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Chapter 1
Introduction

Iron and iron-based alloys have been used by
mankind for at least 3,000 years. Its outstanding
position in modern society results from its numer-
ous beneficial criteria including the abundance and
low cost of iron, its main constituents, manufactur-
ing ability and its recyclability. After several mil-
lennia and extensive research, one may think that
developments in iron-based alloys are part of the
past and its properties have already been developed
and exploited to its maximum, but in the last four
decades, the development of metastable alloys has
attracted the research society: the class of amor-
phous materials and metallic glasses.

These alloys exhibit a large variety of compositions
and provide atomic configurations which are dif-
ferent from their crystalline alloys and reveal vari-
ous interesting properties, such as good tribological,
magnetic and unique chemical properties [1-4].

In Fig. 1.1 the progress in amorphous phase forma-
tion is shown, which has finally lead to the develop-
ment of bulk metallic glasses (BMGs) [5] and which
are based on certain late transition metals such as
Pd, Pt, Ln (=lanthanide series) and Zr.

In contrast to Fe-based alloys, these new class steels
are very expensive due to the huge demand of Pd,
Pt and Zr by the manufacturing car industry, which
led to a price for Pt and Pd of approximately
$900.00 and $190.00 an ounce, respectively; and this
will not be the end of the line. Stock market pre-
dicts a Pd price of $450.00 in one year and $1100.00
in three years [6]. In opposition, iron costs $0.53 an
ounce. Thus, the amorphization of Fe-based alloys
and the formation of metallic glasses based on con-
ventional steels would be desirable.

Small additions of alloying elements such as boron,
oxygen, carbon, or nitrogen, have crucial influence
on the deformation behavior, on the mechanical and
tribological properties of steel. The modification of
the steel properties are originated in strong interac-
tions between interstitial alloying atoms and defects
such as vacancies, interstitials and grain bound-
aries [7,8]. Thus, it is necessary to determine in
more detail the effects of individual alloying ele-
ments on the Fe and steel properties.
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Figure 1.1: Relation between the critical cooling
rate (R¢) for glass formation, the maximum sam-
ple thickness (tmq.) and the ratio of liquidus and
melting temperature (7;/7,,) [5].

One of the more recent works, which attempts to de-
velop a theoretical model of the binary Fe-C/Fe-N
system, was published by Byeng-Joo Lee [9,10]. By
using a modified embedded-atom method (MEAM)
[11], which is said to be highly applicable to multi-
component systems, he calculated an interatomic
potential for the Fe-C/Fe-N binary system and pre-
dicted the physical properties of a hypothetical
NaCl-type FeC/FeN phase.

This was the impulse to investigate the Fe-C system
for high-carbon concentrations to get a comprehen-
sive sketch of carbide formation and to be able to
amorphize conventional steels of the AISI Sxx fam-
ily and not those late-transition-Fe-based steels as
mentioned in the literature [12-14].

As a matter of fact, a cubic FeC phase, which
was prepared by means of pulsed laser deposition
(PLD), was found and its parameters were found
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very close to those as predicted by Lee. Otherwise,
the magnetron-sputtering technique exposed as un-
suitable to form cubic FeC structures and various
carbides were observed instead.

However, reactive magnetron-sputtering showed the
formation of an amorphous and soft ferromagnetic
phase in a wide range of the processing parameters
and for different reactive gases (e.g. CHy, Ny and
O2). These films exhibit quasi-metallic glass behav-
ior and the origin and magnitude of magnetism was
deduced from a disordered NizC phase for carbur-
ized /nitrided films, and from a disordered NiFe;O4
for oxidized films.

Also PLD revealed interesting film properties:
whereas films synthesized by reactive PLD showed
the same physical properties as those synthesized by
reactive magnetron-sputtering, inert PLD from pre-
combined targets revealed a self-organized struc-
ture, which could be controlled by the processing
parameters.

As mentioned at the beginning, iron and steel are
still topics in advanced research and were under the
focus to develop "high tech” materials with newer
and better properties.

In the following chapter 2, a brief review on the
binary phase diagrams of the used systems will be
shown. Chapter 3 will give a short introduction to
the metallic glass formation by defining the prin-
cipal conditions to retain an amorphous structure
and presenting a theory of metallic glass forma-
tion. In Chapter 4, the synthesization of the films
(4.1) and the analyzing methods will be discussed.
The analyzing methods section is subdivided into
three parts: 1) the phase analysis section, where
the methods of Mdssbauer Spectroscopy, Extended
X-ray Absorbtion Fine-Structure, X-ray diffrac-
tion and Transmission Electron Microscopy and 2)
the chemical composition analysis section, where
Rutherford-Backscattering Spectrometry and Res-
onant Nuclear Reaction Analysis are explained. In
the last section 3), other methods such as PAC,
MOKE, AFM/STM, Raman spectroscopy and cor-
rosion tests are summarized.

Chapter 5 to 8 will report on the experimental re-
sults of the targets and starting materials (chap-
ter 5), the magnetron-sputtered films (chapter 6),
the pulsed laser deposited films (chapter 6) and on
the laser surface treated samples (chapter 8). The
conclusions of the work and the outlooks for future
developments and investigations will be drawn in

Chapter 9.

CHAPTER 1.

INTRODUCTION



Chapter 2

Relevant phase diagrams and

structures

The subject of this work is the synthesis of amor-
phous iron/stainless steel films prepared via mag-
netron sputtering and pulsed laser deposition. As
it will be shown, during magnetron sputtering and
pulsed laser deposition, carbon, nitrogen, oxygen
and boron are incorporated into the deposited films.
As a consequence, the formation of different car-
bides, nitrides, oxides and borides are observed.
Therefor, this section explains the various phase di-
agrams and properties of the used materials.

2.1 The Fe-C and Fe-N Sys-
tem

A study of the microstructure of all Fe-based alloys,
such as steels, usually starts with the metastable
binary Fe-C phase diagram, which is illustrated in
Fig. 2.1.

At the low-carbon end of the metastable Fe-C

Weight Percent Carbon

1638°C
(6Fe)

14004
1394°C

o--f1252
1200+ -

Temperature °C
FesC
T

10.096_
0,104

T—tere)

348

T T
10 15
Atomic Percent Carbon

Figure 2.1: The Fe-C phase diagram [15].

phase diagram, one can distinguish ferrite (a-Fe),

°C
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which can at most dissolve ~0.1 at.% C at 740°C,
and austenite (y-iron), which can dissolve ~9 at.%
C at 1154°C. The much larger phase field of ~-
Fe (austenite) compared with that of a-Fe (ferrite)
indicates clearly the considerably grater solubility
of carbon in 7-Fe (austenite). The hardening of
carbon containing Fe films, such as carbon steels
and many alloy steels, is based on this difference in
the solubility of carbon in a-Fe (ferrite) and ~-Fe
(austenite).

At the carbon-rich side of the metastable Fe-C
phase diagram cementite (6-Fe3C) can be found.
Of less interest, except for highly alloyed steels, is
the 0-ferrite at the highest temperatures.

At ambient pressure, body-centered cubic (BCC)
ferrite is stable from all temperatures up to 912°C,
when it transforms into face-centered cubic (FCC)
austenite. It reverts to ferrite at 1394°C. This high-
temperature ferrite is labeled §-Fe, even though
its crystal structure is identical to that of a-
ferrite. The d-ferrite remains stable until it melts
at 1538°C.

Also other metastable phases, such as €/6-Fe;C, -
FesCs, Fe;Cs, Feo0Cy and Fey3Cg have been re-
ported [16,17].

Regions with mixtures of two phases (such as
ferrite+cementite, austenite+cementite, and fer-
rite+austenite) are found between the single-phase
fields. At the highest temperatures, the liquid phase
field can be found, and below this are the two-
phase fields (liquid+austenite, liquid4cementite,
and liquid+J-ferrite).

Similar to carbon, nitrogen also occupies interstitial
sites in the Fe lattice. There are five equilibrium
solid phases in the Fe-N system, which is shown in
Fig. 2.2 [15].

The phases are: a-Fe(N), y-Fe(N), v'-FesN, (-
FesN and e-FesN. In the a-Fe, the maximum ni-
trogen solubility is ~0.4 at.% at 592°C, but it can
reach ~10.3 at.% at 650°C in the «-Fe. The sto-
ichiometric v’-FesN phase exists in a narrow re-
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CHAPTER 2. RELEVANT PHASE DIAGRAMS AND STRUCTURES
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denoted as FeO, Fe;_, 0, Fe, O, FeO14, or FeO,,
wustite, with broad range of compositions, which
may possibly can be subdivided into regions of dif-
fering types or degrees of order; (4) FesO4 denoted
as magnetite, which is monoclitic and almost stoi-
chiometric below -149°C and is FCC above -149°C,
with a range of compositions largely broadened at
high temperatures; and (5) the rhombohedral oxide
Fe;O3, called hematite, which is almost stoichio-
metric at low temperatures, but has an excessive
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Figure 2.2: The Fe-N phase diagram [15].

gion that extends up to 680°C and crystallizes in
a cubic structure. The hexagonal e-Fe,N phase
is stable and crystallizes with structures similar to
the e-Fe,C carbide in a large compositional range.
The metastable a”-Fei;gNo and the body-centered
tetragonal martensite phases has been reported as
well [17].

2.2 The Fe-O System

Weight Percent Oxygen

10 20 30 4

L Ly 09(G)

broadened range of compositions at high tempera-

tures.

The most important phases of the Fe-O phase dia-
gram (Fig. 2.3) and its parameters can be found in

Table 2.1.

Table 2.1: Fe-O crystal structure data.
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Figure 2.3: The Fe-O phase diagram [15].

The stable Fe-O system consists of five solid phases
[15]: (1) the terminal BCC solid solution with a
narrow range of composition denoted as a-Fe(O)
or §-Fe(O), with the temperature designations used
below 912°C and above 1394°C, respectively; (2)
the terminal FCC solution denoted as austenite or
v-Fe, with a narrow range of composition extend-
ing approximately from 912°C to 1394°C, the sta-
ble temperature range of -Fe; (3) the FCC oxides,

Phase Composition Space lattice
group constant
[at% O] [nm)]
Stable phases
a-Fe ~0 Im3m 0.2866
6-Fe ~0 Im3m 0.2866
~-Fe ~0 Fm3m 0.3590
wustite 51.2 to 54.7 Fm3m 0.4307
FC304(LT) ~57.1 CC
Fe3z04 57.1 to 58.0 Fd3m 0.8396
a-Fez O3 ~60.0 R3c a: 0.5035
c: 1.3740
Metastable
phases
3-Fex03 ~60.0 Ia3 0.9404
v-Fe2 03 ~60.0 P432:12 a: 1.0244
b: 1.0534
c: 0.3031
E—FC203 ~60.0
2.3 The Fe-B System
Weight Percent Boron
5 10 20 30 40 50 60 80 100
2300 - T . L b e aanas
2100 2092%
1900 E
L i
1700+ 1850°C (B)—;’

Temperature °C
o
3

g
g

1174°¢

325,

1389°C

[=—{7yFe)

Joreoe

Fe,B

FeB

[+—(aFe)

10 20
Fe

T
30

T
10 &

0

T
60

Atomic Percent Boron

©
3
3

Figure 2.4: The Fe-B phase diagram [15].

The equilibrium of the Fe-B system consists of three
phases [15]: (1) the liquid, L; (2) the terminal solid
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solutions - high-temperature BCC (4-Fe), medium-
temperature FCC (y-Fe), low-temperature BCC (a-
Fe), and rhombohedral (8-B) - characterized by
small mutual solid solubility in the elements; and
(3) two intermetallic compounds - FesB and FeB.
The Fe-B system is shown in Fig. 2.4 and summa-
rized in Table 2.2.

Table 2.2: Fe-B crystal structure data.
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in the corrosion process.

There are four different stainless steels: austenitic,
ferritic, martensitic and combined austenitic-
ferrictic steels.

In this work, AISI 316 is used, its composition can
be obtained in Table 2.3. It is an austenitic stainless

Table 2.3: Chemical composition of AISI 316. All
numeric data are given in wt.%.

Phase Composition Space lattice
group constant
[at% Fe] [nm]
Stable phases
a-Fe ~0 Im3m 0.2866
FesB 33.3 Ij/mcm a: 0.5099
c: 0.4240
FeB 49.5 to 50.0 Pbmn a: 0.4503
b: 0.5495
c: 0.2946
Metastable
phases
FesB ~25.0 Pnma a: 0.6726
b: 0.4331
c: 0.5468

2.4 The Fe-Cr-Ni System
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Figure 2.5: Fe-Cr-Ni phase diagram at 900°C [18].

In metallurgy, stainless steel is defined as a steel al-
loy with a minimum of 11.5 wt.% Cr content [19].
Higher Cr contents and other alloying elements such
as Ni and Mo increase the corrosion resistance of
these steel. The most important factor for corro-
sion resistance is known in the Cr content in the
film due to the formation of Cr-rich oxides on the
surface of the steel. This oxide/passive layer sepa-
rates the material from any medium and constrains
processes such as mass transport, transpassive reac-
tions and chemical conversions, which are involved

[@] Si Mn Cr
<0.07 <1.0 <2.0 16.5-18.5

Mo Ni
2.0-2.5  10.0-13.0

steel, antiferromagnetic and its Neel temperature is
-149.5°C [20]. TIts FCC structure is influenced by its
Ni content, which exceeds the ~v-stabilizing Ni con-
tent of 8 at.% [19,21]. The ternary phase diagram
of the Fe-Cr-Ni compound can be seen in 2.5.






Chapter 3

Amorphization of metals

In the last decades it has become clear, that nano-
and non-crystalline alloys can exhibit many poten-
tial advantages to their equivalent or similar crys-
talline phases, such as higher strength and hard-
ness, better magnetic properties, better corrosion
resistance and low material costs [4,14,22]. This led
to a new group of materials: bulk amorphous alloys
(also known as BMGs: bulk metallic glasses).

This chapter will give a short introduction to the
metallic glass formation by defining the principal
conditions to retain an amorphous structure and
presenting a theory of metallic glass formation.

3.1 Metallic glass formation

The term metallic glass refers to a non-crystalline
solid phase and represents the ultimate state of solid
metastability and can be obtained from solidifica-
tion of a liquid, from the vapor phase, deposition
from a chemical solution or an electrolyte and by
high-energy ion- or neutron bombardment of crys-
talline materials are also included [3]. In its original
sense it is formed by continuous cooling of a liquid.
A glass lacks three-dimensional atomic periodic-
ity beyond a few atomic distances and show dif-
fuse halos in X-ray, electron and neutron diffraction
and no sharp diffraction contrast in high-resolution
electron microscopy. Different approaches have
been made to give a physical definition of metal-
lic glasses. The first one concentrates on carefully
chosen experimental observations - the phenomeno-
logical approach - whereas the second regards the
construction of atomistic models - the theoretical
approach.

The first approach of a metallic glass defines a vit-
rificated melt as a frozen liquid, or at least largely
so [23]. Some alloys, with specific ranges in their
composition, can be cooled down below the melt-
ing temperature T,,. This effect is called under-
cooling of the melt. The heterogeneous nucleants
of the alloy were increasingly delayed for kinetic
reasons, whereas the recalescence decreases by en-
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Figure 3.1: Viscosity (n)-temperature (T") depen-
dence corresponding to crystallization and vitrifi-
cation of a metallic melt.

hancing the undercooling which finally leads to a
steady suppression of crystallization. Initially, this
allows a refinement of microstructure and ends in
the extension of solute solubility and in the forma-
tion of metastable phases. If the cooling rate is
high enough, crystallization can be suppressed due
to insufficient nucleation, which finally leads to a
continuously increase of the viscosity of the melt.
This is illustrated in Fig. 3.1.

At the so-called glass transition temperature T,
the atomic configuration becomes homogeneously
frozen, after starting from the equilibrium state.
This structurally freezing to glass state is defined at
a viscosity of 103 Poise and is the so-called kinetic
arrest and is highly cooling-rate dependent. At T,
the volume-enthalpy-temperature dependency de-
crease non-discretely, which can be seen in Fig 3.2.

During vitrification, the change in the specific heat
of the undercooled liquid increases with falling tem-
perature, as well as the crystalline state. According
to the free volume model of atomic transport [24],
glass transition corresponds to the absence of free
volume.

The second definition of a glass is reported by
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Figure 3.2: Temperature dependence of enthalpy
H and specific heat €, corresponding to crystal-
lization and vitrification of a metallic melt.

Cargill et al. [25], in which the glass is described
by a combination of an experimental determined
radial distribution function (RDF) and of a theoret-
ical RDF of a dense random packing (DRP) model
proposed by Bernal [26].
The RDF is defined by:

nR
o(r)=>" —0(r—R) (3.1)
R
where r is the vector between two atoms. It can

be obtained by X-ray or neutron diffraction mea-
surements or NMR spectroscopy and gives infor-
mation about the nearest and next-nearest neigh-
bour atoms lying in a spherical coordination shell
as shown in Fig. 3.3 [27].

The DRP is considered to be the first realistic

model of liquid structure. The model demonstrates
that an aperiodic structure with a physical den-
sity comparable to that of a crystal by physically
packing many small spheres inside a large spherical
volume. Bernal then studied the local topology of
several atomic configurations which were unseen in
crystalline structures.
The absence of crystallization upon undercooling is
explained on the basis of a standard nucleation the-
ory [28]. In this theory, a homogenous nucleation
mechanism, which is responsible for the formation
of the solid phase, is considered to be hindered by a
large energy barrier. This barrier was approved by
Frank [29] and is originated in the development of
local short-range order structures (mostly with an
icosahedral form) of a metallic undercooled melt,
which are incompatible with long-range periodicity.
As a consequence, several attempts were made to
confirm this model, but not till Kelton et al. in
2003 were demonstrating the first experimental ev-
idence between the local order of the liquid and the
nucleation barrier upon undercooling [30].
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o ]

Figure 3.3: Illustration of atomic arrangements in
an amorphous solid and the corresponding radial
distribution function o(r).

3.2 Theory of metallic glass
formation

An approach to determine the so-called glass form-
ing ability (GFA) of a system was proposed by Inoue
et al. [31]. Inoue suggested the following rules for
the GFA of an alloy:

1. A good metallic glass former is a multicompo-
nent system with more than three elements.

2. The alloying elements must have a relative ra-
tio of the atomic radii larger than 12 %, which
provides dense packing of different elements
and, thus, atomic rearrangement can be hin-
dered.

3. The constituents must have a large negative
heat of mixing, which is an indication of the
tendency of two chemical species to combine
and to form a metallic compound. On the con-
trary, if the enthalpy of mixing is positive the
tendency of mutual avoidance is enhanced and
the alloy may show phase separations.

An alloy which satisfy Inoue’s rules should have a
large GFA. These rules can be discussed in terms of
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thermodynamics, kinetics and structural point of
views.

From thermodynamics, a large GFA is obtained un-
der the condition of low Gibbs free energy AG(T)
for the transformation from the liquid to the solid
phase. These low values can be obtained, if the val-
ues for enthalpy AH; and entropy ASy of fusion in
the Gibbs relation

AG = AHj — TAS; (3.2)

have its minimum. In multicomponent alloy sys-
tems, AS¢ is expected to be large. An increase of
ASy causes an increase of the DRP which is also
favorable for a decrease of AH; and an increase of
the solid/liquid interfacial energy.

From kinetics, Cohen and Turnbull [32] derived a re-
lation between the rate of homogeneous nucleation
frequency, I,,, and the reduced undercooling tem-
perature AT, = (1) — T)/T; as follows:

I, = nl(c;) exp(—16ma’B/3T, AT?)
where k,, is a kinetic constant, n(T") the shear vis-
cosity at temperature T' (which is inversely related
to the atomic diffusivity D) and T, the reduced
temperature T/T;. Respectively, « and § are di-
mensionless parameters and are related to the lig-
uid/crystal interfacial energy o and to ASy, thus:

(3.3)

o= (NV)3c/AH,

o AS//R (3.4)

where N is the Avogadro’s number and V the molar
volume of the crystal. From the equation for I, it
is evident for given temperature and viscosity of a
melt that I, decreases precipitously as the magni-
tude of a8'/3 increases and, thus for high temper-
atures, I,, becomes dominated by the reduced glass
temperature 7)., as indicated in Fig. 3.1.

As T, is increased, 7 is increases rapidly with AT;.
As a consequence, the I, — T, peak is rapidly low-
ered and shifted to higher 7. Thus, nucleation can
be avoided easier and the volume in which a single
nucleation can be avoided increases. For alloys with
T4 = 0.5, droplets would vitrify with a diameter of
about 60 um [3] for cooling rates of 10% K/s.

A related kinetic approach was taken by Uhlmann
[33] and was generalized for all metallic systems
by Davies et al. [34]. According to the Johnson-
Mehl-Avrami treatment of transformation kinetics
[35,36], the fraction of a transformed phase z in
time ¢ is given by:

x ~ rludt!/3 (3.5)
where u, is the crystal growth velocity and can ex-
pressed as:

kT
B 3radn

1 —exp(—~AT,.AHy/RT)] (3.6)

Uc

f is the fraction of sites at the crystal surfaces where
atomic attachment can occur (= 1 for close packed
crystals and 0.2 AT, for faceted crystals) and ag
the mean atomic diameter.

In contrast to the kinetic model mentioned above,
wherein I, was based on the Hoffman model for
free enthalpy of crystallization (AG = T,AT,AHy),

here I, is given by:
—1.07
“P\ ar2TS

The pre-exponential constants in equations 3.6
and 3.7 are derived on the assumption that the
atomic diffusivity is identical to cross the liquid-
nucleus and liquid-crystal interfaces and related to
n through the Stokes-Einstein equation. N, is the
average atomic volume concentration.

From a structural point of view, the presence of el-
ements with different atomic sizes (about 12%) in
a multicomponent system which have large nega-
tive heats of mixing causes an increase of RDP in
the undercooled liquid. As a consequence, a large
liquid/solid interfacial energy is achieved and is hin-
dering an atomic arrangement of the constituent el-
ements on a long-range scale which suppresses crys-
talline phase nucleation and crystal growth, respec-
tively [37-39].

kTN,
I, = T
3magn

(3.7)






Chapter 4

Deposition of thin

and

films

experimental methods

4.1 Film Deposition

In this section, the synthesization techniques of the
deposited films were discussed, which were fabri-
cated by magnetron sputtering and pulsed laser de-
position. In this work, a planar magnetron is used
which is equipped with a radio-frequency bias gen-
erator (Plasma Products RF5S, 13.56 MHz). The
PLD chamber was self-assembled as described in
3.1.2 and using a Siemens XP2020 XeCl excimer-
and a Quantel Brilliant Nd:Yag laser system.

4.1.1 Magnetron sputtering

The sputtering phenomenon has been known since
1852 and exploited for deposition of films and is now
one of the most extensively used techniques for the
deposition of films and coatings. Sputter deposition
methods used today have a common simple process-
ing aim: to generate and maintain a desired plasma
and to establish a bias or electric field for the ac-
celeration of ions to the electrode or to the target
which is then being bombarded.

The principle setup of a planar magnetron

The magnetron target is based on the work car-
ried out by Penning more than 70 years ago [40]
and a lot of work had been done to develop this
concept since then. Today, the planar magnetron
is the most widely used target assembly, but it was
not introduced until the early 1970s by Chapin [41].
Sputter deposition of thin films as functional and
protective layers has increased in the last decade
which can be ascribed to the development of high-
performance magnetron cathodes. In comparison to
conventional diode sputtering, the magnetron cath-
ode provides higher deposition rates at a lower oper-
ating pressure accompanied by an increased quality
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Figure 4.1: Principle setup of a planar magnetron
system.

of the films (better adherence and greater unifor-
mity over large areas).

The principle setup of planar Magnetron in its sim-
plest form is shown schematically in Figure 4.1 [42].
It consists of the target material backed by perma-
nent magnets that provide a toroidal confinement
field with the field lines forming a closed tunnel on
the target surface. The field strength is chosen to
provide effective confinement for electrons while al-
lowing heavier ions considerable freedom.
Secondary electrons were emitted from the target
during the sputtering process. These are accel-
erated across the cathode dark space towards the
highly charged plasma, which has the form of the
so-called Debye sphere . The propagation of the
electrons is affected by the Lorentz force and one
component of their motion is a helical path about
the magnetic field lines. The electrons which prop-
agate along these helical lines in the middle of the
target are reflected due to the higher density of field
lines and were affected by a repulsive electric field.
After reflection the electrons eventually reach the
perimeter of the target where the field lines again
intersect the surface. An anode placed in this re-
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gion effectively collects these electrons and prevents
a drift of the electrons to the substrate. A second
component of their propagation is a drift from one
field line to another resulting in a toroidal tunnel
on the surface of the target. The combined motion
gives an extended path length resulting in a large
number of collisions of the electrons with gas atoms.
The ions which are affected by the same Lorentz
force as the electrons were - de to their higher mass
- not so hardly influenced in their resulting propa-
gation to the substrate.

Reactive sputtering

In contrary to inert sputtering, reactive sputtering
is identified with the process, where neutral, ex-
cited, or ionized gaseous species react with the sput-
tered particles from the target or with particles at
the substrate [43]. Thus, a variety of thin films and
compounds, such as oxides, nitrides, and carbides
etc. can be deposited by introducing a mixture of
reactive gas (e.g. Oz, Na, or CHy etc.) and in-
ert gas (e.g. Ar or He) with desired stoichiometries
(depending on the processing parameters) can be
formed. The mechanism of the sputtering gas inter-
action is not fully understood, but different models
have been introduced. In Figure 4.2 the common
mechanism model of L. Holland is shown [44].

Substrate Substrate

Y
—m» ® @
age @p

(b)

Target

(a) (c)

Figure 4.2: Three different mechanisms for reac-
tive sputter deposition: (a) at the target, (b) in the
plasma volume, (c) at the substrate.

4.1.2 Pulsed
(PLD)

Laser Deposition

Pulsed Laser Deposition (PLD) is conceptually and
experimentally a relatively simple technique and is
enjoying great popularity in the last years. The
laser radiation hits direct the target located in a
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vacuum chamber at an inclination angle of e.g. 45°
with respect to the normal of a substrate-holder.
The impact of the laser radiation on the target sur-
face results in various processes including melting,
evaporation, and ablation of the target material
with production of a plasma due to excitation and
ionization of the species ejected from the target by
the laser radiation. All these processes are triggered
by conversion of the optical energy into thermal,
chemical, and mechanical energy. The ablated ma-
terial is deposited on a substrate positioned on a
heatable substrate holder.

The principle setup of the used PLD system is dis-
played in Fig. 4.3.

During deposition, a fine control of the film thick-
ness can be achieved by the number of pulses. Thus,
a fast response in exploiting new material systems
is a unique feature of PLD among other deposition
techniques. The most important feature of PLD is
that the stoichiometry of the target can be retained
in the deposited films. The extremely high heating
rate of the target surface (10% K/s) caused by the
pulsed laser irradiation leads to the congruent evap-
oration of compounds from the target irrespective
of the sublimation point of the target constituent
elements.

In spite of the advantages of PLD, some drawbacks
have been identified in using this technique. One
of the major restriction is the formation of droplets
due to splashings from the target. The size of the
droplets are usually a few microns. In general, such
droplets have to be avoided otherwise they greatly
affect the growth as well as the properties of the
films. Another restriction is the narrow angular dis-
tribution of the species, which are generated by the
adiabatic expansion of the laserinduced plasma. In
general some solutions have been proposed, such
as the inserting a shadow mask to block off the
particulate and rotating both target and substrate
in order to produce uniform films. On the other
hands, the features previously mentioned limit the
use of PLD in producing large area thin films that
PLD has not yet been fully deployed in industry.
Recently remedial measures, in order to produce a
larger uniform film, have been developed to mini-
mize these restrictions in PLD, for instance, the si-
multaneous movements of target and substrates (us-
ing a robotic/automated/ positioning mechanisms)
in combination with the use of certain power density
distribution yielding a special angular distribution
of the laser induced vapourplasma. In addition, var-
ious targets may be used to increase the versatility
of laser radiation to deposit large area thin films.
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Figure 4.3: Principle setup of the PLD system (left) and typical PLD plasma (right).

4.1.2.1 Description of physical phenomena
during PLD processing

The vaporisation threshold, viz. the minimum laser
intensity necessary for bulk material evaporation
can be described by the equation:

CppP+/ 7"'X(Tvap - TO)
2(1 = R)\/Tias

where C,, p and x are the heat capacity, specific
mass, and the thermal diffusivity of the target ma-
terial, R the reflectivity of the surface of the target,
Tyap the vaporization temperature and 7j the am-
bient temperature. Note, this formula is only valid
for a laser pulse with a rectangular temporal shape
of duration 7y4.

To get thin layers of high quality, particle/droplet
formation has to be avoided. Two main factors for
particle/droplet formation during laser evaporation
are: 1) the separation of surface defects under ther-
mal shock and 2) splashing of liquid material due
to superheating of subsurface layers, which appears
for fast heating rates. To avoid superheating, the
laser intensity must be lower than that intensity,
which is needed to evaporate a mass volume with
a depth of 6;,/2 (the heat diffusion length is de-
fined as &y, = /2xt). This gives an upper limit for
laser intensity to be applied in a PLD process. The
superheating threshold is given by [45]

pAHvap
at,

(4.1)

Ivap =

Iy, = (4.2)
where « is the absorption coefficient, ¢, the relax-
ation time of hot electrons on the surface, AH,q)p
the enthalpy change per mass unit including latent
heat for fusion and vaporization and heating from
ambient temperature to the vaporization point.

For laser intensities slightly lower than the vapor-
ization threshold, very low material sputtering rates

in vacuum result in a collision less than low density
vapor in front of the target surface. Evaporation
appears to be a thermal process. When the laser
intensity increases, the vapor density rises and col-
lisions occur in a zone onto the surface. This is
the so-called Knudsen layer. Increasing the laser
intensity leads to an increase of atom density and
temperature in the Knudsen layer. The ionization
degree rises. By increasing the laser intensity above
the plasma ignition threshold, a fully ionized vapor
plasma can be identified.

Laser heating of metals can be modeled by three ba-
sic processes: 1) the deposition of radiation energy
on free electrons, 2) the energy exchange between
electrons and lattice, and 3) the propagation of en-
ergy through media by free electron motion [45,46].
In the course of high power laser heating, where the
metal is looked upon as a two-temperature system,
the free electrons are heated to an effective temper-
ature much higher than that of the lattice. As a
result, large local temperature gradients arise be-
tween the electrons and the lattice. Subsequently,
the transport of energy from the electrons to the
lattice takes place by means of a relaxation mech-
anism and a heat transfer coupling coefficient be-
tween electron and phonon subsystem is considered.

4.2 Free Electron Laser sur-
face processing

To compare the properties of thin films to those
of surface treated films, Free Electron Laser (FEL)
surface processing experiments at the Jefferson Lab
were carried out. As well as synchrotron facilities,
FELSs were used in bioscience, chemistry, solid-state
physics, advanced materials and basic research (also
manufacturing, medical and military purposes are
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Figure 4.4: Principle setup of the FEL system used at the Jefferson lab.

planned) due to their high-rated potential. These
advantages include amongst others high peak and
average power, bandwidth, beam quality and pulse
brevity.

The main advantage of FELs are their ability to
be tunable over a wide range of wavelengths, which
opens their usage not only to basic research facili-
ties. This tunability results from a basic difference
between FELs to conventional lasers: whereas con-
ventional lasers use electrons bounded in atoms or
molecules, the FEL uses an beam of unbounded
electron, which is accelerated nearly to speed of
light. Using a magnetic device - called undulator
- the electrons were conducted on a sinusoidal or-
bit. They are above the ground state and represent
a population inversion. In the undulator the elec-
tron yield synchrotron radiation, which is shown in
the schematics of the principle setup of the FEL
in Fig. 4.4 [47]. This light initially emits sponta-
neously, but is bounced backwards between a pair
of mirrors, just like in a conventional laser until it
reaches saturation.

The specific photon energy is set by a resonance
between the electrons’ velocity and the electromag-
netic wave: after each wiggle, the electrons slip back
one optical wavelength. This allows a tunability by
varying the input electron energy, where in contrast
bound-electron-lasers are limited to discrete wave-
lengths via quantum mechanics.

The set of parameter for the surface treatment in
this work are given in Table 4.1.

Table 4.1: Set of parameter for the FEL surface
processing: P is the power, f}, micro the frequency
of the micro-pulse, () focus the diameter of the FEL
radiation and W, ; the track displacement of the

laser radiation for steel i.
Parameter for the FEL surface processing

P [W] 900
A [pm] 1.64
fp,micro [MHz] 9.36 (in cw-mode)
D focus [pm] 600

W, ars1310 [mm] 1
Non,A1s1316 [Mm] 0.8
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4.3 Experimental Methods

The following sections describe the experimental
analyzing techniques, which are separated into the
parts: phase analysis and chemical composition
analysis. Each technique will be described briefly.
For more detailed explanations, the specific litera-
ture will be reported.

4.3.1 Phase analysis

4.3.1.1 Mossbauer Spectroscopy

The technique of Mossbauer Spectroscopy is widely
used in nuclear solid-state physics, materials sci-
ence, biophysics and chemistry and bases on the
homonymous Méssbauer effect, which was discov-
ered in 1956 by R.L. Mossbauer [48-51]. He showed
that nuclear radiation can be emitted and absorbed
recoilless, if the atoms are placed in a solid state.
Some of the principles, experimental setup, and spe-
cial magnetic transitions are discussed in this sec-
tion. Further details are described in the books
[52-54].

The Mossbauer Effect A nucleus in an excited
state with a mean life time 7 emits y-radiation. Its
energy distribution can be described by the Breit-
Wigner formula [54]:

(T/2)?

1B =h E g+ a2p

(4.3)

where Ey is the transition energy and I' = A/7 is
the resonance width (Fy = 14.4 keV, ' = 4.7 neV
for 57Fe). The momentum of the y-quantum is
p = hk. A free atom receive a recoil by an emit-
ted y-quantum. Itszenergy FE,. can be modeled by

E, = p/2M = 21\2—12 The recoil energy is much
larger than the natural line width I'. If the emit-
ting nucleus is in a solid, the whole matrix takes
up the recoil, given that the mass of the matrix is
1020 times larger than a single, free atom. Thus, the
contribution of the recoil energy becomes negligible.
This yields in the Mossbauer effect, viz. the reso-
nant nuclear emission and absorption. Neverthe-
less, the emission (or absorption) may also transfer
energy to the lattice, which could results in phonon-
interactions in the crystal. The probability that the
emission takes place without inducing any phonons
is named the Mossbauer-Lamb factor, or as anal-
ogon to x-ray diffraction, Debye-Waller factor fp,
which depends on the temperature T, the Debye
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temperature 6p of the crystal and the energy of the
~-quantum [55]:

fp(T) = exp(x)

2 0p/T

o Ea Ry ——
(4.4)
where 7 is 3343,?;’22 The probability of recoil free

emission or absorption is 0.76 for ®"Fe in a-Fe at
room temperature. Due to the high resolution in-
volved in this process, the hyperfine interactions can
be resolved by a Doppler gamma energy modulation

E(v) = Eo- (1+ %) (4.5)
by moving the source relative to the absorber, or
vice versa. The energy resolution of this movement
allows the observation of the change of the energy
levels resulting from electric or magnetic fields act-
ing at the nucleus. These are the hyperfine interac-
tions: the electric monopole interaction, the electric
quadrupole interaction, and the magnetic dipole in-
teraction which will be explained briefly in the next
sections.

The isomer shift § The electrical monopole in-
teraction is the interaction of the nuclear charge Ze
with the electron density, which leads to a change
in the energy states in the source (s) and in the ab-
sorber (a) in comparison to a point charge. With
the energy difference between the absorber and the
source, d = E, — E,, the isomer shift is obtained
[56]:

5= 22 |Wa(O0) ~ (WL O)IIR? - B2 (46)
where W is the electron wave function, e|¥4(0)|? the

electron density and R; the nuclear radius (i = g =
R in ground state, i = e = R in excited state).

The quadrupole splitting A An electrical
quadrupole moment of the nucleus, e, interacts
with the electric field gradient tensor (EFG) act-
ing at the nucleus, which leads to a splitting of the
energy levels. The asymmetry parameter 7 is ob-
tained by diagonalizing the EFG tensor. With the
constraints for the electrical potential V: |V,,| >
[Vyy| > |Vae| and Vip + Viyy + V., = 0 the asymme-
try parameter can be written as:

n= 2LV (4.7)
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Figure 4.5: Quadrupole splitting for a 3/2 to 1/2
transition. The magnitude of quadrupole splitting
A is shown.

In the case of an isotope with a I = 3/2 ex-
cited state, such as ®"Fe or '°Sn, only the excited
state is split into two substates m; = £1/2 and
my; = £3/2, which is shown in Fig. 4.5 By con-
sidering the formula for the energy shift given by
Wertheim [56], which depends on spin I and mag-
netic quantum number my, the quadrupole splitting
A can be derived as:

A= Eq(m] = 3/2) — Eq(m] = 1/2)
~vpeavafih

The magnetic splitting The magnetic moment
1 of the nucleus interacts with a magnetic field B
acting at the nucleus (nuclear Zeeman effect). This
interaction leads to the splitting of the degenerated
states. The state with spin I splits into 27 + 1
magnetic sub-states with eigenvalues:

(4.8)

Bm
E,.= A 7 L — —gnpnBmy

(4.9)

where the magnetic quantum number m; can hold
the values m; =1,1—1,...,—(I —1),—I. The mag-
netic moment p is given by the Bohr magneton py
and the Landé factor gy by:

p=gnpni. (4.10)

A closer look to the selection rule (A, = 0;£1)
points that only six transitions are possible. This
is illustrated in Fig. 4.6.

Mixed hyperfine interaction The previous
mentioned formulae are not generally effective, if
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Figure 4.6: Magnetic splitting of the nuclear energy
levels.

electric quadrupole and the magnetic dipole interac-
tion appear together. The more general case cannot
be described any longer by closed analytic expres-
sions. For Fe-compounds the condition eQV,, /4 <
ueB/1, is frequently satisfied, so that the electric
quadrupole interaction can be treated as small dis-
turbance of the magnetic dipole interaction. The
quantum-mechanical perturbation calculation first
order yields in

eQV., 3m?* —I(I +1)3cos?0 — 1
4 I@2I-1) 2

E,(m,0) =

(4.11)

where 6 is the angle between the direction of the
magnetic field and the predominant axis of the elec-
tric field gradient component V..
Except the isomer shift, all these hyperfine parame-
ters, are also found for Perturbed Angular Correla-
tion (PAC) [57] and they are comparable with those
observed by Mossbauer spectroscopy.

Internal conversion As internal conversion, the
process in which an excited nucleus transmits its ex-
cessive energy to the orbital electron of the atom,
is identified. If the amount of energy given to the
orbital electron exceeds its binding energy, it leaves
the atomic union. Therefore, x-rays are emitted as
the atom attempts to restore its neutrality. Internal
conversion usually competes with gamma radiation
as an energy-shedding mechanism.

Internal conversion is schematically illustrated in
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Figure 4.7: Process scheme of the internal conver-
sion for 5"Fe.

Fig. 4.7 [58).

From this scheme, the different Mossbauer mea-
suring proceedings can be derived: Transmisson
Méssbauer Spectroscopy (TMS), Conversion Elec-
tron Mossbauer Spectroscopy (CEMS) with an in-
formation depth of 150 nm [59], Conversion X-ray
Méssbauer Spectroscopy (CXMS) with an informa-
tion dept of 30-50 wm [59] and Auger Electron
Méossbauer Spectroscopy (AEMS), which is very
surface sensitive [60]. In this work, CEMS mea-
surements were performed [61-63]. In Fig. 4.8 the
schematics of the detector is shown and is described
n [59]. A mixture of helium and methane is flow-

connection for HV-preamplifiers

plexiglass plate

ﬁ@[’

|

§
T

Figure 4.8: Mechanical drawing of the CEMS de-
tector.
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ing through the counting tube (94 Vol. % He and 6
Vol. % CHy) to prevent a contamination of the test
gas.

4.3.1.2 Extended X-ray Absorbtion Fine-
Structure

X-rays are electromagnetic waves with energies
ranging from ~500 eV to 500 keV. At this energy
regime, a X-ray beam is absorbed by the photo-
electric effect, if the beam traverse the solid. Ab-
sorbtion is primarily characterized by the absorb-
tion coefficient u, which gives the probability that
X-rays will be absorbed according to Beer’s Law:

I=Ipe ™ (4.12)
where Iy is the X-ray intensity incident on a sam-
ple, t the sample thickness, I the intensity trans-
mitted through the sample and where p is given
by u ~ fxi“: 1 is a smooth function of energy,
which depends on the sample density p, the atomic
number Z, atomic mass A and the X-ray energy
E. As well as for all electromagnetic waves, the in-
tensity of X-rays is proportional to the number of
photons. Due to the Z* dependence, the absorp-
tion coefficient for usual chemical compounds are
very different, so that good contrast between differ-
ent materials can be achieved for nearly any sample
thickness and concentrations by adjusting the X-ray
energy.

X-ray absorbtion fine structure (XAFS) is gener-
ally thought of in two distinct portions: the near-
edge spectra (XANES) — typically within 30 eV
of the main absorption edge, and the extended
fine-structure (EXAFS) which contains informa-
tion about the local atomic neighborhood. The
basic physical description of these two regimes is
the same, but important approximations and lim-
its allow to interpret the extended spectra in a
more quantitative way than those for the near edge-
spectra.

EXAFS refers to the oscillations above the absorp-
tion edge [64]. Its fine structure function x(FE) is
defined as:

p(E) — po(E)

) = s (4.13)

where p(E) is the measured absorption coefficient,
uo(E) is a smooth background function represent-
ing the absorption of an isolated atom, and Apyg is
the measured jump in the absorption u(E) at the
threshold energy Ey, which can be seen in Fig. 4.9.

As mentioned above, EXAFS is understood in
terms of photo-electron created wave behavior in
the absorbtion process. Therefore, it is common to
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Figure 4.9: Typical XAFS spectrum for Fe. The
XANES and EXAFS regions are identified. p(FE) is
shown with the smooth background function po(E)
and the edge step Apo(Ep).

convolute the X-ray energy to the wave number &,
which is defined as:

2me(E — Eo)
PN T

where Ej is the absorption edge energy and m. the
electron mass. Thus, the fine structure function
has the quantity x(k) and decays quickly with k.
As a result, x(k) typically is often scaled by k, k2
or k2. In this work, the spectra are multiplied with
k2.

The oscillations correspond to  quantum-
interferences caused by the different near-neighbor
coordination shells and can be described by the
equation:

(4.14)

P
Z Msin[ﬂdﬁ + 5j (k)]

l{j =

J
(4.15)
where f(k) and §(k) are the scattering properties
of the next nearest-neighborhood, N the number
of neighboring atoms, R the distance between two
atoms, and o2 is the disorder in the neighbor dis-
tance. By getting the scattering amplitude f(k)
and phase-shift §(k) from the experiments, a deter-
mination of N, R and o? is possible. As a result of
the p dependency of x(k), the fine structure func-
tion also depends on Z of the next-nearest atoms.
Thus, EXAFS is also sensitive to atomic species of
the neighborhood.
EXAFS experiments in this work were carried out
at the European Synchrotron Radiation Facility
(ESRF (Grenoble), France) on the beamline BM29.
The storage ring was operating at 6 GeV with an
average current of 200 mA. The data were collected
at room temperature in the 7000 - 7700 eV (Fe K-
edge: Ey = 7112.0 V) and in the 8200 - 8900 eV
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(Ni K-edge: Ey = 8332.0 €V) energy range with 1
eV step in total electron yield (TEY) mode. The
data analysis was performed with the HORAE soft-
ware package [65-67]. For the sake of completeness,
the main parameters of the electron beam in the
storage ring are summarized in Table 4.2.

Table 4.2: Parameters of the electron beam in the
ESRF storage ring .

Energy GeV | 6.03

Max. Current mA 200
Horizontal Emittance nm 4

Vertical Emittance (*min. achieved) nm 0.025(0.010%)
Coupling (*min. achieved) % 0.6 (0.25%)
Revolution frequency kHz 355

Number of bunches 1 to 992
Time between bunches ns 2.816 to 2.82

4.3.1.3 X-ray diffraction

X-ray diffraction (XRD) is a general characteristic
of all waves and is referred to the rearrangement
of the behavior of waves by its interaction with an
object. It is used for structural analysis by reveal-
ing the phase difference A; of the characteristic in-
terference patterns of scattered X-rays photons at
each lattice plain. The physical values derived from
the patterns, such as position, shape and intensity
provide detailed information on the structural prop-
erties of the examined specimen on atomic scales.
Fig. 4.10 [68] indicates the condition for construc-
tive interference, where the phase shift adds to a
multiple of the incident wavelength .

By considering the trigonometric conditions, the

Figure 4.10: Visualization of the so-called Bragg
equation. Maximum scattered intensity is only ob-
tained when the phase shifts add to a multiple of
the incident wavelength .

sum of phase difference lead to the Bragg equa-
tion [69, 70]:

nA = Ay 4+ Ay = 2dcos(90° — 0) = 2dsind (4.16)
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where d is the distance of two parallel plains and 6
the angle with respect to the incident X-ray beam
of wavelength A.

Another approach to explain diffraction is given by
Laue [71] as seen in Fig. 4.11. The path difference of

Figure 4.11: Laue diffraction geometry.

rays scattering at points A and D is just AB-CD. If
the incoming rays are in phase, the path difference
must be some integral multiple of the wavelength
for constructive interference to occur.

This lead to the first Laue equation:

(AB — CD) = a(cosa,, — cosag) = nz\  (4.17)

This result is valid for any scattered ray that makes
an angle an with the unit cell axis. Thus the Laue
condition is consistent with a cone of scattered rays
centered about the a axis. This equation can be
restated in vector terms. The repeat distance a,
becomes a unit cell vector a. Call a unit vector
parallel to the incoming rays, kg, and one parallel
to the scattered rays, S. There are then some simple
vector dot products as seen in Fig. 4.12:
a-S=a-cosay,
(4.18)

a-Sy=a-cosag

a(cosa, — cosag) = a- (S — Sp) = ngA

The 6/20 scan An often-used instrument for
measuring Bragg reflections of thin films is the 6/26
diffractometer. In order to derive an information on
the microstructure of an given sample, the measure-
ment is set up to investigate position, shape and
intensities of the reflections. The intensity function
can be obtained by the square of the absolute value
of the structure factor Fjx; multiplicated with the
polarization factor p:

I (Q) = | Fua|*p

3 .4
1 sin?(NiaQc; /2)
B E sin?(aQc;/2)

(4.19)
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Figure 4.12: Vectorial display of the Laue diffrac-
tion geometry.

where Q = S — Sy, N; is the normal vector and ¢;
vectors in reciprocal space.

The intensity variation that is associated with the
reflection is given by the above mentioned equa-
tion, while the scattered intensity depends on the
distance from the sample to the detector system.
Therefor, the instrument should be configured in
such a way, that the scan can measure the space
around the sample by keeping the sample-detector
distance constant.this measure ensures that any in-
tensity variation is due to the intensity function
and is not caused by a dependency of the sample-
detector distance. the detector should accordingly
move on a semicircle in 2-D, on a hemisphere in 3-
D, respectively, with constant radius with the sam-
ple in the center of it. The geometry is shown in
Fig. 4.13.

LiF

parallel plate

Figure 4.13: The 6/20 geometry. The x-ray tube
is operated in the line focus mode; the plane of the
figure is the scattering plane.

Gracing Incidence X-ray diffraction The
gracing incidence measuring configuration is shown
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in Fig. 4.14.
The angle between the incoming beam and the

Detector

Figure 4.14: The GIXRD geometry. The x-ray tube
is operated in the line focus mode; the plane of the
figure is the scattering plane.

sample surface is very small and amounts to only
a few degrees. This angle is different from half the
scattering angle and will be denoted as w. The X-
rays travel a maximum path of [ = sinw within
the layer, which might be a high multiple of the
thickness ¢ when the entrance angle is chosen very
flat. For the investigation of a sample with attenu-
ation coefficient p a first criterion for w should be
I = 1/p, so that for the incidence angle the condi-
tion w = arcsin(ut).

To get an insight to the information depth of the
penetrating beam, the GIXRD absorbtion factor
A, = (1 — exp(—putk,) and a machine dependant
configuration factor k, has to be taken into ac-
count. By considering, that average information
depth 7, is the weighted sum of all beams that differ
by the amount of damping they undergo by being
diffracted in various depths, 7, is obtained as [68]:

1 t
iy T cap(uthy)

In this work, w was fixed to 2°. With the formula
for 7, we get an information depth of 7; ~ 350 nm.

Tw =

(4.20)

The Bruker AXS D8 Advance diffractome-
ter In this work, crystallographic analyses were
performed using a Bruker AXS D8 diffractome-
ter equipped with a Cu-Ka source (A = 1.54 A),
a Goebel mirror, a grazing incidence attachment
mounted on an eulerian gradle, a soller-collimator
system, a secondary monochromator (LiF) and a
YAP-detector.
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4.3.1.4 Transmission Electron Microscopy

The transmission electron microscopy is used in
physics, chemistry, biology, in the medicine and in
the engineering sciences for the clearing-up of most
different questions. Examples are the exploration
of the atomic structure of inorganic or organic ma-
terials, the illustration of biological objects with
high lateral resolution or the visualization of the
structure and the chemical composition of very fine-
crystalline materials. The small wavelength of the
electrons permits thereby a lateral resolution up to
atomic dimensions.

Based on the de Broglie relationship, the wave-
length A of the electron is related to its momentum
p through Planck’s constant h:

A=

p (4.21)

For an electron which experiences the accelerating
voltage Uz, the equation from the relativistic en-
ergy theorem can be derived:

E = y/p2c® + mict = moc® + eUa

U
=p=4/2moelUs | 1 + A
2moc?

If one inserts the impulse into the previously men-
tioned relationship, the wavelength A of an electron
which experienced the accelerating voltage U, can
be written as:

(4.22)

h

\/2merA (14 522

[ 1.5
[nm] ~ m.

Fig. 4.15 shows the wavelength A\ of the electrons
as a function of the accelerating voltage U 4.

At accelerating voltages of 200 kV and 300 kV, the
wavelengths are of the magnitude 2.74(2) pm and
2.25(3) pm, respectively. Since the increase of the
accelerating voltage has only a small contribution to
the resolution, accelerating voltages of 200 kV are
used in conventional TEMs. Theoretically, resolu-
tions in the sub-nanometer scale can be achieved.
Practically, only point resolutions of 0.12 nm and
line resolutions of 0.10 nm were achieved for 1 MeV
TEMSs, which are called Ultra High Voltage Elec-
tron Microscopes (UHVEM) [72]. The limitations
in resolution are given by spherical and chromatic
aberration. World-wide, some working groups are
resolving these limitations by electron-optical ele-
ments like the corrector for the spherical aberration

>\:

(4.23)
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Figure 4.15: The wavelength A of the electrons as a
function of the accelerating voltage.

(" Cs-corrector”) or by holographic recording meth-
ods like off-axis electron holography and focus-series
reconstruction.

The principle setup of a TEM Similar to a
light microscope, a TEM can be divided into three
components: 1) an illumination system, 2) the ob-
jective lens, and 3) the imaging system. The role
of the illumination systems (condenser) is to trans-
fer the electrons from the source to the specimen,
which is realized in two different modes: a paral-
lel or a convergent beam mode. The first one is
used for TEM imaging and selected area diffrac-
tion (SAD), while the second one is used for imag-
ing in a Scanning Transmission Electron Microscope
(STEM), which are used for microanalysis and mi-
crodiffraction. As indicated above, the objective
lens is the most important part of the TEM. It
produces the first image of the sample in its image
plane and the diffraction pattern in its back focal
plane and its resolution depends primarily and sen-
sitively on the aberration of the objective lens and
secondary on the high voltage. Image or diffraction
pattern can be selected with help of the intermedi-
ate lens, which images either the back focal plane
or the image plane of the objective lens as seen in
Fig. 4.16 [73]. Further magnification on the screen
is performed by subsequent projector lenses.

A bright-field image (BF) is formed when only
the direct beam is used for image formation. The
objective aperture blocks all other beams to pass
to the imaging system. A dark-field image (DF) is
formed when the aperture is positioned to pass only
some scattered electrons. The off-axis electrons are
less accurately bent due to spherical aberrations of
the objective lens which leads to a reduced image
quality. To avoid this, the incident beam has to be
tilted above the objective lens to keep the beam,
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Figure 4.16: The wavelength A of the electrons as a
function of the accelerating voltage.

which is used for imaging, close and parallel to the
optic axis.

The Philips CM 200-UT microscope In this
work, transmission electron microscopy was carried
out employing a Philips CM 200-UT microscope
(200 kV acceleration voltage) and which is equipped
with a Noran Energy Dispersive X-ray detector for
STEM. The achieved point resolution was 0.187 nm,
the resolving capacity 0.11 nm.
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4.3.2 Chemical composition analysis

4.3.2.1 Rutherford Backscattering Spec-
trometry

Rutherford backscattering spectroscopy (RBS) is
one of the most powerful techniques for measuring
elemental depth profiles. It allows quantitative and
nondestructive analysis with a reasonable depth res-
olution. In conventional RBS, He ions with en-
ergies in the range 1-4 MeV, are used as probes.
Almost all ions penetrate deep inside the sample
up to ca. 10 pm until they entirely lose their ki-
netic energy. During the penetration some ions col-
lide with the target atoms and are subject to elas-
tic Coulomb scattering (Rutherford scattering) be-
tween the projectile and the target nuclei and may
be backscattered from the sample. The energy of
the ion backscattered from the target atom depends
on the target atom mass. This allows compositional
analysis of a surface region of several micrometers
by measuring the energy spectrum of the backscat-
tered ions.

Kinematics of collisions When an ion is scat-
tered from a target atom at an angle 6, the ratio of
the scattered-ion energy E to the incident energy
Ey can be calculated using the laws of conservation
of energy and momentum [74],

i E /M3 — M%sin20 + Mycosf

~Eo My + My

(4.24)

where M7 and My are masses of the incident ion and
the target atom, respectively. The binding energy
of the target atom and its thermal vibration are
neglected in this derivation. These effects are neg-
ligibly small in collisions between ions with mega-
electron volt energy and target atoms. It is clear
that the energy ratio K, called the kinematic fac-
tor, is determined by the mass ratio Ma/M; and
the scattering angle . The basic idea of RBS relies
on this equation.

The Rutherford Cross-section The scattering
cross-section o is an effective area associated with
the colliding particles. When projectile ions collide
on a thin target film of thickness ¢, the scattering
yield is given by [74]

(4.25)

where N is the volume density of the target atom,
@ the number of incident ions, and « is the incident
angle of the beam in respect to the normal vector

of the target.

In RBS, the ions scattered at a particular scattering
angle 6 are measured by a detector with a finite
acceptance solid angle AQ). The number of these
ions can be calculated with an angular differential
cross-section [74]

B td_oAUQ

- dQ) cosa”

Y (0)

(4.26)

The differential cross-section for Coulomb scat-
tering (Rutherford cross-section) is given by the
Rutherford formula [74]:

do\ ([ Z1Z2e*\’
), \ 4E

2
4. [ M3 — M?sin?6 + Mlcosﬂ}

Mssin*\/ M3 — M?Zsin20

(4.27)

where Zy, Z5 are atomic numbers of incident ion
and target atom, respectively and F is the incident
energy. This simple formula allows to extract quan-
titative data about abundances of elements from
RBS spectra. The cross-section is proportional to
72, indicating high sensitivity for heavy elements
in RBS.

The IONAS Accelerator Facility RBS was
performed at the 530 kV IONAS accelerator facil-
ity in Gottingen, which is described in [75, 76] and
which is shown in Fig. 4.17. In Table 4.3, the pa-
rameters for all RBS measurements are given.

Table 4.3: Parameters of all RBS measurements at
the IONAS facility in Gottingen .

Probe ion He?T
Ion energy 0.9 MeV
Beam current 10-15 pA
Beam spot size (focused) 2 mm?

Detector
Detector resolution

silicon surface barrier (SSB)
12.5 keV (FWHM)

Scattering angle 6 165°
Depth resolution ~10 nm
Element range >4

ca. 100 ppm for heavy elements
in light hosts

Sensitivity

4.3.2.2 Resonant Nuclear Reaction Analy-
sis

As well as RBS, Resonant Nuclear Reaction Analy-
sis (RNRA) is a powerful tool for depth profiling. In
contrast to RBS, where all elements of an examined
sample were instantaneously profiled via the scat-
tering process, RNRA has a high sensitivity to one
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Figure 4.17: Schematics of the IONAS accelerator.

specific element due to a nuclear reaction, in this
case the 1N(p, ay)12C reaction [77]. the theory of
RNRA is well discussed in [78,79] and is ideal for
nitrogen depth profiling [80-82]. The schematics of
RNRA is shown in Fig. 4.18 [83].

The Yield of the 4.43 MeV emitted y-ray can be

E; proton
O

Detector

Target

Figure 4.18: Schematics of the RNRA process.
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described by:

[e. oo clye e]

V() = cant, [ [ [ Cnilotnm1(E. 8 2)
0 0 O

-o(E')dE'dE dz
(4.28)

where €g4.¢ is the efficiency of the detector, {2 the
detector solid angle, N, the number of incident pro-
tons and C'y (z) the concentration profile of nitrogen
atoms. The most important factors in the formula
are o(E’') and f(E,E’, z). the first one describes
the resonance cross section at an proton energy E’,
whereas the second one corresponds to the presence
of a proton with initial energy F, after penetrating
a depth of z by maintaining the energy E'.

The nitrogen depth profiles and the proton inci-
dence energy define the observed ~v-yield. Vice
versa, the Cy(z) of a binary compound Ay B,, can
be derived by a Fourier retransformation:

CstYVeB
Ysten + CstY(EB - EA)

Cn = (4.29)
where €4 and €4 describe the stopping power of
element A and B, e, the stopping power of the cal-
ibration sample (here a magnetron sputtered TiN,
400 nm in thickness), Cs; the nitrogen concentra-
tion of the calibration sample and Y, Yy the v-yield
of Ay B, and of the calibration sample, respec-
tively. the resulting stopping power of Ay B, is
then derived by the Bragg rule [84].

By assuming a constant stopping power in an
infinitesimal small depth-element, the analyzing
depth can be derived by

2(E; — Ei_4

(Ei) = B T eBiy)

The observed spectra were analyzed by the Win-

RNRA fitting tool [85].

4.3.3 Other Methods

Perturbed angular correlation (PAC) spectroscopy
was performed using ''Cd atoms as PAC probe,
which are populated by the 2.8 d EC decay of
H1Tn. A recent description of the method as applied
in Gottingen can be found in [86]. Using a four
detector set-up, 12 coincidence time spectra were
recorded. Combining these spectra, the perturba-
tion function R(t) is derived, which is proportional
to the angular correlation coefficient Aggf and the
perturbation factor G, (t). The spectra were fitted
by:

P(t) = Aj, - Zfi - Gi(t) (4.31)
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with

3

ba(t) = D s2a(n’) - cos(ga(n’) - viot)

n=0

cexp(—gn(n') - 6°t)

(4.32)

The fraction f of probe atoms is exposed to
an electric field gradient (EFG) characterized by
the quadrupole interaction frequency I/é2 and the
asymmetry parameter 77i. Further information on
the principles of PAC can be obtained in [57,87].
Magneto-optical Kerr effect (MOKE) was used to
investigate the ferromagnetic behavior of the sam-
ples. The MOKE measurements were conducted
in longitudinal geometry at room temperature,
using a polarization-compensator-sample-analyzer
(PCSA) ellipsometer and a maximum external
magnetic field of 0.15 T [88,89]. The samples were
mounted onto a rotationally motorized holder, so
that magnetic anisotropy could also be analyzed by
rotating the sample with respect to the direction
of the magnetic field [90].

Atomic force microscopy (AFM) was performed
on a Nanoscope III MultiMode AFM (Digital
Instruments) whose maximum scan range is 80 ym
x 80 um. All samples were measured in tapping-
mode.

Scanning tunneling microscopy (STM) was
performed on a Nanosurf Easyscan II STM
(nanoScience Instruments) whose maximum lateral
scan range is 1 micron.

Raman spectroscopy was carried out on a self-
assembled device. An argon laser with a wavelength
of 514.5 nm was used, together with a Dilor XY
triple monochromator. = The optics track was
assigned to the so-called macro-Raman optics in
which the laser beam is aligned in grazing incident
mode. The emitted Raman radiation was mapped
by a CCD camera.

Corrosion resistance tests used a combination of
two galvanic cells. The sputtered films were used
as working electrodes, a platinum and kalomel
electrode as counter- and as reference-electrode, re-
spectively. 1-molar NasSO,4 was used as electrolyte
and the voltage was varied from —2 to +2 V by
means of a potentiostat [91].

Nanoindentation measurements were performed on
a Fischerscope HV100 with a Vickers diamond.
The maximum indention force was set from 2
to 5 mN. Five positions were measured for each
sample and the mean values are reported [92].
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Targets and starting materials

In this section, the physical properties of the used
targets are specified.
The original ARMCO-Iron (purity 99.96 %) and
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Figure 5.1: top: GIXRD (2° incidence angle) pat-
tern of the ARMCO-Iron sputter target; bottom:
0 — 20 pattern of the AISI 316 sputter target.

AITSI 316 targets have a body-centered cubic (bcc,
«) and face-centered cubic(fcc, v) structure, respec-
tively, in contrast to inert magnetron-sputtered thin
AITSI 316 films, which exhibit only an a-structure
structure when deposited below 678 K [93]. This is
readily seen in Fig. 5.1, where the XRD patterns of
ARMCO-Iron and AISI 316 are shown.

The bcce structure of the original ARMCO-Fe target
and the fcc structure of the original AIST 316 target
are extracted in Fig. 5.1a) and b). The lattice con-
stants obtained are ¢ = 0.2881(1) nm for the bcc
ARMCO target and a = 0.3592(1) nm for the fcc
stainless steel target.

This behavior is resembled in the Mossbauer spec-

tra of the targets as shown in Fig. 5.2.
The Méssbauer spectrum of the original ARMCO

Intensity

8-6-4-20 2 4 6 8 30313233343536
v [mm/s] B, [T]

Figure 5.2: (a) Transmission Mdssbauer spectrum
of the original ARMCO-Iron sputter target; (b)
CEM spectrum of the original AISI 316 sputter tar-
get. The corresponding distributions of the hyper-
fine fiels p(B) are given on the right.

target shows, as mentioned in the theory section, a
split Zeeman sextet (Fig. 5.2 a) due to the magnetic
splitting of the nuclear energy levels. From the fit-
ting, a mean hyperfine field of < B >= 32.9 T with
a width of ¢ = 0.7 T is obtained from the p(B)
distribution. In contrast, the original AISI 316 tar-
get in Fig. 5.2b) shows the typical non-magnetic
central line of austenite with an isomer shift of
d =—0.10(1) mm/s [94].
MOKE measurements as presented in Fig. 5.3
clearly demonstrate the ferromagnetic behavior of
the ARMCO sputter target. A coercive field of
Hc = 75 Oe is found. The observed magnetic in-
plane anisotropy is less than 1 %.

The angular dependence of the magnetic
anisotropy as shown in Fig. 5.3 were deduced by
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100

Figure 5.3: Angular scans of ARMCO-Iron sputter
target: (top) coercitive field He; (middle) relative
remanence M, /My; (bottom) magnetization energy
density Es/Ms;.

fitting the magnetization energy density E,/M; re-
quired for saturation. The quantity of F,/M, can
be determinded by numerically integrating the an-
hysteretic magnetization loops averaged over both
branches of the magnetization curves measured by
MOKE [95], and was parameterized by the expres-
sion [96]:

B, Kusmz( o)
M, M,
(5.1)
LS sin2(p — 1) + —
AN, M,

where Eg /M, accounts for an isotropic contribution
due to the random distribution of domains in the
polycrystals. The parameters K, /My and K; /M,
indicate the contributions of uniaxial and foufold
magnetic anisotropies with ¢, and ¢; being the re-
spective symmetry angles.
The results of the fitting procedure can be obtained
in Table 5.1.

Targets for Magnetron-sputtering possessed a di-
ameter of 76 mm and 2 mm in thickness, targets for

Table 5.1: Fitting results of the MOKE analysis.
x? and x?2,, represent the values of the statistical
significance tests.

X2 0.640

XZed 0.172

Ku/Ms  0.860(372)
Ki/AMs  1.616(1498)
©o 19.596(12444)
©1 75.500(13142)
Eo/Ms  56.986(288)

PLD possessed a dimension of 25x25 mm and also
2 mm in thickness.

In the next chapters, the results of this work are pre-
sented and discussed. As a consequence of the facil-
ity of inspection, first, the results of the Magnetron-
sputtered films are shown, which are followed by the
results of pulsed laser deposited films and by the re-
sults of FEL surface treated films.



Chapter 6

Results for magnetron-sputtered

films

6.1 Results for magnetron-
sputtered FeC films

The films were sputter-deposited with an rf mag-
netron onto amorphous SiOgy substrates (oxidized
Si(100) wafer of 0.5 mm thickness, pre-cleaned
with acetone and oxidized in air, no further treat-
ment) utilizing a pre-combined target consisting
of graphite and commercial ARMCO-Iron (purity:
99.96 %). To achieve a stoichiometric FeC phase,
the sputter yield of Fe and C was calculated using
SRIM [97] in dependence to the incoming Ar™ ion
energy, which is illustrated in Fig. 6.1.

As obtained from Fig. 6.1, the sputter yield of
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Figure 6.1: Sputtering-yield Y of Fe, C and the
sum of both elements in dependence of the Ar™ ion
energy.

Fe is 10 times greater than that of C at an Ar™
of approximately 80 eV. As a consequence, the tar-
get was made in that way, that the area fraction of
graphite was 10 times greater than that of ARMCO-
Iron. The form of the target can be readily seen in
Fig. 6.2.

The target-substrate distance was set to 2 cm to

Figure 6.2: The FesqCs9 Magnetron sputter target.

achieve valuable sputter rates. The processing pa-
rameters were always 100 W magnetron power. The
gas flow was increased from 14.5 to 140 sccm (sccm
= standard cubic centimeter, i.e. flow volume of gas
at normal conditions, 273.15 K and 1013 hPa) dur-
ing deposition. The sputter rate was always in the
range of 0.01-0.03 nm/s, and was depending on the
processing parameters. The magnetron chamber
was evacuated to a base pressure of 107% Pa before
deposition. The target was always pre-sputtered
for half an hour with the desired parameters be-
fore starting the deposition onto the substrate. The
target was water cooled and the substrate tempera-
ture was controlled between room temperature (wa-
ter cooling) and 673 K (electrical heating). The
thickness of the deposited films was controlled by
a quartz microbalance (with a film density set to
4.15 kg/m?, which is the density corresponding to
the Fe and C ratio derived from the SRIM calcu-
lation). The samples were deposited with similar
thicknesses as given by the quartz microbalance.
As a result, deposition time and real film thickness
varied. The deposition parameters and the result-
ing thicknesses and growth rates are summarized in
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Table 6.1.
From these data it is derived that the growth rate

Table 6.1: Gas flow j, deposition time ¢, real film
thickness d (as measured by Rutherford Backscat-
tering Spectrometry (RBS) after deposition) and
derived growth rate g = % for the deposited films.
All samples were deposited at 298 K with a mag-
netron power of 100 W and a target-substrate dis-
tance of 2 cm.

sample JAr t d ¢
[scem] [min] [nm]  [nm/min]

A1d5 145 14541  64(10) 0.44(7)
A300 30.0 102:03 119(10)  1.17(10)
A400 40.0  233:57  45(10) 0.19(4)
A500 50.0 90:31 39(10) 0.98(11)
A600 60.0 101:18 99(10) 0.98(10)
AT700 70.0 85:32 83(10) 0.97(12)
A800 80.0  80:55 107(10)  1.32(13)
A1000  100.0 106:43  109(10) 1.02(9)
A1400 140.0 107:23 102(10) 0.95(9)

2,0

growth rate [nm/min]

0 25 50 75 1CI)O
Ar gas flow [sccm]

T
125 150

Figure 6.3: Growth rate g as a function of the Ar
gas flow ja, for the room temperature deposition.

is divided into two regions: the first region starts
from 0 to 50 sccm Ar gas flow, wherein the growth
rate is oscillating (hatched area in Fig 6.3). This
behavior could already be seen during deposition,
where the formation of the plasma was hindered
and where the processing had to be adjusted in-
stantaneously. This behavior could be due to an
enhanced plasma interaction caused by oxygen in
the chamber. The second region follows the first up
to 140 sccm, wherein the growth rate is constant at
about 1.0 nm/min. It seems that, in this region, the
energy of the Art atoms do not linearly correlate
with the increase of the gas flow, but it is rather
constant. As a consequence, no more target ions
can be sputtered, which leads to a constant sputter
rate. The evolution of the growth rate as a function
of the Ar gas flow can be seen in Fig 6.3.

6.1.1 Deposition at room tempera-
ture and influence of the Ar gas
flow

50.0 sccm Ar gas flow

Intensity [cps]

40 50 60 70 80 90
20 [*]

Figure 6.4: GIXRD (2°) spectra of the inert sput-
terd samples. The Ar gas flows are given in the
graphs.

=O=—peak width
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peak width (FWHM) [26 degree]

20 40 65 8X0 1 60 1 éO 1210
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Figure 6.5: Peak position and peak width of the
first broad peak in the XRD spectra of the reactive
sputtered stainless steel films.

The Argon gas flow was systematically increased
from 14.5 to 140.0 sccm. For all these deposited
films, the inert magnetron deposited samples show
the typical broad XRD appearance of amorphous
materials. For the sake of clearness only the spectra
of the samples sputtered with 14.5 and 50.0 sccm Ar
gas flow are shown in Fig. 6.4. These diffractograms
show a clear amorphous signature, but due to the
high carbon content reflections of graphite are de-
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Figure 6.6: Mossbauer spectra of the inert sputtered FeC films.

Table 6.2: Mossbauer fitting results of the sputtered FeC samples, deposited at room temperature with a
magnetron power of 100 W (f - area fraction (error), mean values of (0) - isomer shift, (A) - the quadrupole
splitting for the paramagnetic subspectra, (¢) the quadrupole splitting for the magnetic subspectra, B -

hyperfine field).

Ar part f ) (A),{e oA (B) oB
[scem] (%] [mm/s] [mm/s] [mm/s] (T] (T]
145-70.0 ferrol  32.2(6) 0.05 -0.03 17.6(23)  9.2(50)
ferro-h  66.6(2) 0.05 -0.03 46.4(3)  2.9(3)

para 1.2(5) 0.15 0.58 0.24
70.0-140.0  ferro-l  11.8(27) 0.03 0.04 7.3(3) 103)
ferro-h  42.0(37) 0.03 -0.04 19.7(3)  9.6(6)

noted.

Fig. 6.5 shows the position and the width of the
first broad peak for the spectra shown in Fig. 6.4.
There is the same clear tendency for peak position
and peak width as obtained for the growth rate. For
high Ar gas flows, peak position and peak width are
nearly constant, indicating that no phase transition
takes place.

Fig. 6.6 summarizes the CEMS measurements of the
samples with increasing gas flow. They show the
typical MoOssbauer spectra of amorphous materials
and are magnetically split. They also include dis-
tributions, which can be attributed to oxides. Es-
pecially, the samples sputtered between 14.5 and
70 sccm Ar gas flow contain high hyperfine fields
which can be identified as a-FeoO3 oxides. The re-
sults of the fitting procedures are presented in Ta-
ble 6.2.

The spectra were fitted by hyperfine field distribu-
tions, and with quadrupole splitting distributions
in the paramagnetic state, respectively.

For the FeC films sputtered between 70 and
140 sccm Ar gas flow, these distributions could be
attributed to an amorphous iron carbon-alloy, pos-
sibly rich in carbon as indicated by ferro-1. Another
possibility could be that the low fields in ferro-1 are
an artifact of the fitting procedure and correspond
to paramagnetic doublets. In contrast to the low
hyperfine fields, hyperfine fields as labeled as ferro-
h could be attributed to Fe carbides.

These Mossbauer results were confirmed by
MOKE measurements. Due to the fact, that all
samples show the same behavior in MOKE, exem-
plary the result of the FeC sample sputtered at
50 sccm Ar gas flow is shown in Fig. 6.7. The coer-
cive field H¢ of all samples is approximately 10 Oe.
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Figure 6.7: Hysteresis curve of the inert deposited
FeC film sputtered at 50 sccm Ar gas flow.

As seen in Fig. 6.7 the saturation is not reached.
From the MOKE pattern it is estimated that a max-
imum external field of 0.30 T is needed to reach sat-
uration. As a consequence, no angular dependencies
could be determined. However, the coercitive field
H¢ is not constant for different .
To characterize the surface of the samples, STM
measurements were performed, as shown for the
FeC sample deposited with an Ar gas flow of
140 scem in Fig. 6.8.

For all films, a roughness of about 4 nm was

Lime fit 3 76nm

Topography range

anm

Figure 6.8: STM pattern for the FeC sample sput-
tered at 140 sccm Ar gas flow.

found. To characterize the structure of the sur-
face, an autocorrelation of the image was compiled
and a power-spectral density (PSD) diagram de-
rived which are illustrated in Fig. 6.9 and 6.10.
The structure obtained by the autocorrelation
is not strongly minted, but a characteristic wave-
length of 25 nm is derived by the PSD.
To determine the composition of the films, RBS
measurements were carried out. As a consequence
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Figure 6.9: Autocorrelation of the STM
shown in Fig. 6.8

image as
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Figure 6.10: Power-spectral density diagram de-
rived from the line scan, which is shown in Fig. 6.9.
The parameters of the Gauss multi-peak fit are
given in the graph.

of the low space between target and substrates, the
films are very inhomogeneous, which is illustrates
in Fig. 6.11.

Thus, more than 25 measurements were carried

Figure 6.11: FeC film after deposition. The num-
bers indicate the positions of the RBS measure-
ments.

out. For clarity, only the summarized results were
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presented in Fig. 6.12.

As obtained from the fitting, the FeC films also
80 T T T T T T T
= C content
704 e Fe content

O content ]

40 60 80 100 120 140 160
Ar gas flow [sccm]

Figure 6.12: Mean concentrations as derived from
the RBS fitting routine.

contain oxygen (= 10 %). As a result, the desired
stoichiometric FeC film is not obtained. A closer
look to the Richardson-Ellingham diagram reveals,
that at those deposition pressures - such as used in
this work - lead to the formation of iron oxides.
Another problem could be the poisoning of the tar-
get by reflected C ions or ions which are bombarding
the target due to the selected target-geometry.
Fig. 6.13 illustrates the poisoning of the target as
a function of the sputter yields of Fe and C at an
fixed Ar ions energy of 400 eV. Thus, for any stoi-
chiometries Feigp—cCc, the poisoning of the target
can be deduced.

From this SRIM calculation a poisoning of nearly

1.4

T T T T T T T T T

400eV Ar > Fe, C —o—Y(Fe)

100-c "¢

sputter yield [atoms/ion]

0 10 20 30 40 50 60 70 80 90 100
carbon concentration in target [at.%]

Figure 6.13: Poisoning of the target as a function
of the sputter yields of Fe and C at fixed F4,.+ =
400 eV. The black dashed line corresponds to the
Fe50Cso stoichiometry.

70 % is predicted.
According to the RBS analysis, a large graphite
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Figure 6.14: RBS spectra of the target before

(black) and after (red dashed) sputtering.

layer on the surface of the target can be observed.
This amount of graphite could lead to hysteresis ef-
fects, which hardly influence the stoichiometry of
the deposited films.

As a consequence of this, the Magnetron sputtering
technique seems not to be suitable to synthesize the
stoichiometric FeC phase. Geometric effects of the
target configuration, hysteresis effects (as indicated
by RBS) and re-sputtering constitute severe prob-
lems to the deposition process. Even the small addi-
tion of Hy could not enhance the deposition process.
Otherwise, Magnetron sputtering revealed the for-
mation of films with amorphous character. These
films exhibit carbon contents, which exceed the
maximum solubility limits in known carbides. As
a result of this, reactive sputtering of stainless steel
- by using methane, nitrogen and oxygen as reac-
tive gas - was performed to synthesize amorphous
films or quasi metallic glasses based on conventional
steels. The results will be discussed in the next sec-
tions.
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6.2 Results for carburized

stainless steel films

The films were sputter-deposited with an rf mag-
netron onto amorphous SiOgy substrates (oxidized
Si(100) wafer of 0.5 mm thickness, pre-cleaned with
acetone and oxidized in air, no further treatment)
utilizing a commercial AIST 316 (X5CrNiMol7-12-
2, 1.4401) target. The target-substrate distance was
set to 10 cm. The processing parameters were al-
ways 100 W magnetron power at a constant total
gas flow of 12 sccm (scem = standard cubic cen-
timeter, i.e. flow volume of gas at normal condi-
tions, 273.15 K and 1013 hPa) during deposition.
Several sample series were deposited at different
CH,4 flows (0.00-1.25 sccm). The sputter rate was
always in the range of 0.1-0.2 nm/s, and was de-
pending on the processing parameters. The mag-
netron chamber was evacuated to a base pressure
of 10~* Pa before deposition. The target was al-
ways pre-sputtered for half an hour with the de-
sired parameters before starting the deposition onto
the substrate. The target was water cooled and the
substrate temperature was controlled between room
temperature (water cooling) and 673 K (electrical
heating). The thickness of the deposited films was
controlled by a quartz microbalance (with a film
density set to 7.89 kg/m?, which is the density of
AIST 316). The samples were deposited with simi-
lar thicknesses as given by the quartz microbalance.
As a result, deposition time and real film thickness
varied. The deposition parameters and the result-
ing thicknesses and growth rates are summarized
in Table 6.3. From these data it is derived that

Table 6.3: Gas flow j, deposition time ¢, real film
thickness d (as measured by Rutherford Backscat-
tering Spectrometry (RBS) after deposition) and
derived growth rate g = % for the deposited car-
burized films. All samples were deposited at 298 K
with a magnetron power of 100 W and a target-
substrate distance of 10 cm.

sample JCHy JAr t d g
[sccm]  [sccm]  [min] [nm] [nm/min]

MO 0.00 12.00 17:00 205(10) 12.06(92)
M1 0.01 11.99 19.49 242(10) 12.21(84)
M5 0.05  11.95 20:24  220(10)  10.78(74)
M10 0.10 11.90 19:43 238(10) 12.07(83)
M50 0.50 11.50 27:43 208(10) 7.50(46)
MT75 0.75 11.25 31:12 216(10) 6.92(39)
M100 1.00  11.00 33:29 222(10)  6.63(36)
M125 125 1075 3740 267(10)  7.09(33)

the growth rate is decreasing with increasing CHy
flow what is visualized in Fig. 6.15. The growth
rate drops more or less exponentially from about
12 nm/min for the inert sputtering to half of this
value for higher methane flows. This might be due

to the varying sputtering rates induced by the car-
bon uptake into the surface of the sputtering target.
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Figure 6.15: Growth rate g as a function of the CHy
gas flow jcpu, for the room temperature deposition.

6.2.1 Deposition at room temper-
ature and influence of the

methane gas flow

Si 0.01scem CH,  a)
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Figure 6.16: GIXRD (2°) spectra of the carburized
films. The CHy gas flows are given in the graph.
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Table 6.4: Mdossbauer fitting results of the carburized AISI 316 samples, deposited at room temperature
with a magnetron power of 100 W (f - area fraction (error), mean values of (§) - isomer shift, (A) -
the quadrupole splitting for the paramagnetic subspectra, (€) the quadrupole splitting for the magnetic

subspectra, B - hyperfine field).

CH:  part T @ ea ) R—
[scem)] %) [mm/s]  [mm/s] [mm/s] M
001  ferrol  84.0(3)  -0.04 0.03 108(5)  6.7(4)
ferroh  12.4(15)  -0.04 0.03 49(4)  1.3(7)
para 3.6(3) 0.15 0.58 0.24
005  ferrol 58.0(50)  -0.03 0.05 232(24)  4.8(12)
ferro-h  42.0(37) -0.03 -0.05 12.7(55)  5.7(23)
0.10 ferro-1  68.2(12) 0.02 -0.02 27.8(5) 4.1(5)
ferro-h  31.8(10) 0.02 -0.02 15.0(6)  7.9(35)
050  ferro  39.0(9) 0.19 0.00 97(4) 2509
para-1  31.2(10) 0.14 0.40 0.20
para-2  29.8(11) 0.16 0.93 0.20
0.75 ferro 5.1(3) 0.43 0.00 213(9)  1.0(2)
para  94.9(22) 0.13 0.70 0.38
1.00 para 100.0(1) 0.14 0.69 0.38
1.25 para 100.0(1) 0.14 0.76 0.42

The methane gas flow was systematically increased
from 0.01 sccm to 1.25 sccm. For all these deposited
films, the reactive magnetron deposited and carbur-
ized samples show the typical broad XRD appear-
ance of amorphous materials, as seen in Fig. 6.16.
These diffractograms show a clear amorphous sig-
nature.

Fig. 6.17 shows the position and the width of the
first broad peak for the spectra shown in Fig. 6.16.
There is a clear tendency for peak position and peak
width, where the peak position is decreasing and the
peak width is increasing with increasing CH,4 flow.
Fig. 6.19 summarizes the CEMS measurements of

—O— peak width |
—— peak pos

02 04 06 08 10 12
CH, gas flow [sccm]

peak width (FWHM) [26 degree]

Figure 6.17: Peak position and peak width of the
first broad peak in the XRD spectra of the reactive
sputtered stainless steel films.

the samples with increasing gas flow. They show the
typical Méssbauer spectra of amorphous materials.
Spectra in a-c are magnetically split, those in e)-g)

are non-magnetic, where the spectrum in d) shows
both parts. This observation is consistent with the
XRD results in Fig. 6.16. The results of the fitting
procedures are presented in Table 6.4. The spectra
were fitted by hyperfine field distributions, and with
quadrupole splitting distributions in the paramag-
netic state, respectively. These distributions are
attributed to an amorphous stainless steel carbon-
alloy, possibly rich in carbon. The quadrupole split-
tings are broad and close to the values of the usual
carbides. Not much information can therefore be
taken from them. Summarizing, all samples appear
as an amorphous material which shows magnetic
behavior below a gas flow of 0.75 sccm.

0.01 sccm CH,

0.10 sccm CH,
90

H (Oe)
(o] B o £ [e°]
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£
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Figure 6.18: Angular scans of (left) 0.01 scem CHy
and (right) 0.10 sccm CHy gas flow. The coercive
field H¢ (top) and the relative remanence Mg /Mg
(bottom) are shown.



54 CHAPTER 6. RESULTS FOR MAGNETRON-SPUTTERED FILMS

[0.01 sccm a) 1 area fraction: area fraction:
96.4% 3.6%

0.05 sccm

1.006 area fraction:

100%

1.004

1.002

0.10 sccm c)
& area

fraction:
100%

4 d .

1.022} 0.50 scem ) i area fraction: area fraction:
> 39% 61%
‘v 1.015} oy -
c Q 2
L 1008 o o
) J\

0.75sccm e)
1.040¢ §i 1 area fraction: area fraction:
5.1% 94.9%

area fraction:
100%

area fraction:
100%

I 1.25 sccm

g)A

6 -4 2 0 2 4 6 0 10 20 30 40 50 0 1 2
v [mm/s] B, [T] A [mm/s]

Figure 6.19: Mossbauer spectra of the reactive sputtered AISI 316 films. The numbers in the graphs
represent the methane gas flow.



6.2. RESULTS FOR CARBURIZED STAINLESS STEEL FILMS 55

These Mossbauer results were confirmed by MOKE
measurements. Figure 6.18 shows the result of the
MOKE measurement of the 0.01 sccm CHy sample.
The sample carburized with a gas flow of 0.05 sccm
CH,4 shows an identical MOKE appearance.

A uniaxial anisotropy of about 70% can be seen
with the maximum of the remanence around 150°.
This behavior could be due to magnetostriction ef-
fects by stresses in the film. The coercive field H¢e of
both samples is approximately 4 Oe. Figure 6.18 b)
shows the MOKE result of the as-carburized sam-
ple sputtered with 0.1 sccm CHy gas flow. It ex-
hibits only a weak (fourfold) anisotropy, which is
normally observed for an fcc phase [89,98]. The co-
ercive field was derived as 30 Oe. The samples with
CEMS spectra shown in Fig. 6.19 d-g) do not show
any magnetic behavior (e.g. no hysteresis loops in
MOKE), which is in good agreement. These ob-
servations have now to be correlated to the carbon
content of the film.

The EDX analyses of the deposited films revealed
the original composition of the sputtering targets
within the experimental limits. Unfortunately, the
EDX did not allow to accurately determine elements
lighter than oxygen. Therefore, in order to evaluate
the amount of incorporated carbon, RBS measure-
ments were carried out, whose results are shown in
Fig. 6.20.

The thickness of the films as obtained from the RBS
analysis was already given in Table 6.3. The car-
bon concentration of the films as obtained from the
RBS analysis is given in Fig. 6.21 and can reach
almost 70 at.%. There seems to be a clear corre-
lation (parabolic-like) of the carbon content with
the CHy gas flow, with a minimum close to 25%
carbon for 0.5 sccm CH4 flow. Unfortunately, RBS
cannot distinguish between free carbon and carbon
dissolved in the film. The C-content as achieved
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Figure 6.20: RBS spectra of the reactively sputtered
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Figure 6.21: Carbon content in the reactively sput-
tered films as derived from the RBS analysis versus
the CHy4 gas flow.

by the RBS analyses exceeds the limit of 25 at.% for
Fe3C. Therefore, excessive carbon could eventually
form graphite distributed in the film or on the sur-
face of the film, but no signs of graphite could be
detected in XRD. On the other hand, amorphous
carbon would be difficult to see. To clarify this,
AFM measurement were performed which is shown
in Fig. 6.22 for the sample sputtered with a CHy
gas flow of 0.01 sccm. Nanoscaled surface struc-

Section Analysis

Figure 6.22: AFM measurement (left) and cross sec-
tion analysis (right) of the sample sputtered with a
CHy4 gas flow of 0.01 sccm. The cross section anal-
ysis (right bottom) shows the line from which the
roughness and the cluster-size were derived.

tures with the shape of half eggs can be observed.
This shape is typical for carbon nanoclusters [99].
The clusters have a size between 10 and 80 nm in di-
ameter and the roughness of the film is R, = 3 nm.
This method is not able to show the type of chem-
ical bonding of the carbon clusters. Thus, the car-
burized samples were examined by means of Ra-
man spectroscopy, which is displayed in Fig. 6.23.
The Raman results show a narrow weak peak at a
Raman shift of 1550 cm™! for the soft ferromag-
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Figure 6.23: Raman results for the amorphous soft
ferromagnetic carburized AISI 310 and AISI 316
films.

netic phase found in carburized thin AIST 316 (at
0.01 sccm CHy gas flow) and AIST 310 (at 0.05 sccm
CH,4 gas flow) films. In literature [100], this shift
has been attributed to the carbon g-band (sp? hy-
bridized C). No d-band is observed around 1300-
1350 cm~!. The low intensity and the narrow peak
form is typical for nanoparticles. This is a hint that
at least some carbon forms graphite nanoparticles
at the surface. One can compare the overall car-
bon ratios of the different films. These are in good
agreement with the RBS results. According to the
method described in [101], the stress in the film
could be derived on the basis of the Raman peak
positions, which add up to 2.5 - 3.3 GPa. Note, no
clear dependencies can be seen between the stress
in the film and composition of the target material.

6.2.2 Vacuum annealing of films car-
burized at room temperature

In order to analyze the thermal stability of the
amorphous soft ferromagnetic phase, we performed
annealing at a temperature of 973 K. The expo-
sition times were set to 1, 10 and 120 h. The
Mossbauer results of this isothermal series are
shown in Fig. 6.24.

The Mossbauer spectra show various subspectra
which can be attributed to carbides. The observed
carbides and their fractions support the carbide
formation upon annealing and hint to the carbide
transformation M3C/M7Cs — Ma3Cs — MgC with
increasing exposition time [102]. The Mdssbauer re-
sults are summarized in Table 6.5. The hyperfine
parameters after annealing for 1 h are well-defined
and the quadrupole doublets can be identified as
M3C/M7;Cj3 carbides [103,104]. The observed a-Fe
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Figure 6.24: Mossbauer spectra of vacuum annealed
ATSI 316 film sputtered with a magnetron power of
100 W and 0.01 sccm methane. Exposition time
and temperature are given.

sextet can be interpreted as bcc Fe probably con-
taining some Ni, but almost no Cr and Mo [105].
After 10 h annealing, the doublets were identified
as My3Cg according to Refs. [103,106] and an a-Fe
sextet as before. After 120 h vacuum annealing, the
doublets can be identified as MgC [107]. The cor-
responding XRD patterns are shown in Fig. 6.25.
The XRD pattern are in good agreement
with the Mossbauer results. The mixed carbides
M;C3/My3C6/MgC are observed. In consideration
of these data, the transformations during annealing
can be understood as follows [103,104,108,109]: car-
bon diffuses out of the amorphous matrix and forms
Cr-rich carbides, which further enriches in Cr and
further transforms with increasing exposition time.
The remaining matrix is more and more enriched
in Ni and then transforms to . The a-Fe(110)
peak and the M;Cs-peak are overlapping, first this
peak consists mostly of a-Fe which is then more and
more transformed into M7Cs. In the bottom-most
XRD pattern it is only M7Cs. Any supersaturated
dissolved carbon tries to segregate and is used for
carbide formation. A closer look to the stoichiom-
etry shows an decrease of the C-content in the car-
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Table 6.5: Mossbauer results for the vacuum annealed sample deposited with 0.01 sccm methane flow (§
- isomer shift, A - the quadrupole splitting for the paramagnetic subspectra, € the quadrupole splitting
for the magnetic subspectra, B - hyperfine field, F - line width (HWHM), f - area fraction).

Annealing time Ae B Iy
[h] subspectrum [mm/s] [mm/s] [T] [mm/s] [%]
p ~0.08(2) 0.12(8)  35.2(1)
M3C/M;Cs  0.03(5)  0.35(4) 0.18(2)  12.0(4)
M3C/M7Cs  0.04(5)  0.57(4) 0.17(8)  12.2(5)
a-Fe (Ni) 0.04(5)  0.09(5) 34.2(2)  0.20(3)  40.6(6)
10 P 0.074(5) 0.13(10) 28.7(4)
M23Cs 0.00(5)  0.17(8) 0.18(12)  16.6(5)
M23Cé 0.01(1)  0.26(2) 0.18(8)  22.2(3)
a-Fo (Ni) 0.04(2)  0.02(4) 33.8(4) 0.17(6)  32.5(8)
120 p 0.07(11) 0.16(1)  66.3(4)
MgC 0.21(11)  0.08(4) 0.15(7)  11.3(2)
MgC -0.15(7) 0.10(5) 0.15(11)  22.4(4)
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s Figure 6.26: SEM pictures of the post-vacuum an-
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Figure 6.25: GIXRD (2° incidence angle) spectra of > \
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Annealing temperature and time are given. = ——10h at 973 K
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to MGC
SEM pictures show that the excessive C diffuses Figure 6.27: Raman measurements of the post-
also towards the surface and there forms nanowires, vacuum annealed samples.
as seen in Fig. 6.26. In addition, Raman spec-
troscopy was used to examine the bond behavior of
the carbon after annealing. The spectra are shown
in Fig. 6.27. al. [110]
Both sp?- and sp3-hybridized carbon is observed.
According to the three stage model of Ferrari et Ip/lc =C'"(\) - L?, (6.1)
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where Ip and Ig are the intensities of the D
and G peak, C the Raman coupling coefficient
(C’'(514.5 nm) = 0.0055) and L, the cluster size,
the sp? /sp? ratio can be derived and thus the cluster
size, which is in good agreement to AFM measure-
ments. The results are given in Table 6.6. Finally,

Table 6.6: Raman results of the vacuum-annealed
samples

Annealing time Ip/Ic L,
at 973 K [h] [nm)]
i 053(3) 10(1)
10 0.85(2) 12(2)
120 0.75(1)  12(1)

the samples can be embedded in the ternary phase
diagram of amorphous carbon, which can be at-
tributed to sputtered a-C. The weak and narrow
peak at 1550 cm ™! again implies nanoclustering of
graphite on the surface of the samples.

6.2.3 The influence of deposition
temperature

In Fig. 6.28 the CEM spectra of carburized AISI 316
films deposited at increasing substrate tempera-
tures are shown. The deposition temperature
clearly changes the nature of the deposited films,
as seen by the changes in the spectra. It seems
that at higher temperatures, the low B region has
transformed in a non-magnetic quadrupole distribu-
tion. RBS show a decrease of carbon content from
60(2) % to 30(2) %, which affects the XRD pattern,
in which a more clearer formation of the ~y-phase
is observed. The decrease of the carbon content
originates in the formation of carbon-oxides or -
hydroxides, which shade again into the vapor phase.
The Mossbauer results are given in Table 6.7.
Consequently, the long-range diffusion process and
thus the suppression of nucleation are less severe
at higher deposition temperatures. In Fig. 6.29 the
XRD diffraction patterns are shown, the bars indi-
cate the Bragg positions of the different reflexes as
indicated.

At 298 K the amorphous phase dominates. At
673 K, a partial recrystallization process can be ob-
served by the formation of carbides, but the amor-
phous character of the sample is maintained. Dis-
crepancies in the peak positions imply the presence
of stress in the films.

The results for the deposition temperature of 473 K
were not reproducible, especially the Mossbauer
spectra showed different grades of oxidation. This
could be due to an enhanced plasma interaction be-
tween CHy-radicals and oxygen. As a consequence
of this, these results were not shown. Fig. 6.30
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Figure 6.29: GIXRD (2° incidence angle) spectra
of the as-carburized samples sputtered with a mag-
netron power of 100 W and 0.01 sccm methane. The
substrate temperatures are given.

Figure 6.30: Angular scans of the film sputtered
at 673 K with 0.1 sccm CH4 gas flow. The polar
diagrams of the coercive field He ( left) and the
relative remanence My /Mg (right) are shown.

shows the MOKE measurement of the sample sput-
tered at 673 K. A weak fourfold anisotropy can
be observed, which is typical for fcc phases [111].
The coercive field is about 6 Oe. This is in good
agreement with the CEMS and GIXRD results.
Deposition temperature is not as critical in phase
formation as shown in inert sputtered AISI 316
stainless-steel films. The amorphous soft ferromag-
netic phase mostly remains.



6.2. RESULTS FOR CARBURIZED STAINLESS STEEL FILMS

99

1,020

1,015

1,010

‘area‘ fracfion:
3.6%

érea fréction:
96.4%

1,005/
2>
2 1,000 o 4
-g o area fraction: a area fraction:
— 0, 0,

1020 68.3% 31.7%

1,010/

1,000

864202 46 80 10 20 300 1 2
v [mm/s] B, [T] A [mm/s]

Figure 6.28: CEM spectra of carburized AISI 316 films sputtered with a magnetron power of 100 W and
0.01 sccm methane at two temperatures: T = 298 K (top), T = 673 K (bottom). On the right hand side,
the hyperfine field distribution p(B) and the quadrupole splitting distribution p(A) are shown.

Table 6.7: CEM results of AISI 316 films, deposited at 673 K with a magnetron power of 100 W and
0.01 scem CHy flow (f - area fraction (error), mean values of § - isomer shift, (A) - the quadrupole
splitting for the paramagnetic subspectra, (e) the quadrupole splitting for the magnetic subspectra, B -

hyperfine field).

O part 7 AV o B s
fscem] %] [mm/s]  |mm/s] [mm/s] (1) [T]
0.01 ferro 68.3(4) 0.17 0.12 8.6(2) 5.7(2)

para-1  29.2(2) 0.16 0.59 0.28

para-2 0.4(2) -0.10 0.10 0.04

para-3 2.1(3) 0.17 0.50 0.04

6.2.4 Corrosion tests of carburized
stainless steel films

In order to investigate the influence of the carbur-
ization on corrosion resistance, corrosion tests were
performed on carburized stainless steel films, whose
results are presented in Fig. 6.31. A comparison of
the two graphs provides the following differences
between AISI 310 and AISI 316: the first peak
at -1.3 V can be attributed to surface-diffused Cr.
Note, the intensities in both steels are different due
to the frequency of occurrence of the alloying ele-
ments. AISI 316 shows a better corrosion resistance
in the passive area. In the range of -1 to -0.25 V it
achieves negative current densities. Negative cur-
rent densities are useful for the formation of ox-
ides at the surface which increases the corrosion re-
sistance. AISI 310 holds more Cr than AISI 316,
but its current density rises again at -0.6 V. This
can be attributed to the Ni surface-diffusion. The
Richardson-Ellingham diagram clearly shows that

Ni has a bad oxide formation ability which could
result in a worse corrosion resistance. Indeed, a
certain Ni-Cr ratio is needed for an ideal corrosion
resistance. This is given for AISI 316 [112]. The
rising current density before the transpassive area
is attributed to Mn surface-diffusion for AISI 310,
and Mo surface-diffusion for AISI 316. The break-
out potential for sputtered films is dominated by
the Fe potential. The carburized AISI 316 sample
sputtered at 298 K cannot be shown due to metal-
lic disbandment, but its characteristics should be
similar to those of the sample carburized at 673 K.

As a general observation, the corrosion resistance
improves after carburization. More and more Cr (as
well as Ni) diffuses to the surface and is used to form
a thin oxide layer. This effect is less severe in the
case of carburized AISI 316 films. The dimension
of the corrosion resistance is given by the metal-
lic disbandment. For inert sputtered AISI 316, we
obtained a metallic disbandment at 3.5 V; 7 V for
inert sputtered AISI 316 films sputtered at 673 K
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Figure 6.31: Corrosion tests of AISI 310 (a) and AISI 316 (b) sputtered films. All samples were sputtered
at a magnetron power of 100 W, inert-sputtered sample with 12 sccm Ar gas flow, carburized samples
with 0.01 sccm CH, gas flow. Temperatures are given in the graphs.

and 8 V for as-carburized AISI 316 films. Thus, car-
burization improves corrosion resistance by a factor
of 2 in the case of AISI 316 films. As-sputtered
ATISTI 310 films already have a high metallic disband-
ment (~8 V). This can be attributed to the high
Cr- and Ni-content. For similar carburizing condi-
tions a metallic disbandment at 11 V for carburized
AITSI 310 films was obtained. This is an improve-
ment by a factor of nearly 1.5, which is attributed to
the disadvantageous Cr-Ni ratio in AISI 310. The
substrate temperature during carburizing has a big-
ger influence on the corrosion resistance, but it has
a marginal influence on the metallic disbandment.
Finally, carburizing significantly improves the cor-
rosion resistance.

6.2.5 Microhardness of carburized
stainless steel films

Nanoindentation was performed to achieve an un-
derstanding of the influence of carburization on the
microhardness and the mechanical properties. The
results are presented in Table 6.8 and 77, where also
the carbon content derived from RBS is included.
Different dependencies were observed for the differ-

Table 6.8: Hardness, Young modulus and C-content
of carburized AISI 310 films, where F is the elastic
modulus and v the poisson ratio

CH4 Gas flow  Hardness  Young modulus  C-content
E/(1-v2)

[sccm] [GPa] [GPa] lat. %]
0.10 6.1(5) 129(2) 39.75
0.50 3.4(2) 98(1) 29.90
0.75 4.3(3) 101(1) 52.10
1.00 7.3(2) 166(3) 52.90
1.25 5.8(3) 120(2) 65.80

Table 6.9: Hardness, Young modulus and C-content
of carburized AISI 316 films, where F is the elastic
modulus and v the poisson ratio

CH4 Gas flow Hardness  Young modulus  C-content
B/(1-v?)

[scem] [GPa] [GPa] [at. %]
0.01 5.2(4) 113(1) 60.0
0.05 4.8(1) 105(1) 14.9
0.10 5.1(3) 108(1) 55.0
0.50 4.1(5) 98(1) 29.9
0.75 5.1(2) 108(1) 44.9
1.00 4.4(9) 97(1) 59,8
1.25 4.0(1) 88(1) 65.1

ent steel types. While the C-content rises quite lin-
early in carburized AISI 310 films with the methane
gas flow, no clear dependencies are obtained for
AIST 316 films. Both phenomena can be explained
with the model of Lux and Haubner [113] men-
tioned in the discussion area. In the case of car-
burized AISI 310 films, all carbon is used to form
carbides and graphite from the vapor phase. For
carburized AISI 316 films we assume a higher and
faster plasma interaction between CH,, radicals and
sputter-adsorbates which can deplete already exist-
ing carbides or graphite. The hardness values for
the amorphous soft ferromagnetic phases are con-
spicuous. For AISI 310, this phase exhibits the
lowest hardness. Amorphous carburized AISI 316
is is the hardest sample.

6.2.6 Discussion on a nucleation
model for carburized stainless
steel films

Now three questions arise: how can the formation
of the amorphous soft ferromagnetic phase be ex-
plained and how much carbon is incorporated in the



6.2. RESULTS FOR CARBURIZED STAINLESS STEEL FILMS 61

films, which finally leads to the question of the car-
bide formation. According to Lu et al. [13] the first
question can be answered as follows: the present
Fe-based alloy is associated with the deep eutectic
point of the Fe-C system. It is well known that
compositions around the deep eutectic point are
ideal for glass formation in many systems. As a
result, glass formation is greatly favored thermody-
namically. Further, the minor addition of Mo could
promote glass formation in the Fe-C system by sup-
pressing the formation of the primary phase (i.e. Fe
carbides). Because of their limited solubility in Fe
carbides, the molybdenum atoms must redistribute
and long-range diffusion is required upon solidifica-
tion. Thus, the minor addition of Mo could retard
the nucleation process.

Another approach is the so-called Carbide Forma-
tion Ability (CFA) [114], which evaluates the ef-
fect of the composition elements. CFA is based on
physicochemical analysis [114] of the carbide forma-
tion processes accompanying the primary and sec-
ondary crystallization of a weld metal with reliance
on quantum-chemical theories that depict the struc-
ture of transition metals and carbides. CFA is de-
fined as

(6.2)

where R; is the radius of the alloy elements and
d; the number of the electrons in d-orbital. The
CFAs of common steel elements are given in Ta-
ble 6.10. The growth mechanism of the fabricated
stainless steel films is assumed as a combination of
the pre-mentioned models. Whereas the first model
prescribes that molybdenum aids a diffusion pro-
cess which suppresses carbide formation, the CFA
model predicts the highest CFA value for molyb-
denum. The fact that the present carburized steel
system consists of five elements, the probability of
each atom to interact only with one sort of element
is not given. Thus, the CFA model can only be
used auxiliary. A clear evidence of this hypothesis
could be a topic of further investigations, wherein
the ion-distribution functions of carburization pro-
cesses could be investigated.

In contrast to inert gas sputtered AISI 316 films,
the role of Ni is insignificant. Even the method of
instantaneous recording of the electromotive force
(MIE) [93,115] was inconclusive. The chemical po-
tential of the films changed from Fe-potential at
room temperature to FesOs-potential at 673 K.
Thus, the Gibbs-Thomson effect cannot be used to
explain the formation of carbides. This backs the
thesis of long-range diffusion during nucleation. It
can be assumed that - due to the relative abun-
dances of the steel elements - these carbides are
(Fe,Cr)3C carbides.

In consideration to the present results, an entire

conception of the nucleation process which is re-
ferred by Lux and Haubner [113] can be stated
as follows: during the nucleation process carbona-
ceous species were adsorbed on the surface. Via va-
por phase interaction, e.g. hydrogen recombination
and formation of CH, radicals, free C atoms were
formed. Diffusion processes already inserted by Mo
atoms solve the C atoms in the metal matrix. The
carburization initially takes up all available C out
of the vapor phase, until a closed carbide film is
formed. With increasing thickness of the carbide
film, the C transport in the metal matrix is slowed
down. This leads to an increasing C-content on the
surface which induces metastable clustering. The
differing carbon content in the carburized stainless
steel films is originated in the inserted diffusion pro-
cess (and thus in the differing carbon take up in the
metal matrix) which depends on the processing pa-
rameters. If the grain sizes exceeds a critical value,
even diamond-like carbon films can be built [113].
This model explains the variety of the observed
phases and the different carbon contents in the car-
burized films. It is reasonable to assume that the
solubility limit of C in FesC is reached. Excessive
C-content exists in form of graphite nanoclusters
on top of the film. This is confirmed by Fig. 6.32
which shows the dependence between peak width
and carbon content.

A clear tendency can be seen: with higher carbon
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Figure 6.32: Peak width of the first amorphous
peak in dependence of the carbon content of reac-
tive sputtered stainless steel films.

concentration, higher peak widths can be reached.
Only the sample sputtered at 0.10 sccm CHy gas
flow deviates. The first reflex in the XRD pattern of
this sample had to be fitted with two peaks: one at-
tributed to an amorphous phase and one attributed
to a crystalline phase. It is reasonable to assume
that all XRD pattern could be fitted by two peaks,
but there are no clear hints (peak asymmetry etc.)
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Table 6.10: Carbide Formation Ability (CFA) of AISI steels. The lattice constants a are also given.

Element Electron Atom radius  Crystallographic a CFA
Configuration [A] structure [A]
Fe 3d%4s” 1.260 BCC(a) 2.861  0.210
FCC(y) 3.564
Cr 3d°4s” 1.270 BCC 2.885 0.256
Ni 3d%s2 1.250 FCC 3.520 0.156
Mn 3d°4s” 1.270 SC(a) 8.894  0.254
SC(v) 6.300
FCC(y) 3.774
BCC(9) 3.720
Mo 4d°4sT 1.390 BCC 2.885 0.278

as seen for the 0.10 sccm sample. Even here, no
quantitative conclusion can be given how many car-
bon is solved in the metallic matrix as graphite or
as carbide.

6.2.7 Microstructure of the amor-
phous and soft ferromagnetic
phase

The structural nature of the amorphous soft ferro-
magnetic phase is still unknown, but due to the pre-
vious mentioned results, it is reasonable to assume
that Mo triggers a diffusion processes which sup-
presses the formation of carbides and should thus
lead to a loss of distal-order and to a dramatic
change in the liquidus temperature. With respect
to this, TEM, FIM, DSC and EXAFS were carried
out to reach a full understanding of the microstruc-
ture of amorphous steels.

TEM and FIM analysis As a first attempt to
explain the microstructure of the amorphous and
soft ferromagnetic phase, TEM patterns were taken,
which are shown in Fig. 6.33.

Fig. 6.33 a) and b) show the dark field patterns of
the amorphous and soft ferromagnetic phase. They
show nano-crystallites with a diameter of 5-10 nm
at the film/SiOq interface and the surface of the
film. The mostly amorphous structure of the film
is confirmed by the selected area diffraction (SAD)
pattern, which is depicted in Fig. 6.33 ¢) and shows
the typical behavior of amorphous films. Further-
more, Fig. 6.33 d) shows the high-resolution pattern
of the film. Inhomogeneities in metal concentration
can be observed. Considering the high carbon con-
centration (=~ 60% derived by RBS), this decom-
position of stainless steel and carbon could be due
to diffusion during deposition. This corresponds to
our model, that Mo suppresses the primary phase
formation and induces long-range diffusion, which
finally leads to metastable clustering of graphite as
observed in Raman spectroscopy [22].

In order to confirm the TEM results and to get

more information on the observed inhomogeneities,
a FIM analysis was performed. The result can be
readily seen in Fig. 6.34.

The observed FIM pattern predominantly shows

Figure 6.34: FIM pattern of the amorphous and soft
ferromagnetic film (sputtered at 298 K at 0.01 sccm
CHy).

the behavior of an amorphous alloy, but there are
also appendages of crystallization: in the bottom
of Fig. 6.34, the formation of about 10 nm ring-
like atom strings can be observed. According to
the literature [116], these characteristics are typi-
cal for an initiating crystallization and can be ob-
served for complex intermetallic compounds. Thus,
it is reasonable to assume that some of the observed
inhomogeneities are nano-crystallites. Summariz-
ing, the amorphous and soft ferromagnetic phase
appears as a quasi-metallic glass.

DSC measurement The thermal properties of
the amorphous and soft ferromagnetic phase ob-
tained by DSC are shown in Fig. 6.35.

The scan exhibits a glass transition (at 598.8 K)
and two crystallization events (at 622.05 and
683.45 K), indicating that this stainless steel has



6.2.

RESULTS FOR CARBURIZED STAINLESS STEEL FILMS 63

Figure 6.33: TEM pattern of the amorphous and soft ferromagnetic film (sputtered at 298 K at 0.01 scem
CHy). a) and b) dark field pattern, ¢) SAD pattern and d) HR-TEM of the film.
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Figure 6.35: DSC curve of the amorphous and soft
ferromagnetic film (sputtered at 298 K at 0.01 sccm
CH,4) measured at a heating rate of 10 K/s. the
arrow refers to the glass transition temperature T).

a mostly amorphous structure. For AISI 316 stain-
less steel films we obtained recrystallization at the
temperature range 923-1073 K [93], thus the metal-
lic glass behavior is confirmed. The obtained glass
transition temperature T is significant lower than
those given in the literature [12-14], which indicates
the potential of the amorphization of conventional
steels.

EXAFS analysis of the amorphous and soft
ferromagnetic phase To investigate the short-
range order of the amorphous and soft ferromag-
netic phase EXAFS experiments were carried out
at the ESRF beamline BM29. The investigated
depth area was estimated to be ~80 nm for the
Fe k-edge region and ~105 nm for the Ni k-edge
region, respectively, according to the formula re-
ported by Elam et al. [117]. For comparison, EX-
AF'S spectra of a-Fe, bulk AISI 316, and FesC were
taken. Data analysis was performed using the HO-
RAE package [65-67] according to following proce-
dure: the origin of the kinetic energy was chosen as
the maximum of the first derivative of the absorp-
tion edge; the fine-structure oscillations were iso-
lated in the energy space to simulate the continuous
atomic cross section; the x(F) was converted to k
space and the k?x (k) data were Fouriertransformed
in the region 2 < k < 12 A=!. Figure 6.36 shows the
fine-structure oscillations (weighted with factor k2)
of the standards a-Fe, v-(Fe,Cr,Ni) (bulk AISI 316),
Fe3C and the reactive magnetron-sputtered sample
deposited with 0.01 sccm CHy gas flow.

In order to have a quantitative information, the
spectra were analyzed by superimposition of theo-
retical models of different crystal structures calcu-
lated by ATOMS and FEFF [65,67] (using a multi-
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Table 6.11: Fit results for the Fe k-edge.
phase path Naegen o2 Resy (A) ARA) R @A)
~-(Fe,Cr,Ni)  (Fe,Cr,Ni)-(Fe,Cr,Ni) 12 0.013 2.579 -0.148 2.430
martensite C-Fe 2 0.109 1.484 0.405 1.889
C-Fe 4 0.109 2.026 0.405 2.431
C-C 8 0.109 2.511 0.405 2.917
(Fe,Cr,Ni)-C_ (Fe,Cr,Ni)-C 3 0.019 1.426 0.142  1.284
(Fe,Cr,Ni)-C 6 0.019 2.470 -0.142 2.328
(Fe,Cr,Ni)-C-C-C 6 0.019 2.662 -0.142 2.519
(Fe,Cr,Ni)-C-C-C 12 0.019 2.662 -0.142 2.519
C-(Fe,Cr,Ni) 3 0.019 2.852 -0.142 2.710
(Fe,Cr,Ni)-C-C-C-C 3 0.019 2.853 -0.142 2.711
(Fe,Cr,Ni)-C-C-C-C 6 0.019 2.853 -0.142 2.711
Table 6.12: Fit results for the Ni k-edge.
phase path Naegen o? Ress (&) AR (A) R A)
~-(Fe,Cr,Ni)  (Fe,Cr,Ni)-(Fe,Cr,Ni) 12 0.009 2.539 -0.185 2.354
NizC Ni-Ni 2 0.008 1.517 -0.124 1.394
Ni-C 2 0.008 1.564 -0.124 1.440
Ni-Ni 6 0.008 1.697 -0.124 1.573
Ni-C 2 0.008 1.897 -0.124 1.773
Ni-Ni-C-Ni 8 0.008 2.413 -0.124 2.289
Ni-C 2 0.008 2.429 -0.124 2.305
Ni-Ni-Ni-Ni 12 0.008 2.456 -0.124 2.332
Ni-C-Ni-Ni 4 0.008 2.489 -0.124 2.365
Ni-C-Ni-Ni 6 0.008 2.489 -0.124 2.365
Ni-C-Ni-Ni 8 0.008 2.579 -0.124 2.455
a-(Fe,Cr,Ni)  (Fe,Cr,Ni)-(Fe,Cr,Ni) 8 0.021 2.482 -0.065  2.417
(Fe,Cr,Ni)-(Fe,Cr,Ni) 6 0.021  2.867 -0.065  2.801
L L L L T T T T T T T T T
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Figure 6.36: Fine-structure oscillations weighted
with &2 factor of: a) v-(Fe,Cr,Ni) (bulk AISI 316),
b) a-Fe, ¢) FesC and the reactive magnetron-
sputtered sample deposited with 0.01 sccm CHy.

shell model). To minimize the number of variables,
02 and AR were set equal for every path of each
structure. The back Fourier transform (BFT) was
calculated in the region 1.0 < R < 2.8 A, which
can be seen in Fig. 6.37 recorded at the Fe- and Ni
k-edge.

Whereas the BFT modulus of the bulk mate-

0 2 3
R (A)

Figure 6.37: BFT moduli of bulk AISI 316 (solid)
and the amorphous and soft ferromagnetic film
(sputtered at 298 K at 0.01 sccm CHy) (dashed line)
measured at the Fe K-edge (top) and at the Ni K-
edge (bottom).
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rial can simply be fitted by a face-centered cubic
structure, drastic changes in the Fe and Ni environ-
ment can be observed for the reactive magnetron-
sputtered sample. At the Fe k-edge an immense de-
crease of long-range order can be observed, but the
local Fe-environment is dominated by a superimpo-
sition of ~-(Fe,Cr,Ni), martensite and a carbon-rich
(Fe,Cr,Ni) environment.

At the Ni k-edge the loss of long-range order is not
as severe as observed at the Fe k-edge and the BF'T
can be fitted by a superimposition of y-(Fe,Cr,Ni),
a-(Fe,Cr,Ni) and a trigonal-Niz3C phase. The re-
sults of the fitting routine can be obtained from
Table 6.11 and Table 6.12 (for clarity only the paths
in the fitting range are listed).

The reported disorder parameters o> show the poor
quality of the crystallinity of the obtained phases,
which is in good agreement to TEM, FIM, DSC and
as well as to the results mentioned in [22]. Accord-
ing to this analysis, the XRD pattern was revalued,
which is presented in Fig. 6.38. Note, all significant
reflexes were reproduced by the phases obtained by
the EXAFS analysis.

T T T T T

260 . s
+~(Fe,Cr,Ni)
o a-(Fe,CrNi)
martensite
. Ni3C
o
50 60 70 80 90
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Figure 6.38: XRD pattern of the reactive
magnetron-sputtered film deposited at 0.01 sccm
CHy gas flow.

The origin of magnetism In order to explain
the origin of ferromagnetism in the reactive mag-
netron sputtered sample, as shown by CEMS and
MOKE, the EXAFS data have to be interpreted.
From this analysis two phases are known, which
show harder magnetism: martensite and the a-
(Fe,Cr,Ni) phase.

A combination of both phases would result in higher
coercitive fields as observed by MOKE. Even in con-
sideration of the high disorder parameter of marten-
site (62 = 0.109) and of a-(Fe,Cr,Ni) (02 = 0.021)
obtained by the EXAFS analysis, a resulting coer-
cive field of about 4 Oe would be improbable by

a superimposition of these magnetic phases. This
leads to the assumption that the carbon diffuses
into both structures (as indicated by the high disor-
der parameters and as indicated by the high-carbon
containing (Fe,cr,Ni)-environment) and decreases
the hyperfine field. Indeed, this behavior is derived
from Mossbauer analysis for reactive magnetron-
sputtered stainless steel films [22], which can be
seen in Fig. 6.39.

Due to the high carbon concentration and its de-
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Figure 6.39: Median hyperfine field By in depen-
dence of the carbon content of reactive sputtered
stainless steel films.

magnetizing effect, the contribution of both phases
to magnetism is adopted as negligible.

Recent studies report on the ferromagnetic behavior
of NizC [118,119], which crystal structure is shown
in Fig. 6.40 and was drawn by the crystal visualiza-
tion software DIAMOND [120].

A linear-muffin-tin-orbital (LMTO) method
showed that for ordered NizC carbon has a s-state
character in its lowest valence band, which is popu-
lated by strongly hybridized Ni p-, d- and C p-states
at its bottom [119]. Thus, ordered NizC is theoret-
ically expected to be non-magnetic.

The origin of the observed magnetism has been as-
cribed to the presence of crystal defects. Accord-
ing to a LMTO band structure calculation, the
C vacancies which generate locally Ni-rich regions
(by removing the hybridization between Ni and C
states) are believed to sustain the magnetic mo-
ments exhibiting spin glassy (SP), paramagnetic
(P) and ferromagnetic (FM) properties. The order
of magnetism can not be explained by this method,
but it additionally predicts the presence of param-
agnetic and spin glass phases.

Monte Carlo simulations on the ferromagnetic be-
havior of amorphous Co-Ni-B and Fe-Ni-B nanopar-
ticles were reported by De Biasi et al. [121,122].
Simulations based on a core-shell model, describ-



66

Figure 6.40: Crystal structure of trigonal NizC
phase: space group R -3 ¢ (167), a = 4.5530 A,
¢ =12.9200 A.

ing the nanoparticles as consisting of a ferromag-
netic core and a disordered surface shell, reproduce
satisfactorily the different orders of magnetism by
randomly oriented spins of the SP surface shell.
These spin moments would then contribute to de-
magnetize the core ferromagnetism via the SP-FM
exchange coupling as H approaches zero. Hence,
a severely reduced coercivity is observed around
H = 0. He et al. [118] applied this core-shell model
to disordered NizC nanoparticles and were able to
explain coercive fields which have the same order as
obtained in this work.

Summarizing, ferromagnetism in this amorphous
phase can be reduced to a disordered NizC phase,
which is indicated by the disorder parameter (note:
good crystallinity is represented for o < 10~%) and
is surrounded by a spin glassy surface shell, which
demagnetize the ferromagnetic NizC-core.

The influence of the chemical composition
To focus on how the differences in chemical compo-
sition of conventional steels and steels as described
in the literature affect the amorphization, two cate-
gories of explanations have to be reconsidered: ther-
modynamics and kinetics.

As described in [12,13], from a thermodynamical
point of view, the superior GFA in BMGs can be
associated with a stabilization (through kinetics)
outside the equilibrium - the (Fe-C)-system as deep
eutectic. This means that the liquid state is en-
ergetically favored over the ordered solid state in
a large temperature range above the eutectic tem-
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perature via stabilization of the liquid or through
destabilization of distal-order [32,123]. Below the
eutectic temperature, the force of crystal growth is
relatively small. As a consequence, the amorphous
state can be reached easier for liquid quenched ma-
terials as described in the literature.
For amorphous materials or films which are fabri-
cated by vapor phase techniques as described here,
kinetics have to be considered. Also here, we as-
sume that the given system is around the deep
eutectic. Atomic-size mismatches induce simulta-
neous rearrangement of different species of atoms,
which suppresses the formation of competing or-
dered phases and significantly limits the kinetics.
As a consequence, glass formation is favored.
Indeed, the enhancement of GFA by atomic-size
mismatches and efficient atomic packing is shown
by computer simulations [124], topological stud-
ies [125] and experimental results [126].
In [125] the local efficiency packing factor P is de-
rived from the ratio (R) of the solute atom radius
to the solvent atom radius. Table 6.13 present this
ratio of the elements used in this work compared to
those mentioned in [12,13].

Smaller values for R;/; and Rjy can be ob-

Table 6.13: A list of used alloying elements and
selected properties: r is the atomic radius; R;/; is
the the ratio (R) of the solute atom radius to the
solvent atom radius; R}, is the radius ratio, where
the subscript N specifies the particular coordina-
tion number; o is the electronic configuration and
CFA the Carbide Formation Ability.

z A Ry; Ry o° CFA
Ni
Fe 1.26 1.016 Ry, [Ar]3d%4s!  0.210
Cr 1.27 1024 Rj,; [Ar]3d%4s'  0.256
Ni  1.24 - - [Ar]3d%4s2  0.156
Mo 1.39 1.120 Rj; [Krj4d®5s'  0.278
Fe
C 077 1636 R3, [He]2s?2p? -
Cu
Cu 1.27 - - [Ar]3d104s!  0.127
Zr 159 1.244 R}, [Kr]4d®5s2  0.795
Al 143 1126 RI; [Ne|3s23p! -
Y 1.80 1.370 RYy [KrJ4d!ss®  1.800
Co
Fe 1.26 1.008 Ry, [Ar]3d%4st  0.210
Cr 127 1.016 Rj; [Ar]3d4s!  0.256
Co 1.25 - - [Ar]3d74s2  0.179
Mo 1.39 1.112 Rj, [Krj4d®5s!  0.278
Mn 1.26 1.008 Rj; [Ar]4d®4s®  0.252
Y 1.80 1.440 Riy [Kr]4di5s?  1.800
Fe
C 077 1636 Rj, [He]2s22p? -
B 098 1.286 R}, [He]2s?2p! -

tained for this present work compared to those of
the literature, which is originated in the similar-
ity of radii of the alloying elements used in this
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study. According to [125], an efficiency packing fac-
tor P =~ 0.76 — 0.77 is derived by taking the ratio
of the sum of all atomic volumes to the total vol-
ume concerned, which is slightly higher than that
derived in [12]. This is even larger than the 0.74 of
fce-crystals, which confirms that our used system
is highly efficiently packed after carburization. As
a first summary we can stress out, that the amor-
phization of conventional steels is more complicated
than the amorphization of Zr-based steels. This
is confirmed by the low coordination number N,
which indicates a lower atomic-mismatch interac-
tion and thus, a shorter solidification time.

This is confirmed by the negative heat of mixing
AH™® which is also reported to benefit GFA. Ac-
cording to [127], AH™ for Fe-Cr, Cr-Ni and Fe-Ni
are -4, -4 and -5 kJ-mol~!, and -1 kJ-mol~! for the
ternary Fe-Cr-Ni system. According to [12], an im-
provement of local packing efficiency and repression
of long-range diffusion of atoms can be obtained by
negative AH™® by enhancing interactions among
components, which promote chemical short-range
order. The AH™™ for the steel used in [12] is 4-6
times higher, which is consistent with the observed
coordination numbers.

Now the question arise, in which way conventional
AITSI 316 can be driven to the amorphous state.
Already during inert sputtering we assume a non-
insignificant part of kinetic participation, wherein
the Ni content is decreased under the critical -
stabilizing content and finally leads to ferromag-
netic stainless steel films [93]. Also here, the Mo
triggers a long-range diffusion, which then could
lead to a modification of the sticking coefficient,
which is inversely proportional to the exponential
of the temperature and also inversely proportional
to the square of the distance between atomic steps
(and thus indirectly proportional to the atomic ra-
dius) on the surface [128]. The diminution of Ni
content can be observed in several types of steels
[93,129].

The introduction of C during carburization addi-
tionally disturbs the nucleation process by estab-
lishing higher probabilities of coordination as rep-
resented by R3;. This leads to simultaneous rear-
rangement of different species of atoms, which sup-
presses the formation of competing ordered phases.
As a consequence, phases outside the equilibrium
can be formed like the disordered trigonal NizC
phase. This is confirmed by the Carbide Formation
Ability (CFA) [22,114], which were derived from
the electronic configuration 0¢ and were given in
Table 6.13.

Ni has the lowest CFA of all elements, nevertheless,
the observed NisC carbide is formed instead of the
established carbides (i.e. FezC etc.).
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The main difference between the steel used in this
study and that used in [13] is the number of al-
loying elements. Here, a quintuple system is used,
whereas Lu et al. chose a octuple system to en-
hance the coordination number and thus the inter-
atomic interaction (which is supported by the boro-
carburization of that system).

The next step should be the amorphization of con-
ventional steels via liquid quenching. However, first
experiments showed severe problems due to the for-
mation of Cr-oxides. Upcoming experiments should
deal with the introduction of various carrier gases
which should prevent the oxide formation in such
a way that thermodynamics and kinetics were not
hardly dominated by competing processes.
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6.3 Results for nitrided stain-
less steel films

The films were sputter-deposited with an rf mag-
netron onto amorphous SiOy substrates (oxidized
Si(100) wafer of 0.5 mm thickness, pre-cleaned with
acetone and oxidized in air, no further treatment)
utilizing a commercial AIST 316 (X5CrNiMol7-12-
2, 1.4401) sputter-target. The target-substrate dis-
tance was set to 10 cm. The processing param-
eters were always 100 W magnetron power at a
constant total gas flow of 12 sccm during deposi-
tion. Several sample series were deposited at dif-
ferent Ny flows (0.00-1.00 sccm). The sputter rate
was always in the range of 0.1-0.2 nm/s and was
depending on the gas flow parameters. The depo-
sition procedure were carried out in the same way
as for as-carburized stainless steel films. The depo-
sition parameters and the resulting thicknesses and
growth rates are summarized in Table 6.14. From

Table 6.14: Gas flow j, deposition time ¢, real film
thickness d (as measured by Rutherford Backscat-
tering Spectrometry (RBS) after deposition) and
derived growth rate g = % for the deposited nitrided
films. All samples were deposited at 298 K with a
magnetron power of 100 W and a target-substrate
distance of 10 cm.

sample N, JAr t d g
[sccm] [scem] [min] [nm] [nm/min]
NO 0.00 12.00 17:00  205(10) 12.06(92)
N1 0.01 11.99 16:43  272(10) 16.27(121)
N5 0.05 11.95 18:22  274(10) 14.92(100)
N10 0.10 11.90 19:09  256(10) 13.37(88)
N50 0.50 11.50 24:15  371(10) 15.30(76)
N75 0.75 11.25 26:40  488(10) 18.30(81)
N100 1.00 11.00 27:52  468(10) 16.79(73)
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Figure 6.41: Growth rate g as a function of the Ny
gas flow jn, for the room temperature deposition
(line is only to guide the eye).

these data it is derived that the growth rate has a
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sinusoidal form (Fig. 6.41) with its first maximum
at 0.03 sccm and its second maximum at 0.80 sccm
N, gas flow, which is contrary to carburized sam-
ples, where growth rate drops more or less exponen-
tially from about 12 nm/min for the inert sputtering
to half of this value for higher methane flows [22].
As be seen below, these parameters represent two
metastable phases: an amorphous and soft ferro-
magnetic phase rich in nitrogen (@ 0.03 sccm Ny gas
flow) and the cubic (Fe,Cr, Ni)N phase (@ 0.80 sccm
Ny gas flow).

6.3.1 Deposition at room tempera-
ture and influence of the nitro-
gen gas flow

0.01 sccm
Si
0.05 sccm
Iy 0.10 sccm
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o
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Figure 6.42: GIXRD (2°) spectra of the nitrided
films. The Ns gas flows are given in the graph;
the peaks of the ZnS-type (Fe,Cr,Ni)N phase are
indexed.

The nitrogen gas flow was systematically increased
from 0.01 scem to 1.00 sccm.  For the most
deposited films, the reactive magnetron deposited
and nitrided samples show the typical broad
XRD appearance of amorphous materials, as seen
in Fig. 6.42. Only exceptions are the nitrided
samples deposited with an nitrogen gas flow of
0.75 and 1.00 sccm. According to [130], these
reflections can be attributed to the ZnS-type
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Table 6.15: Mossbauer fitting results of the nitrided AISI 316 samples, deposited at room temperature
with a magnetron power of 100 W (f - area fraction (error), mean values of (§) - isomer shift, (A) -
the quadrupole splitting for the paramagnetic subspectra, (€) the quadrupole splitting for the magnetic

subspectra, B - hyperfine field).

No part f (0)  (A),{e) oA (B) oB
[scem] [%] [mm/s] [mm/s] [mm/s] [T] (T]
0.01 forro  100.0(1) .02 0.05 23.4(3)  6.503)
0.05  Terrol  95.5(15) 0.01 0.02 182(34)  9.8(3)
ferro-h 2.3(24) 0.01 -0.02 40.7(16)  3.8(21)
para 2.2(2) 0.28 0.58

0.10 ferro-1 42.0(10) 0.10 -0.01 20.3(14) 4.2(59)
ferro-h 58.0(13) 0.10 -0.01 24.0(49) 7.9(35)

0.50 para-1 61.2(19) 0.28 0.45 0.36

para-2  38.8(dd) 1.02 0.36

0.75 para 100.0(1) 0.10 0.55 0.48

1.00 para-1 69.0(13) 0.29 0.48 0.28

para-2 31.0(28) 0.17 0.54 0.28

~"-(Fe,Cr,Ni)N phase, which exhibits a lattice
constant of a = 0.392(22) nm.
Fig. 6.43 shows the position and the width of the
first broad peak for the spectra shown in Fig. 6.42.
There is a clear tendency for peak position and
peak width, which both decrease with increasing
Ny flow, having its minimum at 0.75 sccm Ny gas
flow, before the peak width and especially the peak
position rises again.

As a first conclusion a phase transition from the
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Figure 6.43: Peak position and peak width of the
first broad peak in the XRD spectra of the reactive
sputtered stainless steel films.

formation of an amorphous to a cubic (Fe,Cr,Ni)N
phase can stress out. The earlier phase is formed at
a Ny gas flow of 0.75 sccm (with a lattice parameter
of a = 0.392(22) nm). Further increasing of the Ny
gas flow to 1.00 sccm N gas flow, the XRD pattern
of the nitrided sample (& = 0.394(33) nm) shows a
decrease of the grain size. This implies, that with
higher gas flow the peak width decreases and thus
the grain size rises. This tendency is also confirmed
by Fig. 6.41 and Fig. 6.43. The discrepancy
between the lattice parameters found in this study

and in the literature [130] (¢ = 0.389 nm) may be
caused by the presence of Chromium, Nickel and
Molybdenum which is known to enlarge the lattice.
Fig. 6.44 summarizes the CEMS measurements
of the samples with increasing gas flow. They
show the typical Mossbauer spectra of amorphous
materials. Spectra in a-c are magnetically split,
those in d)-f) are non-magnetic. This observation
is consistent with the XRD results in Fig. 6.42.
The fitted hyperfine parameters are presented in
Table 6.15.

For these spectra, hyperfine field and quadrupole
splitting distributions were assumed, respectively.
These distributions are attributed to an amorphous
stainless steel nitrogen-alloy, possibly rich in
nitrogen (as also seen for carburized samples). The
quadrupole splitting distributions are broad and
close to the values of the cubic nitride. Indeed a
single line analysis shows that the observed spectra
can be identified as the v”-FeN phase. The results
of the single line analysis are given in Table 6.16.
Summarizing, all samples below 0.50 sccm No gas
flow appear as an amorphous material which shows
magnetic behavior.

These Méssbauer results were confirmed by MOKE
measurements. Figure 6.45 shows the result of the
MOKE measurements for two samples: nitrided
with 0.01 sccm Ny or 0.10 scem Ny gas flow. Both
result in identical MOKE spectra.
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Figure 6.44: Mossbauer spectra of the reactive sputtered AISI 316 films. The numbers in the graphs
represent the nitrogen gas flow.
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Table 6.16: Hyperfine interaction parameters of
the singe line analysis of the as-sputtered samples
shown in Fig. 6.44 e) and f). Hyperfine parameters:
¢ is the isomer shift, QS the quadrupole splitting, I'
the line width (HWHM), and RA the relative area.

N 5 Qs T RA
[scem]  [mm/s] [mm/s] [mm/s] [%]
0.75 0.10(3) 0.20 16.6(13)
0.48(4) 020  6.3(21)
0.45(1) 0.46(2) 020  77.1(21)
T.00  0.09(5) 020  18.2(47)
0.48(9) 0.20  4.6(56)
0.39(2) 0.48(2)  0.20  77.2(45)

0.01 sccm N2

N

c

1

Figure 6.45: Angular scans of the reactive sputtered
films with: (top) 0.01 scem Ng and b) (bottom)
0.05 sccm Ny gas flow. The polar diagrams of the
coercive field Hc are shown left and the relative
remanence Mg /Mg at the right.

A uniaxial anisotropy of about 75% can be seen
with the maximum of the remanence around 180°.
This behavior could be due to magnetostriction
effects and stresses in the film. The coercive
field Ho of both samples is approximately 4 Oe.
Figure 6.45 b) shows the MOKE result of the
as-nitrided sample sputtered with 0.05 sccm No
gas flow. It does not exhibit any anisotropy. The
coercive field was derived as 30 Oe. The samples
with CEMS spectra shown in Fig. 6.44d-f) do not
show any magnetic behavior (e.g. no hysteresis
loops in MOKE), which is in good agreement.
These observations have now to be correlated to
the nitrogen content of the films.

The EDX analyses of the deposited films revealed
the original composition of the sputtering targets
within the experimental limits. Unfortunately,
the EDX did not allow to accurately determine
elements lighter than oxygen. Therefore, in order
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to evaluate the amount of incorporated nitrogen,
RBS measurements were carried out, whose results
are shown in Fig. 6.46.

The thickness of the films as obtained from the
RBS analysis was already given in Table 6.14. The
nitrogen concentration of the films as obtained
from the RBS analysis is given in Fig. 6.47 and can
reach almost 55(2) at.%. This seems to be a clear
increasing correlation of the nitrogen content with
the Ny gas flow, with a minimum at 17% nitrogen
for 0.05 sccm Ny flow. At 1.00 sccm Ny flow the
nitrogen content decreases again; this is in good
agreement with all previously mentioned results.
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Figure 6.46: RBS spectra of the reactively sputtered
films. The Ny flow is given in the graph.
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Figure 6.47: Nitrogen content in the reactively
sputtered films as derived from the RBS analysis
versus the No gas flow.

To confirm the observed nitrogen contents, RNRA
depth-profiling measurements were performed,
which are shown in Fig. 6.48. The RNRA analysis
shows the same tendency as the RBS measure-
ments, but the nitrogen contents derived from
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Figure 6.48: RNRA depth-profiling results of the
as-nitrided samples. The Ny gas flow are given in
the graph.

RNRA are slightly smaller than the RBS results
(normally 3 at.%). Thus, the maximum nitrogen
content derived from this data is 52(2) at.%. We
then can conclude, that the (Fe,Cr,Ni)N phase is
formed at 0.75 sccm Ny gas flow.

6.3.2 PAC characterization of the
vacuum annealed soft ferro-
magnetic phase

To study the influence of vacuum annealing of the
amorphous and soft ferromagnetic phase found at
0.05 sccm Ng, ''In atoms were implanted at an
energy of 400 keV at the 530 kV IONAS acceler-
ator facility in Gottingen and then carefully an-
alyzed by PAC at 10 and 298 K. After anlayz-
ing the as-nitrided sample, it was vacuum annealed
(pa = 1073 Pa) at 973 K for 2 hours. The results of
the PAC measurement are shown in Fig. 6.49. The
spectra measured at 10 K did not show any changes
in comparison to the as-nitrided sample recorded
at 298 K. Therefore, only the spectra recorded at
298 K for the as-nitrided and vacuum annealed sam-
ple are shown in Fig. 6.49. As the PAC spectra
give no indication of a magnetic hyperfine field, they
have been fitted assuming an EFG-distribution.

Fig. 6.49 a) shows the typical behavior of amor-
phous materials, where the PAC probe has no
defined position in the matrix due to the ab-
sence of crystalline order. As a consequence, the
quadrupole interaction frequency vg shows a broad
frequency distribution caused by randomly excited
EFGs (note: this system consists of five elements
and thus, there are 14 combinations of pair inter-
actions). No further information can be taken from

Table 6.17: PAC interaction parameters of the an-
nealed amorphous and soft ferromagnetic phase at
973 K for 2 hours shown in Fig. 6.49 b). Hyper-
fine parameters: vg is the quadrupole interaction
frequency, J the damping of vg, n the asymmetry
parameter, and RA the relative area.

vQ é RA
[MHz] [MHz] [%]
160(13)  26(13) 0.57(11)  51(1)
228(10) 21(10)  0.28(8)  46(1)
4(10) 0(1)  0.01(12)  3(1)

them.

In contrast to Fig. 6.49 a), Fig. 6.49 b) shows clearer
oscillations in the perturbation function R(t) and
thus in its Fourier transform. The values derived
from the analyis are given in Table 6.17. According
to the literature [131], these parameters are sim-
ilar to a-CreO3. The high damping frequencies
and thus the high asymmetry parameter n are typ-
ical for amorphous materials or for materials with
broad distributions in their EFGs. For a damping
of & ~ 20 %, the asymmetry parameter n should
be greater than 0. If § exceeds 35 %, n can reach
values grater than 0.5. Thus, the observed n-values
are consistent. Summarizing, it is shown that this
new phase crystallizes and is sensitive to oxidation
during even vacuum-annealing.

6.3.3 Microhardness of
stainless steel films

nitrided

Nanoindentation was performed by using a Fis-
cherscope HV100 [92] with a Vickers diamond in
order to investigate the influence of nitriding on
the microhardness and the mechanical properties.
The maximum indention force was set to 2 mN.
Four positions were measured for each sample. The
mean values are reported in Table 6.18, where also
the mean nitrogen content derived from RNRA is
included.

By including data from [132], [133], a clear

Table 6.18: Hardness, Young modulus and N-
content of nitrided AISI 316 films, where E is the
elastic modulus an v the poisson ratio

N2 Gas flow  Hardness  Young modulus  N-content
E/(1-v?)

[sccm] [GPa] [GPa] [at. %]
0.01 4.6(1) 77(9) 10(2)
0.05 6.2(1) 101(9) 11(2)
0.10 6.2(2) 103(10) 18(2)
0.50 6.8(1) 112(11) 41(2)
0.75 5.7(3) 91(8) 48(2)
1.00 5.8(2) 92(9) 44(2)

parabolic tendency between hardness and nitrogen
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Figure 6.49: 11In PAC perturbation spectra along with their Fourier transforms for measurements of the
as-nitrided samples: a) (top) PAC measurement of the as-nitrided sample sputtered at 0.05 sccm No gas
flow and b) (bottom) PAC measurement after 2 hours of post vacuum annealing treatment performed at
T, =973 K. All presented spectra are recorded at 298 K.

content can be seen, which is depicted in Fig. 6.50.
The values obtained in this study are in good
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Figure 6.50: Dependency between Martens hard-
ness and nitrogen content including data from [132],
[133]. The N values are obtained from the RNRA

analysis.

agreement to those reported in the literature.
Nitrogen is known to occupy interstitial sites in
ATST 316 which results in hardening [8]. Additional
strengthening mechanisms are associated with the
formation of nitrides. With involvement of the
alloying elements in AISI 316, the reported values
can be explained by CrN/CraN nitrides (which are
difficult to identify in XRD) accompanied with the
formation of e-FesN-FesN nitrides.

The hardness value for the amorphous soft ferro-
magnetic phase is surprisingly high. For AISI 316,
this phase exhibits a relative high hardness value.

6.3.4 Discussion on a nucleation
model for nitrided stainless
steel films

Similar to carburized samples, the experiments de-
scribed above pose the following questions 1): how
can the formation of the amorphous and soft fer-
romagnetic phase be explained. No. 2): How does
the incorporation of nitrogen influence the phase
formation, which leads to the question of the ruling
phenomenon of nitride formation.

Also here, a combined model which refers to Lu et
al. [13] and Lux and Haubner [113], so that the first
question can be answered as follows: the present
Fe-based alloy is associated with the deep eutectic
point of the Fe-N system. It is well known that com-
positions around the deep eutectic point are ideal
for glass formation in many systems. As a result,
glass formation is greatly favored thermodynami-
cally. Further, the minor addition of Mo could pro-
mote glass formation in the Fe-N system by sup-
pressing the formation of the primary phase (i.e.
Fe nitrides) and hindering grain growth. Because
of their limited solubility in Fe nitrides, the molyb-
denum atoms must redistribute and long-range dif-
fusion is required upon solidification. This is con-
firmed by RNRA, where the samples nitrided at
0.01-0.10 sccm Ny gas flow show a dramatic varia-
tion in nitrogen content. Thus, the minor addition
of Mo could retard the nucleation process. Indeed,
the given parameter range show amorphous XRD
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patterns.

The emerged phases above 0.10 sccm Ny gas flow
can be explained by combining the mentioned
model from Lu et al. with that of Lux and Haub-
ner [113]: during the nucleation process nitrona-
ceous species were adsorbed on the surface. Via
vapor phase interaction, free N atoms were formed.
Diffusion processes already inserted by Mo atoms
solve the N atoms in the metal matrix, until ni-
trides like e-(Fe,Cr)oN and (Fe,Cr)sN nitrides were
formed. These phases were needed to form a closed
nitride film, which then favors the formation of the
FeN phase. This seems to be proven by RNRA,
where the N-content at the beginning of the nucle-
ation process start to increase until N values around
50 at.% were reached. Also this is confirmed by
XRD. The long range diffusion in the range of 0.50-
1.00 sccm Ny gas flow appears to be less severe. Ac-
cording to Fig. 6.41, the growth rate reaches here
higher values, which could retard the diffusion pro-
cess. This leads then to the formation of nitride
phases as seen by CEMS and XRD.

These two combined models explain the variety of
the observed phases and the different nitrogen con-
tents in the nitrided films and is further confirmed
by Fig. 6.51, which shows similar to Fig. 6.50 a clear
parabolic tendency: for nitrogen concentrations up
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Figure 6.51: Peak width of the first amorphous peak
and reactive gas flow in dependence of the nitrogen
content of reactive sputtered stainless steel films.

to 25 %, the peak width increases. At 25 % N-
content, the stoichiometry of FesN, Fig. 6.51 has
its maximum and starts then to decrease, until it
reaches the parameter of the FeN phase. Simul-
taneously, the gas flow increases exponential from
0.01 to 1.00 sccm Ny gas flow. Both Figures,
Fig. 6.50 and Fig. 6.51, have the form of a Gibbs
plot, wherein the parameter range exhibits the FesN
as minimum, and thus, as thermodynamically fa-
vored phase. Combined with the shown tendency
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obtained for the reactive gas flow, any given phase -
from amorphous to crystalline - can be reached for
magnetron-nitrided stainless steel films.

The similarity of the amorphous states observed in
carburized and nitrided samples lead to conclusion,
that in both cases the underlying mechanism is the
same. Thus, the magnetism in the amorphous and
soft ferromagnetic phase (sputtered at 0.05 sccm Ng
gas flow) is due to nano-crystalline grains consist-
ing of a disordered NizN phase surrounded by a spin
glassy surface shell.

To investigate, if the found similarity of the ob-
served amorphous states are based on a generalized
model, which is independent of the used reactive
gas, experiments with oxygen were carried out. The
results were presented in the next section.



6.4. RESULTS FOR OXIDIZED STAINLESS STEEL FILMS 5

6.4 Results for oxidized stain-
less steel films

The films were sputter-deposited with an rf mag-
netron onto amorphous SiOy substrates (oxidized
Si(100) wafer of 0.5 mm thickness, pre-cleaned with
acetone and oxidized in air, no further treatment)
utilizing a commercial AISI 316 (X5CrNiMol7-12-
2, 1.4401) sputter-target. The target-substrate dis-
tance was set to 10 cm. The processing parameters
were always 100 W magnetron power at a constant
total gas flow of 12 sccm during deposition. Several
sample series were deposited at different O2 flows
(0.00-1.00 sccm). The sputter rate was always in
the range of of 0.10-0.25 nm/s and was depending
on the gas flow parameters. The deposition proce-
dure were carried out in the same way as for carbur-
ized and nitrided stainless steel films. The deposi-
tion parameters and the resulting thicknesses and
growth rates are summarized in Table 6.19.

From these data it is derived that the growth

Table 6.19: Gas flow j, deposition time ¢, real film
thickness d (as measured by Rutherford Backscat-
tering Spectrometry (RBS) after deposition) and
derived growth rate g = % for the deposited oxi-
dized films. All samples were deposited at 298 K
with a magnetron power of 100 W and a target-
substrate distance of 10 cm.

sample Jjoo Jar t d g
[sccm] [sccm] [min] [nm] [nm/min]

00 0.00  12.00 17:.00 205(10)  12.06(92)
o1 0.01  11.99 16:55 260(10) 15.37(118)
05 0.05  11.95 1542 269(10) 17.13(135)
010 0.10  11.90 17:09 362(10) 21.11(138)
050 0.50  11.50  20:57  92(10) 4.39(53)
075 075 1125  25:13  65(10) 2.58(41)
0100 1.00 11.00 26:44 469(10) 17.54(79)

rate has a sinusoidal form (Fig. 6.52), which was
also seen for nitrided samples [134]. The first max-
imum of the growth rate characteristic ca be found
at 0.10 sccm, its second maximum at 1.00 sccm Og
gas flow. As be seen below, these parameters rep-
resent two metastable phases: a nano-crystallized
cubic FeO phase (@ 0.10 sccm O gas flow) and
an amorphous and soft ferromagnetic phase rich in
oxygen (@ 1.00 sccm Oq gas flow).

6.4.1 Deposition at room tempera-
ture and influence of the oxy-
gen gas flow

The oxygen gas flow was systematically increased
from 0.01 sccm to 1.00 sccm. For all these de-
posited films, the reactive magnetron deposited
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Figure 6.52: Growth rate g as a function of the Oq
gas flow jo, for the room temperature deposition
(line is only to guide the eye).
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Figure 6.53: GIXRD (2°) spectra of the oxidized
films. The Og gas flows are given in the graph.

and oxidized samples show the typical broad
XRD appearance of amorphous materials, as seen
in Fig. 6.53. These diffractograms show a clear
amorphous signature.

Fig. 6.55 shows the position and the width of the
first broad peak for the spectra shown in Fig. 6.53.
There is a clear tendency for peak position and
peak width; both, peak position and peak width,
have a parabolic form with its minimum at 0.75
05 gas flow.
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Figure 6.54: Mossbauer spectra of the reactive sputtered AISI 316 films. The numbers in the graphs
represent the oxygen gas flow.
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Figure 6.55: Peak position and peak width of the
first broad peak in the XRD spectra of the reactive
sputtered stainless steel films.

Fig. 6.54 summarizes the CEMS measurements of
the samples with increasing gas flow. They show
the typical Mossbauer spectra of amorphous ma-
terials. Spectra in a) and b) are magnetically
split, the spectrum in c¢) reveals the (Fe,Cr,Ni)O
phase, whereas d) and e) represent spectra for -
(Fe,Cr,Ni)2O3. Finally, spectrum f) exhibits the
quasi-metallic glass phase, which was also observed
for carburized and nitrided samples. The differ-
ence between the quasi-metallic phase sputtered
with an oxygen atmosphere and those sputtered
with methane and nitrogen is the relative high iso-
mer shift. Whereas the the carburized and nitrided
quasi-metallic glass sample have a relative insignif-
icant isomer shift, the oxidized sample reveals an
isomer shift of 4 ~ 0.30 mm/s. This indicates a
participation of iron atoms with a high oxidation
state (i.e. Fe oxides). The fitted hyperfine parame-
ters are presented in Table 6.20.

To confirm the magnetic properties obtained by
Mossbauer Spectroscopy, MOKE measurements
were carried out. While the Fig. 6.54 a) and b)
show a magnetically split sextet, no MOKE-signal
is obtained for these samples. Due to the informa-
tion depth of MOKE (5-10 nm), two explanation are
possible: 1) there could be non-magnetic Fe-oxides
on the surface and 2) the whole sample is antifer-
romagnetic. Since there is no noticeable amount of
additional doublets in the spectra, the second ex-
planation is more probable. As a consequence, only
the quasi-metallic phase sputtered at 1.00 sccm O,
gas flow exhibits a MOKE signal. The results are
illustrated in Fig. 6.56.

A clear fourfold anisotropy can be observed, which
could be due to magnetostriction effects, stresses or
by a phase transition to a v phase [88,89,111]. The
coercive field He is approximately 6 Oe.

The EDX analyses of the deposited films revealed

T

H (Oe)

Figure 6.56: Angular scans of the deposited film
sputtered at 1.00 sccm Os gas flow. The polar dia-
grams of the coercive field H¢ (top) and the relative
remanence Mg /Mg (bottom) are shown.
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Figure 6.57: RBS spectra of the reactively sputtered
films. The Og flow is given in the graph.

the original composition of the sputtering targets
within the experimental limits. Therefore, in or-
der to evaluate the amount of incorporated nitro-
gen, RBS measurements were carried out, whose
results are shown in Fig. 6.57 and can reach almost
72(2) at.%.

In Fig. 6.58 the oxygen content derived from the
RBS analysis can be seen. Also here a clear
parabolic tendency can be seen with increasing Os
gas flow. The maximum regions for the samples
sputtered with 0.50 and 0.75 sccm correspond, with
respect to their oxygen content, to FesOs oxides.
Since no magnetism can be observed in Md&ssbauer
Spectroscopy and MOKE, these oxides can be iden-
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Table 6.20: Mossbauer fitting results of the nitrided AISI 316 samples, deposited at room temperature
with a magnetron power of 100 W (f - area fraction (error), mean values of (§) - isomer shift, (A) -
the quadrupole splitting for the paramagnetic subspectra, (€) the quadrupole splitting for the magnetic

subspectra, B - hyperfine field).

P 7 BT A @ oa 0 T
fscem] %) [mm/s) (mm/s] [mm/s 1] ]
0.01 ferro-l  40.0(53) 0.13 0.01 18.0(11) 8.4(4D)
ferro-h ~ 60.0(23) 0.13 0.01 26.6(6) 4.6(12)
0.05  forrol  91.8(37) 0.08 20.05 20.0(5) _ 9.1(6)
ferroh  8.2(48) -0.08 -0.05 24.7(6)  1.9(9)
0.10 para-1 89.3(39) 0.48 0.88 0.65
para-2  10.7(43) 2.35 0.54
0.50 para-1 47.6(19) 0.40 0.88 0.38
para-2  52.4(10) 1.50 0.57
0.75 para-1 77.7(54) 0.38 1.03 0.47
para-2  22.3(44) 1.80 0.70
1.00 ferro-1 42.2 0.33 0.30 4.9(3) 9.1(6)
ferro-h 55.4 0.33 0.30 12.4(26)  5.7(17)
para-1 2.4(4) 0.1 0.58 0.25

—_— 80 T T T T T
X

+— 704 .
5,

CC) 60 gf max. solubility Timit of O in Fe,O, T
=

g 501 max. solubility imit of O In FeO T
[

8 404 amorphous phase .
&

o 30 .
o 20- .

0,0 0,2 0,4 0,6 0,8 1,0

O, gas flow [sccm]

Figure 6.58: Oxygen content in the reactively sput-
tered films as derived from the RBS analysis versus
the O2 gas flow.

tified as y-FeoO3 oxides.

6.4.2 PAC characterization of the

vacuum annealed soft ferro-
magnetic phase

To study the influence of vacuum annealing of the
amorphous and soft ferromagnetic phase found at
1.00 sccm O, ''In atoms were implanted at an
energy of 400 keV at the 530 kV IONAS acceler-
ator facility in Gottingen and then carefully ana-
lyzed by PAC at 10 and 298 K. After anlayzing
the as-oxidized sample, it was vacuum annealed
(pa = 1073 Pa) at 973 K for 2 hours. The results
of the PAC measurement are shown in Fig. 6.59.
The spectra measured at 10 K did not show any
changes in comparison to those which were recorded
at 298 K. Therefore, only the spectra recorded at

Table 6.21: PAC interaction parameters of the an-
nealed amorphous and soft ferromagnetic phase at
973 K for 2 hours shown in Fig. 6.59 b). Hyper-
fine parameters: vq is the quadrupole interaction
frequency, J the damping of vg, n the asymmetry
parameter, and RA the relative area.

vQ o n RA
[MHz] [MHz] [%]
296(13)  4(1) 0.00 6(2)
210(17) 0 0.26(11)  7(6)
177(13)  55(5)  0.56(21)  84(12)

298 K for the as-oxidized and vacuum annealed
sample are shown in Fig. 6.59. As the PAC spectra
give no indication of a magnetic hyperfine field, they
have been fitted assuming an EFG-distribution.
Fig. 6.59 a) shows the typical behavior of amor-
phous materials, where the PAC probe has no
defined position in the matrix due to the ab-
sence of crystalline order. As a consequence, the
quadrupole interaction frequency vg shows a broad
frequency distribution caused by randomly excited
EFGs (note: this system consists of five elements
and thus, there are 14 combinations of pair inter-
actions). No further information can be taken from
them.
In contrast to Fig. 6.59 a), Fig. 6.59 b) shows clearer
oscillations in the perturbation function R(t) and
thus in its Fourier transform. The values derived
from the analyis are given in Table 6.21.
According to the literature [131], these parameters
are similar to a-Cro0O3. In contrast to the PAC re-
sults of the nitrided samples, the damping frequen-
cies are very small, except of that for the 177 MHz
frequency, however, the high asymmetry parameter
n are typical for amorphous materials or for mate-
rials with broad distributions in their EFGs. For a
damping of § ~ 20 %, the asymmetry parameter 7
should be greater than 0. If § exceeds 35 %, 1 can
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Figure 6.59: 1'In PAC perturbation spectra along with their Fourier transforms for measurements: a)
(top) PAC measurement of the as-oxidized sample sputtered at 1.00 sccm Oy gas flow and b) (bottom)
PAC measurement after 2 hours of post vacuum annealing treatment performed at T, = 973 K. All

presented spectra are recorded at 298 K.

reach values grater than 0.5. Thus, the observed 7-
values are consistent. Summarizing, it is shown that
this new phase crystallizes and is sensitive to oxi-
dation during even vacuum-annealing and is in its
annealing behavior verisimilar to the quasi-metallic
glass phase obtained after nitriding.

6.4.3 Microhardness of
stainless steel films

oxidized

Nanoindentation was performed by using a Fisch-
erscope HV100 [92] with a Vickers diamond in or-
der to investigate the influence of nitriding on the
microhardness and the mechanical properties. The
maximum indention force was set to 2 mN. Four po-
sitions were measured for each sample. The mean
values are reported in Table 6.22.

Fig. 6.60 shows the hardness as a function of oxy-

Table 6.22: Hardness, Young modulus and O-
content of oxidized AISI 316 films, where E is the
elastic modulus an v the poisson ratio

Oz Gas flow Hardness  Young modulus  O-content
B/(1-v?)

[sccm] [GPa] [GPa] [at. %]
0.01 5.8(1) 92(4) 20(2)
0.05 5.7(1) 92(5) 25(2)
0.10 6.0(2) 94(3) 59(2)
0.50 6.8(1) 119(18) 72(2)
0.75 6.5(3) 73(2) 66(2)
1.00 6.9(2) 128(12) 50(2)
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Figure 6.60: Dependency between Martens hard-
ness and oxygen content. The Oxygen values are
obtained from the RBS analysis.

gen content. A clear tendency can be seen, where
the hardness of the films increase linearly with in-
creasing oxygen content and follows the law:

y = 0.02(1)z + 5.42(22) GPa (6.3)

It seems, that the hardness of the films is only influ-
enced by the incorporation of oxygen independently
of the formed phase.

The highest oxygen contents are observed for the
samples sputtered at 0.50, 0.7 sccm Os gas flow
- i.e. samples containing FeoO3 oxides - and the
amorphous and soft ferromagnetic phase sputtered
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at 1.00 sccm O gas flow. Besides Mossbauer Spec-
troscopy, this is another hint that the formation of
the amorphous and soft ferromagnetic phase is in-
fluenced by the formation of oxides.

6.4.4 Discussion on a nucleation
model for oxidized stainless
steel films

Similar to carburized and nitrided samples, follow-
ing questions arise: 1) how can the formation of
the amorphous and soft ferromagnetic phase be ex-
plained and 2): how does the incorporation of oxy-
gen influence the phase formation and what is the
ruling phenomenon of oxide formation.
Also here, a combined model which refers to Lu et
al. [13] and Lux and Haubner [113], so that the first
question can be answered as follows: the present
Fe-based alloy is associated with the deep eutectic
point of the Fe-O system. It is well known that com-
positions around the deep eutectic point are ideal
for glass formation in many systems. As a result,
glass formation is greatly favored thermodynami-
cally. Further, the minor addition of Mo could pro-
mote glass formation in the Fe-O system by sup-
pressing the formation of the primary phase (i.e.
Fe oxides) and hindering grain growth. Because of
their limited solubility in Fe oxides, the molybde-
num atoms must redistribute and long-range diffu-
sion is required upon solidification. Thus, the mi-
nor addition of Mo could retard the nucleation pro-
cess. Indeed, all XRD patterns show the behavior
of amorphous materials.

The incorporation of oxygen can be explained by

FWHM (26) [°]

o=C

20 30 40 50 60 70
O-content [at. %]

Figure 6.61: Peak width of the amorphous peak
and reactive gas flow in dependence of the oxygen
content of reactive sputtered stainless steel films.

combining the mentioned model from Lu et al. with
that of Lux and Haubner [113]: during the nucle-
ation process oxynaceous species were adsorbed on
the surface. Via vapor phase interaction, free O

atoms were formed. Diffusion processes already in-
serted by Mo atoms solve the O atoms in the metal
matrix. This explains the relative low O content in
the parameter range up to 0.05 sccm Oy gas flow,
wherein stoichiometric oxides were formed only lo-
cally. With increasing growth rate, the oxygen take
up is enough to form oxides globally in the films.
At 1.00 sccm Og gas flow, the growth rate achieves
its maximum (and a similar value as for samples
sputtered at low O gas flow), the parameter for
the amorphous and soft ferromagnetic phase.

For small and for high Oy gas flows, the samples
appear amorphous (which can be seen for the devel-
oping FWHM in Fig. 6.61), whereas samples sput-
tered in the range of 0.1-0.75 sccm O gas flow begin
to crystallize. If the Os gas flow and the FWHM
is arranged according to ascending oxygen content,
Fig. 6.61 can be understood as a Gibbs plot of a
multi-phase system, in which the transition from
the amorphous state (domain I) to the crystalline
phases (domain II - the formation of FeO, FesOgs
oxides) is depicted. Therefor, the growth rate in
Fig. 6.52 is confirming this hypothesis, in which the
growth rate of crystalline and amorphous samples
are verisimilar. The minima of the systems are the
quasi metallic glass and the FeO/Fe;O3 phase.
Due to the similarity of the amorphous states, car-
burized and nitrided samples were described by a
core-shell model, describing the nanoparticles as
consisting of a ferromagnetically NizC core and a
disordered surface shell. By contrast, Mdssbauer
Spectroscopy and RBS indicate the participation
of Fe-oxides. As a consequence, the model for the
amorphous state for carburized and nitrided sam-
ples can not be applied in the same form for oxidized
samples.

According to He et al. [118] and Kodama et al.
[135], the previous model is also applicable to differ-
ent ferromagnetically cores, e.g. also for NiFe;Oy.
Since Ni is a crucial for phase formation in stain-
less steels [7,91,129], it is reasonable to assume that
the amorphous state observed for the sample sput-
tered at 1.00 sccm O» gas flow can be described by a
multi-shell model consisting of a ferromagnetically
NiFe;O4 core surrounded by a spin-glassy surface
layer. This would be in good agreement to RBS
and especially Mossbauer, where the isomer shift
d ~ 0.3 mm/s indicate a Fe-oxide participation in
phase formation.

Finally, EXAFS investigations on oxidized samples
are required to resolve the microstructure of oxi-
dized Magnetron-sputtered samples.
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6.4.5 Summary of the amorphization
process and nucleation model
of Magnetron-sputtered stain-
less steel films

Various aspects of the carbide, nitride and oxides
formation and their stability in reactive magnetron-
sputtered austenitic stainless-steel films were stud-
ied.

Intrigued by the predictions of Lee et al. [9], inert
sputtering from a pre-combined Fe5(Cs was used to
synthesize the stoichiometric NaCl-type FeC phase.
Unfortunately, geometric effects of the target con-
figuration, hysteresis effects and re-sputtering con-
stitute severe problems to the deposition process.
As a consequence of this, the Magnetron sputtering
technique seems not to be suitable to synthesize the
stoichiometric FeC phase, but the films exhibit car-
bon contents, which exceed the maximum solubility
limits in known carbides. As a result, reactive sput-
tering of stainless steel - by using methane, nitrogen
and oxygen as reactive gas - was performed to syn-
thesize amorphous films or quasi metallic glasses
based on conventional steels.

All carburized stainless steel films revealed amor-
phous character and the magnetic properties inves-
tigated by means of Mossbauer Spectroscopy and
MOKE showed the formation of various phases and
carbides at a sputtering temperature of 298 K.
In addition, a new amorphous soft ferromag-
netic phase was observed. Vacuum annealing of
this phase showed the carbide reaction M;Cs —
Ms3C¢ — MgC and confirmed the existence of a
stable Fe-graphite and the metastable Fe-cementite
system [136-138].

By using low gas fluxes, nitrided samples also
showed the formation of films with typical amor-
phous behaviors and also the new amorphous soft
ferromagnetic phase was observed. For this sam-
ples, RNRA showed extremely differing N-depth
profiles. In contrast, high fluxes revealed the for-
mation of a cubic ZnS-type v”'-(Fe,Cr,Ni)N phase
and their depth profiles were, as expected, constant.
Noticeable is that the investigated Fe/stainless
steel-N system behaves like a perfect Gibbs-system
with the FesN phase as minimum.

Oxidized samples showed amorphous character over
the whole range of the processing parameters, also
including the new amorphous soft ferromagnetic
phase, but showed appendages of crystallization
as indicated by Mossbauer and XRD. These crys-
tallites could be identified as FeyOs oxides. A
PAC study, which was also performed on nitrided
samples, revealed, that this new phase crystallizes
and is even sensitive to oxidation during vacuum-
annealing. Noticeable is that the Fe/stainless steel-

O system can be understood as a Gibbs multi-phase
system, in which the transition from the amorphous
state to the crystalline phases can be observed.
Fig. 6.62 shows the dependence of the normalized
gas flow, which is needed to form the new amor-
phous soft ferromagnetic phase, as a function of the
radius of the reactive gas atoms. A clear tendency
can be seen, where the normalized flow decreases
exponentially with increasing reactive gas radius.
The most important parameters to obtain this new
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Figure 6.62: Normalized gas flow in dependence of
the radius of the reactive gas atoms. The param-
eters for the exponential decay fitting routine are
given in the graph.

amorphous and soft ferromagnetic phase are given
in Table 6.23.

To characterize the microstructure of the new amor-
phous and soft ferromagnetic phase, DSC, FIM,
TEM and EXAFS experiments were carried out for
carburized samples.

DSC, FIM and TEM showed the quasi metallic
glass behavior of these phase, but the microstruc-
ture could only be explained by the EXAFS anal-
ysis, which revealed a disordered NizC phase. The
magnetism of this phase could be predicted by a
LMTO model [119], the order of magnetism could
be explained by a core-shell model, describing the
nano-particles as consisting of a ferromagnetically
core and a disordered surface shell [121,122].
These experiments confirmed a pre-suggested
model, which is based on thermodynamical and ki-
netic remarks of Lu et al. [13] and of Lux and Haub-
ner [113]: the present Fe-based alloy is associated
with the deep eutectic point of the Fe-X system. It
is well known that compositions around the deep
eutectic point are ideal for glass formation in many
systems. As a result, glass formation is greatly fa-
vored thermodynamically. Further, the minor ad-
dition of Mo could promote glass formation in the
Fe-X system by suppressing the formation of the
primary phase and hindering grain growth. Be-
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Table 6.23: Summary of the synthesization parameters of the new amorphous and soft ferromagnetic
phase: R is the theoretical calculated radius, R; the ionic or van-der-Waals radius, R the covalent
radius, o50.50 the structure of stoichiometric FeX phase (where X represent the reactive gas atom), Tsy, oo
the temperature at which the stoichiometric phase can be formed and A the amorphization parameter.

C N
R [pm] 7.2 71 60.4
Rp [pm] 20(2) 170(2) 133(1)
R¢ [pm] 7 70 66
T50:50 NaCl-FeC c-FeN c-FeO
Tos0.50 (K] 298 298-573 298/858-1673
A a-AISI 316+CHy a-AISI 3164+Ny a-AISI 316402
>60 % C - 0.01 sccm CHy ~18 % N - 0.05 sccm Ng ~50 % O - 1.00 sccm Oq
technique Magnetron/PLD Magnetron Magnetron

cause of their limited solubility in iron bases anions, sults were presented in the next sections.
the molybdenum atoms must redistribute and long-
range diffusion is required upon solidification. The
introduction of a reactive sputtering gas addition-
ally disturbs the nucleation process by establishing
higher probabilities of coordination. This leads to
simultaneous rearrangement of different species of
atoms, which suppresses the formation of compet-
ing ordered phases. As a consequence, phases out-
side the equilibrium can be formed like the disor-
dered trigonal NizC phase.

The incorporation of the reactive sputter gas atoms
can be described as follows: during the nucle-
ation process the dissociated reactive sputter gas
molecules were adsorbed on the surface. Via vapor
phase interaction, free atoms were formed. Diffu-
sion processes already inserted by Mo atoms solve
the sputter atoms in the metal matrix depending
on the processing parameters.

Due to the presence of isomorphic phases in nitrided
samples and the fact, that the new phase almost has
the same hyperfine parameters, it is assumed that
the origin of magnetism in this phase succumbs the
same phenomenon - a disordered NizC phase sur-
rounded by a spin-glassy surface shell.

In contrast to the carburized and nitrided quasi
metallic phase, Mossbauer Spectroscopy and RBS
of the oxidized phase indicated the participation
of Fe-oxides. As a consequence, the model for the
amorphous state for carburized and nitrided sam-
ples can not be applied in the same form for oxidized
samples.

According to He et al. [118] and Kodama et al. [135],
NiFe;O4 cores surrounded by spin-glassy surface
shells satisfy the observed results. In contrast to
the nitrided quasi metallic phase, for the oxidized
phase a more exact investigation (e.g. EXAFS) is
required to resolve the microstructure.

Magnetron sputtering is suitable to form amor-
phous and quasi metallic glasses, but the stoichio-
metric FeC phase was not obtained. As a conse-
quence, iron/carbon and for comparison stainless
steel/carbon films were deposited by PLD. The re-



Chapter 7

Results for pulsed laser deposited

films

Results using the Siemens XP2020 ex-
cimer laser

7.1 Results for FeC films pre-
pared by STPLD

Figure 7.1: Different stainless steel STPLD targets
in comparison to a conventional stainless steel PLD
target (right). The red lines indicate the laser scan
area. As indicated in SS/BN 50:50 STPLD tar-
get, for ultra-thin films a scan area of 4 mm (4 mm
stainless steel/4 mm C) and 8 mm (8 mm stainless
steel/8 mm C) for thin-films were used.

Ultra-thin  high-carbon iron films (ARMCO,
99.96 %; maximal thickness 20 nm) were deposited
by Sequential Target Pulsed Laser Deposition
(STPLD) with a commercial Siemens XP2020
excimer laser (A = 308 nm, pulse duration 55 ns,
repetition rate 8 Hz) on TEM grids in order to
directly examine the structure of the STPLD films.
The STPLD process relies on the pre-combination
of the target to a desired stoichiometry (assuming
the same ablation rate for all elements) as shown

83

in Fig. 7.1 and is determined by the inlay thickness
and the laser scan area.

For comparison films with higher thicknesses
were deposit onto amorphous SiOy substrates
(oxidized Si(100) wafer of 0.5 mm thickness,
pre-cleaned with acetone and oxidized in air, no
further treatment) and the influence of substrate
temperature was investigated. The deposi-
tion parameters and the resulting thicknesses
and growth rates are summarized in Table 7.1.

Table 7.1: Deposition temperature Tgqep, laser en-
ergy, number of pulses #, real film thickness d (as
measured by Rutherford Backscattering Spectrome-
try (RBS) after deposition) and derived growth rate

g= % for the deposited STPLD films.
sample Taep energy # d g
K] [mJ/cm?] [nm] [nm/min]
FeCdmm 298 1.30 933 20(5) T 10.26(87)
FeC8mm 298 0.96 36000 77(10) 1.03(9)
FeC8mm 823 1.00 43000 258(10)  2.88(30)

1 this thickness was derived from a quartz microbalance dur-
ing deposition

Synthesis of NaCl-type FeC The directly
TEM-prepared STPLD showed different phases,
inter alia many face-centered cubic structures as
seen in Fig 7.2.

By taking the diffraction pattern of one of the
grains, it could be identified as ~y-Fe.
One characteristic was found in all the samples:
all the grains were embedded in an amorphous Fe
matrix. Another astonishing feature can be seen
in Fig. 7.3. Some grains were surrounded by Fe
and C multilayers with a thickness of 0.238(4) nm
which merge fluently into the grains. This could
be a hint that stress is a crucial factor for phase
formation in these thin films. On the right corner
of Fig. 7.3, the FFT can be seen. It shows the
appearance of a metallic glass which indicates a
high-carbon concentration.
This grain has a diameter of about 10 nm. All
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Figure 7.4: TEM pattern of the NaCl-type FeC grain and its FFT on the right hand.
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Figure 7.2: (top) HR-TEM pattern of a grain. (bot-
tom) diffraction pattern of this grain. The orienta-
tion of the reflexes are given in the graph.

attempts to obtain an SAD pattern from these
grains were futile, because the grains disappeared
after focussing the electron beam. These grains
seem to be thermally unstable. In order to get
information on the structure a FFT was taken,
which is depicted on the right side of Fig. 7.4.
Fig. 7.4 shows one of the various nano-scale grains

Figure 7.3: Fine Fe and C multilayer system sur-
rounding a metallic glassy grain observed by TEM
and its FFT of that area (right).

which could be observed over the whole film.

Lee et al. [9] predicted in the NaCl-type FeC
phase a bond length of 0.236 nm, the value
obtained here is 0.229(3) nm. As a consequence,
the obtained lattice constant ap = 0.458(6) nm
is verisimilar to the predicted NaCl-type lattice
constant ap = 0.473 nm. EDX does not show any
hints of other element impurities, only Fe and C
are observed. As known from the Fe-C system so
far, no simple cubic structure Fe-C exists, but the
observed structure seems to prove the predicted
NaCl-type Fe—C.

As next step, films with higher thicknesses were
deposit to investigate the macroscopical properties
of this phase.

Fig. 7.5 shows the XRD pattern of the STPLD
sample sputtered at 298 and 823 K.
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Figure 7.5: GIXRD (2°) spectra of the STPLD films
deposited at 298 (top) and 823 K (bottom). The
temperatures and reflexes are given in the graph.

Deposition of NaCl-type FeC films The spec-
trum for the STPLD films sputtered at 298 K show
the typical broad XRD appearance of amorphous
materials. A mean grain size of 3(2) nm can be
calculated with the Scherrer formula [139]:

0.89\
d-cosf

In contrast, the STPLD film deposited at 823 K
exhibit clear reflexes, which can be attributed
to the Fe;Cs-phase [130]. It is well crystallized
and a mean grain size of 50(5) nm is derived by
eq. 7.1 [139].

Fig. 7.6 summarizes the CEMS measurements
of the samples deposited at 298 K and 823 K.
For these spectra, hyperfine field and quadrupole
splitting distributions were assumed, respectively.
The quadrupole splitting distributions are broad
and close to the values of Fe3C/Fe;Cs carbides
(which is confirmed by a Lorentzian single line
analysis). This is in good agreement with the
XRD pattern for the STPLD sample deposited at
823 K, which clearly exhibit the Fe;Cs-phase. The
distribution for the sample deposited at 298 K is
broader than that deposited at 823 K. Taking the
XRD pattern into account, the CEM spectrum
could be attributed to an amorphous FeC alloy.
Both samples show magnetic split sextets, however,
the hyperfine fields of both films are diminished.
This can be attributed to carbon which should be
in the next-nearest neighborhood. By using the

AB =

(7.1)
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Table 7.3: Hyperfine interaction parameters of the
singe line analysis of the STPLD FeC film deposited
at 823 K. Hyperfine parameters: § is the isomer
shift, QS the quadrupole splitting, I" the line width
(HWHM), and RA the relative area.

5 Qs T RA
[mm/s]  [mm/s] [mm/s] (%]
0.15(7) _ 0.49(22) 0.25 47.9(30)

0.17(11)  0.71(37) 0.25 52.1(21)

dependency between median hyperfine field and
carbon content for carburized stainless steel films
as found in 6.2.7 and by inserting the hyperfine
field of ARMCO-iron, a linear correlation be-
tween hyperfine field and carbon content is found
(Fig. 7.7):

y=—0.38(3)x + 30.32(164) T (7.2)
Note: due to the fact, that Ni and Cr have a crucial
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Figure 7.7: Median hyperfine field By in depen-
dence of the carbon content.

influence on the hyperfine field, the slope for FeC
films should be smaller; thus the carbon content in
FeC films should be greater than predicted by this
correltation.
Consequently, a carbon content of about 9.0(12) %
and 36.8(22) % is predicted for the samples de-
posited at 298 K and 823 K, respectively.
The fitted hyperfine parameters are presented in
Table 7.2, the results of the single line analysis in
Table 7.3.
While Méssbauer Spectroscopy revealed hyperfine
fields, MOKE did not exhibit any signal, which can
be attributed to the different information depths of
both methods (MOKE is surface sensitive).
To investigate the carbon content in the films, RBS
measurements were carried out, which can be seen
in Fig. 7.8.

The results of the RBS analysis are summarized
in Table 7.4.
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Figure 7.6: Mossbauer spectra of the STPLD deposited FeC films at 298 K (top) and 823 K (bottom).

Table 7.2: Mossbauer fitting results of the STPLD deposited FeC films: (f - area fraction (error), mean
values of () - isomer shift, (A) - the quadrupole splitting for the paramagnetic subspectra, (€) the
quadrupole splitting for the magnetic subspectra, B - hyperfine field).

FeC part f (6)  (A),{e) oA (B) oB
sample %) [mm/s) (mm/s] [mm/s T (1)
208 K ferro 7.3(5) 0.25 0.04 26.9(20) 1.0(5)
para-1 4.8(9) 0.21 0.75 0.12
para-2 87.9(43) 0.97 0.66
823K ferro 6.0(5) 0.45 16.3(15)  1.0(5)
para 94.0(2) 0.18 0.73 0.51
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Figure 7.8: RBS spectra of the STPLD films de-
posited at 298 and 823 K.

As obtained from the RBS analysis, the carbon
contents are in good agreement as derived from
the Mossbauer valuation. However, STPLD films

Table 7.4: Results of the RBS analysis of the
STPLD deposited films.

sample Fe C O
at. % at. % at. %

208 K 80(5) 10(5) 10(5)

823 K 10(5) 40(5) 50(5)

and Magnetron-sputtered FeC films have the ad-
ditional oxygen content in common. According to
Huczkowski [140], the small addition of Si in Fe-
based alloys enhances the oxide formation. Thus,
the inter-diffusion between Fe and the substrate
SiO5 (as obtained by the RBS depth-profile) favours
the formation of oxides in the film. Conspicous
is, that neither Mossbauer Spectroscopy nor XRD
show any hints of oxide formation. This yields a
conclusion that only parts of the oxygen content
participate on oxide formation. The remaining part
is arranging at the grain boundaries.

Comparing theproperties of high-carbon films,
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which were directly deposited on TEM grids, with
thicker ones deposited on SiO5 substrates, the as-
sumption arises that the observed - and NaCl-type
structure could be due to a thickness effect.
Indeed, thickness effects are observed in thin Fe
and stainless steel films, wherein the formation of
thin 4-layers (5-10 nm) are thermodynamically fa-
vored [141].

Summarizing, the synthetization of NaCl-type FeC
succeded in ultra-thin films (~ 20 nm). More inves-
tigations have to be done to synthesize thin NaCl-
type FeC films (e.g. chosse different substrates,
apllying biases at the substrates etc.).

As well as for Magnetron-sputtered FeC films, the
STPLD film deposit at 298 K exhibit an amor-
phous signature. Therefore, stainless steel films pre-
pared by Reactive Pulsed Laser Deposition (RPLD)
were deposited to compare those with Magnetron
sputtered films and to possible obtain the new
amorphous and soft ferromagnetic disordered NizC
phase.

7.2 Results for carburized

stainless steel films
pared by RPLD

pre-

The film was reactive sputter-deposited by pulsed
laser deposition (RPLD) with a Siemens XP2020
excimer laser (A = 308 nm, pulse duration 55 ns,
repetition rate 8 Hz) onto amorphous SiOs sub-
strates (oxidized Si(100) wafer of 0.5 mm thickness,
pre-cleaned with acetone and oxidized in air, no
further treatment) utilizing a commercial AISI 316
(X5CrNiMo17-12-2, 1.4401) target. Before depo-
sition, the PLD-chamber was evacuated to a base
pressure of 107 Pa to prevent hysteresis effects.
The laser energy was set to 2 mJ/cm?. The CHy
gas was tuned by the vacuum penning and set to
a total chamber pressure of 107> Pa. The growth
rate g = 4 was derived to 0.96(4) nm/min by using
the thickness d = 80 nm as measured by RBS after
deposition.

7.2.1 Deposition at room temper-
ature and influence of the
methane gas flow

In contrast to the original AISI 316 target as il-
lustrated in Fig. 5.1), which shows the typical ~-
structure (@ = 0.3592(1) nm), the RPLD sample
(illustrated in Fig. 7.9) shows both 7-(Fe,Cr,Ni) and
a-(Fe,Cr,Ni) structures, but a small broad signature
is observed as well indicating an amorphous phase.

87
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Figure 7.9: GIXRD (2°) spectra of the RPLD film.
The reflexes are given in the graph.

The lattice constant were derived to.

In contrast to the XRD pattern, the CEM spectrum
is depicted in Fig. 7.10.

It reveals the typical Mdssbauer spectrum of an
amorphous material and is magnetically split. The
results of the fitting procedure are presented in Ta-
ble 7.5.

As well as carburized stainless steel films prepared
Magnetron sputtering, the Mossbauer spectra were
fitted by hyperfine field distributions, and with
quadrupole splitting distributions in the paramag-
netic state, respectively. The distributions are at-
tributed to an amorphous stainless steel carbon-
alloy, possibly rich in carbon. In contrast to carbur-
ized stainless steel films, the ratio between high-field
and low-field amorphous state are different. Here,
the high field distribution dominates. From the fit-
ting, a hyperfine field of B = 15.6 T with a width of
o = 8.5 T is obtained from the p(B) distribution.
The high o is indicating a participation of other
hyperfine fields, which could possibly correspond to
an a-phase, but there is no clear indicator for this
(in contrast to the XRD pattern). Now following
question arise: where does the CEM spectrum dif-
fer from the XRD pattern?

The answer can be seen in Fig. 6.33: the dark field
image (TEM) of the disordered NizC phase shows
many crystallites at the interface between film and
SiO4 substrate (the first 50 nm) embedded in an
amorphous matrix. Since the overall thickness of
the layer is derived to 80 nm as measured by RBS,
the differing observations from Mdéssbauer and XRD
can be explained by the differing information depth
of both methods.

CEMS is sensitive to the first 150 nm, whereas the
GIXRD with w = 2° corresponds to an informa-
tion depth of 350 nm. Additionally, only the re-
flexes are shown in GIXRD, which have the correct
orientation. As a consequence, the fraction of the
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Figure 7.10: CEM spectrum of the RPLD sample

. The CHy/chamber pressure is given in the graph.

Table 7.5: Mossbauer fitting results of the RPLD film, deposited at room temperature: (f - area fraction
(error), mean values of (0) - isomer shift, (A) - the quadrupole splitting for the paramagnetic subspectra,
(€) the quadrupole splitting for the magnetic subspectra, B - hyperfine field).

CHy part f @) (A) (e oA (B) oB
pressure
[Pa] [%] [mm/s] [mm/s] [mm/s] [T] [T]
ferro-l  4.1(58) -0.04 0.02 5.0(12) 0.3(12)
106 ferro-h  93.4(74) -0.04 0.02 15.6(12)  8.5(15)
para 2.5(45) -0.10 0.10 0.05

amorphous phase could be very small in compari-
son to the crystallites. In contrast, CEMS is sen-
sitive to the whole film and thus the volume frac-
tion of amorphous phase and crystallites are differ-
ent as observed in GIXRD. As a consequence, the
CEM spectrum is dominated by the spectrum of the
amorphous phase.

Carbon content was derived by RBS measure-

400 . . . . ,
——AISI 316
——RPLD film
ke
© 300+ bulk T
> /
-O /
_g 200 .
©
% 10° Pa
2 1004 K .
0 . . ; ; ;
200 300 400 500 600 700 800
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Figure 7.11: RBS spectra of the RPLD films. The
CH,4/chamber pressure is given in the graph.

ments, which are depicted in Fig. 7.11.

A carbon content of 14(2) % is found, which is about
45 % less than in carburized stainless steel films pre-
pared by Magnetron-sputtering [7,91]. Another fea-

ture is the decrease of the Mo content (under 1 %),
whereas the Ni content is simultaneously increasing.

7.2.2 Modification of the nucleation
model

This could be another confirmation of the nucle-
ation model presented in 6.2.6: as mentioned above,
this sample shows the beginning of the formation of
the disordered NizC phase. During deposition the
Mo atoms insert long range diffusion and are hin-
dering phase, but not completely. Inhomogeneities
in the inserted long range diffusion allow the forma-
tion of nano-crystallites, while the carbon is solving
into the matrix. In this stage of nucleation, the Mo
atoms were re-sputtered, which leads to a diminu-
tion of Mo in the film of under 1 % and Ni content
increases.

At a critical carbon content of 10-15 %, the
metastable - but disordered - NigC phase is formed
and the carbon diffusion is fully established (in-
serted by the Mo atoms at the beginning of the
deposition process and which are additionally hin-
dering the nucleation process by establishing higher
atomic mismatches through higher probabilities of
coordination). As a consequence, the Mo content
rises again to the target stoichiometry. For films
with thicknesses above 250 nm (like those deposited
in 6.2), the Mo decrease in the first 30-50 nm is not
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commensurable by EDX.

In the course of deposition, more and more carbon is
adsorbed, which leads to the formation of graphite
and spin-glassy phases. Thus, for films with higher
thicknesses excessive C contents are observed, but
the critical carbon content seems to be between 10
and 15 %, which is also seen for nitrided samples
(see 6.3 and [134]).

Excessive carbon content can be prevented by
higher laser densities. As a consequence, a Quantel
Brilliant Nd:YAG laser is used for further experi-
ments (its laser density is 4 times higher than that
of the used excimer laser). The results are shown
in the following sections.

Results using the Quantel Brilliant
Nd:YAG laser

7.3 Results for carburized
stainless steel films

pared by RPLD

pre-

The films were reactive sputter-deposited by pulsed
laser deposition (RPLD) with a Brilliant Nd:YAG
laser (A = 1064 nm, pulse duration 5-6 ns, repe-
tition rate 20 Hz) onto amorphous SiO5 substrates
(oxidized Si(100) wafer of 0.5 mm thickness, pre-
cleaned with acetone and oxidized in air, no fur-
ther treatment) utilizing a commercial AISI 316
(X5CrNiMo17-12-2, 1.4401) target. Before depo-
sition, the PLD-chamber was evacuated to a base
pressure of 107 Pa to prevent hysteresis effects.
The laser energy was set to 5 mJ/cm?. The CHy
gas was tuned by the vacuum penning. Thus, to-
tal chamber pressures of 5-107% —1-10~! Pa were
generated. The thickness of the deposited films was
controlled by a quartz microbalance (with a film
density set to 7.89 kg/m?, which is the density of
ATSI 316). The deposition parameters and the re-
sulting thicknesses and growth rates are summa-
rized in Table 7.6.

From these data it is derived that the growth rate
has a parabolic form with increasing CHy/chamber
pressure, which is visualized in Fig. 7.12.

As demonstrated by Mdéssbauer Spectroscopy, the
maximum of this curve indicates the transition to
the amorphous and soft ferromagnetic disordered
NizC phase.

Table 7.6: Total chamber pressure j, deposition
time ¢, real film thickness d (as measured by RBS
after deposition) and derived growth rate g = % for
the carburized RPLD films. All samples were de-
posited at 298 K with a laser energy of 5 mJ/cm?
and a target-substrate distance of 7.5 cm.

sample 7 t d g
[Pa) [min] [nm] [nm/min]
Nd5-5  5-10°° 29:58 130(10)  4.33(37)
Ndl-4 1-107* 34:35 162(10)  4.68(32)
Nd5-4 5-10"% 31:11 243(10)  7.79(41)
Nd1-3  1-107% 31:32 172(10)  5.46(36)
Nd1-2 1-1072 21:29 272(10) 12.66(77)
Ndi-1 1-107!' 21:34  85(10) 3.94(50)
c
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Figure 7.12: Growth rate g as a function of the
CHy/chamber pressure for the room temperature
deposition.

7.3.1 Deposition at room temper-
ature and influence of the
methane gas flow

The methane/chamber pressure was systematically
increased from 5-107° — 1- 10! Pa. For all these
deposited films, the reactive pulsed laser deposited
samples show the typical broad XRD appearance
of amorphous materials; additionally Fig. 7.13 ¢),
e) and f) show appendages of crystalization. The
GIXRD patterns are shown in Fig. 7.13.

Fig. 7.14 shows the position and the width of the
first broad peak for the spectra shown in Fig. 7.13.
There is a clear tendency for peak position and
peak width, where the peak position is decreasing
with increasing CH,/chamber pressure, excerpt the
RPLD sample deposited at 1073 Pa.

Fig. 6.19 summarizes the CEMS measurements of
the samples with CHy/chamber pressure.

They show the typical Mossbauer spectra of amor-
phous materials. All spectra are magnetically split,
even if the hyperfine field in spectrum b) is small. It
seems, that the disordered phase is also here formed,



90

CHAPTER 7. RESULTS FOR PULSED LASER DEPOSITED FILMS

<107 Pa]

100 %

10°Pa |

Intensity

area fraction:

area fraction:
2.6 %

area fraction:
97.4 %

L

area fraction: area fraction:

97.5% 2.5%
864202468 0 10 20 30 40 0,0 0,5 1,0 1,5
v [mm/s] B, [T] A [mm/s]

Figure 7.15: Mossbauer spectra of the reactive sputtered AISI 316 films. The numbers in the graphs

represent the methane gas flow.
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Figure 7.13: GIXRD (2°) spectra of the carburized
RPLD films. The CH4/chamber pressure are given
in the graph.
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Figure 7.14: Peak position and peak width of the
first broad peak in the XRD spectra of the RPLD
stainless steel films.

but the screw thread of the gas inlet was not fine
enough to observe the full transition. The results
of the fitting procedures are presented in Table 7.7.
The Mossbauer results were confirmed by MOKE
measurements. They show the same behavior as
for the spectra presented in 6.2.1.

The EDX analyses of the deposited films revealed
the original composition of the sputtering targets
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Table 7.7: Mossbauer fitting results of the RPLD films, deposited at room temperature with a laser
energy of 5 J/cm? (f - area fraction (error), mean values of (§) - isomer shift, (A) - the quadrupole
splitting for the paramagnetic subspectra, (¢) the quadrupole splitting for the magnetic subspectra, B -

hyperfine field).

CHy part f

@) (A) (e oA (B) oB
pressure
[Pa] [%] [mm/s] [mm/s] [mm/s] [T] [T]
<1073 ferro-1 6.3(12) -0.04 -0.01 3.8(7) 2.0(9)
ferro-h  93.7(55) -0.04 -0.01 25.6(2) 1.3(7)
103 ferro 97.4(22) -0.03 -0.05 4.8(25) 2.7(38)
para 2.6(5) 0.15 0.58 0.24
>10°%  ferro  97.5(12) 0.04 17.2(5)  6.6(4)
para 2.5(3) 0.15 0.58 0.24
within the experimental limits. Unfortunately, the 35 ‘ ‘ ‘ ]
EDX did not allow to accurately determine elements 0\'? 304 1
lighter than oxygen. Therefore, in order to evaluate G
the amount of incorporated carbon, RBS measure- = 251 i
ments were carried out, whose results are shown in 2 20 A
Fig. 7.16. £
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Figure 7.16: RBS spectra of the RPLD films. The
CH,4/chamber pressure is given in the graph.

RBS analysis was already given in Table 7.6. The
carbon concentration of the films as obtained from
the RBS analysis is given in Fig. 7.17.

A clear tendency can be seen, where the C content
increases with e with increasing CHy/chamber
pressure. Furthermore, all samples show moder-
ate carbon contents and the incipient disordered
NizC phase has a C content of 20(5) %. This is
in good agreement with the previous mentioned re-
sults (RPLD film prepared by excimer laser, ni-
trited samples prepared by Magnetron sputtering)
and confirms the modified model.

Nanoindentation was performed by using a Fis-
cherscope HV100 [92] with a Vickers diamond in
order to investigate the influence of nitriding on
the microhardness and the mechanical properties.
The maximum indention force was set to 2 mN.
Four positions were measured for each sample. The
mean values are reported in Table 7.8.

Fig. 7.18 shows the hardness as a function of
carbon content. A clear tendency can be seen,
where the hardness of the RPLD films increase
logarithmical with increasing carbon content and
follows the law:

y = 2.58(19) GPa+ 0.58(9) - In(z) (7.3)

This function approaches asymptotically to the
(Fe,Cr,Ni)3C phase.

All experiments of this section confirm the modi-
fied nucleation model and indicate that the proper-
ties of carburized RPLD films strongly depend on
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Table 7.8: Hardness, Young modulus and C-
content of RPLD AISI 316 films, where j is the
CH,/chamber pressure, E the elastic modulus an v
the poisson ratio.

7 Hardness  Young modulus  C-content
E/(1-v?)

[Pa] [GPa] [GPa] lat. %]
5-10° 3.8(4) 68(2) 8(2)
1-1074 3.2(8) 86(3) 5(2)
1-1074 3.4(5) 54(1) 6(2)
1-1073 3.8(1) 70(8) 8(2)
1-1072 4.3(3) 71(2) 20(2)
1-1071 4.4(7) 68(10) 30(2)
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Figure 7.18: Dependency between Martens hard-
ness and carbon content (as derived from the RBS
analysis).

the laser density and on the resulting crystallinity
of the films.

In the next section, the STPLD technique will be
applied on the formation of amorphous stainless
steel films.

7.4 structures

steel

Self-organized
in carbon-stainless
multilayer films

The films were deposited by Sequential Target
Pulsed Laser Deposition (STPLD) with a Brilliant
Nd:YAG laser (A = 1064 nm, pulse duration 5-6 ns,
repetition rate 20 Hz) onto amorphous SiOs sub-
strates (oxidized Si(100) wafer of 0.5 mm thickness,
pre-cleaned with acetone and oxidized in air, no
further treatment) utilizing a commercial AISI 316
(X5CrNiMo17-12-2, 1.4401) target. Before depo-
sition, the PLD-chamber was evacuated to a base
pressure of 1076 Pa. The laser energy was set to
5 mJ/cm?. The targets were pre-combined in that
way, that area ratios (of stainless steel to carbon) of
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90:10, 80:20, 60:40 and 50:50 were obtained (laser
scan area 20x2 mm on a 25x25 mm STPLD target
- excerpt the 80:20 sample: here the 90:10 STPLD
target was used, the desired area ratio was obtained
by reducing the laser scan area to 10x2 mm). The
thickness of the deposited films was controlled by
a quartz microbalance (with a film density set to
7.89 kg/m?, which is the density of AISI 316). The
deposition parameters and the resulting thicknesses
and growth rates are summarized in Table 7.9.
From these data it is derived that the growth rate

Table 7.9: Deposition time t, real film thickness d
(as measured by TEM after deposition) and derived
growth rate g = % for the STPLD films. All sam-
ples were deposited at 298 K with a laser energy of
5mJ/cm? and a target-substrate distance of 7.5 cm.

sample t d

[min] [nm] [nm/min]
Multi90:10  26:52 495(5) 18.42(76)
Multig0:20  20:37 320(5) 15.52(84)
Multi60:40  25:35  1074(5)  41.98(173)
Multi50:50  18:50 371(5) 19.70(118)

has a Gaussian form with increasing carbon area
fraction, which is visualized in Fig. 7.19.
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Figure 7.19: Growth rate g as a function of the car-
bon area fraction for the room temperature STPLD
deposition.

7.4.1 Deposition at room tempera-
ture and influence of the car-
bon area fraction

The inlay area, and thus the carbon concentration,
was systematically increased from 10 to 50 %. For
all these deposited films, the STPLD samples show
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Figure 7.22: Mossbauer spectra of the STPLD stainless steel films. The numbers in the graphs represent
the stainless steel/carbon area fraction of the STPLD targets.

the typical broad XRD appearance of amorphous
materials, as seen in Fig. 7.20. These diffractograms
show a clear amorphous signature.

Fig. 7.21 shows the position and the width of the
first broad peak for the spectra shown in Fig. 7.20.
There is a clear tendency for peak position and peak
width, where the peak position is decreasing (until
to SS/C 60:40) and is then increasing rapidly. In
contrast, the peak width increases exponentially.

Fig. 7.22 summarizes the CEMS measurements of
the samples with increasing gas flow. They show
the typical Mossbauer spectra of amorphous mate-
rials.

All spectra are - except the 80:20 STPLD sam-
ple - magnetically split and are consistent with

the XRD results in Fig. 7.20. The results of the
single line fitting procedures are presented in Ta-
ble 7.10. The spectra were fitted by hyperfine field
distributions, and with quadrupole splitting dis-
tributions in the paramagnetic state, respectively.
These distributions are attributed to an amorphous
stainless steel carbon-alloy, possibly rich in car-
bon. The quadrupole splittings are broad and close
to the values of the usual carbides and austenite.
Not much information can therefore be taken from
them. Summarizing, predominantly all samples ap-
pear as an amorphous material and show magnetic
behavior.

The paramagnetic behavior of the 80:20 STPLD
sample is assumed to be originated in the reduced
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Table 7.10: Mossbauer fitting results of the STPLD stainless steel samples, deposited at room temperature
with a laser energy of 5 J/cm? (f - area fraction (error), mean values of (§) - isomer shift, (A) - the
quadrupole splitting for the paramagnetic subspectra, (¢) the quadrupole splitting for the magnetic

subspectra, B - hyperfine field).

sample part f &)  (A),(e) oA (B) 0B
%] [mm/s] [mm/s] [mm/s] 1] 1]
90:10  ferrol  60.2(9) 0.01 0.01 77(4)  4.4(14)
ferroh  17.6(5)  -0.01 0.01 25.6(4)  4.3(4)
para 22.2(2) 0.14 0.59 0.29
80:20 para-1 92.3(7) 0.15 0.01 1.00
para-2 7.7(3) 0.15 0.58 0.18
60:40  ferrol 46.6(61)  0.00  -0.11 1.0(10)  10.0(22)
ferroh  30.6(12) -0.09 0.11 24.5(18)  4.1(12)
para 22.8(5) 0.13 0.67 0.29
50550  ferrol  5.1(5) 0.10 0.10 2.6(12)  3.0(22)
ferro-h 46.1(7) 0.10 0.10 11.9(7) 0.1(36)
para 48.8(1) 0.11 0.67 0.32
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Figure 7.23: Polar diagrams of the coercive field H¢

and the relative remanence My /Mg for the STPLD

90:10 (left), the 60:40 (middle) and the 50:50 sample (right).

scan area and, thus, an increase of laser scan speed,
which could be an important parameter (this will
be investigated in the next section).

Mossbauer results were confirmed by MOKE re-
sults, which are presented in Fig. 7.23.

While the samples with 90:10, 60:40 and 50:50 ex-
hibit a MOKE signal, the sample 80:20 does not ap-
pear magnetic in MOKE. The 90:10 sample exhibits
a uniaxial anisotropy at 20° and additionally a six-
fold anisotropy. According to Ref. [88,89], this can
be attributed to epitaxial growth. In contrast to the
90:10 sample, the 60:40 and 50:50 specimens exhibit
fourfold anisotropy. The coercive fields (H¢) differ:
the specimen 90:10 and 50:50 show soft ferromag-
netic behaviour (He & 10 Oe), in contrast to the
60:40 specimen, which show harder ferromagnetism
(He =~ 35 Oe). These observations have now to be
correlated to the carbon content of the film.

The EDX analyses of the deposited films revealed
the original composition of the sputtering targets

within the experimental limits. Unfortunately, the
EDX did not allow to accurately determine elements
lighter than oxygen. Therefore, in order to evaluate
the amount of incorporated carbon, RBS measure-
ments were carried out, whose results are shown in
Fig. 7.24.

The thickness of the films as obtained from the

RBS analysis are in good agreement of those derived
by TEM, which were given in Table 7.9. However,
the RBS spectra show an exceptionally oscillating
behavior.
The oscillating characteristics in the spectra indi-
cate that the films consist of a multilayer system. A
first RBS fitting tool developed for high-resolution
RBS spectra was used to get a concentration depth
profile [142]. As an example, the fitting result for
the 90:10 specimen is illustrated in Fig.7.25.

A periodic sequence of alternating stainless-steel
and C layers can be observed. The thickness of the
steel layer is about 25 nm and that of the carbon
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Figure 7.26: TEM pattern of the STPLD 9010 sample. Left: overview of the sample; middle: HR-TEM
image of film/interface region; right: HR-TEM image of the surface region.
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Figure 7.20: GIXRD (2°) spectra of the STPLD
films. The stainless steel/carbon area fractions are
given in the graph.

layer 15 nm. It can be also seen that the layer thick-
ness of the 80:20 sample is smaller than in the other
samples and that the laser scanning frequency could
be a crucial factor for the multilayer formation,
as already mentioned by Mossbauer Spectroscopy.
Thus, a dependency between film properties such as
magnetism/microstructure and layer growth is as-
sumed. Another problem is presented by the num-
ber of multilayer: by knowing the complete depo-
sition time and the time for one laser scan cycle,
the numer of the multilayer can be estimated. In
all samples this number does not correspond to the
observed numbers of multilayer. This phenomenon
will be discussed later, wherein an induced self-
organizing effect will be revealed.
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Figure 7.21: Peak position and peak width of the
first broad peak in the XRD spectra of the STPLD
stainless steel films.
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Figure 7.24: RBS spectra of the STPLD films. The
stainless steel/carbon area ratios are given in the
graph.

To achieve a higher resolution, high-resolution
Rutherford backscattering spectrometry (HR-RBS)
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Figure 7.25: RBS depth profile of the STPLD 90:10
sample.

measurements were carried out, but no difference
between conventional RBS and HR-RBS was found.
Thus, TEM patterns were taken, which are depicted
in Fig. 7.26.

The TEM patterns of all STPLD samples confirm
the RBS results, but one characteristic can be taken
from them: all samples show a gradually decrease
of the multilayer thickness during deposition and it
seems to be a constant decreasing factor of about
1/3. Also, the quality of the multilayer near the
surface is decreasing. The observed characteristics
are originated in the cavation of the target by the
laser beam, which induces a shift of the laser plasma
plume. For this, experiments using a target-wobbler
system were performed, but as next step a depen-
dency between scan frequency and multilayer thick-
ness is investigated.

7.4.2 Influence of the scan frequency
on the multilayer thickness

To investigate the dependency between scan fre-
quency and multilayer thickness of high-carbon
stainless steel films, STPLD 60:40 and 50:50 targets
were combined in the way as displayed in Fig. 7.1
and labeled as 60:40mod and 50:50mod, respec-
tively.

Drastic changes can be seen in the CEM spectra:
whereas the 60:40 spectrum show both - magnetic
and paramagnetic - sites, the 60:40mod spectrum
exhibit only a broad paramagnetic site indicating a
high carbon concentration. The quadrupole split-
tings are very close to the values of the usual car-
bides, but no further information can therefore be
taken from them. The absence of magnetism is also
observed in MOKE measurements which exhibit no
MOKE signal. The results of the fitting procedures
are presented in Table 7.11.

Also the TEM patterns show significant changes in
the multilayer structure: whereas the 60:40 STPLD
sample show 50 nm thick stainless steel layers and
30 nm C layers, the 60:40mod STPLD sample con-
sists of very thin layers (~4-8 nm), which form a
superstructure of about 25 nm. The TEM pat-
tern for the 60:40mod STPLD sample exhibit a high
amount of diffusion. As a consequence, no clear and
well defined multilayer structure can be seen. Fur-
thermore, no crystallites were seen in the 60:40mod
STPLD sample as seen in TEM patterns of the
60:40 STPLD sample.

TEM results were partiallyconfirmed by RBS. Only
the superstructure can be observed, which has a
layer thicknes of about 25 nm. Noticeable is the
carbon content of 60:40mod STPLD sample, which
was derived by an advanced and enhanced fitting
tool [143]: about 50 % carbon content are observed -
10 % more than in conventional 60:40 STPLD films.
Also here the number of multilayers do not corre-
spond to scan process of the laser beam, but the
discrepancy is not as high as observed in the 90:10
STPLD sample.

As a first conclusion it can be stressed out, that the
modification of STPLD targets lead to the forma-
tion of nano-scaled multilayers.

Fig. 7.28 shows a comparison between the results
of conventional and modified 50:50 STPLD films,
which exhibit similar properties. The CEM spec-
trum of the modified 50:50 STPLD film do not re-
veal magnetic properties (as also observed for the
60:40mod STPLD film). The paramagnetic site is
broad; even broader than the site in the 60:40mod
STPLD film and also indicating a higher carbon
content. The CEMS results were confirmed by
MOKE, which exhibit no MOKE signal. The re-
sults of the fitting procedures are presented in Ta-
ble 7.11.

As seen in the TEM patterns of the 60:40mod
STPLD film, the 50:50mod STPLD film exhibit
a similar multilayer structure, whereas the 50:50
STPLD sample show an alternating multilayer sys-
tem consisting of 30-50 nm stainless steel and
20-30 nm carbon layers. The layers in the
50:50mod sample can be better distinguished than
the 60:40mod STPLD film, but carbon diffusion can
also be observed. The thin layer thickness can be
derived to ~3-6 nm.

RBS results for the 50:50 and 50:50mod STPLS
films are depicted in the bottom of Fig. 7.28 and
exhibit the same superstructure as seen for the
60:40mod film. The superstructure exhibit a layer
thickness of about 20 nm. The median carbon con-
tent of 50 % as shown in the depth profile, was
also observed in the 60:40mod film. The difference
between the 60:40mod and 50:50mod films is the
solved carbon in the steel matrix. Whereas in the
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Table 7.11: Mossbauer fitting results of the 60:40, 60:40mod, 50:50 and 50:50mod STPLD samples,
deposited at room temperature with a laser energy of 5 J/cm? (f - area fraction (error), mean values
of (§) - isomer shift, (A) - the quadrupole splitting for the paramagnetic subspectra, (€) the quadrupole
splitting for the magnetic subspectra, B - hyperfine field).

sample part f &)  (A),(e) oA (B) 0B
%] [mm/s]  [mm/s] [mm/s] 1] (1]
60:40 ferro1  46.6(61) 0.09 0.11 1.0(10) 10.0(22)
ferroh  30.6(12)  -0.00  -0.11 24.5(18)  4.1(12)

para 22.8(5) 0.13 0.67 0.29

60:40mod para 100.0(1) 0.23 0.76 0.44
50:50 ferro1 51(5) 0.10 0.10 26(12)  3.0(22)
ferroh  46.1(7) 0.10 0.10 11.9(7)  0.1(36)

para 48.8(1) 0.11 0.67 0.32

50:50mod  para-1 7.6(13) 0.22 0.58 0.20

para-2  92.5(74) 0.22 0.85 0.49

60:40mod film are only solved 20-25 % carbon in the
metal matrix, 30-35 % are solved in 50:50mod films,
which results in a lower RBS-yield for the 50:50mod
spectrum.

Fig. 7.27 shows a comparison between the results of
conventional and modified 60:40 STPLD films.
Finally it could be shown, that the laser scan fre-
quency has a crucial influence on the formation
of carbon-stainless steel multilayer and that it is
an important parameter to control the multilayer
thickness.
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Figure 7.27: Comparison between conventional and modified 60:40 STPLD films: Maossbauer spectra
(top); TEM pattern (middle) and RBS spectra with calculated depth profile (bottom).
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Figure 7.28: Comparison between conventional and modified 50:50 STPLD films: Mdssbauer spectra
(top); TEM pattern (middle) and RBS spectra with calculated depth profile (bottom).
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7.4.3 Thermal stability of carbon-
stainless steel multilayer films

Vacuum annealing of carbon-stainless steel
multilayer films In order to analyze the ther-
mal stability of carbon - stainless steel multilayers,
vacuum annealing at a temperature of 973 K for 1
hour was performed for the 90:10 STPLD film.
Fig. 7.29 shows the XRD pattern of the vacuum an-
nealed 90:10 film.

The GIXRD pattern exhibit two crystallized
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Figure 7.29: GIXRD (2° incidence angle) spectrum
of the post-vacuum annealed STPLD film. Phase,
annealing temperature and time are given in the
graph.

phases: the v-(Fe,Cr,Ni) phase (¢ = 0.359(2) nm)
and the BCC o-(Fe,Cr,Ni) (¢ = 0.892(3) nm),
which corresponds to the FezoCrigNizMor steel. As
a consequence, magnetic subspectra are expected in
the CEM spectrum, which is depicted in Fig. 7.30
[144].

The CEM spectrum reveals, that the post-vacuum

SS/C 90:10
T, (1h)=873K

=
2 2
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£
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Figure 7.30: CEM spectrum of the post-vacuum
annealed 90:10 STPLD film.
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Figure 7.31: TEM patterns of the post-vacuum an-
nealed 90:10 STPLD film.

annealed 90:10 film is in the paramagnetic state in
contrast to the as-deposited 90:10 sample, which
exhibit both magnetic and paramagnetic subspec-
tra. The hyperfine parameters after annealing for
1 h are well-defined, correspond to austenite and
are presented in Table 7.12.

The differences in CEMS and XRD can be ex-
plained by the unequal information depths of both
methods (CEMS: ~ 150 nm; 2° GIXRD: ~ 350 nm).
As a result, the magnetic o-(Fe,Cr,Ni) phase can
only be observed in deeper regions, as detected by
GIXRD.

This is confirmed by TEM which is illustrated in
Fig. 7.31 and which show, in contrast to the as-
deposited 90:10 film, that the multilayer structure
pry open (and thus no clear multilayer system is
observed) due to carbon diffusion during annealing.
Furthermore, a segregation of the metal atoms to
the film/substrate interface can be seen. An EDX
analysis showed that the composition of the film
has changed dramatically. In addition, the compo-
sition is not homogenous in the film; every dark area
in the TEM pattern has another composition, but
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Table 7.12: Mossbauer fitting results of the STPLD stainless steel samples, deposited at room temperature
(90:10,44) and after post-vacuum annealing (90:10,,,): f - area fraction (error), mean values of (J) - isomer
shift, (A) - the quadrupole splitting for the paramagnetic subspectra, (¢) the quadrupole splitting for the

magnetic subspectra, B - hyperfine field.

sample  part 7 RG] oa (B o5
(%] [mm/s] [mm/s] [mm/s] [T] [T]
00:104q  ferrol  60.2(9) -0.01 0.01 77(14)  4.4(14)
ferro-h  17.6(5) -0.01 0.01 25.6(4)  4.3(4)
para 22.2(2) 0.14 0.59 0.29
90:10pva para 100.0(1) 0.19 0.58 0.25
700 propriate technique to improve the properties of
600 AlISI 316 i carbon - stainless steel multilayers. As a conse-
5001 R . y . 1 quence, the influence of substrate temperature dur-
90:10 as-deposited ing deposition has to be investigated. The results of
400 7 90:10 @ 873 K 1h | those experiments are presented in the next section.
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Figure 7.32: RBS spectra of the post-vacuum an-
nealed and as-deposited 90:10 STPLD film. the
depth profile of the post-vacuum annealed can be
found at the bottom

as indicated by GIXRD, the Mo concentration is
higher than in the initial target. This could be due
to different diffusion constants of the metal atoms.
RBS measurements were carried out to derive the
carbon content. The results - spectra and depth
profile - can be seen in Fig. 7.32.

RBS confirms the TEM results. A broad multi-
layer structure can be seen in the spectrum for the
post-vacuum annealed film with varying layer thick-
nesses, which can be also observed in the calculated
depth profile. The carbon content approximates the
content as seen in the as-deposited 90:10 film.
Summarizing, post-vacuum annealing is not an ap-

Influence of the substrate temperature on
the properties of carbon - stainless steel mul-
tilayers To investigate the influence of substrate
temperature on the properties of carbon - stainless
steel multilayer, a 90:10 film with a substrate tem-
perature of 673 K was deposited.

The GIXRD pattern, as shown in Fig. 7.33, exhibit
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Figure 7.33: GIXRD (2° incidence angle) spectrum
of the 90:10 STPLD film deposited with an sub-
strate temperature of 673 K.

the typical shape of amorphous materials. Whereas
the peak position has not changed (in compari-
son to the 90:10 film deposited at room tempera-
ture), the peak width has decreased indicating ap-
pendages of crystallization. This can also be seen
for higher 26-values, where small peaks protrude
from the amorphous underground (and could pos-
sibly be attributed to an a- and a y-phase. As a
consequence, the film could be nano-crystalline.
The CEM spectrum is depicted in Fig. 7.34.

Some significant changes can be observed for the
90:10 film deposited with a substrate temperature
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Figure 7.34: CEM spectrum of the 90:10 STPLD film deposited with an substrate temperature of 673 K.

Table 7.13: Mossbauer fitting results of the 90:10 STPLD stainless steel samples, deposited at room
temperature and at 673 K (f - area fraction (error), mean values of (J) - isomer shift, (A) - the quadrupole
splitting for the paramagnetic subspectra, (¢) the quadrupole splitting for the magnetic subspectra, B -

hyperfine field).

T part f (&) (A),(e) oA (B) B
[K] [%] [mm/s] [mm/s] [mm/s] [T] [T]
298 ferrol  60.2(9) -0.01 0.01 77(14)  4.4(14)
ferro-h 17.6(5) -0.01 0.01 25.6(4) 4.3(4)
para 22.2(2) 0.14 0.59 0.29
673 ferro-l  47.0(50) 0.11 0.03 3.9(3) 2.9(4)
ferro-h  14.2(10) 0.11 0.03 18.5(7)  2.0(4)
para 38.8(2) 0.15 0.58 0.20
of 673 K. Although, the film exhibit a magnetic split 700
sextet, but its area fraction is decreased in compar- % 600 AISI 316
ison to the 90:10 film depos?ted at room temperg— < 500 7 900T =298 K
ture. Furthermore, changes in the hyperfine distri- 3 400 o
bution can be seen: whereas in the room tempera- N 3001 wo 90:10 T = 673K
ture film the probability for bigger fields is higher, g 200 .
the film deposited at 673 K exhibits a hiher proba- 5
bility for small fields, which could be attributed to Z 1007
i - i 0 - - : : ,
an amorphous stainless steel carbon-alloy, possibly 200 300 400 500 600 700 800

rich in carbon. The amount of the quadrupole split-
ting is here increased indicating a transformation to
austenite or carbides. due to the broadness of the
quadrupole splitting, no more information can be
taken from them. The results of the fitting proce-
dures are presented in Table 7.13.

Although the CEM spectrum exhibit magnetically
split sextets, no MOKE signal is detected. Since
MOKE is sensitive to the first 5-10 nm, it is reason-
able to assume, that the magnetic grains are found
in deeper regions.

Again RBS measurements were carried out to in-
vestigate the carbon content and to get a first esti-
mation about the multilayer structure. The results
are presented in Fig. 7.35.

The carbon content in the sample deposited at
673 K is verisimilar to that film deposited at room
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Figure 7.35: RBS spectra of the 90:10 STPLD film
deposited at 298 and 673 K. The depth profile of
the film deposited at 673 K can be found at the
bottom.
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Figure 7.36: TEM patterns of the 90:10 STPLD sample deposited at 673 K. Left: overview of the sample;

right: HR-TEM pattern.

temperature. The depth profile show well defined
multilayer, which are verisimilar in thickness. Also
the decrease of the multilayer thickness seems to be
less severe than in room temperature depositions.
The beat in the oscillation at a depth of 300-500 nm
is not a result of diffusion processes in deposition,
but can be rather attributed to straggling effects
during the RBS measurement.

RBS results were confirmed by TEM patterns,
which are shown in Fig. 7.36.

Except for small waves between the layer interfaces
of carbon and stainless steel, the multilayer struc-
ture is well defined; even better than in room tem-
perature deposition. Small crystallites can be ob-
served in the HR-TEM image, but no SAD patterns
could be taken indicating the poor thermal stability
of the grains, which is in good agreement to the re-
sults for post-vacuum annealed samples (an electron
beam, focussed between 5-30 keV, induces structure
modifications in a mostly amorphous metal matrix
up to 20 nm; as a consequence the grains can dis-
appear). As indicated by RBS, the decrease of the
layer thickness to the surface is less severe than for
room temperature depositions.

Summarizing, the deposition at higher substrate
temperatures leads to an improvement of the layer
thickness and homogeneity. Future experiments
should find the ideal substrate temperature to de-
posit clear and well defined carbon - stainless steel
multilayer.

7.4.4 The quality of the carbon-
stainless steel multilayer

As mentioned in the previous section, substrate
temperature has a non insignificant influence on the
multilayer structure. Thus, it is necessary to char-

acterize the morphology of the multilayer systems
and to find methods to improve their properties.
From an industrial point of view, multilayer systems
at the nano-scale would be interesting. As derived
from the TEM analysis, the 50:50mod STPLD film
seems to answer this purpose. As a consequence, X-
ray reflectivity (XRR) experiments were performed
and analyzed with the IMD extension pack of the
XOP X-ray optics software toolkit [145,146]. The
result is depicted in Fig. 7.37.

The analysis exhibits a superstructure, which is
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Figure 7.37: X-ray reflectivity pattern of the

50:50mod STPLD film.

corresponding to the RBS results. The superstruc-
ture has a thickness of 28 nm and consists of 10
layers (alternating carbon and stainless steel). The
roughness o of each layer was fitted using a diffu-
sion profile with or ~ 2 nm. The repetition rate of
the superstructure is NV = 12. As a consequence of
this, the quality of the multilayer derived by XRR
is very poor, but a tendency can be found regarding
the RBS and TEM results.
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The 60:40mod sample showed a verisimilar multi-
layer structure compared to the 50:50mod sample,
but the diffusion of carbon and stainless steel was
even higher. The RBS pattern of the 80:20 sample
(which was fabricated with the 90:10 target with
a reduced laser scan area and, thus, an increased
scan frequency) showed a superstructure with sim-
ilar measures, as well. As a consequence it is rea-
sonable to assume, that the increase of the scan fre-
quency induces a self-organizing effect, which leads
to this superstructures. This is investigated more
exactly in the next section.
As mentioned above, all samples show a decrease of
the layer thickness during preceding deposition. As
a result, a wobbler system of the target holder was
developed. This system allows a controlled wob-
ble of the target to prevent the cavation of the tar-
get. Here a wobble-angle of wye, = 3° from the
rest position was chosen. Under this conditions,
the 50:50mod film was deposited, which is labeled
in the following as 50:50modwob.
Fig. 7.38 shows the RBS result of the 50:50modwob
film.

In contrast to the other 50:50 films, the 50:50mod-

500 : : : :
% _AISI 316
$-4001
- 50:50
_§300‘ { 50:50mod ]
C_GZOOA 50:50 i
g mod
O wob
= 100+

O . . . . '
200 300 400 500 600 700 800

E [keV]
X 1.0

e

= 0,8

>

(&]

S 0,61

% "™ | 1st superstructure  2nd superstructure
D04 50:50modwob
= N\~ stainless steel
() b

2 0,2< carpbon

)

©

o 0.0 , : : : ;

— 600 500 400 300 200 100 0

Depth [nm]

Figure 7.38: RBS spectra of the 50:50, 50:50mod
and 50:50modwob STPLD film deposited at 298 K.
The depth profile of the 50:50modwob STPLD film
can be found at the bottom.

wob film exhibit a broad oscillation in the RBS
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spectrum. On closer inspection, more small os-
cillations can be seen on the broad ones. In fact,
the depth profile of the 50:50modwob film exhibits
two superstructures: a small one, which was already
seen in modified samples with a thickness of 25 nm,
and a new one with a thickness of 120-130 nm de-
noted by the semicircle in the depth profile. Since
the 50:50modwob depth profile has the form of the
depth profile of the post vacuum annealed 90:10
sample, a pry opened multilayer structure is ex-
pected. Unfortunately, the TEM patterns of this
sample were not available until completion of this
work and, thus, no further remarks can be done.
The properly aim to synthesize uniform multilayer
structures has failed. Thus, the cavation of the tar-
get and the resulting shift of the laser plasma plume
should be prevented by reducing the energy density
of the laser (reducing via Q-switch or by increasing
the target-substrate distance).

7.4.5 Self-organization and nucle-
ation model of carbon-stainless
steel multilayer films

The RBS spectra of all multilayer structured
STPLD films indicated a self-organization of the
films given that the number of multilayer as de-
rived by TEM did not correspond to the laser scan
process of the target.

Therefore, an EDX line scan of the 90:10 and
50:50mod STPLD films were carried out. The curve
progression was the corrected by the Cliff-Lorimer
equation [73]:

Iy=Cy-ka (7.4)

where I4 is the number of X-rays generated for, C'4
the concentrations and k4 the Cliff-Lorimer sensi-
tivity k-factor for element A.

Note: as a consequence of the insufficient sen-
sitivity of the EDX detector to elements lighter
than oxygen, no relative frequency could be derived
(caused by the inappropriate carbon k-factor).
Thereafter, the result was correlated with a time to
space diagram of the scan process convoluted with
the laser spot diameter (& = 2 mm). Fig. 7.39 il-
lustrates this for the 90:10 STPLD film.

At first glance, no correspondence between layer
thickness and locality of the laser beam can be
made. Although, the maximum of the carbon layers
correspond to the moment when the laser spot hits
the graphite inlay of the target, but the thickness
does not comply.

As recently as the convolution of the laser beam on
the time to space correlation (TTSC) is taken into
account, a weak signal of a superstructure can be
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Figure 7.39: EDX-time to space correlation dia-
gram of the 90:10 STPLD film. The dashed line
corresponds to the situation, in which the laser spot
hits the graphite layer of the target.

seen (as indicated by the red semicircles). This su-
perstructure corresponds very well to the observed
TEM multilayer structure. As a first summary, it
is reasonable to assume, that the phenomenon ob-
served in carbon - stainless steel multilayers is an
induced self-organization: the alternating scan pro-
cess of the target induces long range diffusion, which
leads to segregation of carbon and the metal atoms,
instead of forming carbides. As for inert sputtered
stainless steel films, also here the Mo atoms can re-
distribute and induce long-range diffusion.

Note: if the observed phenomenon is based
on a target scan effect, the multilayer structure
should correspond to the distance/time between
two dashed lines in the EDX TTSC diagram and
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25 nm superstructure
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Figure 7.40: EDX-time to space correlation dia-
gram of the 50:50 STPLD film. The dashed line
corresponds to the situation, in which the laser spot
hits the graphite layer of the target.

the carbon layer should be very small (a few nano-
meters). This is not the case.

Fig. 7.40 shows the EDX TTSC diagram for the
50:50mod film.

Just as seen for the 90:10 EDX TTSC, a superstruc-
ture due to the convolution of laser beam and TTSC
can be seen. Its thickness corresponds very well
to the XRR, RBS and TEM results and is about
25 nm. The number of dashed lines is significant
higher than the number of multilayers caused by
an exclusive scanning effect. As a consequence, the
self-organization is also induced by the scanning of
the target.

Nucleation model of carbon-stainless steel
multilayer films Now the question arise, on
which nucleation model are the observed multilayer
structures based on?
As indicated by the TTSC diagrams, the self-
organization in carbon - stainless steel multilayer
is induced. First, the nucleation of the 90:10 film is
discussed. Therefore, an estimation of the plasma
ion energies is needed: by mapping the target volt-
age during deposition, an estimation of the plasma
ion energies of the ablated target atoms can be ob-
tained by taking the first derivative of the curve,
which is shown for the 90:10 target in Fig. 7.41.
As a consequence, the adatoms have barely suf-
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Figure 7.41: Ton distribution of the plasma ions of
the 90:10 target.

ficient energy to adsorbate. By the reduction of
energy, the influence of the Mo atoms seems to be
more severe than in reactive sputtered films. No
solidification occurs and benefits the carbon diffu-
sion in the metal matrix. Local carbon inhomo-
geneities were induced via the target scan process.
This induces local diffusion gradients which leads
to an self-organizing effect and which promotes the
decomposition of carbon and stainless steel and as-
sists multilayer formation.
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Fig. 7.42 illustrates the plasma ion distribution of
the 50:50mod target.
In contrast to the plasma ions of the 90:10 target,

lon distribution of the 50:50mod target

counts [a.u.]

Figure 7.42: Ton distribution of the plasma ions of
the 50:50 target.

the plasma ions of the 50:50mod target show con-
siderably higher energies. As a result the nucleation
gets more complicated given that ion implantation
has to be taken into account.

In this case, the beginning of the nucleation is quite
the same: Mo triggers a long-range diffusion and
allows a carbon diffusion through the metal ma-
trix. Via a SRIM simulation [95] an implantation
depth of carbon into stainless steel (and vise versa)
of about 3 nm is found. This implantation leads to
a locally rearrangement which hinders the overall
carbon diffusion in the matrix, but not complete.
As a consequence the size of the superstructure is
reduced. The ion implantation could lead to op-
posing diffusion gradients in the nano-scale regime,
which could lead again to a self-organization and
the formation of multilayer by decomposing carbon
and stainless steel.

As mentioned above, all films show a decrease of
the multilayer thickness during deposition process,
which is caused by the cavation of the target. As
a consequence, the laser plasma plume shifts and
the deposition rate drops during deposition. Thus,
no linear deposition rate can be assumed as done
in the beginning. In fact, the deposition rate is
higher than the calculated value and drops expo-
nentially. The calculated value only constitutes a
median value.

Finally, the formation of carbon - stainless
steel multilayer with high-carbon concentrations
were synthesized and crucial parameters, such as
graphite-inlay thickness and, thus, the scan speed
and substrate temperature determined. Now the
question arise, if this procedure can be transferred
to other elements and in which way the multilayer
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thickness is influenced for different elements.
For this, experiments with pre-combined Al and Ti
STPLD targets were performed.

The RBS results for the Al/C 60:40mod film is de-
picted in Fig. 7.43.

Also here, a multilayer structure can be seen. How-
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Figure 7.43: RBS spectra of the Aluminum bulk
material and the Al/C 60:40mod STPLD film
deposited at 298 K. The depth profile of the
Al/C 60:40mod STPLD film can be found at the
bottom.

ever, the depth profile exhibit pry opened multi-
layer structure, which is very surprising. Since it is
known that carbon is not very solvable in Al, a well
defined structure was expected. On the other hand,
the depth profile is not very reliable given that for
film thicknesses, as observed here, marginal energies
were achieved, in which the resolution is influenced
by effects like straggling etc.

Nevertheless, a layer thickness of Al could be de-
rived to about 15 nm, whereas the carbon layer are
only 5 nm in thickness. In comparison to carbon
- stainless steel multilayer, the thickness has de-
creased. This is another hint for self-organization.
If the formation is only based on a scan effect, for
all elements the same multilayer structure would be
expected given that the multilayer structure would
only depend on the preparation of the target (and
all targets were pre-combined in the same way).
Fig. 7.44 shows the RBS results for Ti multilayer.
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In comparison to all multilayer films prepared from
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Figure 7.44: RBS spectra of the Titanium bulk
material, the Ti/C 90:10 and the Ti/C 60:40mod
STPLD films deposited at 298 K. The depth pro-
file of the Ti/C 90:10 and of the Ti/C 60:40mod
STPLD film can be found at the middle/bottom.

STPLD targets, Ti/C multilayer exhibit the clear-
est RBS oscillations indicating a well defined mul-
tilayer structure for films deposited at room tem-
perature. In deed, this is confirmed by the depth
profiles. A layer thickness of Ti could be derived
to about 20 nm, whereas the carbon layer are only
10 nm in thickness - still being smaller than in car-
bon - stainless steel multilayer.

Fig. 7.45 shows the dependence between multilayer
thickness and atomic number at constant carbon
content. For this, all films, which were prepared by
the same STPLD target configuration were summa-
rized, viz. SS/C-, Al/C- and Ti/C 60:40mod films.
A clear tendency can be seen, where the layer thick-
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Figure 7.45: Dependence between multilayer thick-
ness and atomic number at constant carbon con-
tent. Here, the thicknesses of SS/C, Al/C and Ti/C
60:40mod samples are summarized.

ness - both metal and carbon - is increasing ex-
ponentially with increasing atomic number. Even
these would not be expected, if the multilayer for-
mation were only based on a target scanning effect
(it should be constant). This indicates again a self-
organizing effect.

By the introduction of the STPLD technique, a
new induced self-organizing effect was found. First
experiments showed crucial processing parameters,
but more experiments have to be done, to under-
stand the complete process and to achieve films,
which can be used for industrial application. There-
fore, experiments with varying laser energy should
be carried out to synthesize multilayer films, which
layer interfaces are sharper (e.g. to use those films
in the electronic industry as conducting paths or for
X-ray mirrors by achieving sufficient crystallinity).
Furthermore, a wide range of elements should be
used to fabricate STPLD films to investigate the
evolution of multilayer thickness to obtain an em-
pirical formula for this phenomenon.

As next step, the STPLD method is applied to other
inlays, e.g. boron-nitride, to investigate, if multi-
layer systems can be formed with other materials
and if amorphous films can be obtained. The next
section will discuss those results.

7.5 Results for boron -
planted and boro -
trided stainless steel films

im-
ni-

The films were prepared by different methods: (1)
conventional stainless steel samples (X5CrNiMo17-
12-2, 1.4401; size 10x10 mm) containing 1, 3 and
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6 at.% boron were prepared by ion implantation at carbon area fraction [;’/o]
the IONAS accelerator facility in Gottingen. Us- —_ 9 10 20 30 40 0
ing SRIM [95], fluences for different energies were £ 1004 1
calculated, to form implantation profiles with the g
desired B contents. The parameters are summa- g 801 1
rized in Table 7.14.  The implantation profiles are '6' 60 i
©
c 404 g
Table 7.14: Implantation fluences for stainless steel -E
samples containing 1, 3 and 6 at.% for different im- O 204 .
plantation energies. The samples are labeled as 1P, o
3P and 6P. — %0 © 90 80 70 60 50 40
keV] P e 6P stainless steel area fraction [%]

200 1.2 101 4.0 -10® 8.0 -10T°

130 7.5 -10*® 2.0 -10'® 3.8 .10'¢ : . :
o5 65 101 20 .10 40 .10 Figure 7.47: Growth rate g as a function of the

30 3.2 .10 85 .10° 1.5 .10'° boron-nitride area fraction for the room tempera-
14 15 15 oL
15 85 -10 4.0 -10 8.5 -10 ture STPLD deposition.

1.2 T T T —————

(2) Films were deposited by Sequential Target
Pulsed Laser Deposition (STPLD) with a Brilliant
1 Nd:YAG laser (A = 1064 nm, pulse duration 5-6 ns,
repetition rate 20 Hz) onto amorphous SiOs sub-
strates (oxidized Si(100) wafer of 0.5 mm thickness,
. pre-cleaned with acetone and oxidized in air, no
further treatment) utilizing a commercial AIST 316
100 200 300 400 500 (X5CrNiMo17-12-2, 1.4401) target. Before depo-
Depth [nm] sition, the PLD-chamber was evacuated to a base
' ' ' i pressure of 1076 Pa. The laser energy was set
to 5 mJ/cm?. The targets were pre-combined in
that way, that area ratios (of stainless steel to
boron nitride) of 90:10, 85:15, 80:20, 60:40mod and
50:50mod were obtained (laser scan area 20x2 mm
on a 25x25 mm STPLD target - excerpt the 80:20
sample: here the 90:10 STPLD target was used,
the desired area ratio was obtained by reducing the
laser scan area to 10x2 mm). The thickness of the
100 200 200 200 00 deposite'd films was con.trolled by a quartz microbal—
Depth [nm] ance (with a film density set to 7.89 kg/m3, which
i i is the density of AISI 316). The deposition parame-
ters and the resulting thicknesses and growth rates
are summarized in Table 7.15.
From these data it is derived that the growth

concentration [%]

0,0

3,5 T

concentration [at%]

T

Table 7.15: Deposition time ¢, real film thickness d
(as measured by RBS after deposition) and derived
growth rate g = % for the STPLD films. All sam-

concentration [at%]

0 ; ; ; , ples were deposited at 298 K with a laser energy of
100 200 300 400 500 9 .
Depth [nm] 5 mJ/cm? and a target-substrate distance of 6.5 cm.
sample t d g
) . [min] [nm] [nm/min]
Figure 7.46: Implantation profiles calculated by SSB90:10 39:15  325(5)  8.28(38)
SRIM for stainless steel 1 tai 1.3 and SSB85:15 36:07  285(5)  7.89(52)
or stainless steel samples containng 1, 3 an SSB%0:20 3559 244(5)  9.03(55)
6 at.% boron. SSB60:40mod  10:43  876(5)  81.74(877)

SSB50:50mod  10:38  734(5)  69.03(735)

shown in Fig. 7.46.
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rate has a Gaussian form with increasing carbon
area fraction, which seems to be characteristic for
STPLD processes. The correlation between groth-
rate g and inlay fraction is visualized in Fig. 7.19.

7.5.1 Results for the implanted steel
samples

To confirm the calculated boron content, RBS
measurements were performed on the implanted
stainless steel samples. The results are shown in
Fig.7.49.

As expected, the RBS spectra show exactly the

500 T N T T T T
§4oo< 1
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Figure 7.48: RBS spectra of AISI 316 samples im-
planted with 1, 3 and 6 at.% boron.

calculated boron content.
XRD shows well defined reflexes. Three different
phases can be seen in all samples: the 7-(Fe,Cr,Ni)
phase - remnants from the original starting mate-
rial, the a-(Fe,Cr,Ni) phase - typically observed af-
ter ion implantation as a result of ion mixing, and
the (Fe,Cr,Ni)sB. To derive the (Fe,Cr,Ni)3sB con-
tent, a peak analysis was performed. For clarity,
only the pattern and peak analysis of the 6P sam-
ple is shown.

Also here, the observed area fractions correspond
to the implanted boron contents.
The CEM spectra are summarized in Fig. 7.51.
The spectra reveal both magnetically split sextets
and paramagnetic sites. The fitted distributions
are in good agreement to the XRD measurements.
The hyperfine field distribution consist of two com-
ponents, one corresponding to «-Fe with a ran-
dom neighborhood (consisting of Cr, Ni and Mo)
and one component which could be attributed to
(Fe,Cr,Ni)3B or (Fe,Cr,Ni)sB borides [147]. The
quadrupole splittings also confirm the XRD results,
which exhibit a component corresponding to the
original target material, and one which corresponds
to the formation of austenite. The results of the

1400

(321) (Fe,Cr,Ni)3B
1200 +~(Fe,Cr,Ni)
= a-(Fe,Cr,Ni)
& 1000- S
O, N
2> 8001 <
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c 600 S R
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Figure 7.49: GIXRD (2°) spectrum and peak anal-
ysis of the AIST 316 sample implanted with 6 at.%
boron.

H (Oe)

M/M

Figure 7.50: Polar diagrams of the coercive field H¢
(top) and the relative remanence My /Mg (bottom)
of AISI 316 sample implanted with 1 at.% boron.

fitting procedures are presented in Table 7.16.
These Mossbauer results were confirmed by MOKE
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Figure 7.51: Mdssbauer spectra of the implanted AISI 316 films. The numbers in the graphs represent

the implanted boron concentration.

measurements. Figure 7.50 shows the result of the
MOKE measurement of the AISI 316 sample con-
taining 1 at.% boron. The other samples show sim-
ilar MOKE measurements.

No clear anisotropy can be identified, but it
seems to be a mixture of a uniaxial and a four-
fold anisotropy indicating phase transformations
form a- to y-phase and vise versa. The uniaxial
anisotropy is usually seen after ion implantations.
This behavior could also be due to magnetostriction
effects by stresses in the film. The coercive field Heo
of all samples is approximately 80 Oe.
Summarizing, no amorphization of the boron im-
planted stainless steel samples was obtained, but
rather a crystallization of borides due to the implan-
tation of boron and a phase transformation from -
to a-phase due to mixing effects during implanta-
tion. As next step, higher boron contents will be
incorporated by the STPLD technique. The results
are presented in the next section.

7.5.2 Results for boro-nitrided stain-
less steel films

Deposition at room temperature and influ-
ence of the boron-nitride area fraction The
inlay area, and thus the carbon concentration, was
systematically increased from 10 to 50 %. For all

) )
BN area fraction [%] o
5 10 20 30 40 50 60,
o)
9 445 —O—peak width| ©O
(@) It ——peak pos D
o) N
° . =
@ 44,04 3
N =
‘E' I
S 43,51 <
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=
D 425 : : : : : 22
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stainless steel area fraction [%] 8_

Figure 7.52: Peak position and peak width of the
first broad peak in the XRD spectra of the STPLD
films.

these deposited films, the STPLD samples show the
mostly broad XRD appearance of amorphous ma-
terials, but also a reflex corresponding to boron-
nitride can be seen indicating a crystallization of
BN-grains. The XRD spectra are resembled in
Fig. 7.53. Fig. 7.52 shows the position and the
width of the first broad peak for the spectra shown
in Fig. 7.53. There is a clear tendency for peak
position and peak width, where the peak position
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Table 7.16: Mdossbauer fitting results of the boron implanted AISI 316 samples, deposited at room
temperature (f - area fraction (error), mean values of (§) - isomer shift, (A) - the quadrupole splitting
for the paramagnetic subspectra, (€) the quadrupole splitting for the magnetic subspectra, B - hyperfine

field).
sample part f &)  (A),(e) oA (B) 0B
[%] [mm/s] [mm/s] [mm/s] [T] [T]
P ferro-1 1205 0.05 0.03 25.8(6) 1.109)
ferro-h  28.2(12) -0.05 0.03 30.7(4)  10.1(44)
paral 55.4(32) -0.09 0.14 0.12
para2 15.2(9) 0.10 0.58 0.25
3P ferro1 35(3) 0.02 0.10 21.2(22) 0.6(2)
ferro-h  19.6(15) -0.02 0.10 30.4(12) 2.0(4)
paral  52.9(55) -0.11 0.15 0.08
para2 24.0(17) 0.11 0.58 0.20
6P ferro-1 5.8(7) 0.03 0.06 24.7(74) 2.0(9)
ferro-h  33.4(22) 0.03 0.06 31.5(12)  15.3(48)
paral  45.2(49) -0.08 0.16 0.15
para2  15.6(11) 0.13 0.58 0.34
800/ ‘ ‘ ‘ ] and oxidized stainless steel films. The only dif-
] QQ%\ SS/BN 90:10 ] ference seems to be the absence of a component
600 \A\
400 with higher hyperfine fields. The remaining com-
] ponent with small hyperfine fields - and the only
588 i one observed in boro-nitrided stainless steel films
SS/BN 85:15 - can be assigned to the FeB phase [147]. No-
6001 ] ticeable is, that the formation of the FeB phase
Y 400*“% needs a minimum boron content of 50 %. How-
Q. 200/ Wi bt ever, the films which show this amorphous phase
L, SS/BN 80:20 are deposited from STPLD targets, which should
_..?‘1 000 1 deposit a maximum B content of 20 %. As a conse-
2 b tion took place during depo-
quence, a boron segrega p g dep
C 4
[} 500 JM - . sition or areas have been locally formed with boron
-— v o
c 01 . 1 content of nearly/over 50 %. The films deposited
1000 SS/BN 60:40mod | 4 | the SS/BN 60:40mod and SS/BN 50:50mod
"J targets exhibit a doublet structure in their spec-
tra. This could be attributed to a incorporation of
100. ! more nitrogen out of the boron-nitride inlay of the
1000, SS/BN 50:50mod | target. Another possibility could be, that the ob-
served doublet structure could be attributed to a
J Fe,B1go—z- As a fact, that the XRD patterns only
100/ exhibit a broad appearance (and thus, that of amor-

30 40 50 60 70 80 90
26 [°]

Figure 7.53: GIXRD (2°) spectra of the carburized
films. The stainless steel - boron nitride area frac-
tions are given in the graph.

is decreasing linear with increasing boron-nitride,
whereas the peak width has a parabolic form indi-
cating different phase transformations.

Fig. 7.54 illustrates the CEM spectra of the STPLD
films, which show the transition from a phase and
which is verisimilar to the amorphous and soft fer-
romagnetic phase observed in carburized, nitrided

phous materials), no further remarks can be done
and none of the two possibilities can be limited as
more probable. The results of the fitting procedures
can be found in Table 7.17.

Figure 7.55 shows the result of the MOKE mea-
surement of the SS/BN 90:10 STPLD film. It
exhibits only a fourfold anisotropy, which is nor-
mally observed after phase transformation from a
bee to fee phase or vice versa [89,98]. The coer-
cive field was derived to 66 Oe. Actually, a soft
ferromagnetic phase was expected. This indicates,
that the missing high-hyperfine field component in
the Mossbauer spectra is attributed a spin glassy
phase containing Fe, which surrounds the found dis-
ordered NigC phase. All other STPLD samples ex-
hibit a verisimilar behavior like the 90:10 film.
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Figure 7.54: Mossbauer spectra of the STPLD stainless steel films. The numbers in the graphs represent
the stainless steel/boron-nitride fraction of the STPLD targets.
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Figure 7.55: Polar diagrams of the coercive field Hc
(top) and the relative remanence My /Mg (bottom)
of SS/BN 90:10 STPLD sample.

To evaluate the amount of incorporated boron
and nitrogen, RBS measurements were carried out,
whose results are shown in Fig. 7.56.

Due to the limited limited mass resolution of RBS,
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Figure 7.56: RBS spectra of the STPLD films. The
stainless steel /boron-nitride area ratios are given in
the graph.

elements lighter than oxygen can not be accurately
determined. However, a trend can be pointed out.

As seen in the CEM spectra, RBS exhibit a verisim-
ilar boron and nitrogen content (20 %) in the 90:10,
85:15 and 80:20 STPLD films. The reduction of the
yield of the STPLD films indicates a boron-nitride
surface layer of a few nano-meters. Generally, more
boron than nitrogen can be observed in all films and
the hypothesis of locally enriched boron domains
seems to be confirmed. However, more important
is the fact, that no oscillations can be observed in

the RBS spectra. This indicates that the films ex-
hibit no multilayer structure.
Fig. 7.57 illustrates the TEM pattern of the
SS/BN 80:20STPLD film.

Noticeable problems can be seen: 1) several BN

Figure 7.57: TEM pattern of the SS/BN 80:20
STPLD film. The two numbers in the pattern indi-
cate the position, where the histograms were taken.

pieces are distributed through the film and 2) a
weak multilayer structure can be observed. To con-
firm this, histograms were taken which are depicted
in Fig. 7.58.

The histograms confirm a very weak multilayer
structure, which is difficult to see in the TEM pat-
tern due to the similarity of the compositions of the
multilayer. The thickness of the "metal rich” layer
is about 3 nm and 10 nm of the "metal poor” layer,
respectively. Thus, the layer thickness can not be
resolved by RBS.

Now the question arise, which mechanism hinders
multilayer growth: possibly, there are two factors,
which are hindering. The first factor could be the
inlay material, the boron nitride. As described
above, the STPLD process induces diffusion. Since
the inlay material consists of two elements, compet-
ing diffusion processes could be induced, which are
hindering multilayer growth. However, the more
probable factor seems to be the BN droplets, which
are distributed through the film. Droplet formation
is due to hydrodynamic instabilities generated dur-
ing laser-induced melting and ablation [45]. There
are four different mechanisms, which lead to droplet
formation: 1) the expansion velocity of the laser
plasma plume induces surface capillary waves; 2)
Rayleigh-Talyor instabilities, caused by multiple-
pulse irradiation, which lead to the motion of the



114

CHAPTER 7. RESULTS FOR PULSED LASER DEPOSITED FILMS

Table 7.17: Mossbauer fitting results of the boron implanted AISI 316 samples, deposited at room
temperature (f - area fraction (error), mean values of (§) - isomer shift, (A) - the quadrupole splitting
for the paramagnetic subspectra, (€) the quadrupole splitting for the magnetic subspectra, B - hyperfine

field).
sample part f (@) (A),(e) oA (B) oB
[%] [mm/s] [mm/s] [mm/s] [T] [T]
90:10 ferro  5.2(15) 0.05 -0.02 12.0(16)  1.4(7)
paral  75.8(22) 0.01 0.34 0.56
para2 19.0(11) 0.10 0.55 0.26
85:15 ferro  11.3(2) 0.01 -0.03 11.9(9) 0.9(11)
paral  74.5(11) 0.49 0.09
para2 14.2(4) 0.02 0.55 0.69
80:20 ferro 6.9(1) 0.12 0.03 10.0(8) 1.0(2)
paral  43.4(22) 0.03 0.10 1.54
para2  49.7(14) 0.03 0.58 0.43
60:40mod _ferro 1.5(7) 0.05 0.03 9.2(19)  L.1(9)
para 95.5(13) 0.19 0.65 0.35
50:50mod  ferro 2.6(1) 9.2(19) 1.1(9)
para 97.4(13) 0.21 0.67 0.42
2080 v v v ——— During multilayer growth, nucleation usually takes
2060 Histogram 1 ] place on top of terraces where the geometry of the
2040 diffusion process is well defined [148]. Thus, droplet
2 deposition prevents multilayer growth.
92020 Summarizing, the boro-nitriding of stainless steel
0 2000 lead to a verisimilar amorphous phase, which was
1980 observed in carburized, nitrided and oxidized stain-
° less steel films. The difference between these amor-
1960 phous phases is found in magnetism. Whereas
1940 the amorphous phase in magnetron and RPLD de-
0 e 10 15 20 o5 posited exhibits two magnetic components and is
range [nm] soft ferromagnetic, the boro-nitrided amorphous
2080 phase exhibits only one magnetic component, which
' ' ' ' 'Histo'gram'2 could be identified as FeB phase and the coercive
2060 ] field is by a factor of 10 higher. This indicates, that
2040 : the missing high-hyperfine field component in the
2 2020 Mossbauer spectra is attributed to a spin glassy
g 2000 phase containing Fe, which surrounds the by EX-
8 1980 AFS identified disordered NisC phase. As a con-
o) sequence, the low-field components in carburized,
1960 nitrided and oxidized stainless steel films can pos-
1940 sibly attributed to stoichiometric FeX phases.
1920 The STPLD process of multi-component inlays (in

0 5 10 15 20 25 30 35
range [nm]

Figure 7.58: Histograms taken from the positions
shown in the SS/bn 80:20 TEM pattern.

target liquid from valleys of capillary waves. This
leads to an increase of corrugation and centrifugal
forces near the hills cause droplet formation. 3)
Kevin-Helmholtz (shear flow) instabilities and 4)
Necking and formation of solid particulates [45].

Here, the second mechanism is more probable.

this case boron-nitride) showed the decrease of
the Ability of Multilayer Formation (AMF) by in-
ducing competing diffusion processes. These pro-
cesses could possibly hinder the formation of grains
with spin glassy properties. Hence, future STPLD
experiments should be only performed with one-
component inlays, until the STPLD process is com-
pletely understood.
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7.6 Summary of the pulsed
laser deposited films

In all respects, the pulsed laser deposition of Fe-
based amorphous films exhibit new properties and
a huge potential for technical applications. Future
experiments should especially be focussed on films
prepared by the STPLD technique. Their films
show new properties, which can be controlled by
the processing parameters: laser beam density, scan
velocity, inlay composition and -thickness.
Whereas the magnetron sputtering technique failed,
the in this work presented STPLD technique suc-
ceeded: by pre-combining an ARMCO target with
an graphite inlay, the prediction of Lee et al. [9],
that a NaCl-type FeC phase can be formed, could
be confirmed. Films with 20 nm in thickness were
directly deposited on TEM grids and immediately
TEM analyzed. A Fe-C bond length of 0.229(3) nm
and, thus, a lattice parameter of ag = 0.458(6) nm
was obtained. This is in good agreement with
Lee’s predictions (bond length 0.236 nm and ag =
0.473 nm). Unfortunately, the synthesization of sto-
ichiometric FeC films failed, which could be origi-
nated in inter-diffusion with the a-SiOs substrate
[140] or by a thickness effect [141].

The STPLD of stainless steel - graphite targets
lead to the formation of self-organized multilayer
films. Together with the solidification disturbance
induced by Mo atoms, carbon diffuses through the
metal matrix. Local carbon inhomogeneities were
induced via the target scan process. This induces
local diffusion gradients which leads to an self-
organizing effect and which promotes the decom-
position of carbon and stainless steel and assists
multilayer formation plus the formation of super-
structures. By increasing the ion energies by in-
creasing the scan velocity, an additionally implan-
tation of the target materials lead to a locally re-
arrangement which hinders the overall carbon dif-
fusion in the matrix, but not complete. As a con-
sequence, the size of the superstructure is reduced.
The ion implantation could lead to opposing diffu-
sion gradients in the nano-scale regime, which could
lead again to a self-organization and the formation
of multilayer by decomposing carbon and stainless
steel.

The STPLD technique was also used, to synthesize
Al/C and Ti/C multilayer. As a consequence, an
exponential correlation between the layer thickness
and the atomic number of the metallic component
of the target was found.

Unfortunately, the growth mechanism is not fully
understood and several experiments have to be car-
ried out to find an empirical formula.

As next step, the inlay material was varied and
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boron-nitride was used. The boro-nitrided stainless
steel film exhibit a verisimilar amorphous phase,
which was observed in carburized, nitrided and ox-
idized stainless steel films. The difference between
these amorphous phases is found in magnetism.
Whereas the amorphous phase in magnetron and
RPLD deposited exhibits two magnetic components
and is soft ferromagnetic, the boro-nitrided amor-
phous phase exhibits only one magnetic component,
which could be identified as FeB phase and the coer-
cive field is by a factor of 10 higher. This indicates,
that the missing high-hyperfine field component in
the Mossbauer spectra is attributed to a spin glassy
phase containing Fe. As a result, harder magnetism
is observed.

Surprisingly, the synthesization of SS/BN STPLD
films only revealed a weak AMF, which could be
due to the deposition of BN-droplets. These par-
ticulates offer potential wells, on which the adsor-
bents nucleate. As a consequence, multiayer growth
is hindered.

Also RPLD films exhibit the amorphous and soft
and ferromagnetic phase. With the aid of this pro-
cess, the nucleation model was confirmed and fur-
ther improved.

Laser deposition showed various aspects of carbide
formation and exhibit many new properties of iron
and stainless steel films. As a consequence, the
PLD technique (and especially the STPLD) demon-
strates high potential and should be pressed ahead
to focus on the development on new materials.






Chapter 8

FEL surface processing

For technical applications, surface processing is
sometimes more convenient (concerning layer thick-
nesses, machining time, time expenditure etc.) than
thin film deposition. Furthermore, the STPLD
process and the magnetron-sputtering technique
exhibit solidification times and cooling rates as
crucial factors for film and layer microstructure.
For this, FEL surface processing experiments for
AISI 310 and AISI 316 were performed at the Jef-
ferson lab. The processing parameters can be found
in Table 4.1. As reactive gas nitrogen was used
(pchamber =1 -10° Pa)
Light microscope images of the AISI 310 and
AISI 316 samples after FEL surface processing are
depicted in Fig. 8.1.

The melt pool convection determined tracks can

Figure 8.1: Light microscope images of the FEL
surface processed stainless steel samples. Top: AISI
310; bottom AISI 316.

be clearly seen. Detailed information about the ni-
trogen transport mechanism and flow behavior in
the melt are available in [149].
Fig. 8.2 shows the XRD patterns of the surface pro-
cessed samples.

Both samples exhibit the -(Fe,Cr,Ni) structure.

N ——AISI310
Q’\ ——AISI 316
1~(Fe,Cr,Ni)
> S
= Q
ah NY
T
)
-— 3 N
£ N4 & i
LY
) A .
40 50 60_ 70 80 90 100
20 [°]

Figure 8.2: GIXRD (2°) spectra of the FEL nitrid-
edfilms. The stainless steel - boron nitride area frac-
tions are given in the graph.

The lattice parameters are derived to ap, arsr310 =
0.3600(2) nm and ap, 47571316 = 0.3595(1) nm.
By using the equation

a=3572A+0.7Axc) (8.1)

where ¢); is the nitrogen concentration, the nitrogen
solved in the y-phase can be obtained from the XRD
patterns [150]. The ¢}, value found for the AISI 310
steel was derived to ¢}, = 4.0 % and ¢}, = 3.3 % for
the AISI 316 sample, respectively.

The CEM spectra are illustrated in Fig. 8.3.

A single line analysis showed in both case three
subspectra: two of them are corresponding to the
original steel material and one subspectrum corre-
sponds to the formation of a Fe;_,N, phase. The
results of the fitting procedures can be obtained in
table 8.1.

The nitrogen concentration ¢} can also be derived
from the doublet subspectra by calculating a bino-
mial distribution with n = 2 [151]. The obtained ¢},
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Table 8.1: Mossbauer results for FEL nitrided stainless steel samples (8 - isomer shift, A - the quadrupole
splitting for the paramagnetic subspectra, € the quadrupole splitting for the magnetic subspectra, B -
hyperfine field, T - line width (HWHM), f - area fraction).

sample subspectrum 5 Ae B T f
[mm/s] [mm/s] [T] [mm/s] [%]
AIST 310 TN 20.05(1) _ 0.10(5) 0.13 55.0(14)
y4+N 0.65(27) 0.13 5.0(80)
Fei_ N, 0.38(7) 0.13 40.0(13)
ATSI 316 7N -0.05(4)  0.12(2) 0.13 58.9(41)
y4+N 0.68(6) 0.13 11.2(33)
Fe; N, 0.35(4) 0.13 29.9(40)
1,085 FEL31b N 500 . . . . .
+
2 i) AISI 316
1,066 "® 400+ . 1
> L AISI 316 + N
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N
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1026 Figure 8.4: RBS spectra of the FEL nitrided
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Figure 8.3: Mossbauer spectra of FEL nitrided
ATSI 310 and AISI 316 samples.

values are ¢}, = 9.4 % for AISI 310 and ¢}, = 7.2 %
for AISI 316. These values are by a factor of two
greater than those derived from the XRD pattern.
This might be due to the fact, that the equation 8.1
is only valid for nitrogen in Fe. Thus, 8.1 is only
an approximation for nitrided stainless steel films.
Unfortunately, no XRD patterns with well defined
reflexes were obtained in this work to derive a new
correlation.

As a consequence, RBS measurements were carried
out, which are shown in Fig. 8.4.

Here, the nitrogen concentration is verisimilar
than that derived by Mdssbauer Spectroscopy. For
AIST 310 a median value of ¢, = 9.8 % and
ck = 8.1 % for AISI 316, respectively were found.
Furthermore, an oxide surface layer was found in
both samples, which should have influence on the
hardness of the films.

ATSI 310 and AISI 316 samples.

Microhardness of FEL nitrided stainless steel
samples Nanoindentation was performed by us-
ing a Fischerscope HV100 [92] with a Vickers di-
amond in order to investigate the influence of ni-
triding on the microhardness and the mechanical
properties. The maximum indention force was set
to 1000 mN. Four positions were measured for each
sample. The hardness-depth profiles are illustrated
in Fig. 8.5.

The hardness distribution close to the surface in-

T T T

AISI 310 7
o AISI316 |

1,5 T T

2
Depth [um]

Figure 8.5: Hardness-depth profiles of the FEL ni-
trided AISI 310 and AISI 316 samples.



dicates for both steels hardness values, which can
be attributed to hard oxide layers, which is in good
agreement to RBS.

By using the equation of Jonsson and Hogmark the
hardness and the layer thickness were derived [152]:

HfZHS-i-

2/% - (éﬂ (Hf — Hs)  (82)

where ¢ is the film thickness, H¢, Hc and Hg the
film, the composite and the substrate hardness, d
the indentation depth and k an apparatus constant
due to the geometry of the Vickers diamond of the
indentor (here it was set to 0.14).

For AIST 310, a film hardness of 2.64(3) GPa
and a layer thickness of 4.85(5) pum was found.
For AISI 316, the film hardness was derived
to Hy = 249(2) GPa; the layer thickness to
5.84(40) pm.

In comparison to the hardness values of the
starting materials, the hardness values of the
FEL nitrided stainless steel samples are slightly
increased, but are drastically lower than those of
Magnetron-sputtered stainless steel films. This
could be due to the rapid coagulation of the melt
in this process. As a consequence, the nitrogen
has not enough time to diffuse through the metal
matrix to enhance hardening.

Summarizing, FEL surface processing of stain-
less steel samples lead to the formation of a
well-crystallized surface layers, which have better
tribological properties. Unfortunately, not enough
nitrogen was incorporated and as a consequence,
further experiments have to be done to localize the
parameter range (overlap-parameter, laser energy,
scan speed, chamber pressure etc.) to obtain
amorphous surface layers.
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Chapter 9

Summary and Outlook

The synthesization and characterization of amor-
phous iron and stainless steel films have been the
subject of this work. For this, various aspects
of the carbide, nitride, oxide and boron-nitride
formation and their stability were studied in detail
to localize the parameter range of the metastable
amorphous state in the given systems.

Intrigued by the predictions of Lee et al. [9], inert
sputtering from a pre-combined FesoCso was used
to synthesize the stoichiometric NaCl-type FeC
phase via Magnetron-sputtering. Unfortunately,
geometric effects of the target -configuration,
hysteresis effects and re-sputtering constitute
severe problems to the deposition process. As a
consequence of this, the Magnetron sputtering
technique seems not to be suitable to synthesize
the stoichiometric FeC phase, but the films exhibit
carbon contents, which exceed the maximum
solubility limits in known carbides. As a result,
reactive sputtering of stainless steel - by using
methane, nitrogen and oxygen as reactive gas - was
performed to synthesize amorphous films or quasi
metallic glasses based on conventional steels.

For carburized samples, following results were
obtained. All carburized samples showed a broad
appearance in the GIXRD patterns revealing the
character of amorphous materials. The magnetic
properties investigated by means of Mossbauer
Spectroscopy and MOKE showed the formation of
various phases and carbides at a sputtering temper-
ature of 298 K. In addition a new amorphous and
soft ferromagnetic phase was observed. For this
phase, a median hyperfine field of < B >=10.3 T
with a width of ¢ = 6.1 T was obtained from
the P(B) distribution of the Mdossbauer analysis.
The soft ferromagnetic character was derived
by MOKE, which revealed a coercive field of
approximately 4 Oe. Furthermore, vacuum an-
nealing of this phase showed the carbide reaction
M7Cg — M23CG — MGC

To characterize the microstructure of the new
amorphous and soft ferromagnetic phase, DSC,
FIM, TEM and EXAFS experiments were carried

out for carburized samples.

DSC, FIM and TEM showed the quasi metallic
glass behavior of these phase, but the microstruc-
ture could only be explained by the EXAFS
analysis, which revealed a disordered NizC phase.
The magnetism of this phase could be predicted by
a LMTO model [119], the order of magnetism could
be explained by a core-shell model, describing the
nano-particles as consisting of a ferromagnetically
core and a disordered surface shell [121,122].
These experiments confirmed a pre-suggested
model, which is based on thermodynamical and
kinetic remarks of Lu et al. [13] and of Lux and
Haubner [113]: the present Fe-based alloy is
associated with the deep eutectic point of the
Fe-C system. It is well known that compositions
around the deep eutectic point are ideal for glass
formation in many systems. As a result, glass
formation is greatly favored thermodynamically.
Further, the minor addition of Mo could promote
glass formation in the Fe-C system by suppressing
the formation of the primary phase and hindering
grain growth. Because of their limited solubility
in Fe carbides, the molybdenum atoms must
redistribute and long-range diffusion is required
upon solidification. The introduction of a reactive
sputtering gas - here the carbon from methane
- additionally disturbs the nucleation process by
establishing higher probabilities of coordination.
This leads to simultaneous rearrangement of
different species of atoms, which suppresses the
formation of competing ordered phases. As a
consequence, phases outside the equilibrium can be
formed like the disordered trigonal NizC phase.

To proof the transferability of this model to the
p-block elements N and O, the reactive Magnetron-
sputtering technique was used to deposit nitrided
and oxidized sample. Indeed, both systems re-
vealed the same amorphous and soft ferromagnetic
phase.

As shown in Fig. 6.51, the FeN system can be
understood as a perfect Gibbs system in the
given parameter range, wherein the FesN phase
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represents the minimum of that system. Combined
with the shown tendency obtained for the reactive
gas flow, any given phase - from amorphous to
crystalline - can be reached for Magnetron-nitrided
stainless steel films. In fact, amorphous and
crystalline phases, such as the new amorphous and
soft ferromagnetic and ZnS-type +"'-(Fe,Cr,Ni)N
phase, were observed.

In contrast, Fig. 6.61 exhibit the FeO system as a
Gibbs plot of a multi-phase system, in which the
transition from the amorphous state (domain I) to
the crystalline phases (domain II - the formation
of FeO, FeyO3 oxides) is depicted. In contrast
to the carburized and nitrided amorphous and
soft ferromagnetic phase, Mdssbauer Spectroscopy
and RBS of the oxidized phase indicated the
participation of Fe-oxides. As a consequence, the
model for the amorphous state for carburized and
nitrided samples can not be applied in the same
form for oxidized samples.

According to He et al. [118] and Kodama et
al. [135], NiFexO4 cores surrounded by spin-glassy
surface shells would satisfy the observed results.
This hypothesis has to be proven in upcoming
EXAFS experiments.

Reconsidering all experiments, it is reasonable
to assume, that the model mentioned above is
transferable to all p-block elements.

As next step, the verifiability of the model con-
cerning the synthesization mode was investigated.
Therefore, the PLD technique was chosen to
synthesize high-carbon iron and stainless steel
films. For this purpose, the STPLD technique was
developed to enlarge the advantages of the PLD.
Until the introduction of STPLD, either precasted
PLD targets had to chosen or complex rotating
target systems were in use. Now, the material
and area fraction of the STPLD inlay extend the
number of processing parameters.

Whereas the magnetron sputtering technique
failed, the in this work presented STPLD technique
succeeded: by pre-combining an ARMCO target
with an graphite inlay, the prediction of Lee et
al. [9], that a NaCl-type FeC phase can be formed,
could be confirmed. Films with 20 nm in thick-
ness were directly deposited on TEM grids and
immediately TEM analyzed. A Fe-C bond length
of 0.229(3) nm and, thus, a lattice parameter of
ap = 0.458(6) nm was obtained. This is in good
agreement with Lee’s predictions (bond length
0.236 nm and a9 = 0.473 nm). Unfortunately,
the synthesization of stoichiometric FeC films
failed, which could be originated in inter-diffusion
with the a-SiOg substrate [140] or by a thickness
effect [141].

The STPLD of stainless steel - graphite targets
lead to the formation of self-organized multilayer

CHAPTER 9. SUMMARY AND OUTLOOK

films. Together with the solidification disturbance
induced by Mo atoms, carbon diffuses through
the metal matrix. Local carbon inhomogeneities
were induced via the target scan process. This
induces local diffusion gradients which leads to
an self-organizing effect and which promotes the
decomposition of carbon and stainless steel and
assists multilayer formation plus the formation of
superstructures. By increasing the ion energies
by increasing the scan velocity, an additionally
implantation of the target materials lead to a
locally rearrangement which hinders the overall
carbon diffusion in the matrix, but not complete.
As a consequence, the size of the superstructure is
reduced. The ion implantation could lead to op-
posing diffusion gradients in the nano-scale regime,
which could lead again to a self-organization and
the formation of multilayer by decomposing carbon
and stainless steel.

The STPLD technique was also used, to synthesize
Al/C and Ti/C multilayer. As a consequence, an
exponential correlation between the layer thickness
and the atomic number of the metallic component
of the target was found.

Unfortunately, the growth mechanism is not fully
understood and several experiments have to be
carried out to find an empirical formula, which
describes the multilayer thickness.

As next step, the inlay material was varied and
boron-nitride was used. The boro-nitrided stainless
steel film exhibit a verisimilar amorphous phase,
which was observed in carburized, nitrided and ox-
idized stainless steel films. The difference between
these amorphous phases is found in magnetism.
Whereas the amorphous phase in magnetron and
RPLD deposited exhibits two magnetic compo-
nents and is soft ferromagnetic, the boro-nitrided
amorphous phase exhibits only one magnetic
component, which could be identified as FeB phase
and the coercive field is by a factor of 10 higher.
This indicates, that the missing high-hyperfine field
component in the Mdossbauer spectra is attributed
to a spin glassy phase containing Fe. As a result,
harder magnetism is observed.

Surprisingly, the synthesization of SS/BN STPLD
films only revealed a weak AMF, which could be
due to the deposition of BN-droplets. These par-
ticulates offer potentials, on which the adsorbents
nucleate. As a consequence, multilayer growth is
hindered.

Also RPLD films exhibit the amorphous and
soft and ferromagnetic phase. With the aid of
this process, the nucleation model was confirmed
and further improved. Furthermore, STPLD
and RPLD confirmed the independence of the
nucleation model on the preparation mode of the
films.



For comparison, the amorphization behavior of
surface treated samples was investigated. There-
fore, FEL experiments at the Jefferson lab were
carried out, wherein the nitrogen incorporation
was assisted by laser beam radiation.

FEL surface processing of stainless steel sam-
ples lead to the formation of a well-crystallized
~-(Fe,Cr,Ni) surface layer. FEL treatment of
AISI 310 improved the hardness. A film thickness
of of t = 4.85(5) pum and H; was derived to
2.64(3) GPa. For AISI 316, the film hardness
was derived to Hy = 2.49(2) GPa; the layer
thickness to 5.84(40) pm. Thus, the FEL revealed
its most important advantage: an extremely fast
treatment process which allows the formation of
functional layers in the micron-scale. However,
further experiments have to be done to localize the
parameter range (overlap-parameter, laser energy,
scan speed, chamber pressure etc.) to obtain
amorphous surface layers.
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