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Chapter 1

Chapter 1

INTRODUCTION

1.1Thin films

A coating is a layer of a material that covers the surface of an object and that has a thick-
ness that is much smaller than the extension of the layer in the two dimensions parallel to

the surface. Generally, coatings are used to introduce functionalitigaduifying proper-

ties and adding extra ones to a material. \Akeibwn is the coating of materials simply for
decorative purposes. Paint layers form one of the first and most used examples of that

type of coating. The precise origins of the applicatiopaiht are unknown, but what is

clear, is that they must be very old. The oldest documeriigdrative paintings are esti-

mated to be at least@000 years ol 3, which is in thePaleolithic also known as the old

stone ageThe nonfigurative paintings go back in tareven before the habitation of mod-

ern humans in Eurofe¢ KA Yy SNJ Of  4asSa 2F O2lF GdAay3a | NB
FAfYaédd ¢KS FANRG (y26y UGKAY YSGFttAO FAL Y:
in the middle bronze age. They were found in Egyptian tombs as the decoradivey @f

death maskssarcophagand burial attribute$. In time, the types of thin films and their
applications have grown into a wide variety and they can be found all around us, making
GKSY 'y S&aaSydaAalt LI NI 27F {2 Fappbc&ians ofN® RdzO G &
metal films are to be found inhousehold mirros that consistof a glass plate covereat

the rear sideby a thinreflective metal film, andn the protective layers on touch screens

of laptops and smartphone&a many practical applications, thinetal coatingsare de-

posited on objects by straightforward techniques, suchhasdip galvanizingthermal

sprayirg, electroplatingand sherardizing

In materials science, a thin film is loosely defined as a layer of material with a thickness

up to several micrometersn thisthesislg A f £ | RRNXaa (GKS NBIAYS | f
0§KAY FAft Yanhefimsthave atickniess 2nfaller than 20 nm. Generally, a cheap

inner material covered by a thin film of a more sophisticated or expensive material pro-

vides anattractive way to combine the bulk properties of the inner material with the
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superior surface properties of the coating. Applications of this approach are essential not
only for decorative purposes, but also to obtain superb corrosion resistatwénprove
electrical conductiofé, to reduce friction and enhance wear resistafié® to reach high
emissivity for infrared radiatio¥!4 and to combine these properties with special opti-
cal>1% magneti¢’®and mechanical behavist In a growing number of applications, for
example in the semiconductor industry, thin metallic films are not primarsed as coat-

ings, but as essential functional device components, e.g. in microchips. In some applica-
tions, thin metal films are employed as freanding membranes, without the support of

a substraté®?

Many properties of thin films are dictated or influenced by their internal structure. Thin
metallic films usually do not take the form of a single crystal. Instead, most thin metallic
films are polycrystalline, i.e. thegonsist of large numbers of differentbriented, single
crystalline grains. Together, the grain boundaries that separate the small crystallites, form
a network of locations where the perfect crystalline structure is interrupted. These defects
make the meal films mechanically vulnerable in comparison with their (hypothetical) sin-
gle-crystalline counterparts. Grain boundaries can also act as preferred channels for atoms
and molecules to invade and traverse the material, so that chemical processes such as
oxidation and other forms of corrosion take place not only at the outer surface, but also
at the grain boundaries. The grainy micand nanostructure of thin metal films often
resultin surface roughness, simply becaeseh individual grain at the surfacéthe film

tends to evolve towards its own equilibrium shape instead of connecting to the grains that
surround it in a flat and atomically smooth configuratiérOn the small scale, this makes

the surface of golycrystallindilm look more like a cobblestone road than a smooth pave-
ment. As we will discuss below, the polycrystalline structure also plays a rble mor-
phological instabilities that thin films can undergo.

As the surfaces and grain boundaridghun, polycrystalline films affect many of the film
properties, the deposition, structure and evolution of thin films are subjects of intense
investigation in materials and surface science. A common and conceptually straightfor-
ward method to produce thimetal films is atorrby-atom deposition. In this thesis, we

will restrict ourselves to this class of deposition methods, which we will elaborate on in
Chapter 3. In relation to the instabilities mentioned above, the film morphology can be
affected bythe heating of the metal film, even when the temperature is kept far below
the melting point of the metal. The extreme surfaimevolume ratio establishes a power-

ful driving force for morphological changes that can result in extreme consequences, such
as dewettng and agglomeration.

In this thesis, | will put a large emphasis on one particular aspect, dewetting. This behavior
can be regarded as the opposite of wetting, which is the tendency of one material to
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completely cover another material. Instead, in theseaf dewetting, the outer material

tends to break up. This can be observed on the macroscopic scale, for example when water

on a glass window forms droplets instead of a continuous film. For the thin films in this
GKSaAaz (G§KS RAYS dramueh/smallé But tiiefuSderhig piyids iS thei Q
same. Dewetting turns the film into a collection of separate thdgmensional islands on

the substrate, in full equivalence to water droplets on glass. Dewetting can be observed

when the temperature is igh enough to enable the large amount of atomic motion that

is required for these morphological changes; how high the temperature needs to be for a
FAEY 2F F &ALISOATAO YIFIGSNRAIEZ NRdZAKt& &0k f Sz

Figurel.1 Schematic illustration of a polycrystalline thin film on a substrate. Pane|8las-

trate grain boundary grooving from the surface inwards, whasmed demonstrate the same
mechanism in combination witthe void formation and grain boundary grooving the inter-

face between the film and the substrate. In both cases, the film no longer covers the substrate

Ay GKS FAYLFE O2y FAIdzNI G A 2 Reéphnted filohm QéR3. A & NB F S NNE
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Like most other diffusion phenomena, dewetting is a thermally activated process. It is ac-
tive already at and below room temperature, albeit that it may proceed so slowly at those
temperatures that it escapes the observation. In a number of calegetting can already

take place during the deposition of a thin film, as a direct consequence of the mobility that
the deposition process itself introduces. For the physical vapor deposition (PVD) process
that is often used for the ultrathin films thatra under investigation in this thesis, the
transient mobilities of the arriving atoms correspond to typical migration distances below
one nanometer, which are sufficiently short not to enable the films to dewet already dur-
ing the deposition stage.

In order to understand the wetting properties of thin films, we need to inspect them from
a thermodynamic perspective. Drivirlige wetting or dewetting is the reduction of the
total surface and interface free energy of the fiptussubstrate system. Thaigace free
energy quantifies the freenergy investment that is required to form a unit area of that
surface out of a continuous, thregimensional bulk arrangement of the same material.
This accounts for the loss of interatomic or intermolecular inteoad across the inter-
face, which may be partly compensated by rearrangements at and close to the surface.
Nevertheless, for most materials, the surfaces and interfaces come with positive free en-
ergies, which means that the materials tend to minimize theaarof their surfaces and
interfaces.

Yy

Figure 1.2The equilibrium shape of a material that covers a substrate incompletely, with a
O2y 4l OG Fy3atS *pBnZ O2NNBA&LRYRA)Yalade2quaktiGhs SG G Ay =
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Energy minimization of a thin film on a solid substrate leads to the ¥bapgce equa-
tion?4,

oo é (L)

wherer ,r andr are free energies per unit area of the surface of the substrate material,
the surface of the thin film material and their interface, respectively, althe equilib-
rium contact angle (Fig.2). When— T, the equilibrium solutiorcorresponds to a ge-
ometry with incomplete coverage of the substrate by the overlayer or, in other words, to
dewetting. When, on the other hand, the stability condition is satisfied;

r rr,(12

the film-substrate combination minimizes the totaée energy by simply covering the sub-
strate completelywith a continuous film, i.e. by complete wetting.

In this thesis, we concentrate on Mo and Ru thin films on a Si(100) substrate with a native
oxide. Below, you can find the reported free energieslein surfaces of Mo, Ru, Si, and
SiQ, for their most prominent surface orientations. Unfortunately, Mo and Ru thin films
on a Si or Sig3ubstrate danot satisfy the stability condition for a wetting film. Even when
they would be deposited in a configuration, in which they completely cover the substrate,
they should break up and dewet, when provided with sufficient mobility to rearrange
themselves, similato a water film on a glass surface.

Primary driving forces for dewetting atiee reduction of thecombination of thenterfacial
energies othe thin film-substrateinterface the substrate surface and the surface of the
thin film, possibly complementedy the reduction in the energy involved in the mechani-
calstressbetween the film and the substraté Ths stresscanresult from the different
coefficiens of thermal expansion of the substrate and the thin filwhich possibly puts
the film understrair®®. Especially for the thin metal films on the Si substrate, the thermal
expansion coefficient is, generally, 2 to 3 tinnggher for the metals. In the case of a native
oxide, this difference is reaching almost an order of magnitude. TaBlehbws the coef-
ficient of thermal expansions for Ru, Mo, Si ant:SiO
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Material Surface| Surface free energy Reference
(I/n)
Mo 110 2.92 %
Mo 100 3.34 %
Mo 211 3.11 25
Mo 111 3.24 %
Ru 100 3.32 26
Ru 111 2.90 26
Si 111 1.40 27
Si 100 2.14 28
Si 110 1.52 28
SiQ 100 0.52 2
(native oxide)

Table 1.1Surface free energies at room temperaturetted materials that arehe subject of
this thesis.

Coefficient of thermal expansio
Material 0 > Y P RY)Y Reference
Ru 6.4 st
Mo 4.8 st
Si 2.6 82
SiQ 0.56 32

Table 1.2Coefficient of thermal expansion for the materials that are the subject of this thesis.
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There are various scenarios for the dewetting of a thin film that, ideally, would start out
from an initially flat and continuous configuration. It can be shown on theoretical grounds,
that afreestandingsheet of material is intrinsicallynstable with respect to equilibrium
fluctuations in thickness with wavelengths that exceed a certain length g¢his scale is
directly related to the surface free energy of the material and the thickness of th&%iim

35, This means that, given a sufficient amount of time, spontaneous, lengeelength
thickness variations are bound to reduce the film thickness locally to zero. At that point,
the finite contact angle~-dictated by the Youngaplace equation fom non-wetting film,

will stabilize the zerdghickness region andnablethe film break open further. In addition

to this scenario, most thin films contain specific locations where the energy barrier is re-
duced®2 NJ GKS F2NXIFGA2Y 2F GKS FANRG WK2fSaQ i
0S NB3IFINRSR a4 WRST¥SOGaQ FyR OFy 2NR3IAYLFGS
structure of the substrat&38, but mostly come from the geometry and atonrsicale struc-

ture of the thin film itsef*®. A dominant class of such defects is related to the strong ten-
dency that was mentioned above, for most metals to crystallize. This organizes most metal
films into conglomerates of small crystallites, all with different orientations, which intro-
duces grain boundaries where these grains are in contact with each other. These grain
boundaries can be regarded as internal surfaces and, like the other intsrfadbe sys-

tem, a free energy cost is associated with each of them. Thin films tend to minimize this
cost by introducing height variations at their surfaces, with grooves decorating the grain
boundaries and thus minimizing their areas. When provided witfiicient mobility, for
example at elevated temperatures, this grain boundary grooving can proceed from the
surface althe way down to the substraté<*?, as is schematically illustrated in Figaré

(ard). When the interfacial energy betwa the film and the substrate gufficientlyhigh,
additional grooving can even take place from the filubstrate interface, leading to the
formation of voids and again leading to regions where the initially continuous thin film
gets interrupted®*3 In both cases, it is again the value of the equilibrium contact argle
that determines whether or not these regions open up furthedaarct as the starting
points for the dewetting of the film.

Dewetting of thin films can cause problems in the fabricatidrthese filmsor in their
applications, for example in the field of integrated circuits, wrgreh dewettingcan take
place not onlyfor thin metallic film4%4¢, but also for thin films of met silicide$’*¢and
siliconon-insulator (SOI) structuré®™. In some cases, dewatg of thinfilm structures
can be suppressed by using capping lay}éfsby modifying the substrate on which the
thin film is depositeéf, or by using nanoparticl& Unfortunately, no ultimate solution
exists by which dewetting is prevented completely.

A special class of applications in which dewettiag be problematic is formed by the thin
film components that are used in statd-the-art machines for photolithography with



Introduction

extreme ultraviolet (EUV) light (Figute3). These machines are used for the production

of the most refined processor and mematlyips to date. In the context of this technology,

Y9! +Q NBFSNE (2 | o+ @StSy3adK 2F mModp yYd 9
chines that contain thin films are multilayer mirrors and pellicles (Figute The mirrors

are curved and act as lerseThey are used instead of conventional refractive optics that

areof no use at 13.5 nm, because of the extreme absorption they would introduce at this
wavelength. The curved mirrors are decorated with a multilayer stack in order to reach an
acceptable faction of reflected light abr close tonormal incidence. In these stacks, each
interface contributes a small amount to the reflected light amplitude, while a careful
choice of the thicknesses of the layers ensures construatiezferenceof all partialre-

flections at normal incidence. At 13.5 nm, Si and Mo are used for these multilayer struc-
tures in view of their combination of acceptable absorption and relatively high optical con-

trast at this wavelength. When a precise period of 6.9 nm is chosen & leitayer, the
reflectivity of a single multilayer mirror can, in principle, be as high4&857but in prac-

tice, recorded valueseachup to 69.5%F. EUV pellicles angltrathin, freestanding mem-

branes. These protect other elements in the lithography machines, such as the reticles
GKSaS INB (KS Ylala ¢6AGK GKS WofdSLINAYyGaQ ;
that can become&d St Saa |a GKS O02yaSljdzSyoS 27 2yteé |
place. The pellicles need to combine a high transmission for the EUV light, in order to min-
imize the loss ofhis light, with a high infrared emissivityin orderto limit the heatng of

the pellicle itself that results from the absorbed fraction of the EUV light.

Often, multilayer mirrors and pellicles for EUV lithography are covered by a Ru capping
layer. This layer serves a double purpose. It is meant to protect the delicaterlyinde
structures from direct exposure to the harsh conditions within the lithography machines,

in which the cocktail of EUV photons and gasses, even at low partial pressures, can lead to
chemical changes, such as oxidation, and other forms of degradatnshfor the pellicles,

it also serves to introduce a high infrared emissivity. When exposed to EUV light, the Ru
film may warm up to temperatures at which it is prone to dewetting.

The applicatiorof EUV mirrors and pellicles forms the motivation for greaticular focus

of this thesis on structures made of Si, Mo and Ru. We will investigate the thermal stability
of these structures down to the atomic scale, in order to understand the dewetting phe-
nomena at play, with a keen eye for potential solutions.
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Figurel.3 Artist impression of an ASML EUV lithography machine. The optical trajectory of the
EUV light is highlighteid purple, with the EUV source positiomthe far right, the reticle in the
upper part and the illuminatesemiconductor wafer in the center of the pictgh@age source:
ASML)

EUV multilayer mirror EUV reticle and pellicle

Reticle
| S —

Ru capping layer
Mo
Si
Mo
Si
Mo
Si

> Pellicle

I 6.9 nm
Ru coating

Particle

Mo
Si

Fgure 1.4 Schematic illustrations of a multilayer EUV mirror and of the use of an EUV pellicle
to protect the reticle (mask) from the arrival of particles that would otherwise beédaha
sharply on the semiconductor wafer in the lithography process. Both multilayer mirrors and
pellicles are typically covered by a capping layer, usually in the form of a Ru film with a thickness

in the order of a few nanometers
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The elements Mo and Rwleibit similar properties. They both are transition metals, lo-
cated in period 5 of the Periodic Table and their electron configuration ends witfi sir
standard atomic weights, melting points, densities and other chemical properties are quite
similar. Apart from these similarities, there are also some essential differences between
these two elements. For example, their crystal structures are different, namely-tely

tered cubic (bcc) for Mo and hexagonal clggeked (hep) for Ru. From a chemical per-
spective, Mo has a much stronger tendency to oxidize than Ru, which makes it unfavorable
in oxidizing environments, such as those in EUV lithography machines. But Mo absorbs
light at 13.5 nm less strongly than Ru, which is, of course, highly desirableplaragipn

in EUV lithography technology.

The second chapter of this thesis will address the growth and stability of elemental films
of Mo and Ru and of RMo bilayers on Si substrates with a native oxide. The thermal
stability, especially with respect to the grooving of grain boundaries and theeatiéing of

the ultrathin films, is investigated by bringing the films to

elevated temperatures and inspecting the result by various forms of microscopy and spec-
troscopy.

Chapter 3 will review the literature about more radical, possible solutions tgtbeving
behavior, introduced by the grain boundaries of thin, polycrystalline metal films. Most im-
portantly, we will discuss possibilities to produce films of Mo and Ru with no grains at all,
in the form of a metallic glass. For this, it is essentimoiliarize ourselves with the ther-
modynamics and the evolutionary dynamics of amorphous and polycrystalline metal al-
loys. In addition to this, we will briefly review the fabrication methods, properties and
limitations of such metallic glasses.

As we willsee in Chapter 3, usually, elemental metals careadilybe made and kept
amorphous, in practice. This is why Chapter 4 will focus on binary metal alloys, in particu-
lar, consisting of Ru and Mo. We will provide evidence that it is possible to obtaitya tr
amorphous alloy of these two metals.

Chapter 3 explains that an amorphous configuration does not establish a genuine thermo-
dynamic phase and that it is inherently unstable or, at bewgtastable with respect to
crystallization. This natural tendenéyr crystallization may be accelerated by heating or
other forms of aging of thin amorphotitms, potentially with detrimental effects on many
properties of such films. In chapter 5, we will investigate the effect of heating on the
atomicscale structurechemical composition and surface morphology of thin, metallic
glass films.

10
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1.2 Experimental methods

Sample preparation

A Polyteknik Flextura M506°Ssystem was used in the NanoLab facilityoaf neighbor
institute AMOLF, for the sputter depositigfof all thin filmsin this work.In contrast to
RuMo growth studies reported in the literatuf@®®, our substrates were kept at room
temperature.All films were deposited on-goped Si(100) substrates; the native oxide on
these substrates was not removed prior to deposition. For the production of thisRueo
xalloy films, Mo and Ru were a@teposited from separate sources by RF and DC sputtering,
respectively We used different types of power supplies for the two metals fragtical
reasons, but we do not expect this to influence the results significantly. The base pressure
of the sputter deposition system was 1 x“Ifibar and the argon (Ar) pressure was 2 x 10

3 mbar or higher during the deposition. In addition to the alfiys, also regular films of
pure molybdenum and pure ruthenium were deposited by DC sputtering. During deposi-
tion, the substrates were rotated, in order to optimize the homogeneity of the deposition.

Table 13 provides typical examples of the sputtdeposition conditions employed for the
production of the alloy films discussed in thfigesis The first column shows the resulting
compositions that were derived from the enerdispersive xay spectroscopy (EDX)
measurements in our scanning electron micoge (SEM, sethe nextpage.

Allo Power leve(W) | Power leve(W) Deposition
y and type of and type of Ar pressure P
composition power supply power supply (mbar) rate
(EDX) for Ru for Mo (nm/s)
200 3
Pure Ru DC - 2x10 0.30
75 100 3
Ru77Mo023 DC RE 2x10 0.16
75 250 3
Rw3sMos7 DC RE 2x10 0.28
Pure Mo 75 1.33x 1@ 0.15
- DC . .

Table 1.3. Pure and #Hoy film compositions, measured by SEMX, in combination with the
employed deposition powers, the working gaessures used, and the types of power supplies
(DC versus RF) used in the sputter deposition process. The deposition rates in the final column
were derived from the measured film thicknesses.

11
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Characterization

Measurements of the thicknesses of the deposited metal films were carried out in the
following way. Prior to metal deposition, which was usually done simultaneously on mul-
tiple substrates, one of these substrates was partly coated by a photoresist filen tiAd

metal deposition, the resist was washed off by acetone and isopropanol and this cleaning
procedure also removed the deposited metal film from those parts of the substrate that
had first been coated by the resist, while the metal film on other paftthe substrate
stayed in place and remained unaffected. This procedure enabled us to accurately meas-
ure the height difference between the bare regions where the resist was removed and the
regions that had not been coated by the resist and that were mxdy the thin metal

film. These height difference measurements were done by use of a profilometer and by
atomic force microscopy (AFM). This provided us with accurate measurements of the film
thicknesses. Samples used to measure the film thickness vegnetitized for further ex-
periments to avoid possible contamination from the employed chemicals and their resi-
dues. The films used in thisesishad thicknessetypicallyranging from 4 to 30 nm.

2§ dza SR PEBVer[o<AGBSEM sysférwith a Schottky field electron gun, ftire
inspection of substrates and thin films with scanning electron microscopy. The SEM images
were taken at an electron energy of 5 keV and a beam current@p2) unless indicated
differently, and the samples were placed at approximately 4 mm distance from the ana-
lyzer. For all SEM images, we used the immersion field mode, in order to optimize the
spatial resolutiof?.

As an additional imaging technique, in particular for detailed measuresngfthe surface
topography?®, the film thickness (see above) and the surface roughness, we performed
tapping moa AFM, using Bruker Dimension Icon AEMystem in ScanAsyatr mode

with silicon tips on silicon nitride cahtft S@SNE 2 F . NAR B SITANASYST! b ! { |
AIR HR type. AFM image processing was done by use of the NanoScope Analysis version
2.00 software Gwyddion, and custom Python script

We used two techniques to measure the composition of the depositegt élfos. The first
of these was energylispersive xay spectroscopy (EDX)for which we used an Oxford

- YFE yn RSGSOG2NE LI+ OSR AY&ARS lyathe[EDXQa &O!
measurements were performealt multiple locations on the sample.

The second technique that we employed to measure the surface composition of the thin
films was Xay photoelectron spectroscopy (XPPSMeasurements with this technique
were performed exsitu with Xrays emitted from a monochromatic & (1486.6 eV)
source operating in an ultrahigh vacuum setup (base pressure better than 1:0mHD)
equipped with a Scienta Omicron R4000 HeP&halyzer (swift acceleration mode, 1 mm

12
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slit entrance) for elemental and chemical characterization of the surfaces of the films.
Measured XPS peak shapes and intensities were fitted using the software KolXPD from
Kolibrilé”. Whereas the composition measured by XPS is characteristic of the outermost
atomic layers of the investigated surfaces and thin films, the -EBM results should be
regarded as averaging over the entire thicknestheffilms that we investigated.

Additional structural information came from standard, grazingidence Xay diffraction

(GHXRD) measurements that were performed with-C6 NI RAF GA2Y 661 @S
neémpnnac YYOZI dza A YBD diffractdmgtér.fTBelintidehct anglewas fedi

FG | O2yadlrydz t2¢6 @FftdzS 2F nodpc 6AGK NBaL
urements

Transmission electron microscopy (TENBeasurements were performed at the Zernike

Institute for Advanced Materialsf Groningen University. For this purpose, cresstional

specimens were prepared inr@ingen, with an FEI Helios G4 CX dual beam system at 30

kV ion energy and polished at 5 keV and 2 keV to remove residual surface damage. These
specimens were analyzed with a dowaleerrationcorrected FEI Themis Z scanning trans-

mission electron micros@y (STEM) system at 300 kV. Hégigle annular darfield

(HAADF) STEM images were recorded with a probe current of approximately 200 pA, at a
O2y@SNHSyOS aSYAnlky3atS 2F HMYNI R0 nfri&d. 6 A K
EDX spectral imaging was perfard with a probe current of 1 nA, where the spectra were
NBEO2NRSR 6AUGK | 5dzZfmn- &d@2adSYI LINPGARAY3I A\

13
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Chapter 2

THERMAL STABIMOF MOLYBDENUM AND
RUTHENIUM THIN FILMS

This chapter presents a study of the growth and evolution of ultrathin films of elemental

Mo and Ru on Si substrates with a native oxide. Thermal stability, especially the grooving

of grain boundaries and the degetting of the ultrathin filmsjs investigded by bringing

the film structures to elevated temperatures and focusing primarily on the morplwgog

and microstructures of the thin films. Initially, the thin films exhibit a grainy surface as a
result of their polycrystalline structure. For both metathe grains of the films start to

coarsen already at temperates as low as 300°C, while they show complete dewetting at
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Thermal stability of molybdenum and ruthenium thin films

2.1 Introduction

Surfaces and interfaces make thin films energetically less favorable than adinnea-

sional bulk arrangement of the same material. This can lefttetmstabilities of thin films,

such as dewetting. Dewetting is the phenomenon that a thin film breakstoseparate,
three-dimensional clusters and leaves the underlying substrate exposed. The energetic
driving force for dewetting resides in the differences in surface and inteffi@eeenergies

of the thin film and the substratgossibly in combinatiowith driving forces deriving from
mechanical stress between the film and the substrateisphenomenon can be a major

concern, especially for applications in which the film serves to protect the underlying
structure and applications in which the precisgdér geometry is essential and needs to

be preserved. From the perspective of the interfacial free energies that are inviolteel
configuration of a film on a substratewd possible scenariashould be considered, dic-

tated by the difference in Gibbs§rS Sy SNH& X pDIX 42)8)0H&suSR Ay
strate surface free energy is higher than the sum of the surface free energy of the thin film

and the free energy of the interface between the substrate and the film, the stability con-
RAGAZ2Y S WCRIYILAYSTIQO Aa Fdz FAE € SR yR GKS TFAf
under conditions that allow it to rearrange Itself. (2) For thin films for which the sum of

the surface free energy of the thin film and the free energy of the interface betwken t
substrate and the film is higher than the surface free energy of the substrate, the situation

is reversed and the driving force is towards configurations in which the thirafilopts

GKS akKlILS 2F Iy SyaSvyofS 2F WYird® ThesBdoa-Q I yR
siderations play a dominant role in the behavior of thin Ru and Mo films that is under
investigation in thishapter.

Thin metal films have a strong tendency to crystallize, which leads to an internal structure
of differently oriented, siglecrystalline grains. The grain boundaries between these
crystallites are special regions in this structure, where the perfect crystallinity is
interrupted. These regions are associated with interfacial free energy, the grain boundary
energy, that makeghe thin polycrystalline film seek for ways to redutstotal (internal)

area. There are three ways to do so, namely reorientation of grains and grain boundaries
into lower-energy grairboundary configurations, coarsening of the grain structure and
the corresponding reduction in the grain boundary density and the reduction of the grain
boundary heights by the introduction of a groove at the location of each grain boundary
that ends at the surface of the film. Due to the latter effect, each of the outging of the

film is no longer flat at its surface, but develops into a portion of the equilibrium crystal
shape. When the temperature is high enough for the surface atoms of the polycrystalline
film to exhibit sufficient mobility, these energetic preferas will drive the grain boundary
grooving and the surface of the film will become rough. The grain coarsening effect makes
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all dimensions of the grains increase, adding to the roughness and depth of the grooves.
When the grooves become deep enough to te#te interface with the substrate, the two
scenarios that were discussed above become relevant. In the case of complete wetting,
the grooving process should come to an abrupt standstill when the interface is reached. In
that case, the film exhibits sigi@ant thickness variations, but it keeps covering the
substrate completelywhile the grain coarsening should stoBy contrast, in the non
wetting case, the free energy is lowered further when the groove opens up at the interface
and the substrate is progressively exposed. This pathway towards dewetting should be
regarded as an extra vulnerability of all polycryatel] nonwetting films.

From a chemical point of view, Ru has a strong resilience against oxidation. This property
makes that Ru is used as the material for capping layers to protect other materials in var-
ious applications. Ru also has reasonable transparéor EUV light, which makes this ma-
terial extra interesting for capping applications in the context of EUV lithography. How-
ever, at elevated temperatureshin Ru films are prone to dewetting, also on Si anc: SiO
substrates, on which Ru films are oftepplied. The surface energies in Table indicate

that the surfacefree energies of Ru surfaces are higher than those of Si angs8I
strates. As a consequence, films of Ru on Si orsbitdtrates will, eventually, suffer from

the phenomenon of dewethg, introduced above. In the Brthesis of C. Sfiligj the
thermal stability and wetting properties were investigated of elemental Ru thin films with
various densities that were deposited on Si(100) substrates, covered with a native oxide
Aswas shown in that work, all Ru thin films dewet this substrate when annealed at tem-
peratures between 700 and 80Q0%hich disqualifies Ru as a protecting layer on oxidized
Si substrates in higtemperature applicationskigure 2.1 shows 5 nthick Ru filmson a
Si(100) substratdefore and after annealing at 600. The annealinig clearly seen tead

to grain growth and coarsening witlheeplygrooved grain boundariesn some regions,

the depth ofthe groovess so large that thegeach the interface with the substratevhich
resultsin the formation of holes; thids the firststageof dewetting.

In this chapter, we investigate whether Mo thin films can be employed as a potential
anchoring or adhesion interlayer between the oxidatresistant Ru capping layer and the
oxidized Si substrate, in an attempt to improve the thermal stabiliyooffigurations with
aRu top layer.
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Thermal stability of molybdenum and ruthenium thin films

as-deposited

Figure 21 SEM micrographs & nmthick Ru films ora S{100)substrate with a native oxide
directly after deposition (left) and after annealing for 1 hour at 600°C (right). Note that the
scales of the two images are different

Based on the numbers in Taldld, one might expect Mo thin films on Si or Si0bstrates

to exhibit similarly strong dewetting behavior as Ru, since the surface energies of Mo are
similarly high as those of Ru. In spite of this similarity between the two refractory metals,
Mo thin films may still introduce two advantages with respé&o Ru that could lead to
significantly reduced dewetting. The first of these has to do with the formation energy of
the metalSi (or Sig) interface, which we may expect to be more favorable, i.e. lower, for
Mo, due to its stronger tendency to form dliside, which readily takes place when Mo
atoms are deposited on a Si surface, even at room temper#tufée second is that, as
was discussed in Chapter 1, dewetting requires surface mobility, for the thin film to re-
shape itself under the influence of the thermodynamic driving forces. Since diffusion co-
efficients depend more oless on the ratio between the temperature and the melting
point of a material, the surface mobilities of Mo atoms on a Mo surface or at an interface
between Mo and another material should be expected to be significantly lower than those
for Ru at the samémperature, given the fact that the materials have similar properties
but the melting point of Mo is almost 300°C higher than that of Ru. In other words, we
should expect dewetting at the same temperature to proceed orders of magnitude more
slowlyfor Mo than for Ry or for it to happen at the same paoalyat a significantly higher
temperature.

Prior to introducing Mo as an adhesion layer, we first investigate the thermal stability of
Mo thin films on oxidized Si substrates, in order to verify the above expectations with
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respect to possible compound formation and raised dewetting temperatureerAft
introducing the Mo layers, we continue to follow the thermal behavior of bilayers of Mo
and Ru, in which the Mo serves as the adhesion layer for the Ru capping layer.

The Mo thin films in this thesis were obtained by DC sputter deposition on Si s@sstrat
For this combination, other studies report the formation of a 1.2 to 1.9 nm thick, amor-
phous interlayer of molybdenum silici#¢’3. Even though the thickness of this silicide is
known, the atomiescale details of the formation process remain to be understood. What
we know, is that after, or maybalso due to the arrival of the Mo atoms on the surface,
the Si atoms appear to have sufficient mobility to engage with the Mo atoms and form a
compound“”® This process is governed by the free energies of the surface and interface
of all materials involved, i.e. of the Si substrate, the silicide film and the pure metal, by the
formation enthalpy of the silicide and by the activation energies of the diffusiorneact

tion steps that are required for the formation of the compound. It is possible to avoid the
interfacial silicide formation, simply by leaving the Si substrate covered by its native oxide,
prior to Mo deposition. This thin oxide layer can act as asiifin barrier and prevent the
direct interaction between the Mo and Si atoms up to a certain temperature. However,
further heating may still enable the system to overcome the activation energies for diffu-
sion and silicide formation, resulting in the growghan interfacial MoSilayer at a tem-
perature of 520°€. For this process, different activation energies were reported of 4.1
eVéand 2.4 eV

In this chapterwe address the evolution of films of elemental Mo, and bilayers consisting
of Ru on top of Mo, on Si substrates with a native oxide. We use SEM and AFM to follow
the thermal stability, in particular the grain coarsening, the grooving of grain boundaries
and the dewetting of the thin films. Our study reveals a surprising stability of thI&Ru
bilayers against dewetting, beyond the stability of Mo films and Ru films. In addition, we
report unusual silicide structures that form at high temperatures for Md &o-Ru films

on oxidized Si substrates.
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2.2 Thermal stabilityultra-thin molybdenumthin films
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Thermal stability of molybdenum and ruthenium thin films

As-
deposited

Figure 2.1SEM micrographs of the 5nm Mo film-Byilitterdeposited at room temperature on

a Si(100) substrate with a native oxide. The first image is for the freshly deposited film. The
other four images were taken after subsequent annealing for 60 min, each time at a higher
temperature, as indicated in the images. Hatlowbars indicate the length scales of the im-
ages; note that the first image is zoomed in further than the others
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Figure 2.2AFM images obtained on the 5 nm thick film of elemental Mes@erdeposited

on a Si(100) substrate with a native oxide. In addition to the freshly deposited film, the mor-

phology is shown after annealing at two temperatures, each time for 60 minAtesnages
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KIS RAYSyaizya 2F m >Y P m >Y [yR GKS& | NB |
variations into colors, as indicated by the color bar. The middle panel presents the height cor-
relation function, measured from the AFM image of thelB@r after annealing at 200°C. The

dashed lines represent the corresponding fits for the asymptotic and gaweegions where

w is the surface roughness (RMS) of 0.27 nm and x is the correlation leridtt® afm. The

measured rooimeansquare height vaations and correlation lengths are plotted verghe

annealing temperature in the bottom panels. Please note that the red data point for the RMS
NBdzaKySaa G ppnc/ A& G1r1Sy FNRY | fidanWBHSNI AYL
aging effects ilAFM images with larger distances between pixels, RMS roughness values from
larger scan size images tend to show somewhat lower values for the roughness.
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indicate that the oxide layer will be under significant tensile stress, as it would tertd no

follow the expansion of the substrate and the Mo film. Such stress can cause localized
deformations in the oxide layer, such as local thinning, which relieves part of the tensile
stres$? and might result in the formation ofoids in the oxide layer that act as the diffu-

sion channels and allow the Si to migrate to encounter the Mo atoms.

(0p)
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Figure 2.3SEM (a,b) and AFM (§,iinages obtained on a 5 nm thick Mo layer&pQtter-de-

posited on a Si(100) substrate with a native oxide, after annealing for 60 minutes at 600°C. The
two AFM images display the height (c) and phase signals (d). They are displayed with the
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conversion oheight (height sensor) and voltag@riations phase image) into colorsespec-
tively, indicated by the color baPanel (e) shows the height profile along the blue iinthe

height image (g)where the two vertical lines indicate the locations of therpeter of the dark
region that is traversed by the profile and theeen line and blue lindadicate the average
height within the dark region and the average height arounéspecively.
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Figure 24 SEM micrographs obtained for the pure Mo thin film after annealing at 800
upperpanels are largescaleviews that reveal the simultaneous presence of two different types
of regions labeled 1 and 2yith a distinctcontrastbetweenthem. Thetwo middlepanels con-
tain higherresolution detail on these differen¢égions Thetwo bottom panelsare colored ver-
sions of the middle panels, meant to bring oatrespond to darker, singlayer dewetting and
lighter areas, doubldayer deweting, respectively.
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Figure 25 AFM imagesobtained on 5 nm thick layers of elemental Mo after annealing at
800°C. The righganeldisplaysa higherresolution scan oregion2. Both images are displayed
with the same conversion of height variations into colors, as indicated by the color bar in the
middle
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2.3 Theinfluence ofa molybdenuminterlayer on thewetting properties
of rutheniumthin films

In thissection, we introducanultra-thin Mo thin film as an anchoring layer betweaiRu
top layer andthe oxidizedSisubstrate in an attempt to maintairthe benefit of the high
oxidationresistarce of a Rucapping layer up to higher temperatures

Mo films with a thickness of 3 niwere deposited on Si(100) substrateith a native oxide
whichwas followed bythe deposition of @ nm Ru film without breaking the vacuuoh
the sputter deposition chambeA DC power supply was used thie depositionsof both
materials Details regarding the sample preparation can be found in the experimental
methods section of Chapter 1. Afttre deposition of the filns, thicknesses were con-
firmed by profilometer and AFNheasurementsBelow, | describe thewslution of the
bilayer thin filmwith increasingemperature as followedoy SEM, AFM and XR8e will
find that the bilayer displaysuperior thermal stabilitywhen compared with thin films
consisting obnly Moor only Ru. In addition to this, websene the formation offlower-
like structures on the surfaceesidingon pyramidal pitghat form spontaneouslynside
the substrate when the bilayer samples are anneabgd’00°C.

Figure 2.@lisplaysSEM micrographs of the bilayer on Si(100) with a native oxide at various
annealingstages where the samples were kept at each temperature for a duration of 60
minutesp ¢ KS FANBRG AYEF3IS DRIFREKES F BB DKL & RS B
FEYGSEGUME -t { aLISOGNHzy O2yFANNSR ZGERG G(KS
02 y OfFdRRRSYR (1 KS {IA0 &32SN0 O eFMNRWIKISA * @SR | yR FyyS
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As- °
100°C
deposited -

Figure 2.6SEM images obtained for the Mo + Ru bilagtenctureon a Si(100) substratéwith
native oxide)after annealingat varioustemperatures. The dimensions of the images are indi-
catedbythe yellow scale barsvhich areall 100 nmlong.

34



Chapter2

EXE

Figure 27 AFM images for the Mo + Ru bilaygtructureon an Si(100) substratéwith native

oxide),after annealing atvarioustemperatures® ! f f A Yl 3548 KI @S RAYSya&aax
and they are all displayed with ttsame conversion dieight variations into colors, as indicated

by the color baon the right
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Figure 28 Height correlation function ad freshly depositedlo-Ru bilayer ora Si(100) sub-
strate (with native oxide) The dashed lines represent the corresponding fits for the asymptotic
and powerlaw regions where w is the surface roughness (RM8) is the correlation length

Theheight correlationvalueswere measured fronan AFM image wittlan RMS roughness of
0.39+0.06nm.
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Figure 2.9Surface roughness and correlatiemgthfor aMo + Ru bilayestructureona Si(100)
substrate(with native oxideps a function of annealing temperature, obtairfeom the height
correlationfunction analysis of thdFMimages in Figure 2.8

Apart from the modest evolution of the grain size, the bilayer film preserved its initial
structure up to 600°C. Significant changes were observed, when the sample was annealed

at 700°C for an hour. Figure 2.10 displays SEM and-seational SEM images, in which

we see that the flat surface is interrupted by bright, spiky, circular structures. We refer to
0KSaS &l NUzOFf d2NBSSINEF AP YLyt yARGwéer caniigsia Sqidte stBuc-O K v |
ture that appears darker, indicating a reduced secondary electron emission from these
regions. All squares are in the same orientation, which, together with their symmetry, in-
dicates that their origin is directly connected to the latt&teucture of the underlying sub-

strate. We will come back to this point later.
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Figure 2.10SEM micrographs dhe Mo + Ru bilagr structureon a Si(100) substrate (with

native oxide)fter annealing at 700°C for an hour. Tiggper andlower panelsshow regular

and crosssectional SEM images, respectively. The dimensions of the images are indicated by
yellow scale bars.
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Figure 2.1 AFM image of the surface e bilayer thin film after annealing at 700°C for an
hour. The AFM imageveals a pattern of partly overlappimg@no-flowers. The bottom figure
shows the height profileorresponding to the white line in the upper paredrosswo neigh-
boringnanoflowers Blue dots on the white lineorrespond tdhe borders of the nandlowers
that are indicated as vertical dashed lines in the height pi@file
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<110> Silicon(100)

Figure 2.12Schematic illustration of the structure of a nafhmwer in combination with the
underlying inverse pyramidal pit, formed after annealing at 700°C of a Mo + Ru bilayer on
Si(100) (with native oxide).

5.3 nm

-4.5nm
Figure 2.B Two images of nanflowersobtained byannealingthe bilayerat 700°C. The left
panelshowsan SEM image of a narfftower at a sample tilt angle 080°. TheAFMimageon
the right emphasizethe spikeynature of thenanoflower. The dimensions of the SEM image
areindicated bythe scale bar. The AFM image haRA YSy aA2y 2 F thecolovr P ™M >
bar on the rightindicates the conversion to heights
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Table 2.1Densities of possible materiais be considered as potential compounds resulting
from the annealing ofhe Mo + Ru bilayer on the silicon substratéth native oxidé ®
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Figure 2.1 XPSmeasurements of theusface compositiorof the Mo + Ru bilayer on Si(100)
substrate as a function of annk@g temperature at which the samples were kept each time
for 60 minutesGrey blue and orangsymbols rpresentRu, Mo and Srespectively
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6.1 nm

-5.4nm

Figure 2.5 TheMo + Ru bilayer on Si(100) after annealing at 750°C for an hour. The upper and
lower panelshow SEM and AFM images, respectively tWheAFM images are displayed with

the same conversion of height variations into colors, indicated by the color barinéresgns

of the images are indicated by scale bars.

We further increasel the annealing temperature to 880/ @ CocHMBEA Sy ®a {9a |
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-7.6 nm -5.9nm

Figure 2.5 SEM (upper) and AFM (lower) images of Mhe + Ru bilayer on Si(100) after an-
nealingat 800°C. The dimensions of the images are indicated by scalatitse color bar
indicates the height variations in the two AFM images.
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Figure 2.7 SEM imagesf the Mo + Rubilayeron the silicon substratefter annealingfor 1
hourat 900°C The dimensions of the images are indicated by yellow scalelbadensenanc
flower pattern is interrupted by holesboth inside and outsidéhe nanoflower clustersThe
excessive surface roughnesade it nearly impossible to image the surface vAfM.
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2.4 Conclusion

In this chapter, we explored the microstructure and thermal evolutionlwéthin films of
elemental Mo and Ru as well as bilagidRu top on M deposited on Si(100) substrate
with a native oxide DC sputter deposition provides a very fiaitial surface (roughness
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below0.4 nm)with fine polycrystalline texturéor all the asdeposited filmsTheprimary
purposeof this study was to follow theatural process of dewettingf a Ru layeron Si

and to investigate whether an intermediate Mayer affects tis behavior Dewettingis

the inevitable fate for ahin film that has a higher surfacdree energy than the substrate.
Unfortunately, almost all metalhave a higher surface free energy tt&ior SiQ, so that
most metaton-silicon combinations are expted to undergo dewettingln our experi-
ments, films ofb nm thick Ristarted todevelopholesat 600°C On the otherhand Mo

thin filmswere found toexhbit higher thermal stabilityand onlydewetat 800°Cadopting

a labyrinth morphologyFor some applications, the optical properties and oxidation re-
sistance of Ru would be desirable in combination with the higher thermal stability of Mo.
Thismotivated us tointroduce a Mo interlayer betweea Rutop layeranda Si(L00) sub-
strate with a native oxide. Our expectations were based on two majoments. kst, the
surface free energies of Mo and Ru aearly the sameSince the two metalalso interact

well with each other, w may expect the tendency for each of themdewet the other to
beratherweak Second, the good adhesion of Mo to Si, via the formation of an interfacial
silicide makes the M&i interface more robust against dewetting than&uln combina-
tion, these elements suggest thatbdlayer witha thin Ri layer on top of a thitMo layer

that isin direct contact with the(oxidized) SSubstratewould combine the desired surface
properties ofRuwith improved thermal stability against dewetting

Ourresultsseem to support thisypothesisThe SEM and AFbébservationglemonstrate
that the bilayer behaves differently frosingle layersf either Mo or Ru.Only atthe high-
est annealing temperature of 90Q, did the bilayers exhibit the first signs of dewetting,
whereassingle Ru filmsand simgle Mo filmsof the same total thicknesgxhibit full
dewetting on the same substrate already at lower temperatures, betweer’Gaad
800°C

In addition to this, weobserved that 5 nm thick Mo thin filsdevelop a speciahorphol-
ogywith circular structursat temperatures as low a800°C By combiningsEM, AFand
XPS, wédentified these structures asegions that were converted into afybdenum sili-
cide. The silicide formation, possibly even involving two different silicide composition
seems to play a decisive role in tdewetting behaviorat 800C which seems to show
two distinct dewetting levels, a configuration that we refer todamiblelayer dewetting.

In spite of the improved thermal stabiliagainst dewettingalso themetallic bilayershows
special behavior at high temperatures, in the form of the appearand®wer-like struc-
turesat and abover00°C which we refer taas naneflowers. Furtheiinspection revealed
that eachnanoflower is a freestanding structure that sp@ over an imerse pyramidal
crater inthe Si(100kubstrate a weltdefined etch pitwith {111} facesTheSimissingfrom
these craters wafoundto be accounted for by the volume of the naflowers, which is
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consistent with a scenario in which Sinsorporated irto the nancflowers through the
formation ofeither MoSk or a silicide containing both Mo and Ru.
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Chapter 3

GLASSES AND METALLIC GLASSES

What is the nature of the transition between a fluid or regular solid and a glassy phase?
"The deepest and most interesting unsolved problem in-stdit¢ theory is probably the
theory of the nature of glass and the glass transition.

P. W. Anderson

Thin metallic films are of great importance in a wide variety of practical applications
examplerequiring excellent electrical conductivity, high esivity for infrared radiation,

optical transparency, high magnetizatiar enhanced fracture resistancén some of

these applications, such films degraolg natural processesvhich can be aggwatedun-

der operation conditions. For example, at high temperatueasgetal layer may dewet the

substrate on which it resides, i.e. it breaks up into separate metal islands. Energetically,

this process is driven by the differences in feseergies betweeithe surface andhe sub-

strate, that of the metal film and that of the interface between the twehile there can

also be a role played by mechanical stress in the fillresefree energydifferences be-

come relevant once the film has locally become so thiK I & A G&a &dz2NFI OS WY
strate. This may seem an extraordinary configuration, but we believe that such configura-

tions occur abundantly due to the polycrystalline structure of most metal films.pbiys
crystallinityintroduces grain boundaries thaan act as the natural starting points for film

breakup and dewetting. If this is indeed the case, amorphous films might provide an ad-

Gl yil3S2dza | f 0SNYIFIGAOSP 990Sy (K2dAK GKS& Rz

primary, energetic driving force for dewetting, they may noye the metastability of the

film significantly through the absence of these natural starting points. Unfortunately, pure

metals usually cannot be madanorphous in practice. The combination of atoragale

mobilities and the energetic gain involved iystallization almost invariably leads to struc-
GdzNBa GKIFIG O2yaArad 2F ONRadGlrftftAYyS INIAyas |
beit these actually introduce even more grain boundaries. One might think that the tran-

sition from polycrystalline t@morphous is gradual, but from the viewpoint of the grain
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boundary density, it is not! In order to appreciate the results in the rest of the thesis, it is
important to familiarize oneself with the current level of understanding of the thermody-
namics and eslution of amorphous and polycrystalline metal alloyhis is why this chap-

ter provides an introductory overviewf this rich field of research.
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3.1Introduction

Polycrystalline thin films consist of grains with different crystal orientations and therefore
contain interfaces between these crystallites, known as grain boundaries. Grain bounda-
ries are classified as 2D defects in a crystal lattice and they ntodifiyproperties, such

as mechanical, chemical, electrical and thermal. For example, grain boundaries are the
weakest parts in the strong structure of a crystal and they have a stnflugnce on yield
strength They are also preferred channels for atoms targand out of the material, as
essential for corrosion and oxidati#and effectively makethe film more reactive. At the
same time, these planar defects decrease thermal and electrical condyctiviChater

2, | already discussed tleolutionof grain boundariess a function of temperaturelhe
results showed that thin films of elemental M@and Ru exhibit grain boundary grooving,
whichcauses thdocalthinning of the films and eventuallyole formatin. Depending on

the balance between surface and free energies, this can makélthelewet on the un-
derlying substrateby breaking up into separate islands and leaving part of the substrate
uncoveredln Chapter 2, & explored the possibility to suppreize dewetting of Ru thin

films by adding an interlayer of Mo. However, this merely postpones the problem of
dewetting to somewhat higher temperatures.

Our observations and those in the literatdf& strongly suggest that further suppression

or evenYullQprevention of dewettingmight be possible with films that have no grain
boundaries at all and are completely free of crystalline defects. We can imagine two ex-
treme configurations that meet these conditions. One is that of a perfect strgial

thin film, i.e. a film in which the latte is perfectly repeated over macroscopic distances,
without local or extended defects. The alternative configuration that has no grain bound-
aries is that of a perfectly amorphous thin film.

Let us start by considering the first configuration. As | mewialready, metals have
strong tendency to crystallize, which is why most metallic films are Gooygtalline. The

step to a perfect single crystal may seem trivial, but, in practice, no method exists by which
athin metal film that is truly singlerystalline over macroscopic distances can be depos-
ited on a typical substrate. Only in the special case that the film grows perfectly epitaxially
on the substrate and that this substrate is perfectly sirglgstalline itself, can one reach

the desired peréction in the film, but this special case should be regarded as too restric-
tive for most applications. We coultpply a variety ofmethods to increase the average
grain size of a polycrystalline metallic thin film, which would decrease the density of the
grain boundaries and triple points. However, this would be a far cry from the ultimate
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solution and, at best, onljgostponehe problems to higher temperatures or longer
times.

polycrystalline film
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Figure 3.1The upper panel shows a measured STM height profile of a ttycrystalline metal

film. Red arrows are indicating the hypothetical crystal orientations of differently oriented
grains, while the vertical lines indicate the locations of the grain boundaries where the grains
are joined. Note that each grain boundanaiscompanied by a cusp in the surface profile, the
grain-boundary groove. The middle and lower panels show a schematic illustration of a single
crystalline and an amorphous thin film, respectively. The polycrystalline film exhitfiice
roughness causely the differently oriented grainsvhereas the singlecrystalline and the
amorphous thin films lack grain boundarieshichdecreagsthe surface roughness signifi-
cantlyfor these filmsimage reproduced from re®.

The second solution is that of a truly amorphous metallic thin film. Here, we are con-
fronted with the strong, natural tendency of metals to order on the microscopic scale into
crystallites. The accompanying increase in packing depsityides a significant driving
force for crystallization, while the energy barriers for atorsi@le rearrangements to-
wards local crystalline arrangements are particularly low for metals. As a consequence, it
is close to impossible to avoid crystallizatieither during or after the deposition of ele-
mental metal films and these films are usually polycrystalline. This is certainly the case for
the metals of interest to this PhD thesis, namely Mo and Ru. As suggested by Mfdatorin
1983, it might be possible to cast elemental metals into an amorphous structure by
guenching them from the @it with a tremendous cooling rate of at least'3Q0"K/s.
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More recent experiments demonstrate that nanome@rA T S WLJI NI A Oft S&aQ 27F
als that would normally crystallize in the bedgntered structure can be produced as me-

tallic glass under erdme conditions that correspond to an ultfast cooling rate of

10 K/s®. The extreme process conditions make this approach unpractical, as does the
particle size limitation. In addition, as explad above, one may expect these elemental,
amorphous particles to be extremely prone to crystallization, which should strongly un-
dermine the stability of their amorphous structure.

In spite of the difficulties, mentioned here, which seem to preclude thdiegtion of thin,
amorphous metal films, there is a practical approach to producing such films and these
films can have surprisingly good stability against degradation, e.g. crystallization. The key
element in this is to step away from elemental metalslamork with alloys: mixtures of
G2 2N Y2NB YSGrfa oFryR Llaairofte 20KSNJ I G2
metal elements in the liquid or vapor phase, followed by rapid cooling to avoid segregation
and crystallization. For the mixture, theystalline configuration may still be energetically
preferred. But this preference is reduced with respect to that of elemental solids because
of the contribution of the mixing entropy of the alloy to the free enertljndering crys-
tallization is that, r many compositions, crystallization is only possible in combination
with segregation, leading to ensembles of crystalline grains, each enriched in one of the
constituting atom species. In addition, the size difference between the atom species may
frustrate the internal mobilities and, hence, slow down the diffusion that is required for
crystallization significantly. And this should be seen in combination with longer diffusion
trajectories that are required with respect the crystallization of elemental mels be-

cause most crystalline alloy structures contain orderedattices of their elemental con-
stituents and thus require more significant rearrangements and the segregated grains re-
quire even larger diffusion lengths.

3.2 Amorphous Solid

Traditionally,we classify atomic and molecular matter into three aggregation states or
phases: (crystalline) solid, liquid and gas. Thermodynamically, the amorphous configura-
tion does not represent a genuine phase. Nevertheless, it is instructive to regard it in the
context of the three thermodynamic phases, as it obviously skataracteristics both

with the solid phase and with the liquid phase

The classical aggregation states or phases of matter distinguish themselves from each
other by the spatial arrangements of the atoms, which is accompayeahajor differ-

ences in atomic mobilities. In the gas phase, the atomic density is low, atomsamin
pletely random positions and they exhibit ballistic motion. This behavior is extremely dif-
ferent for a crystalline solid, where the atoms are arranged in an ordered pattern with
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longrange periodicity at a high packing density, while the diffusion aefft is minimal.

The liquid is in between. It has a relatively high density, but the structure has only short
range order and the atoms have high mobility. Often, glasses or amorphous solids are re-
ferred to as a separate (neclassical) state of matteEven though this is strictly speaking
incorrect and these solids would lower their free energies by crystallization, possibly in-
volving segregation, they can have extreme lifetimes and thus be of genuine, practical use.
¢KS 62NR 4Gl Y2 NLK dza 3 a2ANK DANEISH S & yRNEYS | ya a6
context of condensed matter physics, it refers to a woystalline solid, without the long

range periodicity of a crystal. When the temperature is far enough below the melting
point, the viscosity can becarso high that the material no longer flows and behaves as

a solid even though it lacks the lomgnge order of a crystalline solid and its structure is
closer to that of a liquidThis transition, between the undercooled liquid atite glass
configuration and vice versa, is referredtoas el f | & & % NhisyfranAition i€ nbté

a firstorder phase transition in the Ehrenfest classification, arns éonsidered a second
order kinetic transitiongoverned by viscosityrhis solidike situation is often referred to
asAT Al 6SNB | GKSNX¥2ReéylIYAO LKI&AST ¥2NJ SEI
the remainder of this chapter and the rest of this thesis, | will conform myself to this jargon
and adopt the same, strictly incorrect wordinig. practice, the glassstructure can be
reachedfrom the liquid phase, if the liquid is cooled down rapidly enoughuench flow

and diffusion more or less completely and thawid crystallizationFor this the temper-

ature should beow enough to make the viscosity sufficignhigh. Despite the fact that it
possesses liquidlike atomic configuration its high, solidlike viscosity, makethat glass
perceivedas and referred to as a solibh spite of the absence of lorgnge order, glasses

may possess a high degree of sh@nge order witha preference for arranging o local
atomic polyhedré&.

Single crystalline Polycrystalline Amoprhous

Figure 3.2Schematic illustration of the atomic structsrim singlecrystalline, polycrystalline
and amorphous materials. The single crystal is characterized byrdogg order, whilehe
polycrystalline solid exhibits crystalline order up to the length scaledofidual grains. The
amorphous structure presents a ligtlide, random atomic stacking.
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Conventional and most common glasses are oxides, often derivatives of silica. For these
glasses, the continuous random network can be formed bjouartypes of bons, e.g.

ionic orcovalent, much the same as tlerrespondingregular network of crystalline sol-

ids. The special bondindparacter of metaf, typically makes metallic glasses less stable
with respedt to crystallization than the oxides.

There is a persistent misconception that there would be no difference between glasses
and amorphous materials. The case of silicon helps udlustrate the difference As
pointed out byPoateet al.%, the regular and random networks of crystalline and amor-
phous silicon are both based tetrahedral, covalent bonding, with the silicon atoms be-
ing fourfold coordinated. By contrast, both liquid and glassy silicon have a higher atomic
density and exhibit metallic bonding geometries, in which the silicon atoms are- ¢ight
twelve-fold coordnated®<®, The glassy form is close to a quenched liquid and is very dif-
ferent in structure, density and electronic properties from the amorphous form.

Gupta described glasses and amorpl@olids as two different classes from the perspec-
tive of thermodynamic¥. He highlighted differences in structure and in behavior upon
heating The free energy of the glassy form is higher than that of itsdigu@unterpart at
any temperature, but at the glass transition temperature,fiee-energyversustemper-
ature curve runs tangential to the corresponding curve of the liglitte amorphous solid
situation is different, and its free energy curve may go belogvliquid curve at low tem-
peratures. Gupta points out that a glass and a liquid exhibit similar shoge order,
whereas the amorphous solid is distinctly different.

3.3Formation of a glassy structure

From a conceptual point of view, metallic glassee completely equivalent to glasses
made of ceramics, oxides or polymers, as they can all be viesgdenched liquids. How-
ever, from a practical perspective, there is a serious difference, since the formation of a
metallic glass from its melt requiresgnificantly higher quenching rates typically 10*

K/t When a liquid is cooled down, all its properties, such as free energy, specific heat,
viscosity and density are progressively changirgurgi33 is separated into three differ-

ent temperature regimes to explain the evolution of these properties. In regime (A), the
material is liquid. Regime (B) is that of the undercooled liquid or sapeled melt. In
NEIAYS o0/ 02X GKS YROQSHNKI&BSHaLYyy (iKKE NHEOAAY S
and the diffusion rate is so low, that the structure is effectively frozen in, even when it is
not at the lowest possible free energy. Regimes (A) and (B) are joined at the melting tem-
perature () and inthe case of an alloy, this boundary is determined by the freezing tem-
perature (). Thisreflects that for alloyscrystallization in regime B oftenaccompanied

by segregationin practice, thideadsto the behaviorthat the freezing doesot take plae
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at asingletemperature but overa temperature rangecommencing atfTSuch dreezing
temperature rangds observedor most alloys but not for pure metal§or simplicity,a
freezing rangds not shown irFgure 3.3. Regimes (B) and (C) are separatgdwhat is
referred to as the glasgansition temperature (J). In fact, the transitioroccurs overa

range of temperatures, which can be surprisingly narrow, over which the viscosity changes
significantly, thus changing the behavior of the material frimat of a viscous liquid,
above this temperature rang¢o behavior that has many of the characteristics of a solid,
below, even though the internal organization of the material is hardly changing over this
temperature range.

In order to bring materialnto the glass state, the cooling rate should be high enough to
prevent nucleation of crystallites, while traversing regime e driving force for crys-
tallization is proportional to the amount of undercooling in regime B.

Figure 3.3 shows how the volume per unit mass evolves as a function of temperature. In
temperature regime A, thepecific wlume of the liquid decreasesontinuouslywith de-
creasingtemperature down to . Starting at high temperatures, we recognize that the
exparsion coefficient of the liquid is significantly higher than that of the cry$tdfl. S Wy 2 NJt
YFEEQ &Addza A2y A& GKFG Fd GKS FNBSTAy3 Syl
ume as the liquid crystallizes, which is followed, as cooling is contibhaledv T, by a

further decrease in volume, typically at a lower pace than for the liquid. If crystallization is
avoided and the liquid is undercooled below, The specific volume follows a completely

different curve in region B, which is a continuatidrttee curve for the liquid in region A.

Figure 3. shows how the free energy per mole, G, varies in this process. As the temper-
ature of the liquid is lowered in temperature regime A, the free energy increases. Close to
Tm, this variation can be approxated as linear, simply due to the reduction of the en-
tropic contribution to the free energy with decreasing temperaturegisithe temperature

at which the curves for the liquid and the crystalline solid intersect. As a result, in region
B, the lowetfree-energy choice is for the solid and a fister phase transition is associ-

ated with . If, however, the transition is avoided, the system stays on the upper free
energy curve in region B and the liquid is supercooled. In a sense, region B should be re-
gaRSR a4 (KS Wdzyal FSQ GSYLISNI GdzZNBE NBIAYS T2
system finds a way to nucleate a small crystallite, the mobilities are sufficiently high to
transform the melt into a crystalline solid. The latent heat of solidificatia is released

in this process, provides additional assistance for this process. If, however, the cooling rate
is high enough for the system to traverse temperature region B completely without such
nucleation, the configuration of the undercooled liqugifrozen in. This is caused by the
strong temperature dependence of the viscosity of the (undercooled) liquid, which be-
comes so high when this liquid approachgstiiat apart from vibrations, atomic motion
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effectively stops (note that the viscosityfigure 3.3b is displayed on a logarithmic scale).
Flow and diffusion then take place on prohibitively long timescales so that they can be
ignored from a practical perspective. In this way, tlgid-like configuration demon-
strates a long lifetime, which akes the medium behave as if it were in a thermodynami-
cally stable, rigid, i.e. solid phase. At which temperature precisely the configuration can be
considered as frozen in, depends on the cooling rate at which region B is traversed. Faster
cooling resultsn a higher effective temperature at which the last atora@ale rearrange-
ments take place, thadower cooling. The glass transition is not a thermodynamic phase
transition and the associated transition temperature is not sharply defined; it depends on
the cooling rate. Below the glass transition, in region C of the temperature scale, the subtle
internal relaxations that would take place in the supercooled liquid, if it had enough
atomic-scale mobility for such rearrangements, would make the hypothefieatenergy
OdzNBS O2yiliAydzS ft2y3a (KS YWasEl &l oClaFHodeNB( FoXp o)
ever, the nearly complete absence of such relaxations in the glass, forces the free energy
to actually evolve along a higher path. The sequence, deschibeg] is also reflected in

the variation of the specific volume of the material. Whereas the ideal glass would con-
tinue to shrink strongly down to the lowest temperatures, the absence of internal rear-
rangements (see above) below the glass transition reduitbe expansion coefficient of

the real glass to a modest value, similar to that of the crystalline solid. The dependence of
the effective transition temperature othe cooling rate therefore also makes the density

of the resulting glass vary with that dowg rate, a higher rate leading to a lower density

of the glass, as has been described in detail fap®@oNi1oP20 metallic glasses by Hu et

al.s,
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Figure 3.FEvolution okeverabphysical properties from liquid to crystal or glass as a function of
temperature. (a)Specific @lume, (b) viscosity, (c) free energy. Whereas the transition temper-
ature Tm between the crystal (region B) and the liquid (region A) is well defined, therglass

sition temperature Tg that separates regions C and B is not sharply defined and depends on the
cooling rate at which region B is travers@the rate of cooling also determines the final atomic
structure99. Figure adapted from ref9.
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3.4 Firstmetallic glasses

Amorphous metallic alloys of silver and copper were reported for the first time in a study
iNn1960by P. Duwezef#id - mNJ} & RAFFNI OG A2y asbdrpgedks, ¥ N2 Y

as one usually obtains from crystalline phasestdad | 6 NRI R WKIf2Q 41 a

is since then regarded as the diffraction signature of a lidjlkigl structure. In the same

year, Klement et al. from the same group reported anotheregphous alloy, AuSi, ob-
tained byguenching from the liquid phag¥. Both studies demonstrated that avoiding

the nucleation and growth of the crystalline phase can be achieved in metal alloys. Since
then, many other metallic glasses have been obtained. These discoveries involved further
pioneers in this field of metallurgy and materials science, such as H.S. Chen and D. Turn-
bull*%2, They pointed ot the resemblance, especially for tlihanges irspecific heat and
viscosity atthe glass transition temperaturef metallic glasse¢MG9 to non-metallic
glasses, such adlicates, ceramic glasses and polymers.

In spite of this interesting developmerthese firstgeneration MGs came with severe lim-
itations, such as the maximum object sizes that could be cooled into the glass form, that
were in the order of mere micrometers, and the required high quenching rates, that were
still in the order of 18¢10° K/s. Note, that the maximum cooling rate th&achieved in
practice, is limited by the surfade-volume ratio. As a consequence of these limitations,
the MGs were initially produced only in small batches and in geometries with a very high
surfaceto-volume ratio, such as thin ribbons, thin wires, ahah films.

All these developments in MGs paved the way for the fitgk metallic glass (BMGThe

term BMG is used for MGs that can also be obtained in geometries with less extreme sur-
faceto-volume ratios. A BM@sually contais three or more elemerg and requires a

lower cooling rate so that itcan be produced in much thicker formSonsequently, in
contrast to the traditionalMGs BMGs remove the restrictioon the surfaceo-volume

ratio and do not require speciahapes, such aghin ribbonsand thin wires. We should

note that there is no shargdistinction between BMGs anMGs the difference being
mostly associated with thpractically achievable lengttale rather thamith truly phys-

ical propertiesThe first BMG was achieved walPd-CuSi dloy'%, of whicha millimeter
diameter, glassrod could be obtainedat a relatively low cooling rate of $K/s. Other
BMGs followed with even larger thicknesses, such as amorphousli-P&*1%.
PdioCuoNioP20 can be made at the largesylinder diameter known to datepf 7.2 cni®,

which is in strong correlation with the glaBeming-ability, a concept that will be intro-
duced later.The sizes at which metallic glasses can be formed are still significantly below
those for nonmetallic glasses. Progress in the development of MGs and BMGs gradually
led to increased interest in amorphous méiaalloys and their potential applications.
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In view of its relevance to potential applications, part of the research on MGs aims for the
deposition of thin films of these materials. Early work on #filim metallic glasses (TFMG

only focused orimmiscible binary systems, which cannot be produced by conventional
methods to obtain MGs and BMGseamy and Dirksucceeded in the eelectronbeam
deposition ofseveral raresarth and transitioametal metallic glasseé§’. Other physical
vapor deposition methods followed. Rivory and Frigerio used sputter deposition from an
alloy target to grow thi, amorphous GiZr films®. Chu et al. reviewed the early TFMG
systems and their properti&n detaif. In a later stage, it was found that sputter deposi-
tion can be used to achieve concentrations of elements in an amorphous ajyayn the
regular bulk solubility limits and that the resulting alloy can have a higher-fflesing
ability (GFAY*®112, The glassorming ability of a material is a qualitative indication of its
metastability as a supercooled liquid aofthe ease with which it can be made to traverse
region BfromFtoT4gA Y CAIdzNBE o®o FyR I NNRAGS Ay GKS
of crystallites. A quantitative parameter that is connected to the GFA is the minimal or
critical cooling rate (§ with which the liquid or vapor has to be cooled to achieve. this

The cooling that one should associate with the atbysatom (sputter}deposition of thin
films proceeds at the maximum possible rate, due to the extreme sutfae®lume ratio

for each individual atom that arrives at the surface of the growing film. The use of sputter
deposition not only increases the number of combinations of elements that can form a
glassy structure, but also widens the ranges of composition over which the aliaylse
made to form an MG.

Obviously, Rdepends very strongly on the width of region B, which is at the basis of the
so-called Turnbull criterion that crystallization of the supercooled melt can be avoided
when the reduced glass transition temperaturgi¥ above a certain value.

4 Kk — ¢fo (3.1)

This rule of thumb is also known as the 2/3 ¥4 This criterion has been useful in the
search for many MGs and BMGs. In addition to Turnbull's rule, ctiteria have been
proposed to predict the GFA of metallitasse¥>'*°. Inoue et al. show the relation be-
tween the glass transition temperature anithe onset crystallization temperature ¢J2°,
which is theheatingrate dependentemperature at which crystallization starts when the
MG iswarmed up(See Sect 3.10) ¢ «& Ty, ¢an be regardd asa practicatemperature
process window fothe supercooled meltfThesestudieswere followed by empirical rules
for the achievement oé high GFAproposed by Inou! and JohnsoH*
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1) Multicomponent alloy systems work best and shoptdferablycontain three or
more elements.

2) Differerces in the atomic sizes of the constituting elements noticeably contribute
to the GFA when they are 12% or larger

3) The alloy should have a strong preference to remain atomically mixed, which
means that the enthalpy of mixing of the elements in the alloyuiti be negative

4) The system should exhibit a relatively low eutectic temperature in order to satisfy
CdzNYy 6 dzf £t Qi ONRGSNRZ2Y FT2NJ ¢

Greerrefers tothe three-or-more-elementconceptof the first of these ruleaséconfusion

by desigi®?? and states that including more elements in the alloy enhances the GFA by
reducing the stochastic probability for viable crystal stues to form spontaneously
within the supercooled liquid. The large nhumber of configurations that can be adopted
locally within the melt simply outnumbers the few configurations that could serve as crys-
talline nuclei. This entropic advantage not only reglsithe freeenergy advantage of the
crystalline phase but also greatly suppresses the nucleation rate of the crystal from the
supercooled melt. Inoue and Takeuchi add a further aspect to this explanation, which is
an additional stabilization of the supermled liquid by the formation of notrivial amor-
phous configuratios with higher packing densist?®1?4 The second criterion is largely
originating from the frustration of the atomiscale motion deriving from the size differ-
ences. In addition, large differences in size also reduce the energetic preference for solid
solutions of atoms from the alloy into the regular lattices of individzaistituents, thus
severelyrestrictingthe solubility limits. This frustrates the crystal lattices that could form
and reduces the freenergy disadvantage of the glassy state

The third rule ighe basic thermodynamirequirementthat the combination of elements
lowers itsfree energy bymixing unifornty. In the case of positive enthalpy, the mixture
wouldtend to phase separat which wouldwork againsglass érmation.We will address
the fourth criterion in the next section.

Finally, there are some exceptions to the above, empirical rules. Amorsg thee the
unique GFAs of Abre earth metalMGswith Tig< 0.52° and some binary systemsuch
as NiNb'?®and Cuzr*?’,

3.5Gass formation andhe eutectic pointof binary alloys

Why glass formation seems only possible for metallic alloys of specific compositions still
remains to be explained. This is related to the last of the four rules of Inoue and by John-
son, namely that the system should havdeep eutectic, i.e. a low eutectic temperature.
Due to the entropy of mixing, alloys always have melting temperatures below the melting
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points of the separate components in the all8yThe eutectic temperature is the lowest
melting temperature that can be achieved as a function of the precise compositithe
mixture, see Figure 3.4. The eutectic point in this binary phase diagram is defined by the
combination of the eutectic temperature and the corresponding eutectic composition.

Eutectic
Ta point T
|
ig L+a | L+p é’
m ~
5 8
g | « . --p-| &
£ | € :
@ S
[ S
| a+ f L‘%
|
| Eutectic
| composition
A - B
Composition

Figure 3.4 Binary phase diagram for hypothetical akbmf elemens A and B, illustrating the
various phases and combinations of phaseswell agshe eutectic composition, eutectic tem-
perature andthe eutectic point. At higher temperaturethe alloy is in the liquid phase (L) and

all compositions are stable. At suféintly low temperatures only phasésand & are stable.
These are solid solutions oflB>ms in a crystalline -fnatrix and of Aatoms in a crystalline-B
matrix, respectively. In the three regions that show combinations of phases, the system is un-
stable andends todecompose into the two neighboring stable phases, e.g. all points i the

+1 € region of the diagranshould tend tosegregat into a fraction oft and a fraction of .
Imagemodifiedfrom ref129.

Cohen and Turnbull were the first to propose aretation between the eutectic point in

the binary phase diagram and the compositfonwhich abinary amorphous allogan be
obtained most readil{?°. Their suggestion is strongly supported by a simple kinetic argu-
ment. The eutectic point corresponds to the minimum temperature where the alloy can
still bestable in a liquid formTherefore, this is the point in the liquid part of the phase
diagram that is closest in temperature to the glass transition. In other words, for the eu-
tectic composition, section B in Figure33s the narrowest, the relative glass transition
temperature Ty isthe highest, and the required critical cooling rateifthe lowest. Sev-

eral experimental studies provided evidence in favor of this argufi&ht,
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demonstrating that the glasrming region in the phase diagram is indeed located at and
around the eutectic composition, even though alloys are also known that do not satisfy
this criteriont3%%7,

Related and competing with the formation of an MG at or close to the eutectic composi-
tion,istheseOl £ £ SR WO2dzLJt SR INRPGIKQEZ gKSNBE GKS I ¢
macroscopid andb grains, but adopts aalternative, symbiotic crystallization route, in

which a superstructure emerges of simultaneously growing, microséogi b regions,

typically in the form of thin lamellae, as seen in Figure 3.5. This type of structure is referred

G2 a I deSddzNROBR Ot KSi NIEB I-dothpbsitorydiagraaBvhareIhisLIS NI G
O2dzLJ SR INRgGK GF1Sa LXIFOSE OFfttSR GKS wO2«
petition between the growth speeds of segregatedndb crystallites on the one hand

and coupled, atectic structures on the other. Here, we view the simple case of a binary
mixture, for which this zone is more or less symmetric around the eutectic composition,
knowing that in some cases, it is strongly skewed, with the coupled structure appearing at
compositions that differ from the eutectic composition for temperatures sufficiently far

below the eutectic temperature. Figure 3.6.a shows a typical binary phase diagram for

I

LA

]
ARl )
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Figure 3.5Eutectic growth of quenched-BUAI2 alloylmage reproduced from ret39.

Ma et al. investigated the glagsrming ability of PECuNi-P and LaCuNi-Al alloys that
have symmetric and asymmetric coupled eutectic zones, respectively. They found that,
whereas the critical cooling rate for glass formation is lowest at the regular, eutectic com-
position of the PACuNiI-P alloy, it has its mininh@alue at an ofeutectic composition for

the LaCuNi-Al system38140
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To understand the influence of the coupled zone and the eutectic composition on the
glassforming ability, we first pay attention to the nucleation and crystal growth in the

alloy. The eutectic coupled zone determines the growth characteristics, whickeadn

either entirely toh andb crystallites, or entirely to eutectic structures or combinations of

the two, based on the growth conditions, most importantly temperature and composi-

tion*. Figure 3.6.b illustrates the typical temperature dependencethefgrowth veloci-

GASa 2F (GKS SdziSOGAO a0 NHzOGdzZNBE ' yR &SLI NI G
coupled zone. At sufficiently high temperatures, growth will be fully eutectic. Figure 3.6.c
shows how strongly this changes with composition. Ifnaeve to an offeutectic compo-

aAGA2Y S F2NJ SEFYLX S (2 (Krgstahi®sBa for, iniciéaBesi S Y LIS
strongly and so does the growth velocity of these crystallites

Up to this point wediscussedhe competition between the eutectistructure, and sepa-

rate h- Iy Rerystallitesduring solidificationln addition to these locally ordered struc-
tures, we mustnow introduce another player in this game, which is the amorphous
PhasdAs pressed in terms of the temperatwgrowth-speeddiagramsin Figure 3,

we should expecto obtain a glassy structure in the allay,its growth speedls even
higher than the growth speeds of the other structurésr the amorphous phase, the
growth speed is not a meaningful concept. Neverthelesscareindicatehe glass transi-

tion temperature () in the diagransby a horizontal line, as the temperature below which
the system is effectively frozen in, when it is successfully reached without nucleation or
INRPGGK 2F SAGKSNI 2T (KS -IONReysialites, ok yieSeutedK | & S & >
tic structure.The diagrams show the maximum speeébr each of thes¢hat need to be
overcome, for this condition to be satisfiefiogether with the minimal size of the object
that is to be quenched into the amorphous phase, this calls for a minimal cooling rate to
achieve that phase safely. It is clear from the diagrams inr€i@.6 that the situation is
most favorable for the eutectic composition, in accordance with the argument already
provided by Cohen and Turnbulh the example of Figure 3.he relatively highgrowth

G S Y LIS NI deaetaBitesat¥he indicated,off-eutectic compositiorwould require a
higher cooling rate for glass formation. Below this cooling rate, the alloy would solidify to
S A (i KeBytdllitesor eutectic phases.

64



Chapter 3

T4 @ 4 b T} €

Off-cutectic alloy

Eutectic_alloy

anoang

cutectic » ~ 3
L4 ~
r—‘ﬁ \

Figure 3.6a) Phaseliagram for a fictitious binary mixture of A and B with a symmetric coupled
zone, displayed with various crystal growth regimes. (b) Relation between temperature and
growth speedof various phases at the eutectic composition, (c) Similar to (b), faich Boff
eutectic compositionlllustration adapted from reflL38

3.6 Metal-metal and metatmetalloid MGs

As we have discussed before, the only practical way to obtain a metal in a glassy configu-
ration is for the metal to be an alloy of at least two elements. Metallic glasses are often
divided ino two groups, namely metainetalloid glasses and metahetal glasses. There

are also other ways in which metallic glasses can be classified.ifagpts show that
metalmetaloid glasses are typically formed with atomic compositions of approximately
80% metal ad 20% metalloid, such as Si, B, P and Ge. Both the metal and the metalloid
componens canconsist ofmore than a single element. However, this ratio may apply dif-
ferently to bulk metallic glasses, includitigpse consisting ahree elementsandhigh en-

tropy alloys. In the case of metaletal glasses, there seems to be much less restriction on
the composition, with the concentrations of individual components vayyaver large
ranges, e.g. from 10% to 9*%. In pracice, metaimetal glasses are usually more chal-
lenging to produce, and the number of successfully produced mme¢&dal glasses is there-

fore limited, especially for the binary systems and bulk metallic glasses.

The main structural difference betweenetal-metal and metaimetalloid metallic glasses
is in the local atomic configuratignin most cases, etal-metal alloys locally adopt icosa-
hedral structures, in order to optimize the packing dendfy*®, whereas metakemi-
metal alloys exhibit more complex netwelike structures based on trigonal prisths
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3.7 Production ofmetallic glasses

As was mentioned before, the atoms in an MG can be frozen collectively, e.g. by rapidly
cooling down a liquid metal alloy. But they can also be frozen in atom by atom. Here, we
briefly describe three categories of production methdds metallic glasses: traditional
guenching from the melt, solidtate transformation processes and depositibased pro-
cesses.

Quenching from the melt

Duwez and colleagues were the first who used the technique of rapid cooling of a liquid
metallic alloy to obtaira metallic glas4® Their method was used also for the production

of various other metallic glasses. Anantharaman and Suryanarayana eeMibe tech-
nique, as well as derived methaddaborately*°. Here, | summarize the main approaches.

Water quending method

Water quenching is the rapid cooling of material in water and it is the simplest conven-
tional quenching method. It has been in use for centuries to harden steel. In this method,
the iron ore is cooled down from melt through its eutectic tempara in the phase dia-
gram. In order to obtain a lower eutectic point, the material is alloyed with other elements.
Lowering the eutectic point does not influence the kinetic barrier for phase transfor-
mation. Since this technique is more efficient for thestem with a high surface area to
volume ratio, the metallic glass to be obtained can only be in the form of a thin sheet or
wire. The typical cooling rate, reached by this technique, #/&) which is only useful in
combination with materials with aaxtremely high glasirming ability, much higher than
typical metal alloys. Therefore, the water quenching method is irrelevant in practice for
the production of metallic glasses.

Rapid solidification processing (RSP)

This is the traditional approach, which a liquid is rapidly cooled below its freezing tem-
perature. At a sufficiently high cooling ratéypically around 18K/s or fasteffor a suitable
metallic alloyq crystallization may be avoided and a metallic glass is obtained. This was
the first technique by which a metallic glass was formed. In practice, there are several
methods to reach such high cooling rates, involving the cooling of liquid droplets and liquid
jets and rapid surfacenelting-and-freezing processes. The most successful RSP method
the melt spinning techniquehichis frequently used in industrial applications. In this tech-
nigue, the liquid alloy is poured on a rapidly spinning cold wheel, which deforms the
stream of liquid into a thin ribbon that is cooled very efficiently teemperature below

Tg, due to its intimate contact with the wheel. The fast rotation of the wheel accelerates
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the ribbon tangentially and makes it detach from the wheel at high speed so that it can be
collected easilif.

Solidstate processs

Annealinginduced solidstate anorphization and mechanical alloying are the most com-
mon solidstate processes that can lead to metallic glass.

Annealinginduced solidstate amorphization

Schwarz and Johnson reported that sedtdte amorphization could be achieved by an-
nealinginduced reactions of pureolycrystalline metaf$°. To achieve metallic glasses by
this technique, the metals that are to be alloyed should have a large negative heat of mix-
ing and an enormously rapid diffusion of at least one element. The methbeérsto de-

posit a glasgorming thin film stack of the elements that are to be alloyéghically by
sputter deposition or thermal evaporation. Subsequently, this structure is annealad at
temperaturethat is stillbelow T, but high enough foone of the elements toexhibit rapid
diffusion'®%. The negative heat of mixing drives the formation of the alayich, once it

is formed, is not only completely disordered, but also immobilized, since the temperature
remains below dJthroughout the entire process.

Mechanicalalloying

This soliestate, powder metallurgy technique is based orcantrolled, brute-force ap-
proach, involving e.chot-pressing®?, cold welding or fracturingnd rewelding of mixed
powder particles. These particles are blended in a special grinder which is calleghhigh
ergy ball mift*3. This technique can be used five production of various noequilibrium
phases.

Depositionbasedprocesses

Building up a material atom by atom makes it possible to achieve the ultimate cooling rate,
in which the excess energy that is introduced by every newly arriving atom is conducted
away at maximum efficiency by the cold surface on whichatieen lands. We distinguish

a variety of atomic deposition methods, usually classified as either physical or chemical
deposition.

Physical deposition techniques

Physical vapor deposition (BYstands for a collection dghin-film deposition processs in
which a material is transported from a source, usually a solid or a liquid to a substrate on
which it land$®.
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Sputter deposition;the metals to be deposited are introduced in a vacuum chamber as
sputtering targets. Sputter deposition is a plashased deposition process where ener-
getic ions, usually Arare formed thatare accelerated by a potential difference towards

the sputtering target. When they bombard the target, the ions remove atoms from the
target surface. These liberated metal atoms can travel as atoms or ions via the plasma to
the growth substrate, which is ithe same vacuum system. There, they deposit in the form

of a growing thin film. In order to obtain a metallic glass, we need to deposit at least two
different elemental metals simultaneously. This can be achieved either by sputter deposi-
tion from a singe target of premixe#® metallic alloy or by sputter edeposition from at

least two separate, singlelement targets$>.

Electronbeam deposition;in this mehod, an energetic electron beam is focused in a vac-
uum system ora metal target that locally heats up tosufficiently high temperature to
either sublime atoms from the solid phase or to melt and evaporate atoms. These then
deposit on the nearbgrowth substrate!>®157 In order to avoid preferential deposition of

a single element, this method is usually not applied with premixed alloys. Deposition of an
alloy requires caleposition from separate sources.

Thermal evaporation; heating ofmaterialsin a vacuum system can also be achieved by
direct heating methods, for example with timeaterialcontained in a crucible, from which

it sublimes o evaporates towards the nearbyrowth substraté®. Again, alloys can be
deposited in this way, by edeposition ofindividual elements from separate sources.
(Typicakenergy of atoms 0.1 eV)

Pulsed laser depositiorna highpower infrared laser is used to strike tineaterial target

with intense pulses that ablate the material in the form of nanomedeale clusters that
travel to thegrowth,a dzo 8 G N>} 0 S 6KSNB (KSe RSLIRaAdGe Ly
by one, but in groups that are large enough to minintin¢h the kinetic energy and the
released cohesion energy per arriving atom in the cluster, but small enough to still rear-
range into atomically thin deposi#®. Like sputter deposition, this technique works well

both for singleelement targetsand for premixed targets with the required alloy composi-

tion (cooling ratefor picosecond pulsed 0-3Ks?) 160,

Chemical vapor deposition (CVD)

In this class of methods, the growth substrate is exposed to a precursor gas, i.e. a flux of
gas molecules. These molecules chemically decompose on the surface of the substrate and
leave behind thematerial of interest, e.g. thenetal atomsof choice while the residues

from these molecules desorb from the surface in this prot¥&s$here arevarious types

of CVD and the most used ones for metallic glasses are plashenced CVD (PECVD),
rapid thermal CVD (RTCVD) and combustion CVD ({€VD)
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3.8 Properties andapplications of MGs

As a result of thie non-periodic atomic structure and theabsenceof grains and grain
boundaries, metallic glassedten exhibit speciaproperties, such as a high electrical re-
sistivity witha lowtemperature coefficient, excellent sefhagnetic properties, superior
mechanical properties, e.@ highyield strength and a high corrosion resistance. In this
section,| will briefly discussseveralof these properties.

Mechanical properties

Many of the mechanical properties of crystalline materials, such as most metals, are
strongly dominated by crystal defects, such as their grain boundaries and dislocations.
Usually, the yield strengths measured for metallic materials are well below tred ide
strengths, predicted by theoretical calculations, because of these imperfections. They also
make the mechanical properties inhomogeneous, which has significant consequences for
the plastic deformation behavior of metaBy contrast, metallic glassesedromogeneous

and lack grains, grain boundaries, dislocations and other extended crystal defects. As a
result, these materials doot exhibit thevariationsin mechanical strength that are typical

for regular metals whichmakes them promising materials wh high and constanyield
strength. Despite this higher strength compared to their crystalline counterparts, the me-
tallic glasses have elastic moduli in the same range as regular neigse 3. temon-
strates this in the form of a map with the yield ets expressed as the elastic limétnd

the Young's modulusmeasured fowvarious materials, including elemental metals as well

as crystalline and amorphous metal alloys. The latter ones are indicated on the map as
dark ellipses. What the figure revealsdditly, is that theexperimentalvaluesfor the yield

stress of the metallic glasses are much closer to the theoretical values than those for reg-
dzft  NJ YSGlFta FyR ONEBadGlftAyS Y&Forfacdmpléte & a
overview of these stems, we refer to the literatuf®1%3 The hgh yield stressf metallic
glasses miges them interesting materials for applications with special demands towards
mechanical propertiessuch as elastic pressure gauges, flmeters, sporting products,

and micrespringst4168,
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Figure 3.7Elastic limit(yield stressand Young's modulus forveide selection of metals and
metallic alloys, metallic glasses and nasrgstalline metallic glasses. Metallic glasaesindi-
cated by dark ellipse§igureadaptedfrom ref163.

Electrical resistivity

The electrical resistivity values of metallic glasses are approximatelyn@shigherthan
thosefor the crystalline versions of the same materiatsyoom temperatureand the dif-
ferencebecomesmore pronouncedat lower temperaturesMetallic glasses hee higher
resistivities,because the absence of lomgnge periodicity of the atomiscale structure
leads to increased scattering of conduction electrons. Another important difference is that
metallic glasses exhibit extremely weak variations of theicteleal resistance with tem-
perature. Their resistaneeemperature coefficient may even be zero or negative, enabling
the suppression of thermal drift for electrical applications that require a stable re-
sistancé®®. Figure3.8shows therelative resistivity as a function of temperature for both
the crystalline andhe amorphousforms of FePC-or the glass version of the materidigt
variation of the resistance is very modest up to 6 AwKich isthe crystalizationtemper-
ature for this material.
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Figure 3.8 Relativeelectricalresistivity as a function of temperature for amorphous and crys-
talline FePCThe fgureistaken from ref169,170

Magnetic properties

The random atomic arrangement of atoms atié absenceof grain boundaries lead to
easy magnetization and dmagnetizatio that providesmagnetic metallic glasses with a
high magnetic permeability aralhigh saturation induction. Thisliecausehe ferromag-
netic magnetization vector is free from any structural anisotrophichprovides these
materials withexceptionaly soft magnetic propertiesSoft magnetismcorrespondsgo rel-
atively short response tims to changes in an externahagnetic fiéd, whichmeansthat
thesematerials can be magnetizezhsily and that thehavethe tendency notto maintain
their magnetization once the external field is removeBy contrast, prmanent magnets
are made of materials having hard magnetic properties Hase ther internal crystal
structure. Thé structural anisotropy gives rise to hard -deagnetization. The soft mag-
netic materialsalso exhibit low magnetic logs (eddy current loss) These properties
make MGssuccessful componenfsr transformers, indctors,electromagnetsandfor mi-
crowave applications

Corrosion resistance

Corrosion is one of the most common problems that almost all metals share. Polycrystal-
line and amorphous metals are potentially different in their chemical properitietiding

their corrosion behavior. Grain boundaries in a polycrystalline matrix are often the pre-

ferred channels for atoms and molecules from the surrounding phase, e.g. air or water, to
enter the solid and migrate inside the matetfal In addition, grain boundaries provide

71



Glasses and metallic glasses

the internal surfaces where corrosion can take place, in parallel with the corrosion on the
external surface. By contrast, a glassy structure lacks grain boundaries and may therefore
be expecté to exhibit corrosion only at the outer surface and to protect itself in many
cases from further corrosion by the presence of the first nanometers of surface oxide. In
this way, we may hope that amorphous metals have a higher corrosion resistance than
their polycrystalline counterparts.

Properties of thirfilm metallic glasses

The structure and properties of thin films to some extent depend on the substrate tem-
LISNI GdzNB +FyR GKS FTRIFEG2Y Y2o0AtAde 2F GKS LI
In addition to the properties that they share with BMGs, TFMGs may exhibit additional,
unique properties. For example, due to the absence of grains or other microstructures, the
surface roughness of metallic glasses is expected to be lower than that of tystmline
counterparts. Zeman et al. reported that the surface roughness of thin films-Gfizne-

tallic glass was less than 1.5 nm, which is lower than the roughness of equally thin poly-
crystalline films of elemental Zr and CuNevertheless, a surface roughness of 1.5 nm is
a modest improvement andhay also be achieved for polycrystalline thin filn&milar
resultswere alsoreported for ZrCuAINi metallic glass fiffffKumar et al. demonstrated

that the magnetic bulk metallic glasses would be promising candidates fordeiggsity

data storage due to the kinetics of the writing and erasifdn fact, these properties re-
flect the surface smoothening of the disordered atomic structure triggerearnyealing

at supercooled liquid temperature§he amorphous structure and the relatively low vis-
cosityfor the crystallizationn the supercooled liquid regicare responsible for the @v-

ery of possible defects, such as scratches or the roughness originating frategbsition

of the film. We recognize two main driving forces for this-beldling, namely surface ten-
sion andstructural relaxatiof’. An AFM study of Feased thinfilm metallic glass demon-
strated thatthe depth of a nano indentationvas reduced by 13.8% after annealing at
pnne/ T2 iNdicating¥tHatfhe glass film is not only smooth as a result of the dep-
osition, but that the smoothness can be improved further by paeposition annealing.

3.9Limitations

Ewven though metallic glasses exhibit a high yield strength, their plastic properties present
a limitation. As they doot have extended crystal defects, such as dislocations and stack-
ing faults, MGs tend not to be very ductile. Instead, they show brittlereassed by highly
localized deformation in shear bands that accommodate the strain almost entirely, while
leaving the rest of the material unstraing&82.
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However, the pooductility problem of metallic glasses is strongly reduced for objects of
smaller sizes, such #sin films'®3, It has been demonstrated that &€wsAkiNis MG films

with a thickness of 260 nm could accommodate a massive strain D@@00% whout
shearbanding or cracking® Similarly, Glushko et ateported an exceptional fracture re-
sistance of 7hm thick Pd:Sis, whereas this effect disappezdl for thicker filmg%. The
combination of a high mechanical strength due to the glassy structure with good ductility,
connected to the nanometer thickness, makes thiim metallic glasses promising candi-
dates for applications sucéis microelectronics, datstorage electronic®r nanoelectro-
mechanical system.

We can keepminimizingthe effect of poor ductility and poor fracture resistance by keep-
ing the sizes of metallic glass structures small, but the limited size in itself can be another
limitation. Still, another solution may exist by which the limifgide restiction can be

lifted, which involves the combination of nanocrystals inside an amorphous matrix. | will
explain this suggestion in more detail3ection 11First, we need to understand the crys-
tallization of metallic glasses

3.10Crystallization from the glassy state

Independent of how it is produced, an amorphamnfigurationis thermodynamically un-
stable, or, more precisely, metastable. At a sufficiently high temperature, the transfor-
mation to a (poly)crystalline solid is boutaitake place. Key steps in this process are the
nucleation of crystallites within the glass environment and the subsequent growtleséth
crystalline nucléf”'88 In practice, crystallization of glass is observed at and above an on-
set crystallization temperature U Similar to d; which is a function of cooling ratey i§
determined by the heating rate; it is higher for higher heating rates. The difference be-
tween kand T can be taken as a measure for the thermal stability of a glass

©Y "YZ"Y (3.2)

Here, we briefly review classical nucleation theonatguire a basic understanding of the
first step in the crystallization process. We follow the vkelbwn description for crystalli-
zation in a supercooled liquid and, for simplicity, assume the crystal nuclei to have spher-
ical shapes, ignore possible effedf segregation and impurities at the amorpheaurgstal

interface and assume the crystallites to be homogenous in composition and strtféture
191

Classical Nucleation Theory

Classical nucleation theory (CNbFpvidesa convenienimodeldescripton ofthe kinetics
of crystallization®>'% Here, we summarizethe simplest form of CNT, assuimg
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crystallization to start with the spontaneous formation of a spbal crystalline nucleus
insidea homogeneous liquidiherelevant quantity in this description js Dthe change in
total Gibbs free energipG when a crystalline nucleus with radius r is formed within the
supercooled liquid. This changeciemposed of two contributions.

w"a -“1 3C 1Al A (3.3)

ThefirsttermontherightNB € | 6§ Sa G2 GKS @2t dzy &the diffed KS  a LJ
ence per unit volume of the Gibbs free energy between the solid and the supercooled

liquid phases, which is necessarily negative.Se@wonderm is introduced by the interface

between the two phases, and is proportional to the Gibbs freeNeBeg LIS NJ dzy A G | N
that interface, which is always positive. Since the first term scales Withd the second

with r?, DG(r)displays a maximum at a special radius that we refer to as the critical radius

Yy

1 (3.4)

Nuclei below thisize tend to shrink and disappear. However, once a nugasseshe
critical radius, it is there to stay artdwill grow without further hindrance. This makes the
maximum ofDG: = D3(rc) the relevant free energy barrier for the nucleatiprocessWe
readily obtain ¢ and D& from Eq. (3.4).

i 39

©w0 —*, (3.6)

This relation between the Gibbs free energy, the bulk free endiffgrenceand the in-
terfacial free enegy is illustrated in Figure 3.Bnpurities in the liquicand the presence of
surfaces may provide local nucleation sites, leadinget@rogeneous nucleatigrtypically
with a lower free energy barrier thabDG..

A limited number of studies demonstrate that some metallic glasses with high therma
stability cannot be described well by CNT and seem to be described better by the phase
field theory (PFTJ%'%”. PFT uses an alternative solution to substitute the boundary
ditions with a diffuse interface by an auxiliary figf
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Figure 39: Schematic illustration of the free energy difference of a crystalline particle in a su-
percooled liquid, with respect to an equally large volume of liquid, as a function of its radius.
The green curve shows the volume contribution, which is always aegasi the liquid is super-
cooled, and scales with the third power of the radius. The red curve illustrates the interfacial
energy, which is always positive and scales with the square of the radius. The blue curve repre-
sents the total free energy (sum oflwvme and interface contributions), which initially increases
with the radius, reaches a maximum at thecadled critical radius and reduces for larger radii
Figure reproduced from ref99.

Crystallization Modes
Crystallization of binetallic glasses can take place in several ways, as illustrated in Figure

3.10.Each crystallization mode leads to a different structure, which provides the possibil-
ity to choose the microstructure of these materials and tune their propetifesiere, |
mention the three main crysthration modes for binetallic glasse®!-22

Polymorphous crystallizations the name that is used for transformations of the amor-
phous alloy that take place without changes in compositidre twopanels ofFigure 3.10
indicatedifferent possibilitiesfor such a transformation

In the top panelpolymorphouscrystallizationwould take placeto a solid solution, in this
case of Acrystallites with Batoms dissolved in them. In the lower panpblymorphous
crystallizatiorwould take place to a welllefined, crystalline compound of A and B, which
is indicated in thepanelby a narrow freeenergy curve

Primary crystailzation is the major way for a metallic glass to transform. It requires the
segregation of the bmetallic mixtre into regions that are enriched in either of the

75



Glasses and metallic glasses

components, thus lowering the total free energy of the material. The doetarigent con-

struction in the top panel of Figure 3.10 connects the Gibbs-émergy curve for Aen-

riched crystals with the curvior the amorphous (or liquid) mixture and demonstrates

how the total free energy is lowered by the formation okAriched crystals. The other
component, which is Bnriched and still amorphous, may undergo a subsequent crystal-

lization transition, forex Lt S Ay GKS FT2N¥Y 2F | aS02yR WL\
referred to as a secondary transformatiomhich wouldresult in Benriched crystallites

Eutectic crystallizatiorwas already mentioned as the simultaneous, coupled crystalliza-
tion into a spatially organized combination tfo different structures with different com-
positions,DGwas illustrated in Figure 3.6. In the lower panel of Figure 3.10, this is illus-
trated for the case of a solid solution of theridh crystalline phase in combinatiavith a
specific, crystalline 8 compound. In Figure 3.6, it was shown for the combination of two
solid solutions, Aich and Brich.

Crystallization of an amorphous structure into metastable or stable phases goes hand in
hand with changes in physicalgperties, such as mechanical, electrical and mag#f&tic

205 Ketkaew et al. investigaid the effect of crystallization on fracture resistance. They
found that aminor level of crystallizationup to 6% doesnot lead to a significant differ-
ence in toughness. However, they measueeli0% decrease in the fracture resistan

after an additional 1% crystallizatiéf.
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Figure 3.1GGibbs free energy diagrams for a binary metal alloy that illustrate the crystallization
modes, discussed in the text. The fezeergy curve for the liquid is taken as representative for
that of the amorphousmetallic mixture. Whereas polymorphic crystallization requires no
changes in composition, segregation of the mixture inenfAiched and Enriched regions is
necessary for primary crystallizati and eutectic crystallizationFigure reproduced from
ref.182

3.11Amorphous and nanecrystalline metallic glasses

Nanocrystals araggregats of atomsin the form of singlecrystak with sizes smaller than

50 nm.They formfine, polycrystalline structure witha high density of grain boundaries
Nanocrystallinesolids are often considerecanintermediatebetween amorphous and con-
ventional polycrystalline materials with coarser graifgeviously, we discussed the
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unigue properties of amorphous metallic glasses and their drawbacks, such as poor frac-
ture resistanceHere, wewill briefly explorethe characteisticsof nanocrystalline materi-

als, after which we considesne compositethat consiss of an amorphous metallic matrix

with embedded nanocrystals

There are various methods to produce nanocrystalline materials. The fikirtsideris
ball milling. Insection 3.7, wenentionedthat this methodcan be usedor the production

of metallic glasse872% putthey also showedthat this method ca also be usetb obtain
one composite consisting of both amorphous and nanoctg$ta modifying the compo-
sition of the elementsAsecondmethod isthe annealinginduced crystallization of amor-
phous alloy€”. Following the discovery of metallic glassesseachersoften investigated
their thermal stabiliy. It was found that for some material compositions of specific alloys,
such as F€-C10, ZrC1?Y:, and Pd-SPe212 dter the annealing at a specific temperature
that depends on the material and th@recisecomposition,a combination is obtained of
nanocrystad embedded in anetallic glassedJnfortunately, itis challenging to control the
amount of crystallizatiomvith this technique. In addition, the thermal treatmeitelfalso
can cause other changes thditamatically affect the properties of theetallic glassFor
example,annealingat temperatures below the crystallization temperature has a strong
effect on the micrehardness ofin amorphous=eB alloy!3. Therefore, more controlled
methodsare increasinglgairning attention, such as PVD methqds.g.thermal evapora-
tion?*, pulsed laser depositiéH2*¢and sputter depositiofi©?2°, Thesemethods enable
oneto directlyobtain nanocrystalline thin films. Especially, sputter deposition has an over-
all advantage over other techniquégcause it providean enhanced GFAver awider
compositional range for the alloys to be produdacamorphousor crystallineconfigura-
tions by modifying the sputtering setting$?®?2*and furthermoreit is an attractive tech-
nique forindustrial applications. Chapter 2 of the thegiesentsthe experimental results

of nanocrystalline elemental metal thin filniyy sputter depositionThe mostfinportant
property, of determining whether the deposition results imanostructured metallic glass

is the compositiorof the sputtered elements.

In addition to these, other methodsave beerdeveloped to obtain nanocrystalline struc-
tures on a surface, such as crystallization by ultrasonic shot peéfirmgd surface me-
chanical attrition treatmer®3. For these methods, the amdnpus matrix is the parent
phase for crystallitethat areformedin a later stageli et al. wrote aisefulreview article

on the fabrication, properties and applications of amorphensnocrystalline alloys*.

They highlighted the advantages of these alloys compared to regular crystalline counter-
parts including high strength and hardness. However, some limitations are also demon-
strated such asnodeststability atelevatedtemperature$?>226and poor ductility?7?2°,
similar tothe limitations ofmetallic glassesliscussed previously.
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Smart engineering magnable the combination ahe advantages of nanocrystallimea-
terialsand amorphous metallic glassds.order to improve fracture resistancene can
introduce crystallites intan amorphous matrixEmbeddingmicrometersize crystallites

in metallic glas€an improve ductility but this alsimtroducesa remarkable drop in the
overall strength of thenateriaP3C. Tre behavior is entirely differenivhen thecrystallites
have sizes in the nanometer regimi€¢im et al. demonstratéthat including nanmeter-
size Al crystals ian Al-Y-Ni-Fe metallic glass not only increaske fracture resistance but
also slighly increass the strengtt¥®%. Earlyresearchaimingto increasethe mechanical
strength of metallic glassegasmostlyconductedat Tohoku Universityit was found that
most of the metallic glasseschibitanimproved hardness andnincreasecdelastic modu-
luswhen thevolume fraction of nanarystallitesis increasedrom 10% to 40047423240,
The role of nanocrystals inside the amorphous matrix enhances nottleaignechanical
properties but also thehemical properties of the material such as resistance to oxida-
tion?*L. Therefore partially crystiited metallic glasses can find a place in various applica-
tions. Even though it iglear that the detailed atomic configurations are at play here, in
combination with thermodynamic driving forcetigprecise mechanisms by which these
properties aremproved arenot fully understood. The methodsliscussed herdo obtain
both crystallies andanamorphous matrixmostlyrely on the formation ofhe crystallites

in a preexisting amorphous mediupby subsequent thermal or mechanic processes.
However, thesdinal-stage treatmentamay significanthaffect the properties othe two
components of the composite materidt would be interesting tgroducesucha hybrid
material of a binary alloycombiningcrystallitesand anamorphous matrixwithout the
need forspecialthermal or mechanicareatmernts. Preliminary observationms the con-
text of Chapter 4suggest that w may have a recipe tdirectly obtain configurations of
nano-crystallites inran amorphous matriwia the deposition othin binaryalloyfilms.

3.12RuMo alloy

In thisthesis, the focus is on alloys of Ru and Mo. Obviously, these alloys do not satisfy the
first empirical rule that was introduced in Sect. 3.4 for achieving a high GFA, namely that
the alloy should contain at least three elements. Albe second rule, thiathe atomic

sizes should differ by at least 12%, does not apply, as the Van der Waals radii of Mo and
Ru, of 209 pm and 205 pm respectively, differlégsthan 2 %. For this reason, RuMo
alloys have received little attention g®tential metallic glasss. However, since both ma-
terials exhibit favorable properties for applications that involve EUV light, it is useful to
explorethe possililities foramorphous structurs of these alloys and their potential ben-

efits for these applications.
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The binary RuMdAJK I &S RAF3IANI Y gl & Ay@SadAiardiSR
RauB*2 It was found that only small guntities of Ru can dissolve into Mo, whereas Mo

can dssolve upto 35% intoRuat80 ® Ly | RRAGAZY (2 GKAAZ |
identified by Bloor#*® for the composition R#Mos, referred to as thesigma phase’ -

phasg. The sigmgphase is a member da family oftopologically closgacled (TCP)

phases, also known as Frakksper (FK) phases. It considtintermetallic compound of

transition metals witha non-stoichiometric structureThe sigma phase has a complex te-

tragonal structure with 30 atoms in a unit cehig'is a special case for the transition metal

alloys havingthe ratio of vaénce electrons to atomi therange of 6.2 to Z2* andthe

formation of this phaséas a strong influence on mechanical propertgsch as hardness

and britleness Anderson and Hum®othery studiedhe Mo-Ru system at temperatures

Fo2@3S wmcnne/ |y ReniakiSudn sdubility’oV® R 51%6Hn;RilheréiRu

dissolves up to 30.5% ofo at the same temperatur®®. Kleykamp reinvestigated the
LIKF&aS RAFANIY 2F wdza2 AGK F ONRBIFRSNI G§SYLISI
obtained consistent results with the previous studisFurthermore Kleykamp demon-

strated K | (i -pliage®f RiMosOS | 88a G2 SEA&G | G 8668 FgJIS NI (0 dz
ure 3.12. Thisimplies thatthe formation enthalpy isinfavorablefor the sigma phasebut

the structure is stabilized bgonfigurational @tropy for temperatures abovet mn o ¢ / @

In 1977, Collver and Hammond investigated the stability of amorphous transiteial

alloy films, including MoRu allsygrown by etctron-beam evaporation onto a liquitle-

lium cooled substrat&’. Their research identified an abrupt decreaselictrical resistiv-

ity during annealing, which was correlated to crystallization. The results suggested that
Rurich alloys, down to 75% of Ru, are crystalline immediately when deposited. For 75%
of Ru, 25 K was found as the transformation temperaturdiciating the alloy to be amor-
phous below that temperature. For alloys containing 50% and 68% of Ru, no sharp drop
was found in the resistivity up to 800 K, suggesting that these compositions were amor-
phous. However, Collver and Hammond aid provide anydirect proof of the microstruc-

ture in their paper.
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The other phases that are relevant in the immiscibility gap are theidhab-phase and the Ru

rich ephase Figure reproduced from Re¥®,

In Chapter 41 report results for alloys of Ru and Mo, obtained by sputtedeposition.
There are multiple reasorthat make an amorphous Ru and Mo alloy very attractive and
promising. First of all, both Ru and Moow ahigh IRemissivity#*®. In addition,Ru exhibits
superiorresistance taxidatior?*®, while Mo hasavery high EUV transmis#ty?>C. That is
why both metals are wellesearched and in use in the semiconduaquipment industry
Furthermore Collver and Hammond reportesbmeamorphous transition metals, includ-
ing Ru and Mo alloy, that exhilstiperiorsuperconductivitycompared to their crystalline
counterpart$*’. Ru and Mo aralsoessential and very highield elements in irradiated
oxide nuclear fuefs:.
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Chapter 4

AMORPHOUS ALLOY FILMS OF RUTHENIUM AND
MOLYBDENUM

Microscopy and diffraction measurements are presented of ultrathin binary alloy films of
ruthenium and molybdenum that are obtained by standard sputter depositioncbor-
positions close to RuMoso, we find the films to be amorphous. The amorphicity of the
films is accompanied by a significant reduction of the roughness with respect to the rough-
ness of equally thick films of either ruthenium or molybdenum. We ascriizetththe
absence of the grain structure that is characteristic of the polycrystalline films of the sep-
arate elements.
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4.1 Introduction

Thinmetal films find broad application in advanced as well as edagytechnology as a
relatively costeffective way to customize and improve materials properties, for example
to protect against corrosioft®, to lower friction and enhance wear resistafiée*?*, as
electrically conductive layeté, or, simplyto make a material look metallic. The combina-
tion of a cheap inside with a thin film of a more sophisticated or expensive material often
forms a costeffective way to add the superior surface properties or looks of the coating
to the bulk properties of tb inner materialOn a microscopic scale, metal films are usually
polycrystalline. The strong tendency for metals to crystallize, usually makes these films
organize themselves as a conglomerate of small crystalatewith different orientations.

Even hough most of the atoms in the film can be inside such small crystalline grains, many
macroscopic film properties are actually dominated by the grain boundaries between
them, where the perfect crystalline stacking is obviously compromised, and by other de-
fects in the crystal structuréor example, the yield strengths measured for polycrystalline
films differ strongly from the ideal strengths, predicted by theoretical calculations for per-
fect single crystal§®, because of the strong effects of dislocations and other crystal de-
fects on the mechanical properti®8. Chenically, the protective quality of a polycrystal-
line film can be significantly below that of a singhystalline one, if atoms or molecules
can migrate through the polycrystalline ensemble via the grain bound&tiesven the
chemical integrity of the film itself can be at stake, when e.g. oxidation can take place not
only at the surface of the film, but also deeply inside, at or via the grain boundaries. In
many modern applications, such as Hniction films andoptical coatings, extreme, i.e.
atomic-scale flatness of thin films would be of advant&§é>’, but the grainy structure of

a polycrystalline film also comes with roughness, simply because of the tendency for each
grain at the surface of the film to adopt its own equilibrium siapRather than connect-
inginto a densely packed, atomically smooth layer, these randomly oriented crystallites
typically make the surface look like a cobblestone pavement.

Conceptually, one may recognize two obvious, but extreme solutions to the problems in-
troduced by the polycrysilinity of most metal films: either perfect order, i.e. single crys-
tallinity, or total disorder, i.e. amorphicity. In principle, one should be able to avoid grain
boundaries altogether by producing thin, metal films in the form of perfect, single crystals
Unfortunately, even though it is possible to reach lateral grain sizes that can be signifi-
cantly larger than the thickness of a metal film, it is practically impossible to make the
average grain size arbitrarily large and thus completely remove the lgoaindaries from

thin, crystalline metal films. Moreover, larger grain diameters are accompanied by larger
thickness variations of the filmthe cobblestone effect. For cases where the lateral grain
size would be much larger than the film thickness, thuld eventually even lead to
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places where the film thickness is reduced to zero, at which point the film would be free
to break up and expose the underlying material, depending on the surface and interface
free energies of the materials involved. The ctarimtuitive, extreme alternative would

be to avoid grain boundaries by going completely in the opposite direction and avoiding
crystallinity altogether. For this purpose, the metal would need to be deposited and main-
tained in a glassy arrangement. Thiptiactically impossible to achieve and maintain for
singleelement metals.

Interestingly, several metallic alloys are known that can be cast or deposited in an amor-
phous form. First reports on amorphous metal alloys date back to the early ninstgen
ties'?:14¢ The rationale behind this approach is that crystallization often requires a signif-
icant rearrangement of the internal configuration of the alloy. This can, for example, take
the form of segregation of the compound into two different compositions, oneocsed

in one of the two metals, the other enriched in the other, with at least one of them forming
crystallites. This would requithie migration of atoms over substantially larger distances
than the atomiescale rearrangements required to turn a singlement material into a
crystal. Additional kinetic hindrance is introduced when the two constituents have signifi-
cantly different atomic size¥%2%¢ While a singlelement metallic liquid typically would
have to be cooled at a rate in the order of'48/s” to reach the glass transition temper-
ature without spontaneous nucleation of crystallites, typical cooling rates required for
glass formation of selected binary metal alloys can be lower by more than 11 orders of
magnitude®®. This still calls for dedicated production methods. Since the early work on
metallic glasses, a growing variety of new, ever more complex, metallic materials was iden-
tified that can be obtained in the form of a glass. One class of examfitesisd by high
entropy alloyg®, for which the combination of five or more elements makes that the high
configurational entropy of the liquid strongly reduces the melting point and thus reduces
the remaining temperature difference that needs to be overcorapidly to reach the
glass transition.

In thischapter, we concentrate on the classic case of a binary mixture, by investigating
alloys of ruthenium and molybdenum. These materials were selected because of their ap-
plication in reflective optics for lithogpdy with extreme ultraviolet light with a wave-
length of 13.5 nm, used in the latest generation of lithography tools in the semiconductor
industry?®L, We first demonstrate that sputter deposition of mixtures of these metals with

a composition close to BiMoso leads to amorphous thin films with a surprising level of
metastability with respect to crystallization. We employ gradimgddence xray diffraction

and highresolution transmission electron microscopy to inspect the amorphicity of these
films downto the atomic scale. We further show that these films exhibit an extremely
smooth surface when compared to the conventional, polycrystalline surfaces that we
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obtained by the same sputter deposition procedure for similarly thick layers of the ele-
mental constuents, i.e. Ru or Mo, under the same conditions and on the same substrates.

Thin amorphous films have been demonstrated before for selected binary metal'&ljoys
for example in the case of the @ systeny’. For theRuMo alloy that is featured in the
presentchapter, to our knowledge, no direct observations are available for the amorphi-
city of thin films, albeit measurements®fon the electrical resistivity of electrapeam
deposited RuMo films were interpreted alreadty 1978 as an indication for their amor-
phous structure in a certain range of compositions.

That the surface roughness of thin amorphous metal alloy films can be vel§? f§%and

that it increases upon the change from amorphous to polycrystalline, has been found be-
fore, for example in annealing experimefftson ZrAIMoCu mtallic glass films and in the
comparison of polycrystalline Zr and Cu films and amorphous CuZr alloy/ il8imilar
indications were reported for ZrCuAINi metallic glass filth&or the CuZcase, the larger
roughness of the polycrystalline films was ascribed to their columnar struéture

We investigated mixtures of ruthenium and tgbdenum. A special feature of the binary
phase diagram of RuMo mixtures is the existence of an entsb@lyilized configuration

for a narrow range of compositions aroundsRios, the secalleds-phasé**?246, a tetrag-

onal lattice (space group Bdmnm) with fiveinequivalent sublattices of atomic sites. This
phase occurs at temperatures below the eutectic point, i.e. the lowest melting point for
any of the mixtures. Rather than to cool the mixture from the melt, we concentrated on
ultrathin films that we routing} deposit on Si(100) wafers, terminated by a native oxide
layer, by simultaneous sputter deposition of Ru and Mo from separate sources. In contrast
to RuMo growth studies reported in the literatup@®, the sibstrate was kept at room
temperature. For practical reasons, we usedd$pQttering for Ru and R$puttering for

Mo, but we do not expect that this difference plays a decisive role in our findings. In this
way, films were obtained with thicknesses randiiregn 4 to 30 nm and compositions rang-
ing from RigsMo17to RwsMoss. Details about the deposition procedure and all other ex-
perimental methods can be found @hapter 1 The thicknesses and precise average com-
positions of the films were determined after degition with a combination of techniques,
including profilometry, atomic force microscopy, electron microscopy, endigpgersive
x-ray spectroscopy and-ray photoelectron spectroscopy. For reference, we also depos-
ited pure Ru films and pure Mo films. dnder to bring out their atomiescale structure,
local composition and surface smoothness, we inspected the collection of deposited thin
films with further techniques, including grazimgidence xay diffraction (GIXRD), scan-
ning electron microscopy (SBMiighresolution crosssectional transmission electron mi-
croscopy (TEM) and atomic force microscopy (AFM).
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4.2 Results

Figure4.1 concentrates on the structural characteristics of approximately 21 nm thick
RuMo alloy films with two different compositions. ThesfRiDs7 film is closest to the eu-
tectic composition of RiMosg245246:264 A strong fingerprint of the amorphous nature of
this film is provided by the upper GIXRD pattern imfeigd.1a. It contains two very broad
peaks, similar to the diffraction pattern from a liq#f&2%¢ The complete absence of sharp
peaks indicates that if some of the Ru and/or Mo atoms would still have formed crystals,
their fraction of the total cannot establish more than approximately 1% of the total num-
ber of atoms, based on the sensitivand the noise level in the data. Note that the sharp
peaks, labeled by an asterisk, stem from the Si(100) substrate and have low intensities due
to the grazingncidence geometry of the experiment that was chosen to maximize the
signal from the film. Theharpness of these Si peaks testifies to the angular resolution of
the diffraction measurement. In order to be certain that the broad GIXRD peaks of the
alloy correspond to an amorphous configuration, rather than a renystalline arrange-
ment, for which he small crystallite size might perhaps lead to similarly broad peaks, we
inspected the RasMos7 film also with highresolution crosssectional TEM. The result is
shown in Figre. 4.1b. While the Si(100) substrate exhibits its familiar, wedlered lattice
structure, the alloy film is completely disordered on all length scales, down to atomic di-
mensions, as can be verified directly in the enlarged section irrd-ig.1c. The spatial
information in the TEM image is consistent with the GIXRD spectrumndsecacognized
from the two-dimensional fast Fourier transform (2D FFT) iurfgig.1d that was taken
from the TEM region in Rige. 4.1c, completely within the alloy film. As expected from
the qualitative impression of the TEM image itself, the 2D FRTaits no orientational
preferences. The broad ring reflects the shahge correlation between the atoms in the
amorphous film and their direct neighbors, and its radius coincides with the position of
the main peak in the GIXRD pattern. Interestinglye #urface of the film makes a
smoother impression in the TEM image than the surface of the thin native oxide layer on
which the film was deposited. We will return to this point later.

The lower curve in Rige 4.1a shows the GIXRD spectrum measured foegumally thin

film of the more rutheniurarich alloy, RewMozs. It is dramatically different from the dif-
fraction pattern from the amorphous alloy, RMos7, and shows a rich collection of sharp
peaks that can all be associated with a polycrystalline layi#hr the hexagonal close
packed structure of ruthenium. Interestingly, the peak positions correspond to lattice con-
stants of a = 0.272 nm and ¢ = 0.432 nm, which indicates an expansion of the volume of
the lattice unit cell by 2.0 % + 0.35 % with respedhregular lattice of ruthenium. This
indicates that these diffraction peaks do not come from pure ruthenium, but from a solid
solution of the somewhat larger molybdenum atoms in ruthenitfin The lattice
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expansion can be associated with a composition @fiRous, with an error margin of no
more than * 3 % on the two atomic concentrations. The widths of the diffraction peaks
exceed the resolution and can be used to estimat@a@rage grain size of approximately
10 nm, a significant fraction of the film thickness. We speculate that the ruthenitim
crystals that the GIXRD spectrum is indicative of are formed out of the deposited; 77:23
mixture by segregation. The remaining reaal in the film must then be enriched in mo-
lybdenum. One might expect this remaining component to form boegiytered cubic crys-
tallites, i.e. with the lattice structure of molybdenum (and with a slightly reduced lattice
constant due to the dissolved rugimium). However, the GIXRD pattern does not contain
any additional peaks. This means that the molybderenriched component must be pre-
sent in a different form, which does not generate distinct, i.e. sharp features in the GIXRD.
In order to further elucidte the segregated structure for this composition, additional ex-
periments will be required

The diffraction pattern and TEM observations of the amorphous nature of thevRsr

FAEY 6SNB OKFENIOGSNRAGAO F2N) GKEGSOHARB QDAL
ure 4.2a shows the same combination of a selected region frarosssectional high

resolution TEM micrograph of the RMos7 alloy filmand its twedimensional fast Fourier

transform that was shown already in Figs. 4.1c,d. For completemess|so show Figs.

4.2b and c of two other, equally large regions from the same film and the corresponding
2D-FFT patterns. The arrows point to what one might interpret as weak indications of local

order, but that does not stand out as ordered domainghia corresponding reapace

images. Apart from such occasional local intensities, alldimensional Fourier trans-

forms were fully consistent with the smooth pattern for kg 4.2a.
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Figure 4.1(a) GIXRD measurements from 21 nm thiclksMs; (top) and Ru;Mo,3 (bottom)

alloy films. Along the upper horizontal axis of the panel, the scattering angles are converted
into the corresponding reciproeapace scale. The sharp peaks indicated by asterisks are arti-
facts originating from the Si(100) substraf{b) Crossectional higkhresolution TEM micrograph

of the RusMosy alloy film and the Si(100) substrate. Note the crystalline structure of the Si sub-
strate, the structural disorder of the thin native oxide layer by which the substrate is terminated
and the complete absence of crystalline order in the metal alloy film on top of that. The white
rectangle indicates the region that is displayed on a magnified scale in panel (c) to emphasize
the disordered arrangement in the alloy. Panel (d) represents thalimensional fast Fourier
transform of this region, which matches the features in the upper GIXRD curve of panel (a),
measured from the same composition
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Figure. 4.2. Three selected regions from cresectional highresolution TEM micrographs of the
RuwsMosy alloy film, each taken completely within the alloy film. The correspondinglimen-

sional fast Fourier transforms all display the same broad ring, typical famanphous arrange-

ment. The arrows in panels (b) and (c) indicate weak, additional signatures of local order that
we have observed in some of these local 2D FFTs, but that we cannot recognize readily in the
corresponding TEM images
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Figure4.3 shovs the XPS spectra of a polycrystallg:Mozsthin film (top) and an amor-
phous RusMosz thin film (bottom). The survey spectra (left) have been acquired at 500 eV
pass energy, while the detailed Ru 3d and Mo 3d regions (right) have been acquired at 300
eV pass energy. The survey spectra only contain peaks associated with ruthenium, molyb-
denum and oxygen.

The detailed Ru 3d and Mo 3d regions have been fitted using Voigt functions, taking into
account the presence of metal oxides and the broadening dukddCosterKronig effect.
A Shirley function has been used for background correction.

The surface fractions of ruthenium and molybdenum were inferred from the total areas
of the Ru 3d and Mo 3d peaks, obtained from the fits and the corresponding phataioni
tion cross sections, according to the general equation:

whereAis the area of a peak, is the corresponding photoionization cressection,i and

j refer to the elements ruthenium and molybdenum, aNdtands for the total number of
elements, in this case 2. The surface compositions that we obtained in this way for the two
alloys in Figre 4.3, are given in the two panels on the left, with the ovewispectra.
Within the error margins, the measured surface compositionR®w§Mo2:and RusMosz,

are equal to the (average) bulk compositions ofRlo23and RusMos7 that we obtained

from SEMEDX measurements on the same samples (see Tad)le 1

The oxygn peaks are expected due to the exposure of the surface to air after the deposi-
tion, leading to surface oxidation and water adsorption. The XPS spectra contain a minor
molybdenum peak at 235 eV, stemming from molybdenum oxide. Note that the surface
of the RusMos7 alloy contains more oxygen than that of thezRwo2z alloy, which may be
attributed to the stronger oxidation resistance of ruthenium capping |287ér&8

A possible C 1s peak, due to carbon contamination during deposition, would be located
around 284.5 eV and would thuserlap with the Ru 3d peak structure. When fitting the
Ru 3d peak, we arrive at the correct 3:2 peak ratio, from which we conclude that carbon
contamination can be neglected.
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Figure. 4.3. XPS spectra for a 20 nm thick, polycrystalline film with a coitosf Ru;Mo23
(top) and for a 21 nm thick, amorphous film with a composition af\Rus7(bottom). The pan-
els on the right show the detailed spectra for the two thin films aroundRih&d and the Mo
3d regions, and the corresponding fits (red curves).

The bottom right panel of Fige 4.4 repeats the TEM image of kig 4.1b. The other
panels show the simultaneously acquired EDX maps for four elements, ruthenium, molyb-
denum, silicon and oxygen. As the ruthenium and molybdenum maps clearly show and as
is quantified in the concentration curves for the two metallic elementdhabottom left

panel, the concentrations of the two metals go through a total of close to five full cycles
of approximately 15% variation, with the two metals varying in antiphase with each other.
This variation is a direct consequence of the source gaonof our sputter deposition
chamber in combination with the continuous sample rotation during deposition. As ex-
plainedin Chapter 1, we produce our alloy films by @teposition from separate, pure
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molybdenum and pure ruthenium targets. These sputtegtds are arranged offixis with
respect to the rotation axis of the sample platform, each directed toward the center of the
platform. This platform carries multiple samples, with each sample placed at a certain dis-
tance from the rotation axis. During theegosition, the sample platform rotated at a
speed of 4 revolutions per minute (RPM), periodically bringing each sample closer to the
molybdenum target and further away from the ruthenium target and vice versa. The pe-
riod of the observed concentration vatians matches this rotation. Interestingly, this var-
iation implies that the results in Rige 4.4 and the rest of thishapterare all for alloy films

that internally contain a range of compositions. The entire, 21 nm thick film afd~ig

can be seend be amorphous, as is also confirmed by the GIXRD measurements, even
though the composition within the film varies between sBMoes and RyoMoso. This
shows that the alloy is amorphous over at least this range of compositions.

SEM images show a fullructureless surface on the Ros~ films, in full contrast with

the familiar network of grains and grain boundaries that we observe in SEM images on thin
films of pure ruthenium or pure molybdenum. In fact, focusing the electron microscope
on these allg films was only possible by virtue of special features, such as the edges of
the films, as the surfaces of the films did not offer any discernable contrast. In order to
obtain more quantitative information on the height variations, we inspected the sagfac

of the films with AFM. The upper left panel of liig4.5 shows a largarea scan of a 30

nm thick RusMosz film. In spite of the large scan range, all height variations are fully cap-
tured by the tight 0.7 nm height range of the color bar. The enlatgegion shown in

the upper right panel of Fige 4.5 indicates that there are mild undulations in the height,
with a typical lateral length scale in the order of 10 nm. The surface roughness of the alloy,
that can be derived from these images as the rowansquare RMS height variation
around the average surface plane, is spectacularly low, 0.26 nm. Within the error margins,
the alloy film seems not to introduce any additional roughness with respect to the rough-
ness of the native oxide on the Si(100pstrate, on which the metal films were deposited.
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Figure. 4.4 HAADFSTEM image (bottom right panel) and simultaneously measured EDX maps
on a 21 nm thick film of the Rivos; alloy (top four panels) for four elements: Ru (red), Mo
(green), Si (blue) and O (purple). The corresponding concentration curves for Ru(@attdm

left panel) demonstrate a periodic 15% variation in the composition, with the Mo and Ru con-
centrations changing in antiphase with one another. This variation can also be recognized di-
rectly as the striations in the EDX panels of Mo and Ru.
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Figure 4.5 The two upper panels are AFM height micrographs obtained on a 30 nm thick film of

the RuMos, I £ £t 283 gAGK AYlI3IS arisSa 2F mn >Y P wmn
images are displayed with the same conversion of height variations ifdtscas indicated by

the color bar. The pattern of parallel lines, vaguely visible in the le@gge image, are an ar-

tifact resulting from a minor mechanical vibration. The bottom panel compares the values of

the surface roughnes&MSheight variation)or 20 nm thick films of pure Ru, pure Mo and the
RugMos,I £ £ 283 YSI adzZNBER FNRY ! Ca AYF3ISa 6AGK arl !
indicates the surface roughness encountered on the substrate, prior to deposition.

The roughness of the metal films, including the RuMo alloy, is plotted in the bottom panel
of Figire 4.5. Each point in the graph is the result of several AFM measurements on a
different film. Whereas one might have anticipated thexfRos7 mixture to adop at best

some sort of average of the roughness values of pure ruthenium and pure molybdenum
films, and that any tendency to segregate would introduce extra roughness, the data
clearly shows that the mixed film is significantly smoother than pure rutherinchpure

molybdenum. In fact, the alloy does not add any roughness on top of that of the underlying
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substrate; within the error margin it seems to be even slightly smoother than the sub-
strate. Note, that the alloy film in Rige 4.5 is actually thicker #n the films of the two

pure metals. We investigated a small number of films with a larger thickness, for which we
find the same trend. For example, a 100 nm film ofsRlos7 exhibited a roughness of 0.43
nm, whereas the roughness of an equally thick, pRtefilm was 0.75 nm.

4 .3 Discussion and conclusion

There is a simple scenario, sketched iruféd.6, that illustrates how the microstructure

2F I FAEYZ Ay LI NIAOdzZ F NI GKS FAfYQa LI2f & ONJ
the roughness ofhe film. We start by emphasizing that our observations for pure ruthe-
nium and pure molybdenum films are quite typical. The SEM micrographs and the AFM
images for the pure metals show, in both cases, a polycrystalline arrangement with a sig-
nificant roughress that is introduced by the grainy morphology of these films, with its typ-
ical network of grain boundary grooves (left panel ofiFégt.6). The increase of the rough-
ness with increasing film thickness for the pure films is a direct consequence of the in-
creasing lateral size of the grains, which is accompanied by increasing height vafiations
We have also performed a few additional measurements for thicker films, up to film thick-
nesses of 100 nm. The resultsrh those are consistent with what we reporttinis thesis

for the thinner films.

These graifrelated aspects are all absent for films with thesffbs7 composition (right
panel of Figre 4.6), for which both the GIXRD and the TEM data provide atso@é
evidence that they are amorphou$he atomic arrangement of such an amorphous film
does not suffer from crystal defects such as the familiar grain boundaries, where otherwise
the structure would be compromised and grooves would develop at the film syrfac
order to minimize grain boundary energy costs. In fact, for an amorphous film, the oppo-
site might take place. The minimization of the surface free energy by virtue of the transient
atomic mobility during the (sputter) deposition process may rathexdldo surface
smootheningnstead of roughenimj? That such smoothening is indeed at play, seems to
be suggested by the reduction in apparent roughness that the surface of th#B4

alloy film inthe TEM micrograph in Rige 4.1 exhibits with respect to it;terface with

the underlying substrate. This also seems to be confirmed by the slightly lowerAlE®

of the surface roughness of films with that composition with respect to that of the sub-
strate (Figire 4.5), albeit that this modest difference remaimathin the statistical error
margin. The observed roughness lies in the range of the height variations that one other-
wise only finds in the case of (neadpal layerby-layer growth or in the case of (near)
ideal stepflow growth of single crystals. IneHayerby-layer case, usually, the roughness
progressively increases, which typically washes out the laydayer character within the
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first ten atomic layers, i.e. the first few nanometers. Also, in stew growth, statistical
variations in the depdtion gradually roughen up the surface. The smoothness of the
RwsMos? alloy film is superior to that of its crystalline counterparts and greatly exceeds
our expectations.

Figure 4.6Schematic of the two configurations encountered in this study. (Lleé)typical
structure of a metal film is polycrystalline, characterized by a collection of crystalline grains
that, together, lead to a rough surface. (Right) The complete absence of grains makes an amor-
phous alloy film extremely smogf

As discussed, in the context of the compositional variations, observed in Figure 4.5, our
measurements indicatéhat amorphousRuMolayers can be deposited over a relatively
wide range of compositions, similar to what was fowgatlierfor the CuZr systern’™.

These results have implications that can be of relevance for potential applications of Ru
and Mo coatings, for example in the context of EUV lithography technology. As we men-
tioned already, many problematic properties of thin metal films that limit their perfor-
mance in practice, stem from their grainy nature. These disadvantages are all reduced or
removed when the film can be made amorphous, providing improvements in terms of
smoothness, mechanical strength, impermeability, friction and wear, corrosion resistance,
and other properties. What our results for alloys of ruthenium and molybdenum show, is
that with the industrially familiar technique of sputter deposition, it is relativahaight-
forward to deposit amorphous alloy films of molybdenum and ruthenium. The amorphicity
seems to be rather robust with respect to variations in the precise alloy composition, at
least for this particular combination of metals. From the perspectivapplications, this

even provides some flexibility to optimize the film composition for specific, chemical,
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