoichiometry can promote a chemical reaction with ambient
H and O species.

The deposition of an hBN buffer layer before the ¢cBN nucleation can help to improve
the adhesion. The deposition of multi layered hBN/¢BN structures could help to
reduce the stress gradients over the total film thickness. Further it is suggested to
use instead of an hBN buffer layer a carbon containing buffer layer, since those are
reported to be inert against moisture.



