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Abstract

This thesis treats the reflective and structural properties of multilayer structures. Soft X-ray
multilayer mirrors intended as near-normal incidence reflective optics and polarizers in the
water window (A=2.4-4.4 nm) are the main focus. Such mirrors require multilayer period-
icities between 1.2-2.2 nm, a large number ~600 of multilayer periods (N), and atomically
flat interfaces. Bi-metallic multilayers were deposited by dual-target magnetron sputtering on
Si(001) substrates at ambient temperatures. Material combinations were chosen to maximize
the theoretical reflectance based upon simulations. Hard and soft X-ray reflectivities, hard X-
ray diffraction, high resolution transmission electron microscopy, and electron diffraction were
used for structural characterization of the mirrors, whereas elastic recoil detection analysis and
Rutherford back scattering spectroscopy were used for compositional analysis.

Geometrical roughness and intermixing/interdiffusion at the interfaces were investi-
gated in connection with the impact of ion-surface interactions during growth of Cr/Ti, Cr/Sc,
and Ni/V multilayers. This was achieved by comparing multilayers grown with or without high-
flux low energy (E;on<30 eV) ion assistance. The use of modulated ion assistance resulted in
a substantial improvement of interface flatness and abruptness in each of the materials system.
State-of-the art reflectivities of 2.1 %(Cr/Ti), 20.7%(Cr/Sc), and 2.7%(Ni/V) were achieved.
It is found that Cr/Sc multilayers exhibit the highest quality and as many as 600 periods can
be grown, but accumulation of local atomic distortions (jaggedness) limits the reflectivity at
very large N. Moreover, it is shown that amorphous Cr/Sc multilayers exhibit smooth inter-
faces compared to nano-crystalline layers and that multilayers with period less than ~2 nm
are ‘self healing’, i.e., they re-gain smooth amorphous layers after morphological disturbances.
Amorphization of Sc and Cr layers takes place below certain thicknesses. Ab-initio calculations
indicate that the stabilization of the amorphous layer structure is due to a lowering of the total
energy of the system by eliminating high energy incoherent interfaces between crystalline Sc
and Cr.

Light element incorporation in Cr/Sc multilayers was investigated through residual gas
pressure variation. It is shown that multilayers retain their structural and optical properties
within the high vacuum range of 2x10~7-t0-2x10~% Torr. The incorporation of 34 at.% nitrogen
at a higher residual gas pressure ( ~2x 1075 Torr) resulted in highly textured understoichiomet-
ric CrN,/ScN, multilayers. As a result of nitrogen incorporation, interface widths as small as
0.29 nm, and near-normal incidence reflectivity enhancement (at A=3.11 nm) by 100 % (com-
pared to pure Cr/Sc multilayers) was achieved. Light element incorporation was also found
to be advantageous for the thermal stability of the multilayers. In-situ hard X-ray reflectivity
measurements performed during isothermal annealing in the temperature range 25-900 °C has
shown that understoichiometric CrN,/ScN, are stable up to 350 °C. As an alternative route
to metallic multilayers, single crystal CrN/ScN superlattices, grown by reactive sputtering in
N atmosphere onto MgO(001), were also investigated. The superlattice synthesis at 735 °C,
resulted in highly abrupt interfaces with minimal interface widths of 0.2 nm. As-deposited su-
perlattices with only 61 periods showed an absolute soft X-ray reflectance of 6.95% at A=3.11
nm as well as very high thermal stability up to 850 °C.






Populérvetenskaplig Sammanfattning

Denna avhandling behandlar syntes, analys, och materialvetenskap roérande sa kallade multi-
lagerspeglar for mjuk rontgenstralning. Speglarna dr ldmpade som optiska komponenter for
instrument sasom rontgenmikroskop i vaglingdsomradet 2,4 nm till 4,4 nm, &ven kallat vatten-
fonstret.

Tack vare de senaste decenniernas stora teknologiska och vetenskapliga framsteg i att
framstéilla mycket intensiva killor fér mjuk réntgenstralning, sdsom tex synkrotronljuskiillor,
frielektronlasrar, och plasmagenererade killor, &r det nu ténkbart att utnyttja denna stralning
till nya tilldmpningar som tidigare inte varit mojliga. Nagra exempel &dr; rontgenmikroskopi av
biologiska preparat med upplosning ca 1/100 av det som &dr mojligt med synligt ljus, fotolitografi
av strukturer endast nagra tiotals nm stora, samt fér studier av dynamiska forlopp inom kemi
och biologi med en tidsskala pa femtosekundsnivé eller kortare. Aven inom astronomin finns
det ett stort intresse av att avbilda avligsna naturliga rontgenkillor. For dessa dandamal krivs
hogupplosande optiska instrument med sa fa forluster som mojligt. Tyvérr uppvisar de flesta
material ett brytningsindex for mjukrontgen som &r mycket néra 1 samt en kraftig stor absorp-
tion. Detta gor att det inte dr mojligt att utforma de optiska elementen, dvs linser och speglar,
pa konventionellt sitt i sidana instrument. For att uppna hog reflektans for mjuk rontgen-
stralning vid ndra normalt infall utnyttjas darfor mojligheten att skapa konstruktiv interferens
mellan rontgenvagor som reflekterats i ett stort antal mellanytor inne i en lagrad struktur av
nanometertunna skikt, en sa kallad interferensspegel, hir kallad multilagerspegel.

Det finns flera stora utmaningar for att lyckas tillverka multilagerspeglar. Forst och
frimst maste man hitta materialkombinationer som ger upphov till reflektion i mellanytorna
mellan materialen men som inte samtidigt absorberar all rontgenstralning. Dessutom maste
materialen g& att beligga pa varandra i flera hundra tunna lager, vart och ett endast ca 1
nanometer tjockt, med en ytojimnhet om endast nagra tiondels nanometer. Den absoluta
tjockleks precision i varje lager som krdvs for att uppné perfekt konstruktiv interferens ligger
pé femtometerniva. Detta kriiver stora kunskaper inom savil materialvetenskap som beléiggning
av extremt tunna filmer och #r huvudédmnet for denna avhandling.

I det héir arbetet har fyra olika typer av multilagerbeléiggningar undersokts: krom/titan
(Cr/Ti), krom/skandium (Cr/Sc), nickel/vanadin (Ni/V) samt kromnitrid /skandiumnitrid (CrN
/ ScN). Materialvalen har baserats pé teoretiska berdkningar som visat att dessa materialsystem
genererar mycket god reflektans i vattenfonstret. Varje kombination av metaller &r optimal for
en specifik vaglingd och de individuella lagertjocklekarna maste optimeras teoretiskt for varje
enskilt fall. Beliggningarna av speglarna gjordes under lagt tryck, ca 1075 atmosfirer av argon
och kviive, med sa kallad magnetronsputtring dér flodet av metallatomer noggrant kunde kon-
trolleras med hjilp av datorkontrollerade slutare. Under arbetets gang utvecklades en ny teknik,
som med hjilp av ett stort fldde av lagenergetiska joner till den vixande filmen, resulterar i
en tydlig forbittring av metallskiktens jimnhet. Genom att forfina metoden, sa att jonflodet
regleras under beliggningen av varje skikt, har d&ven mellanytorna kunnat géras mer abrupta.
I forléingningen ledde dessa forskningsresultat till att multilagerbeldggningar med 6verléigsen
reflektans kunde framstéillas. Till exempel uppméittes rekordreflektansen 20% for rontgenstral-
ning av viglingden 3,11 nm for ett Cr/Sc multilager som tillverkats med sex hundra 0,605 nm
tjocka Cr-lager varvade med lika manga 0,985 nm tjocka Sc-lager. For Cr/Ti och Ni/V upp-
niddes reflektanserna 2,4% for 2,74 nm vaglingd respektive 2,7% for 2,42 nm véglingd, vilken
dnnu dr det hogsta rapporterade virdet for sa kortvagig rontgenstralning.

For Cr/Sc multilager har vi visat att lagren som beldggs har en oordnad, s& kallad
amorf, struktur av metallatomerna som har sitt ursprung i att multilagrets totala energi kan
séinkas om mellanytor mellan kristallint Cr och kristallint Sc kan undvikas.

Studier av effekterna av kviiveupptag hos Cr/Sc multilagerspeglar under sputtrings-
processen har lett till okad forstaelse av materialsystemet. Till exempel har vi visat att kvivet



framforallt binder till de inre regionerna av Sc och inte sa mycket till Cr-lagren eller i mellany-
torna. Med kvéve i strukturen har vi gjort speglar som tal héga temperaturer, vilket dr av
stor betydelse for tillimpningar baserade pa hogintensiva ljuskéllor. Sa kallade supergitter, dvs
multilager tillverkade i form av en enda kristall med lagringen av material inom sjilva kristallen,
visade sig vara mycket stabila upp till 850 °C med bibehallen rontgenreflektans. Supergitter har
dock den svagheten att de #r svara att beldigga pa substrat for optiska komponenter eftersom de
kraver ett kristallint substrat och hog beldggningstemperatur. Ytterligare ett viktigt resultat
#r dérfor att polykristallina Cr/Sc multilagerspeglar med 34 atom-% kvéive i strukturen, som
tillverkats vid rumstemperatur pa vanliga kiselsubstrat, visade sig stabila upp till 250 °C och
gav en forbattrad mjukrongenreflektans jamfort med rena Cr/Sc multilagerspeglar.
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Chapter 1

Introduction

A desire to enable X-ray vision and X-ray imaging of nm sized objects has established a rapidly
growing field of research, covering all areas from X-ray source development to X-ray imaging
and spectroscopy instrumentation [1]. Since 1895, soon after the discovery of X-rays, the ad-
vancement in X-ray sources has been a non-stop technology and X-rays which, at that time,
were produced in a small vacuum tube are now also generated at large synchrotron radiation
facilities with 15 orders of magnitude higher average spectral brightness than their first pro-
duction. The state-of-the-art is the “X-ray free-electron laser” which allows high-brilliance
sources of coherent X-rays. In recent years there has also been a rising swell of research de-
voted to the development of table top X-ray sources based on Laser produced plasma (LPP)
[2] and Cérenkov radiation [3] and even on table top free-electron laser [4] source. However,
development of instruments that can take advantage of these state-of-the-art X-ray sources is
hindered by the absence of appropriate X-ray optical elements particularly in soft X-ray and
EUV region where natural crystals are not available for optical collection, collimation, and con-
vergence of X-rays. These optical elements are indispensable for building, especially soft X-ray
microscopes, spectrometers, polarimeters or polarizers, EUV lithography tools required in the
electronic industry, soft-X-ray diagnostic of high temperature plasma, and also for exploring
the fascinating world of cosmology and astronomy by solar imaging instruments or deep space
telescopes operating at wavelengths of natural X-ray sources [5]-[9].

For soft X-ray and EUV wavelengths no material is absorption free and due to low
refractive index reflectance of all materials is vanishingly small and conventional optical ele-
ments, lenses or thin film coated mirrors are not applicable. An exception to this, is total
external reflection of X-rays at very low incident angles, which allows to use large sized singly
coated grazing incident mirrors as converging optics. Nevertheless, from a technological point
of view normal-incidence optics are currently desired as they have many advantages over the
grazing ones. For example, since all X-ray wavelengths are reflected below the critical an-
gle, wavelength dispersion, i.e., reflectance of certain wavelength only at a specific angle, with
high spectral resolution, can only be achieved at higher angles by specifically designed mirrors.
Moreover, in comparison to grazing incidence mirrors normal incidence mirrors are smaller in
size, have higher efficiency due to a large collection area and above all the size of the mirror and
radiation collection geometry enable the possibility to build compact, small sized, laboratory
instruments. However, this requires a highly reflective surface which can only be accomplished
by multilayer interference coatings [10] often referred as multilayer mirrors. Multilayer mirrors
are formed by depositing hundreds of alternating layers of usually two materials of dissimilar
refractive indices that form long-term stable interfaces.

Today, the major challenge in the multilayer mirror field is to find optically and chem-
ically compatible materials for consecutively growing up to thousands of sub-nm thin layers
with abrupt and sharp boundaries. Moreover, the nucleation and growth methodology of metal
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14 CHAPTER 1. INTRODUCTION

multilayers have not been fully understood especially when multilayers are grown under highly
non-equilibrium conditions with kinetic limitations. Another challenging area for the multilayer
community is the methods of detailed multilayer characterization of buried interfaces. All these
matters are, to some extent, addressed in this thesis and solutions to a number of so far unsolved
research issues which are essential for mirror reflectivity and thermal stability are discussed

This thesis is compiled into eight chapters. The next chapter deals with the general
description of X-ray reflection from a multilayer and also the most commonly used terminologies
in the field are introduced. Material selection and mirror design rules followed in this work are
also described. Chapter 3 is a detailed outlook of metal multilayer growth related issues. Several
characterization methods have been used during this work. Chapter 4 deals with the techniques
and kind of information revealed from each of the analyzing technique. In Chapter 5 multilayer
roughness evolution during growth is discussed with some examples of the present work. The
work during the last two years was related to the study the effects of impurity incorporation
into the multilayers and is shortly discussed in Chapter 6. Chapter 7 presents a summary of
the papers constituting this thesis, and Chapter 8 is devoted to some related, yet unpublished,
results and an outlook for future experiments.



Chapter 2

Soft X-ray Multilayer Mirrors

In multilayer mirrors, reflection occur at each interface due
to the discontinuity in the complex refractive index, n, of the
constituting materials. By tailoring the layer thicknesses,
the reflectivity, R, versus wavelength, A\, or R versus graz-
ing incidence angle, 0, can be designed to follow a curve of
any desired shape. Multilayer mirror principle, materials
selection criterion, and design are described in this chapter.
In addition, concepts of various interfacial roughnesses and
imperfections are introduced.

The spectral region, extending from a wavelength of roughly A = 0.01 nm to about 50 nm, is
generally (although the boundaries are diffuse) categorized as hard X-rays (HXR), A < 0.5 nm,
soft X-rays (SXR), 0.5 < A < 10 nm, and extreme ultraviolet radiation (EUV), 10 < A < 50 nm
[11]. EUV radiation is vital for smaller wavelength lithography in the electronic industry, while
the region of particular interest for the biosciences is ranging from the oxygen absorption edge,
A = 2.4 nm, to the carbon absorption edge, A\ = 4.4 nm called “the water window”. Here the
X-ray radiation is absorbed by carbon but transmitted through oxygen, and this high natural
contrast is indeed very attractive for imaging biological specimens in their natural aqueous
environment [2],[12],[13],. Although, most of the discussion in this thesis is generally true for
all X-ray wavelengths, the research presented here is mainly focused on normal incidence soft
X-rays reflective optics for water window applications and oblique incidence polarizers and
analyzers for soft X-ray polarimetry [14].

2.1 Multilayer X-ray Mirrors

X-ray multilayer mirrors are based on the principles of constructive interference in extremely
thin layers of material, with a large contrast in X-ray refractive indices, deposited on a mirror
surface. A schematic of periodic multilayer mirror is shown in Fig. 2-1, for a stack of (in
this case) two alternating materials A and B. The parameters that can be varied in a periodic
multilayer are the substrate, the two different layer materials, A and B, the order of the layer
(ABAB.. or BABA..), the total number of bilayers or multilayer period, N, and the individual
layer thicknesses, D4 and Dp. Among the multilayer comnﬁ)unity, multilayer period, A =
B

D4+Dpg, and the top-layer-to-bilayer thickness ratio, I' = —————,
Da+Dp

are the most commonly

used expressions for differentiating in-between multilayers.
Bragg’s law [15] explains the condition of diffraction by an ordered array of atoms, in
a crystal as,

15
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Figure 2-1: Schematic of an ideal multilayer with a periodic sequence of alternating layers of A
and B materials, for N number of total periods.

mA = 2Asinf (2.1)

where A is the spatial periodicity, A is the X-ray wavelength, m is an integer called the order
of diffraction, and 6 is the angle of X-ray incidence measured from the normal to the reflecting
plane. In multilayers mirrors, which are one dimensional analogues of 3D crystals, mirror
reflection occurs at each interface due to the discontinuity in the complex refractive index, 7,
of the two constituting materials. The structure of a multilayer in the direction normal to the
layers can be deduced from a measured reflectivity curve as shown in Fig. 2-2. High reflectivity
can be obtained from a multilayer when the periodicity is such that reflections from all surfaces
occur in phase. In contrast to visible light, 7 is slightly less than unity for all materials in the
X-ray wavelength region and can be expressed as,

n=1-0+18 (2.2)
To account for the average refractive index of two materials Bragg’s law can be modified
[1] as,
1-0)2—-1
mA = 2Asin0y/1 + (7)2 (2.3)
sin“ 6
where (1 — 0) is the average real part of the refractive index which for bilayers is:
- dada+dpd
5= 2494 +dpogp (2.4)
da+dp

04 and dp are the dispersion coefficients of the layer A and B respectively. 0 is on the order of
107° in solid materials and only around 10~% in air. The imaginary part 3, which accounts for
absorption, is usually very small for HXR but significantly higher for SXR wavelengths. This
means that the X-ray wavelength is slightly shorter inside the material than in air or vacuum.
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Figure 2-2: An optical model [16] for X-ray reflection from a multilayer containing N periods
and n+1 interfaces. X-ray reflections from the substrate, (n = 0), till the vacuum-multilayer
interface (n+1) are shown. A typical reflectivity curve versus the angle 6, is shown on the top.
Peak reflectance corresponds to the angle where reflections from all interfaces is in phase.

A linearization of Eq. 2.3 relates A to the grazing incidence angle # and Bragg order

m as,
2 A? 2 52

m :4F[sm 0+{(1—-9)°—1}] (2.5)

By utilizing the reflectivity measurements (Fig. 2-2), the multilayer period can thus be

A2

Ve of the sin2f versus m? plot. For normal incidence, § = 90°,the

determined from the slope, 4
above Eq. reduces to,

A=A
27

This implies that the multilayer period A, which gives constructive interference, is thus
slightly smaller than half of the X-ray wavelength for the first order reflection (m = 1) at normal
incidence. For water window applications these periodicities are just 1.2-2.2 nm, and individual
layers are sub-nm thin.

In addition to normal incidence, multilayers were also studied at Brewster’s angle, 05,

(2.6)
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where p-polarized part of X-rays become completely transmitting and only s-polarized light
reflects, thus mirror act as a polarizer [11]. For X-rays 0p is slightly less than 45°, which
implies slightly larger periods (Eq. 2.3) for polarizing mirrors compared to normal incidence
mirrors.

2.2 Materials Selection for Soft X-ray Mirrors

A large difference in electron density of a high and low atomic number, Z, between the layer
materials provides refractive index contrast and can be useful as a guide for material selection.
However, a more detailed study of the optical properties expands the possibilities. For the
multilayers discussed in this thesis, the material selection was based on the combined optical
properties as a function of wavelength of the multilayer constituents.

In general, optical theory implies that at normal incidence reflectivity, R(6) = 1(0)/Io,
i.e. the fraction of the incident X-ray intensity reflected at normal incidence, § = 90°, from
ideal single interface is approximately,

(A0)* + (AB)?
R —————
4
where Ad and AB are the differences in dispersion and extinction coefficients between the
two layer-materials, respectively [11]. These coefficients are in turn related to the operating
wavelength and the complex atomic scattering factors as,

(2.7)

_ Nared?

5= 20 (ot S ) (28)
and,
2
8= N“;;A I (2.9)

here, N, is the atomic density, r. is the Thompson scattering length, f, is the Thompson
scattering factor and f’ and f” are the real and imaginary dispersion correction factors to the
Thompson scattering factor. The extinction coefficient 5 can also be defined as,

ey (2.10)

4

where, =1 accounts for the attenuation of X-rays to a characteristic length of 1/e, in a material

and is called absorption coefficient.

Predominantly, the materials selection was made for mirrors apt for line-emission
sources like the LPP or Cérenkov radiation sources. Therefore, the materials having their
absorption edges within the water window like transition metals Ti, V and Sc were picked for
mirror design. An intention behind choosing these materials was the “anomalous dispersion” of
X-rays at the corresponding edges where the refractive index becomes slightly more than unity,
which in turn, can be utilized to get the enhanced reflectance.

For example, anomalies in § and S for titanium, at the Ti-2p absorption edge (A = 2.74
nm, E = 452 eV) are illustrated in Fig. 2-4 (a). In order to select the second layer material
with Ti the optical constants, 6 and 3, for several other elements were plotted in the same
graph for A = 2.74 nm, as shown in Fig. 2-4 (b), and Eq. 2.7 was partially used to pick few
materials which have given maximum difference in A§ with Ti.

The condition, that A has to be maximum does not entirely hold true when combined
reflections from a large number of interfaces are desired. In that case a large § will lead to
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Figure 2-3: Periodic table of the elements. The highlighted transition metals and light elements
are considered in this thesis for soft X-ray multilayer mirror fabrication.

significant absorption of penetrated X-rays according to Eq. 2.10 and only reflection from a
few interfaces at the top will contribute to the reflected intensity. Hence, the maximum AfS
selection rule was relaxed and the second materials were also selected from the low 3 region
and the probability of higher reflectance was then increased by designing mirrors with a large
number of interfaces -~ 200 — 300.

As shown in Fig. 2-4 (b), there are a few materials with low 3, and with § < 0.006,
which fulfilled the above criterion of selection. However, strongly magnetic materials like Fe
and Co were discarded due to the expected difficulties for deposition. The remaining materials
(Ni, Zn, Mn, and Cr ) were simulated with Ti for maximum reflectance for a semi infinite
multilayer at normal incidence. As illustrated in the Fig. 2-5 the highest reflectivity of «~46%,
was calculated for Cr/Ti multilayers, due to a lower overall absorption in this materials system.
The simulations also suggested that Ni/Ti is an alternative or even better material combination,
because of the higher contrast in §, but, high absorption limits the reflectivity for large N
~ 300 multilayers [17] . In my work, the Cr/Ti multilayers selection was based on the research
interest of studying multilayer systems with a large number of interfaces and to obtain maximum
achievable reflectivity.

In addition to optical contrast the tendency of miscibility, chemical diffusion or reactions
of the material combinations should also be considered while choosing the materials. For
example C/Ti multilayer combination though not suggested by optical properties have shown
higher reflectivities due to higher quality of layered structure, compared to optically suggested
Cr/Ti multilayers [18]. These aspects of materials selection are discussed in the context of
roughness evolution in Chapter 5.
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Figure 2-4: (a) Discontinuities in Ti optical constants, §, and 3, at 2p absorption edge. The
values of § are negative close to an absorption edge which made the 1 to be slightly more than

unity.(b) 2D- 63 plot for variety of high refractive index materials, than Ti, at Ti-2p edge.
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Figure 2-5: Simulations showing the reflectivity evolution versus number of periods for Cr/Ti
and Cr/Ni materials systems. The effect of higher /3 of Ni becomes dominant for N > 300.
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2.3 Multilayer Design

Multilayer design implies the determination of the multilayer period, A, the top layer-to-bilayer
thickness ratio, I', and the total number of bilayers, N. By using the optical constants from the
database CXRO [19] and IMD [20] software, which is a computer program for modelling the
optical properties of multilayer films, the combination of A and I" giving the highest reflectance
for a given materials system were found. Required input parameters for such simulations were
the selected elements with known optical constants (including substrate material), the order of
materials, the operating wavelength, and the incidence angle. The order of materials, which in
turn determines I', should be chosen to obtain highest optical contrast between vacuum (79 = 1)
and the top layer material, to achieve maximum reflectance according to Eq. 2.7. However, the
chemical reactivity of the materials has to be taken into account, e.g., in the Cr/Ti system, Cr
was chosen as the top layer because of its ability to form a passive oxide layer over the highly
reactive Ti.

Once A and I' were chosen, the next design step was the determination of the total
number of periods needed to obtain the maximum theoretical reflectance. Since the reflectivity
from a single interface (Eq. 2.7) is typically on the order of 1074 —107% at near-normal incidence,
in-phase reflection from 102 —103 interfaces is required to reach maximum reflectivity;thereafter,
absorption in the multilayer stack limits the reflectivity. The simulations were performed to
obtain N corresponding to saturation reflectance. A maximum reflectance by no means is
the only requirement to determine N in periodic multilayer structures which are wavelength
dispersive mirrors, act as narrow-band pass filters and need as high reflectance as possible at
a single wavelength. Alternatively, aperiodic multilayers are used as broad-band pass filters
and are normally designed to reflect large range of wavelengths with uniform reflectivity. The
selection rule [21] for estimating the effective number of bilayers with respect to the spectral
resolving power is,

AP (2.11)

2.4 Real Interfaces and Associated Roughness

Until now, it has been assumed that each interface in a multilayer is chemically abrupt and
atomically flat without any irregularities. By definition, such an interface is known as an “ideal
interface” and physically have an infinitely small width of the interface. However, in reality, such
interfaces never exist. Several phenomena contribute to widen the interface for example, thermal
diffusion, intermixing, atomic irregularities, impurities incorporation, structural transitions,
induced stresses etc. Whatever the phenomenon is, an increase in the interface roughness
drastically deteriorates the reflectivity of the multilayer. The word ”roughness”, frequently
used for uneven surfaces, has multifaceted interpretation when it is linked to an interface and
gets even further complicated when it is interpreted for several consecutive interfaces in a
multilayer system.

The simplest way of defining the roughness at an interface is to consider whether the
transition of refractive index at the boundary of the two materials, is abrupt, continuous, step-
like or a combination of these. This, in turn, gives rise to an interface profile function, g(z),
usually defined as the normalized average of the refractive index along the growth direction, z,
[23] and is mathematically represented as, g(z) — 1,z — oco. The spatial derivative of the
profile function is,

_g(®)
f@) =" (2.12)
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A more common measure for a transition region is the “interface width, 20,” an average am-

plitude of surface height fluctuations, which is related to the interface profile as,

o= /zzf(z)dz (2.13)

Most generally, the deviation from an ideal interface is categorized as an intermixed
(chemically diffuse) and/or rough (physically distorted) interface. The o for these three types
of multilayers is shown in Fig. 2-6 along with their corresponding profile functions. For an ideal
interface, ¢g(z) is a unit step function characterized by infinitesimally thin interface widths (o =
0) while for the intermixed interfaces, the refractive index varies smoothly in the z—direction and
therefore g(z) traces the compositional gradient. For rough interfaces there are discontinuous
changes in refractive index at the interface boundaries and g(z) is accounted by normalizing
height distributions. The averaging aspect of the “interface width” concept is clear from Fig. 2-
6, where two different interface structures. i.e., a chemically intermixed and a physically rough
interface resulted in an identical g(z), f(z), and hence also similar o. An obvious disadvantage
of using this formalism for roughness analysis is therefore, the lack of discrimination between
intermixing and roughness for multilayer structures constituting mixed profiles.

ldesal intes Laces ol [ Fd]

innenmixed diffuse : A
ey e u J
Abrupt rough inted fates . .

I‘l ------- TN
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Figure 2-6: One dimensional interface profile function g(z) and its spatial derivative f(z) for
ideal, intermixed, and rough interfaces. The notable is the same interface width o of the two

later kinds.

In most cases, the overall shape of the deviation from an ideal interface is taken into ac-
count as a Gaussian distribution and is accounted by “Debye-Waller” factor which incorporates
average interface width as “r.m.s roughness, ¢,” into the multilayer reflectivity theory as,

47wsm0)2 (2.14)

R = R,exp(— oY

where,

R =absolute reflectivity

R, = theoretical reflectance for an ideal interface
o = average interface width

0 = grazing incidence angle

A = X-ray wavelength



2.4. REAL INTERFACES AND ASSOCIATED ROUGHNESS 23

m = order of Bragg reflection

The exponential dependence of absolute reflectivity, R, on o2 for a single interface is
clearly more dominant for shorter soft X-ray wavelengths or shorter multilayer periods and/or
higher incidence angles (Eq. 2.1). This is illustrated in Fig. 2-7 (a), showing simulations of
reflectivities (§ = 90°) versus interface width, at three wavelengths (A = 13.4,3.11,2.74 nm)
for three multilayers (designed at the corresponding wavelengths). A larger impact of interface
widths at larger angles is depicted in Fig. 2-7 (b) for the shortest A (for a Cr/Ti multilayers).
It is clear that, both, shorter wavelength and higher angle X-ray reflections require multilayers
with extremely small periods and in order to have minimum ratio of o /A (Eq. 2.14) the interface
width, o , if not completely eliminated, should be as small as possible.
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Figure 2-7: Simulations: (a) showing normal-incidence reflectivity dependence on interface
widths, for Mo/Si, Cr/Sc, and Cr/Ti multilayers. It is illustrated that o is more dominant
at shorter wavelengths, i.e., for thin multilayers. Multilayer materials at each wavelength are
chosen according to the above described criterion,and (b) showing R(o) profiles of Cr/Ti mul-
tilayers, at normal incidence, # = 90°, and Brewster angle, 6§ = 45°.

The surface height fluctuations (Fig. 2-6), if not completely uncorrelated, can be further
classified on the basis of lateral, &, and vertical, £, roughness parameters called correlation
lengths. These are the characteristic length scales: between lateral repetition of roughness
features, and vertical extent up to which roughness reproduce its initial occurrence. As shown
in Fig. 2-8 for a single interface a surfaces associated with a shorter £, (compared to the X-ray
wavelength) will be more “jagged”(a), while longer ¢, (also termed as low spatial frequency
roughness) correspond to locally smooth but “wavy” surfaces (b). A combination of these two
(c) actually needs an extra parameter, o, which provides a measure of short range (< &) surface
roughness embedded in &,.

Associated with a multilayer having many consecutive interfaces, are other kinds of
roughnesses. As already described the roughness progression correlated perpendicular to the
interfaces is described by ¢ | . For almost all multilayer systems the overall roughness increases
with increasing number of bilayers or the total thickness of the stack and is called accumulating
roughness. From the multilayer X-ray reflectivity point of view accumulation of the lateral
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Figure 2-8: (a) High, (b) low, and (c) mixed spatial frequency roughnesses for single interfaces,
all having similar average interface height fluctuations of 20. ¢ indicates the lateral coherence
length, while o measures short range disorder within &,. d) £, is a measure of the vertical
roughness correlation length for a multilayer.

roughness (£, «) will increase the diffusely scattered intensity around the specular beam, and
the correlation length will effect the angular distribution of the incoherent halo around the
specular direction [24], [25], [26]. On the other hand, vertically correlated roughness will behave
like an ordered structure and reflectivity will distribute into sheath where the Bragg condition is
fulfilled. One should keep in mind during roughness interpretation that the reflective features
of a multilayer with correlated interfacial roughness change non-linearly with the operating
wavelengths of the mirror and the correlation length scales are all relative!.

A quantitative evaluation of the roughness parameters requires an extensive theoretical
research and has therefore only been qualitatively studied during this work. Varying roughnesses
associated with different material systems, used in this work are discussed in Chapter 5.

'But how smooth is smooth enough?  D.G.Stearns [22]



Chapter 3

Multilayer Growth

Theoretical and experimental aspects of sub-nm multilayer
growth under the influence of low-energy ion-bombardment
are treated in this chapter. Prospects of interface quality im-
provement by implementing a novel technique of modulated
ion assistance are discusssed with some examples from the
present work.

It has been known for a while now that during sputtering low-energy (25 to 100 eV) ion
bombardment alters growth kinetics and promotes low defect densities and smooth interfaces
[27], [28], and therefore multilayer mirrors in this work were fabricated by sputter deposition
technique. The fundamental species involved in sputtering of atoms from a solid target by
energetic ion bombardment are schematically shown in Fig. 3-1. The number of atoms removed
and the secondary electrons emitted per incident ion are expressed as the sputtering yield, S, and
the secondary electron yield, v, respectively. Both quantities depend on target material and the
bombarding species which, in most cases, are sputtering gas ions from the surrounding plasma.
Sputtered atoms are ejected in knock-on collisions and form a film upon condensation on any
available surface, for instance a substrate. The energies of the atoms arriving the substrate are
normally a few eV, which is not sufficient to provide enough surface mobility to grow smooth
layers. Fortunately, the surface mobility can be enhanced if positive ions from the working
gas, extracted from the plasma, are accelerated towards the surface of the growing film, thus
altering the growth kinetics and resultant microstructures. A confinement of secondary electrons
by magnetic fields close to the magnetron, enhances the ionization and hence the sputtering
probability. Magnetic fields also provide a way of guiding the ions to the growing surfaces.
Sputtering gas neutrals reflected from the target surface constitute dominant energetic species.
Their energies depend on e.g., the relative masses of the target and sputtering gas atoms and
the incoming ion energies. These neutrals can be used as an alternative for ion-bombardment,
especially, where magnetic confinement or ion guidance can not be achieved. Before going into
the details of experiments and physical aspects of multilayer formation, a theoretical model to
calculate the required range of ion energies and fluxes for multilayer growth is presented in the
next section.

3.1 Ion-surface Interactions
Several elastic and inelastic processes are involved in momentum and energy transfer, during

ion-bombardment of the growth surface through nuclear and/or electronic interactions. One
of the physical processes for energy transfer from ions is through kinetic displacements of the

25
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Figure 3-1: A schematic of the sputtering process at the target surface by Ar ions. Fundamental
species involved in the momentum and energy transfer are marked in the figure.

surface or bulk atoms of the growing layers. An estimate of the ion-energy range required to
cause surface atom displacements, in order to provide sufficient ad-atom surface mobility while
avoiding bulk damage, can be useful in selecting process conditions for soft X-ray multilayer
mirrors. For such calculations, the input parameters are energy of the bombarding ions, E

surface, E((is) and bulk Efib) displacement energies of the underlying film, masses of the ion
and surface atoms, and angles of impact. Considering these, a theoretical model based on a
binary collision approximation [1] is used to estimate the appropriate ion-energy range prior to
multilayer deposition with any new material combination. In the calculations it is assumed that
the cohesive energy of the underlying lattice (closed pack structure) is a direct measure of the

bulk displacement energy, Eg)), and, owing to fewer chemical bonds and hence weaker bonding
strengths the surface displacement energies are assumed to be half of the bulk displacement
energies i.e. E(S):1/2E(b).
d d

Though a simplified approach, this model has proven consistence with experimental
results in several cases [Paper I, II, and VII, in this thesis]. For example, the deposited energy
per ion to cause lattice (surface/bulk) displacements by Ar ion impingement on the growing
surfaces of Ti and Cr are calculated versus the initial ion energy from 0 — 100 eV. As shown
in Fig. 3-2 at very low ion energies < 21 eV no surface displacements are expected, while ion
energies between about 21 eV to 51 eV are more likely to cause displacements ‘primarily’ on
the surface or about a monolayer (ML) below the surface layer. Ion energies higher than 51
eV would cause both surface and bulk (> 1 ML) displacements for this material system. A
validation of calculated energy range ( 20 — 50 eV), the so called allowed energy-window, was
experimentally tested and the ion-energy optimization to obtain smooth layers (described in a
later section) resulted in 21.2 eV and 23.7 eV for Cr and Ti, respectively, which are energies
just within the surface displacement region.

Another outcome of the calculations is the required ion-fluxes to cause surface displace-
ments within the energy window. The two horizontal lines in Fig. 3-2 at 13.42 and 11.27 eV

indicate Eés) of Ti and Cr lattices, respectively. An ion with initial energy of 25 eV will impart
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Figure 3-2: Surface and bulk displacements energy profile for Ti and Cr lat-
tices.

a fraction of about 2 eV to lattice displacements, therefore a relatively large number of ions i.e.
a high ion-to-metal flux ratio ®(J;on/Jmet) 6 is needed to assist growth of Cr/Ti multilayers
at these low energies. For this we applied a solenoid around substrate position to guide the
secondary electrons through magnetic field lines resulting in high ionization and hence high ®
values closer to the growing films, as is described in the next section.

3.2 Experimental Details

A dual-cathode DC magnetron sputter deposition system with a chamber size of 500 mm
diameter, 350 mm in height, and a target-to-substrate distance of 120 mm has been used to
deposit all multilayers [29], [30]. The system is equipped with two circular magnetron sources
having unbalanced type-II magnetic configuration with opposite polarities. As shown in Fig.
3-3 the two magnetrons, of 75 mm diameter, are mounted at off-axis positions with a tilt angle
of 25° to the substrate normal. An electrically isolated p-metal shield between the magnetrons
serves to protect the targets from cross-contamination, and also to push the magnetic field lines
closer towards the substrate. This configuration leads to strong magnetic fields from the outer
poles extending into the chamber where they couple to a separate solenoid surrounding the
substrate. The solenoid consists of 220 turns of capton insulated Cu wire (¢ = 2 mm) wound
on a stainless—steel frame with an inner diameter of 125 mm. The target materials used were
99.9% pure in all cases and the target discharges were established with constant-current power
supplies and discharge currents (voltages) of about 0.06 A (=300 V) were used. This yielded
deposition rates of about 0.01 —0.05 nm/s. Both magnetrons were running continuously during
the deposition. The material fluxes to the substrate were regulated by fast acting computer
controlled shutters located in front of the magnetrons. All depositions for the current work were
carried out using chemically cleaned Si(001) substrates mounted on the electrically isolated
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substrate table, rotating at a constant rate of 60 rpm. A negative potential between 0 and 50 V
was applied to the substrate during the deposition. The background pressure prior to deposition
was about 2 x 1077 Torr and a low pressure of about 3 mTorr Ar (99.999% purity) gas was
maintained during the depositions. The deposition rate of each material was determined by
growing two multilayers with known deposition times, but with different layer thickness ratios,
I'. The multilayer periods were then calculated from the positions of the multilayer peaks
in low-angle hard X-ray reflectivity patterns. This yield an equation system from which the
individual deposition rates can be extracted [31].

Figure 3-3: An overview of the deposition chamber: Marked components are the magnetrons
(1,2), the fast acting shutters (3,4), the isolation shield between the magnetrons (5), the rotating
substrate holder (6) and the solenoid (7) surrounding the substrate table.

Either no magnetic coupling or a solenoid current of 5 A (with a direction that couples
the magnetic field of the solenoid to that of the magnetron being used for deposition), was used
to obtain two different field line configurations, shown in Fig. 3-4. The magnetron-solenoid
coupling configures the magnetic field lines and can indirectly be seen by the plasma glow
(due to ion-electron recombination in high ionization regions) inside the chamber. Fig. 3-4
(a) depicts a situation where the solenoid is turned off (0 A) and the ionization takes place
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predominantly near the targets, leading to ® < 1 at the substrate. Turning on 5 A current
in the appropriate direction couples the solenoid to either the left Fig. 3-4 (b) or the right
Fig. 3-4 (¢) magnetron. It can be concluded by ocular inspection of the plasma paths that the
magnetic field lines guide the secondary electrons (generated in the sputtering process) from
the magnetrons all the way down to the substrate resulting in a significant enhancement of
the ionization of the working gas (® > 1) in the vicinity of the growing film. This enhanced
ion-density, as explained earlier, plays a central role in providing the required surface energy
in order to engineer smooth and abrupt interfaces between growing layers. The negative bias
applied to the substrate was used to attract this high flux of ions from the surrounding plasma
to the growing film with definite kinetic energies. Absolute values of the ion-energies and ion-
to-metal flux ratios, ®, were determined by plasma probe measurements, as described in the
next section.

a) Low ion flux b} High ion flux )  Highion flux

Figure 3-4: Three type of magnetic field configurations inside the deposition chamber generated
by: (a) without solenoid coupling, (b) left magnetron is coupled with the solenoid, and (c) right
megnetron is coupled with the solenoid.

3.2.1 Plasma Characteristics

The plasma under discussion is a low pressure non-equilibrium discharge, having a low degree
of ionization of 1072, and a charged particle density i.e., electron density (ne) = ion density
(ne) of about 107 cm™3. In spite of the equivalent charge densities, electrons mobilities are
at least 100 times higher than ions normally, resulting in a small positive potential buildup in
the plasma, V,. Another consequence of high electron velocities is the formation of a charge
depleted region, the so-called “dark space”, close to any surface facing the plasma. For a typical
magnetron plasma at low pressure < 10 mTorr, and substrate bias voltages, V¢, down to 150 V
the thickness of the dark space is on the order of a few mm. As previously mentioned, the ion
energy, Ejon, and the ion-to-metal atom flux-ratio ®(Jion/Jmet), are the primary parameters
controlling adatom mobilities on the growing film. In order to relate Vs to E;, it is necessary
to know the plasma potential, V,,, at the dark space edge, from where the ions are accelerated
towards substrate. If the pressure is sufficiently low, such that the mean-free path for ions is
longer than the dark sheath length, E;,, can be expressed as,

Eirm =ngq | Vs - Vp ‘ B (31)
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Figure 3-5: Typical current-voltage characteristic curve obtained by a Langmuir electrical probe.
Three regions of interest are marked with A, B and C.

where n is the valency, and q is the charge of the ion. All these parameters depend on the
geometry, chemistry and electromagnetic field configuration in the discharge. For most metal
targets considered in this work E;,, varies from 0 to 50 eV.

In order to characterize the sputtering plasma, I-V curves (Fig. 3-5) measured by

electrical probes, placed at the sample position, were used. In such measurements the total
probe current, L., is measured versus the total applied probe voltage, Vp, [32].

L, is the sum of electron and ion-currents, I, and I;,, respectively. The potential where

the electronic and ionic contribution to I, are equal (i.e. I = 0) is called the floating potential
V which is the potential attained by the electrically isolated sample. A typical plasma probe
I-V curve, as shown in the Fig. 3-5, has three different regions on the basis of V,, and V.

A. Region A is the ion-saturation region where electrons are repelled by the probe. To

determine the ion current density a flat probe of stainless-steel is used. The probe is
surrounded by a stainless-steel shield with the same potential as the probe in order to
prevent edge effects to influence the effective collecting probe area.

. In the transition region B, an ion current is collected by the probe and electrons with

kinetic energy larger than (V,,-V,) will also reach the probe and contribute to I,.. A
Langmuir probe, a few mm long tungsten wire, is used to determine the plasma potential
in this region, as well as in region A. The plasma potential can then be determined by
plotting log(I,) versus V,, by the crossings of the tangents of the slopes in the transition
region B and in the electron saturation region A, see Fig. 3-5.

. Cis the electron-current region, where the probe potential is higher than V,,, and therefore,

ions are repelled by the probe and I, is governed by I.

An Ar sputtering pressure of about ~3 mTorr implies about an order of magnitude

longer mean free path for ions than the dark sheath. Hence, the probability of collision in the
dark space is very low and, for decreasing voltages to the probe no electrons reach the probe,
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only positive ions are collected. The measured current, I;,,, can be used to calculate the ion
flux Jion, i.e. the ion current drawn through the sample divided by electron charge,e, and A
(the area of the probe) according to:

I.
Jion = %:. (3.2)
Using the deposition rate, r, the density of the film, p, and the molar mass, M, of the metal
atoms, the flux of metal atoms, J,c, can be determined by,

_ Nonet _ PNAI"
Jmet = A - M (3.3)
By these two equations, the ion-to-metal flux ratio, ®, can be calculated as,
d— Jion _ LionM (34)

J'mct - PNAFAQ'

3.3 Interface Engineering by Ion-energy Modulation

As compared to a low flux, high ion energy bombardment the use of high-flux bombardment
with low energy ions results in homogeneous multilayers with considerably flatter interfaces.
Nevertheless, the energy of the ions for surface displacement is chosen at the cost of some
surface damage which leads to intermixing at the boundaries of two materials for these sub-
nm scaled multilayer’s interfaces. In order to get improvement in abruptness the research, at
this point, has been further elaborated by the idea of using a two-stage growth mode of each
individual layer, so called “modulated ion-assistance”, in order to obtain flat and chemically
abrupt interfaces. Theoretically, the concept has been shown to be promising by molecular
dynamics simulations for two-stage low-energy ion assistance growth of, Ni/Cu/Ni layers [33].

A growth optimization of Cr/Ti multilayer system is taken as an example here to
elaborate the modulated ion-assistance. The plasma potentials, determined from the Langmuir
probe measurements, for deposition of these two materials were V,(Ti) = 1.7 V and V,(Cr)
= —1.3 V, respectively. The negative plasma potential for Cr could be a result of high flux
of secondary electrons magnetically guided from the Cr target. The ion-to-neutral flux ratios
were calculated to ®p; = 3.3 and @, = 2.2, respectively.

The ion-potential (energies) involved at each stage of Ti and Cr layer growth are shown
in Fig. 3-6. The first 0.3 nm of each Ti and Cr layer were grown without ion assistance (i.e., sub-
strate was held at 0 V) which resulted (Eq. 3.1) in E;p,(Ti) = 1.7 eV, and E¢jee. (Cr)= 1.3 eV).
Practically, these low ion and electron energies have insignificant impact on the growth kinetics
and at room temperature deposited atoms will stick on the surface without any displacements.
The resulting layer will then be porous and rough, but the probability of interdiffusion with
the underlying layer is expected to be minimal. The remaining 0.39 — 0.72 nm layer thicknesses
were then grown with relatively high ion energies (Ep; = 23.7 eV and E¢, = 21.2 €V), which
are in the range of the calculated energy window for sufficient surface displacements (Fig. 3-2).
The intention of increasing the ion energies were to densify the layers and smoothly terminate
the surfaces before the onset of the next layer in a multilayer sequence.

Although an indirect way of assessment, the experimental success of increased interface
quality by modulated ion-assistance is evident from Fig. 3-7, where the first order Bragg peak
in the hard X-ray reflectivity scans is compared for three different Cr/Ti multilayers, each
containing 20 bilayers. Fig. 3-7 a), contains the reflectivity curves for the multilayers grown
with a continuous ion assistance. The multilayer grown under kinetically restricted conditions
with E;,, = 1.5 eV, shows a much lower reflectance than the multilayer grown with low energy
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Figure 3-6: Potential (ion energy) vs. growth diagram for a single bilayer of a Cr/Ti ML with a
modulation period of 1.38 nm. Initial, d(initial), and final, d(final), thicknesses of individual Ti
and Cr layers are labelled together with ion energies in the corresponding regions. All numbers
written in the figure represent the optimised values, based on the comparison of low-angle hard
X-ray reflectivity for several different Cr/Ti multilayers containing 20 bilayers.

ion-bombardment of E;,,, = 22 V. Furthermore, the multilayer grown by ion-energy modulation
according to optimized parameters (Fig. 3-6), is compared in Fig. 3-7 b), which resulted in a
significant increase in reflectance. A more thorough discussion of interface roughness reduction
by implementing modulated ion assistance in different materials systems is included in Chapter
5.

3.4 Multilayer Formation During Low-energy Ion Bombard-
ment

In general, film growth under highly non-equilibrium processes like sputtering is a combined
effect of adsorption and diffusion of energetic species as they condense from the vapor phase onto
a cold substrate. The number of sputtered species sticking to the substrate depends on substrate
temperature, deposition rates, impurity concentrations, and the surface energies. Unfortunately,
the exact spatial and temporal distribution of surface atoms during metal multilayer growth,
concurrent with energy transfer by ion bombardment, is not a well-understood area.

The three most general representations of film formations are schematically shown in
the figure Fig. 3-8. The parameters v,, vp, are the film and substrate surface energies,
respectively, and «; is the film-substrate interface energy.

The contact angle, ¢, is determined by the growth process and the relations of the sur-
face/interface energies as:

YB < Y4+ gives ¢ >0 (island growth)

B> YA+ gives p ~ 0 (layer-by-layer growth)

It is usually considered in the optical community that growth of metal-on-metal or
metal- on-semiconductor begins either by direct island formation or establish into islands after
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Figure 3-7: Hard X-ray reflectivity scans around the first order Bragg peak for three multilayers
each with N= 20. a) multilayers grown with continuous ion-assistance, b) comparison between
best obtained multilyer with continuous ion-assistance and modulated ion-assistance.
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Figure 3-8: Schematic representation of the three most known growth modes during the initial
stage of layer formation: a) Volmer-Weber’s island formation, b) Frank-van der Merwe’s layer-
by layer growth and, ¢) a combination of the first two modes is Stranski-Krastanov’s layer plus

island growth.
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few monolayers i.e., Stranski-Krastanov’s growth mode. This is mainly due to the stronger
interactions in-between the metal atoms than the film-substrate interaction [34], [35]. The
growth initiates with 3D island formation which turns into a continuos film upon coalescence of
these islands at some threshold thickness. The mean threshold thicknesses are, normally, 1-20
nm for most metals. In practice, fabrication of normal-incidence soft X-ray mirrors demands
individual layer thicknesses normally not more than 2 nm and thus island growth would result in
a low density, porous, films. Moreover, in multilayers atoms arrange themselves on one (similar)
or another (dissimilar) material in short sequences, which cannot be compared to single metal
film grown on a substrate. Furthermore, the high density of interfaces actually change the layer
morphology compared to bulk structures by affecting re-nucleation and dislocations distribution.
Nevertheless, the ion bombardment, with appropriate ion-energies and fluxes, is indispensable
for structuring metal multilayers formation for extremely thin multilayers as it can:

e Continuously re-dissociate already nucleated islands, if any, hence favoring the quenching
of ad-atoms into 2D layers. As a consequence, porosity can be overcome in thin layers
and, theoretically, it is possible to grow complete layers as thin as 0.3 nm.

e Transfer sufficient energy to enhance surface mobility and ad-atom diffusivity in order to
trigger the atomic arrangement into smooth layers. This, in addition to layer densification,
terminate the surfaces without any irregularities and hence smooth interfaces can be
realized.

a) b}

i I5lands

Cucrystal Cu crystal

Figure 3-9: Molecular dynamics simulations done by Zhou et al.[36], shows the Ni islands (
formed on Cu crystal) dissociation by 12 eV Xe ions within impact angles of § = 0 — 70°.

The potential of ion assisted multilayer growth has also been reported in a theoretical
work done by Zhou et al [36]. They showed by using molecular dynamics simulations of Ni/Cu
multilayer (Fig. 3-9) growth concurrent with Xe ion assistance, that Xe ions with 12 eV ion
energy are beneficial to rupture the Ni island nucleation when ion impingement angles are
within 0 — 70°. It has also been shown by calculations that there is an optimum ion energy
and impact angle where maximum flattening of the layers with minimum intermixing can be
achieved.
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The ion-energy required to promote smoother growth may also induce some unavoid-
able damages like: re-sputtering of deposited material, ion-implantation and bulk diffusion or
intermixing at the onset of each layer formation. In one of the previous example [Fig. 3-7 (b)],
the lower reflectivity obtained for the sample grown with a homogeneous ion energy of 22 eV is
believed to be caused by ion- induced intermixing. It has also been realized that the ion-energy
modulation of individual layers is more beneficial when amorphous layers are concerned. Fortu-
nately, sputtering of metals is more likely to promote an amorphous layer structure as long as
individual layer thicknesses are below some critical limit for crystallization (above the limit the
amorphous layers often convert into polycrystalline layers). The surface roughness that arises
with the growth of crystallites could be overcome by high initial ion energies > 100 eV but, at
the cost of a large intermixing.






Chapter 4

Multilayer Characterization

There is no single technique which can look into hundreds of
interfaces buried within sub-nm thin layers and give compre-
hensive compositional and structural information. However,
multilayer investigation by a combination of characterization
probes has shown to be useful in exploring these structures.

Comprehensive structural analyses of multilayers were performed by hard X-ray reflectivity and
diffraction measurements complemented with high resolution cross-sectional transmission elec-
tron microscopy and electron diffraction. Since the studies were partially focused on the role
of impurities in defining a multilayer structure, compositional determination of the multilayers
grown with and without intentional incorporation of impurities were made by ion beam analy-
ses. The thermal stability of the multilayers was investigated by in situ annealing during hard
X-ray reflectivity measurements and ez-situ scanning transmission electron microscopy and si-
multaneous energy dispersive X-ray spectroscopy. For selected multilayers, mirror performance
was investigated using soft X-ray wavelengths. According to the nature of the characterization
probes i.e., X-rays, electrons, and ions the discussion here is divided into : X-ray reflectivity,
electron microscopy and ion beam analyses. The aim of this chapter is to provide an introduc-
tion to the experimental techniques and to discuss the information obtained pertaining to the
multilayer structures.

4.1 X-ray Analyses

4.1.1 Hard X-ray Reflectivity

Characterization of multilayer coatings by hard X-ray reflectivity (HXR) (is certainly the most
natural routine and therefore) was made on every single sample taken out of the deposition
chamber. Reflection of X-rays in multilayers under grazing incidence generate a characteristic
interference pattern which, in conjunction with simulations, can be used to analyze the mul-
tilayer structural parameters. For this work, an in-house diffractometer Philips X Pert-MRD
with copper source (Cu Kq, A=0.154 nm) operating at 0.8 kW was used. The diffractometer
has de-coupled detector (26) and sample (w) axes. Out of several different combinations of
primary (between the X-ray tube and the sample) and secondary (between the sample and the
detector) optics, parallel beam (Thin film) optics were found to be the best suited for reflectiv-
ity analysis of deposited multilayers. The parallel beam optical configuration was achieved by
having the x-ray line source, Ni- 3 filter (to suppress Kg radiation), and a fixed divergence slit
of 1/32° in the primary path, whereas the detection angle in the secondary path was defined
by selecting the central channel of a 0.3° parallel plate collimator followed by a flat graphite

37
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Figure 4-1: A reciprocal space representation of a typical X-ray scattering experiment. The
incident X-rays with a wave vector k are scattered at an angle 26, and changed into a reflected
wave vector, k’. The scanning in radial or transverse direction of resultant vector ¢ provides
an in depth or lateral scattering information, respectively. The gray areas are inaccessible
according to the X-ray scattering geometry.

crystal monochromator. A proportional detector (PW1711/96 with 500 kcps maximum count
rate) was used for data acquisition. As a complement, a Philips powder diffractometer with a
line-focused copper anode source, operating at 0.8 kW, and a proportional detector was also
used in low angle (0° — 15°) reflection geometry and for standard high angle x-ray diffraction
(XRD). In this equipment a Ni S—filter, a 1/4° divergence slit, and a 2 mm brass mask were
used for the primary optics and a 0.1 mm anti-scatter slit, a 1/4° divergence slit, matched to
that on the primary side, followed by a bent Ge monochromator, was used as secondary optics.

Depending on the source-sample-detector coupling, two types of one-dimensional scans:
specular reflectivity and diffuse scattering measurements were made in this work. Specular
scans, so called w — 20 scans, were made by maintaining the detector angle (26) twice the
incidence angle on the sample (w = 6) during the scans. In this configuration, as illustrated
in Fig. 4-1, the resultant reciprocal scattering vector, ¢ = k — k' is always along the surface
normal, ¢, and its magnitude is a function of angle, 6, as

|q|:4—7rsin9. (4.1)
A

X-rays in w — 20 scans thus probe the chemical modulation sequence of the multilayers

in the growth direction. A typical reflectivity curve obtained in such a scan is shown in Fig.
4-2 (a) for a Cr/Sc multilayer containing 100 bilayers. The peaks, labelled m=1, 2, and 3, are
the first three orders of Bragg reflections, originating from the multilayer periodicity A, and
can be used to determine the multilayer period using Eq. 2.5. However, since according to
Porods Law [15] of surface scattering X-ray intensity ideally goes down as 1/¢* (for all mate-
rials) and presence of rough surfaces and interface imperfections account even a faster drop,
higher order reflections are difficult to get for short period multilayers using lab X-ray sources.
For example Ni/V multilayers, which are required as X-ray mirrors to operate at A=2.43 nm,
have multilayer periodicities as small as 1.2 nm and the first order multilayer peak does not
appear until 260 becomes 7° where a very low intensity remains. Further reduction in reflectiv-
ity from Ni/V multilayers occur due to considerably high interface distortions. Nevertheless,
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Figure 4-2: (a) Cu-K,, reflectivity measurements for a Cr/Sc multilayer containing 100 bilayers.
The peaks in the reflectivity curve corresponds to the first three multilayer Bragg reflection.The
simulation (lower curve) yielded modulation period of A=1.599 nm and I'=0.48, (b) Rocking
curve scan around m=1. Gray area represent the diffusely scattered X-ray intensity, while
enhancement in specular reflectivity appears in peak direction.

since 7] =~ 1 the refraction effects could safely be neglected at these angles and the multilayer
period was determined by considering only one reflection. Moreover, with the availability of
compatible computational tools [20] simulations [lower curve in Fig. 4-2 (a)] were made, mainly
to determine the multilayer period and individual layer thicknesses.

Another peculiar feature of low angle reflectivity curves is the sequential interference
of X-rays from the surface and the film/substrate interface, known as Kiessig fringes [37]. Due
to finite thickness of the multilayer being a multiple of A, theoretically N-2 distinct destructive
interference minima, in-between two consecutive Bragg reflections, are expected. The visibility
of Kiessig fringes was used as a qualitative layer conformity measure when different multilayers
were compared in this work.

Additionally, w rocking scans were performed to measure the diffusely scattered inten-
sity in non-specular directions. As illustrated in Fig. 4-1, varying w allows to explore different
directions of the scattering vector around a Bragg peak, while keeping its magnitude constant.
Scattered intensity around the Bragg peak appears as a shoulder in the background (see shaded
region in Fig. 4-2 (b). The diffuse-to-specular integrated intensity ratio provides a qualitative
measure of the overall lateral roughness in a multilayer structure.

At this point, a few potential ambiguities in determining the detailed structural rough-
nesses of the multilayers through comparison between experiment and model simulations should
be mentioned. One has to include the associated roughnesses, thicknesses and densities of Si-
substrates, and the native SiOg layer top layer oxidation. These parameters mostly influence
the shape of the reflectivity curve and do not alter the peak positions or their relative intensi-
ties. The assumption of nominal bulk densities for the multilayer constituents and impurity-free
layers influence the critical angle as well as the relative intensities of the Bragg peaks, when
computing the reflectivity multilayers. Two strongly competing parameters which influence the
relative intensities as well as the peak appearance are the structural parameter of thickness
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ratio, ', and the asymmetric interface widths, o, of the multilayers. For instance; according
to the interference theory, a complete destructive interference should occur for second order
Bragg reflection when I'=0.5. However, second order reflection is often visible, which can be
accounted for either by iterating the I' or by assigning asymmetric interface widths in the
multilayer structure. The multitude of iterative parameters for several hundred interfaces com-
plicates the interpretation of the computed results and thus, it is not straightforward to fit the
roughness parameters from w—26 HXR curves containing less than three orders of Bragg peaks.
Unfortunately, in spite of extensive efforts, comprehensive modelling of rocking-curves proved
even more difficult than specular reflectivity analysis and is not suitable for routine sample
analysis, [22]-[24].

During this work, the IMD simulations for HXR analysis were mainly used for multilayer
period determination, while a quality measure of the multilayers was made by comparison
between multilayers with similar structural parameters for Bragg peak intensities, visibility of
Kiessig fringes, and diffuse-to-specular integrated intensity ratios.

4.1.2 X-Ray Diffraction

Most of the multilayers in this work are comprised of X-ray amorphous layers and, therefore,
X-ray diffraction (XRD) which provided useful information regarding the structure of some
supperlattices and multilayers containing thicker polycrystalline or nanocrystalline layers, was
not routinely used. XRD is conceptually similar to XRR, probing higher 6 values in conventional
0-260 scans (see. Fig. 4-1). As a corollary, small periodicities regarding atomic arrangements in
the planes perpendicular to the scattering planes could be obtained. Additionally, a measure
of the average size of the grains can also be determined by measuring the FWHM of the
corresponding Bragg peak [38].

Occasionally, pole figures were also recorded by rotating the azimuth angle (¢) and
polar angle () whilst keeping 26 at selected Bragg reflections, to obtain information regard-
ing orientation of the crystallites. A set of pole figures measured for Cr (002) reflection (at
20 = 64.58°) are shown in Fig. 4-3 for the three Cr/Sc multilayers investigated for the effects of
ion energetics, as presented in Paper II (Fig.3-a). The central (¢, ¢) = (0,0) double reflection
in all three figures stems from 26 -overlap with a substrate peak. It can be seen that the mul-
tilayers grown with ion assistance exhibit a pronounced symmetric reflection ring at ¢ ~45°,
corresponding to a homogeneous ¢-distribution of Cr (002) planes which means that the pre-
ferred orientation of Cr crystallites is (110). In comparison the multilayer grown without ion
assistance exhibit a weak ring at this tilt angle. This analysis shows that ion assisted growth
promotes a fiber texture of Cr crystallites compared to almost randomly oriented crystallites
in the multilayer grown without ion assistance.

4.1.3 Soft X-ray Reflectivity

Soft X-ray reflectivity (SXR) is the ultimate characterization technique to test the multilayer
performance and was used for selected multilayers; specifically designed as near-normal inci-
dence mirrors and as analyzers for polarized synchrotron radiation. Due to a large required
spectrum of EUV and soft X-ray wavelengths region, the use of synchrotron radiation was
indispensable. The main benefit of course, in addition to higher X-ray intensity, is the reflec-
tivity measurement both as a function of energy and angle. Measurements took place at two
synchrotron sources: BESSY (Germany) and ALS (USA). At BESSY, a triple-axis UHV re-
flectometer/diffractometer connected to the exit slit of the beamline UE56/1-PGM, based on
an elliptical undulator coupled with a plane grating monochromator (1200 lines/mm) [14], was
used. At ALS, the reflectivity measurements were performed at the Calibration and Standards
Beamline 6.3.2 (bend magnet) dedicated for EUV, soft x-ray reflectometry, and scattering ex-
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Figure 4-3: Pole figure measurements of Cr/Sc multilayers grown with three different ion assis-
tance schemes. FEach multilayer is comprised of 25 bilayers and has modulation period of 6.4
nm.

periments [19]. Depending on the scanning geometry, four kinds of reflectivity measurements
are made in this work and are listed here:

e angular scans: are similar to w-26 scans in HXR, but are made at near-normal incidence.
Here the scans were performed at fixed energies corresponding to the multilayer design
parameters.

e rocking curves: data was obtained for 1% order Bragg reflections at the fixed energies.

e energy scans: were made at fixed 6 values. Though the energy scans are illustrious of
synchrotrons, reflectivity R( 0) measurements for a fixed wavelength were preferred over
a measurement of R()\) at fixed angle, because 7) does not change and thus provides fewer
parameters for simulations

e Bragg scans: are 2-dimensional scans, made by performing identical w — 26 scans for
different energies over a required energy range. It facilitates to simultaneously scan the
Bragg-peak intensity and position with varying energy, and are very useful, especially
close to the absorption edges where the reflectivity can change abruptly.

All four kinds of SXR measurements are illustrated in Figs. 4-4 (a)-(d), for Cr/Ti
multilayers with N = 200 (designed for normal-incidence) in 4-4 (a)-(c¢) and with N = 150
(designed for the Brewster angle «~ 45°) in Fig.4-4 (d).

Typically, HXR measurements are preferred over SXR because they allow to probe
a larger ¢ range (Eq. 4.1) and are less affected by absorption. However, the roughness fea-
tures measured by X-ray reflectivity varies non-linearly with operating X-ray wavelengths. In
addition, X-ray beams are usually not perfectly monochromatic and collimated, which limits
the longitudinal and transverse coherency of X-rays respectively [39]. For grazing incidence
measurements the larger longitudinal coherency of X-rays is required to probe the lateral corre-
lations in the multilayer, while at normal incidence the large transverse coherence is beneficial
to determine the similar structure. Discrimination of low (jaggedness) and high (waviness)
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Figure 4-4: Types of measurements made with synchrotron radiation: (a) specular reflectivity
scan, (b) diffuse scattering measuement around the specular peak, (c) energy scan, reflectivity
peak occurred at the Ti-2p absorption edge. The above three measurements were made at near-
normal incidence for a Cr/Ti multilayerae with N= 200. (d) A Bragg scan in 3D from which

2D Bragg scan can be derived. Angle and energy profiles are projected on the corresponding
axis.
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Figure 4-5: Hard X-ray reflectivity measurements (w—26) during in-situ annealing up to 600°C.
A Cr/Ti multilayer with 100 bilayers have exhibited highest peak (m=1) reflectivity at room
temperature (RT).

spatial frequency roughnesses in Cr/Sc and Cr/Ti multilayers, respectively, was accomplished
by comparison of hard and soft X-ray diffuse scattering. Roughness determination on the basis
of X-ray wavelengths and X-ray coherence lengths will be further discussed in Chapter 5.

4.1.4 In-situ Hard X-ray Reflectivity during Annealing

Thermal stability of the multilayers was investigated using HXR during annealing. Annealing
was performed in a Philips X’pert MPD Bragg-Brentano, 0-0 diffractometer with Cu-K, X-rays
equipped with a Bithler HDK 2.4 high temperature, high vacuum chamber with a Be-window.
The annealing sequence essentially followed a step wise temperature increase, for regular in-
tervals, from room temperature up to ~900°C. In-situ X-ray reflectivity and diffuse scattering
was continuously recorded during annealing and reflectivity curves were further analyzed to
extract information regarding structural evolution. An example of reflectivity evolution of the
first Bragg peak during annealing is shown in Fig. 4-5 for a Cr/Ti multilayers containing 100
periods. The temperature, in this experiment, was raised in steps of 100°C and the sample was
annealed for one hour at each temperature. As illustrated in Fig. 4-5, the first order reflection
exhibited a continuous decrement till 400°C, thereafter the multilayer peak was split into two
adjacent peaks which moved further apart on increasing the temperature while continuing to
decrease in intensity. The Cr/Ti layer system have shown thermal stability only up to «~100°C,
which is a rather low value for most of the mirror applications. The thermal stability stud-
ies of Cr/Sc-based multilayers presented in Paper V shows that Cr/Sc-based multilayers may
withstand higher temperatures.

4.2 Electron Microscopy

In this thesis cross sectional transmission electron microscopy (XTEM) was extensively used to
characterize the structure of individual layers and to image the trend of roughness propagation
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when hundreds of interfaces are involved. XTEM images are acquired using either a Philips CM
20 UT microscope equipped with a LaBg filament or a FEI Tecnai G2 TF 20 UT field-emission
instrument, both operated at 200 kV with a point resolution of 0.19 nm. Cross-sectional samples
were prepared by mounting 1x1.8 mm? sample pieces in a titanium grid and grinding with a
combination of silicon carbide and diamond papers from both sides to a thickness of about
50 um. Low-angle ion milling, in either a BalTec RES 010 rapid ion etch operated at 8 kV,
or a Gatan PIPS operated at 5 kV, was utilized for utilized to make the samples electron
transparent. A final polishing stage, using low-energy ions at 2.5 kV, was applied to remove
the amorphous surface layers formed in the previous stage. Compositional analysis was carried
out using energy dispersive X-ray spectroscopy (EDX), available in the Tecnai instrument. In
the following sections I present a brief description of how several TEM operating modes were
combined to characterize the samples.

4.2.1 Bright Field and Dark field

Fig. 4-6 (a) and (b) shows example of bright field (BF) and dark field (DF) images from the
same area in a sample. These are the two commonly used TEM imaging modes and are obtained
by choosing the transmitted (BF) or a scattered (DF) electron beam by placing an aperture in
the back focal plane of the objective lens. The principal difference in the imaging modes is the
contrast mechanism. When the aperture is placed to include the central transmitted beam, the
image formation is due to mass-absorption and diffraction contrasts generated by interference of
transmitted electrons. The selection of diffracted (scattered) beam on the other hand form the
images consisting of primarily diffraction contrast. The images in Fig. 4-6 show a CrN,/ScN,
multilayer structure comprising of six multilayers of varying layer thickness ratios, I', but of a
constant modulation period, A=1.8 nm. In the BF image a fine layer structure is visible in the
multilayers and this is due to the mass contrast where heavier(Cr)/lighter(Sc) elemental layers
appear as dark/bright stripes, respectively. Also the multilayer with larger I' (thicker Cr layer)
appear darker and wvice versa for Sc. The multilayer with I'¢ appears darker compared to I'y,
although both have (exactly) the same structural parameters; this is mainly a consequence of
the nonuniform sample thickness, where thicker areas appear darker due to “hindered” electron
transmission. The microstructure of individual layers in such short period multilayers is not
pronounced in BF mode. However, uniform gray areas in DF (e.g. for I';=0.33) shows that
either no crystallites are oriented in this area to fulfil diffraction condition or are comprised of
very small uniformly distributed crystallites (close to amorphous structure). Contrary to this,
the appearance of bright and dark areas in all other I' values show crystallites formation up on
increasing Cr or Sc layer thicknesses.

4.2.2 High Resolution Transmission Electron Microscopy

To obtain lattice resolved high resolution (HRTEM) images at higher magnifications several
diffracted and the transmitted beams are required. As opposed to mass/thickness contrast
in conventional BF microscopy, image formation in HRTEM, also known as phase contrast
imaging, arises from the interference in the image plane of both scattered and unscattered
electron beams. The inset in the BF image in Fig. 4-6 (a) shows a lattice-resolved image
of the multilayers in multilayer with I's =0.17. The spots in the HRTEM reveal the ordered
arrangement of atoms, indicative of crystal structure in both Cr(dark) and Sc(bright) layers in
this multilayer. The phase contrast mechanism has also been used to investigate the abruptness
of the interfaces by examining the appearance of Fresnel fringes; the more abrupt interfaces
result in fringes of stronger contrast, as is discussed in Paper 2.
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a)  Bright field image b) Dark field image

50 nm
]

Figure 4-6: The (a) BF and the (b) DF,( from the multilayer reflection in the growth direction)
images from the same area in a Cr/Sc stacked multilayer structure constituting six multilayers
of different I'. All the multilayers have same A=1.8 nm. The total thickness of the multilayers
(X) was gradually decreased from multilayer 1 to 6 during the growth. The BF image was
formed when all the transmitted and scattered electron beams were selected to be inside of the
objective aperture. In the inset a HRTEM image of a multilayer with I'y = 0.17 is shown.
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Figure 4-7: a) The SAED pattern (including the multilayer and the substrate) of stacked
mutilayers shown in Fig. 4-6. Bright spots are Si reflections. Multilayer diffraction pattern is
characteristic of an fcc-structure with strong 002 fiber texture oriented in the growth direction.
The SAED is indexed with the 002 and , 111 reflection, (the bright spots are from the Si
substrate). b) SAED at long camera length showing the +1 orders multilayer reflection, around
the central beam.

4.2.3 Selected Area Electron Diffraction

Selected area electron diffraction patterns (SAED) are reciprocal space representations of a
selected area from the sample [40]. The ED patterns are formed in the back focal plane of the
objective lens from diffracted electrons and are projected to the image plane. The diffraction
patterns from areas as small as several hundred nm can be examined by placing small apertures
in an area of interest in an image plane below the objective lens. Electron diffraction patterns
were routinely used to orient the cross-sectional samples so that the Si substrates [110] zone axis
is parallel to the electron beam as in Fig. 4-7 (a). This orientation step was critical to ensure the
visibility of sub nm thin multilayers which were grown on top of the Si (001). Moreover, SAED
was used to investigate the microstructure (crystalline/amorphous nature) of the multilayers.
For example, Fig. 4-7 (a) shows a SAED pattern obtained from the multilayer sample shown
in Fig. 4-6. The presence of strong 002 rings indicate an fcc structure and strong fiber texture
in growth direction. Additionally, long range structural conformity of multilayer structures can
also be investigated by taking SAED pattern at large camera lengths and analyzing multilayer
reflections around the central beam as is shown in Fig. 4-7 (b). The intensity spread in the
first order reflection spots (n==+1) in this case is due to a slight variation of modulation period
of different multilayer stacks. A more precise determination of layer periodicity was, however,
always made by XRR measurements.

4.2.4 Scanning Transmission Electron Microscopy and Energy Dispersive
X-ray Spectroscopy

The diffusion in annealed multilayers were studied by scanning (STEM)a focused electron probe
(several A) over areas of interest in TEM. Z (atomic number)-contrast images were obtained
by detecting incoherently scattered electrons at high angles with a high-angle annular dark-
field (HAADF) detector. The STEM image recorded for a CrN,/ScN, multilayers annealed
up to 600° is shown in Fig. 4-8 [Paper V]. The bright/dark regions correspond to high/low
average atomic number, respectively. A non-homogeneous contrast in the multilayer as well as
at the film-substrate interface indicates that several reactions have occurred upon annealing,
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Figure 4-8: The Z-contrast STEM image of an annealed multilayer structure. The Si-Cr dif-
fusion at the multilayer-substrate interface is shown. The rectangular box represent the area
where the EDX maps were collected. Accompanying EDX maps show the elemental distribu-
tions os Si, Cr, and Sc inside of the multilayer.

for example that Si has diffused into the multilayer.

Further information is revealed by elemental mapping using an energy dispersive X-ray
spectrometer (EDX). From the elemental profiles of Si, Cr, and Sc in Fig. 4-8, diffusion of Si
up to the middle of the multilayer and Cr into the substrate can be seen in the Si and Cr maps,
respectively. The combination of STEM and EDX has thus provided the elemental distribution
information after diffusion in thermally treated multilayers, presented in Paper 6.

4.3 TIon Beam Analysis

Ion beam (compositional) analysis (IBA) methods are based on the nuclear and electronic inter-
action between energetic ion beams of several MeV and the targeted material [41]. The resulting
emission of particles or radiation and their energies are characteristic of constituent elements
and their distribution in a sample. The IBA facilities at Institute fir Ionenstrahlphysik und
Materialforschung, FZD, Germany [42], and Tandem Laboratory, Uppsala University, Sweden
[43], were used in the present work. Two complementary IBA techniques; elastic recoil detec-
tion analysis (ERDA) and Rutherford backscattering (RBS) spectroscopy were used to probe
elemental compositions in multilayer structures as a function of depth.

4.3.1 Elastic Recoil Detection Analysis

In ERDA an incident ion beam of tens of MeV is directed, at grazing angles, onto the sample
surface. As a result of the bombarding geometry, binary collisions between energetic ions and
the target occur and light elements are most likely to be ejected (recoiled) in the forward
direction. The atomic number and the energy of the backscattered ions and the recoils can be
measured and analyzed to obtain the depth-resolved compositional information. The method
is most suitable to detect light elements (including hydrogen) as the heavier elements do not
recoil easily and scattered at the latter stage and overlap with the backscattered ions.
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Figure 4-9: Ion beam analysis of a stacked CrN,/ScN, multilayer structure (a): A 2D ERDA
contour plots, measured by Clt7ion beam, and (b) RBS spectrum together with simulated
elemental concentrations.

ERDA was a primary choice for compositional analysis in this work, mainly due to my
interest in tracing light elements incorporated in the multilayers. ERDA was performed either
using 35 MeV CI"* or 40 MeV I°* ion beams at incidence angles of 15° or 22.5° relative to
the film surface, respectively. The recoils were analyzed at a scattering angle of 45° relative
to the incoming beam direction. The information contained in ERDA spectra is a function of
mass, composition and depth, as shown in spectrum in Fig. 4-9 (a) obtained using 35 MeV
CI™ beam from a Cr/Sc multilayer structure. The TEM image of this multilayer structure is
shown above in Fig. 4-6. The branches in the spectrum, labelled as C, N, O and Cr+Sc recoils
are separable due to their atomic masses and the projection of each branch on the x-axis can
be analyzed to obtain the corresponding depth profiles. However, information is limited to <
400 nm from the surface due to overlapping scattered Cl ions with the light element signals.
Moreover, due to heavy mass of Cl ions used, Cr and Sc are not separable. Large depths can
be probed using more energetic Cl ions, whereas heavier ions like I can increase the depth scale
of the light elements and resolve individual Cr and Sc.

Though the use of heavier I°T ion beam was advantageous, most of the analysis on
stacked multilayers (presented in Paper IV) was made using the Rossendorf setup with C17*,
which gives better detection of lighter elements. For full compositional analysis complementary
RBS was performed, particularly for the thick multilayer films.

4.3.2 Rutherford Backscattering Spectroscopy

RBS involves a beam of highly-energetic light ions (2 MeV), typically hydrogen or helium,
directed towards the targeted surface at normal incidence angles. The number of elastically
backscattered incident ions and their energies provide the information regarding the composition
of the sample, distribution of those components, and in some cases the thickness of the sample.
Since energetic light ions can be more readily backscattered by heavy atoms, RBS spectroscopy
is more sensitive to heavy elements than ERDA and, therefore, was used to determine the
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metal content in the multilayers. The RBS measurements were performed using a 1.7-2.0 MeV
He™ beam with near normal incidence angle, while the backscattered beam was detected at ~
170°. For illustration, the number of backscattered He ions as a function of energy is plotted
(dotted line) in Fig. 4-9 (b) for the same sample as in (a) together with the best fit (solid
blue line) of the measured data and the individual Cr, Sc, Si, and N profiles [44]. Due to lower
yield of scattering, individual light elements are not separable and light element composition
detected from ERDA analysis is used here for the simulations. As can be seen in the plot, all
six multilayer stacks with different I' can very nicely be separated in RBS, which is not the
case for ERDA. The RBS yield and multilayer composition of each stack is also shown in the
plot. In this way, a combination of ERDA and RBS analysis was used, e.g. in Paper IV, to
characterize the composition and density of complex multilayer structures.






Chapter 5

Multilayer Roughness

Multilayer materials selection based, only, on optical prop-
erties (see Chapter 2) does not guarantee a good quality re-
flective mirror, mostly because of the inability of the cho-
sen materials to form atomically abrupt and smooth inter-
faces'. This chapter primarily deals with multilayer struc-
tural roughness dependence on the chosen materials.

In principle, heteroepitaxial transition metal (selected on the basis of their optical properties)
superlattices presenting geometrically flat and atomically abrupt interfaces would constitute the
system of choice for high quality X-ray mirrors [45]. A prerequisite of heteroepitaxy, however,
is minimal in-plane lattice mismatch of substrate-film and film-film crystal structures. An
example of such a superlattice is CrN/ScN superlattices grown at 735 °C' on lattice matched
MgO(001) (see Paper VI). The HRTEM image and the corresponding diffraction pattern of
this superlattice are shown in Fig. 5-1. Lattice mismatch between fce-CrN and fee-SeN is ~ 3%
and such a relation does not exist for e.g., pure Cr and Sc crystal structures. In pure transition
metal multilayers the lattice mismatch, is usually larger~10%; while typical substrates are either
polished quartz or a Si wafer displaying native SiO layer. In such systems epitaxial breakdown
occurs at the substrate/metal interface boundaries and non coherent interfaces with large defect
densities are formed. Moreover, lower growth temperatures (required for short period multilayer
growth) typically result in increased defect concentrations and enhanced surface roughening
rates [46].

Appreciating the low temperatures used in this work, high-flux low-energy ion assistance
has proven to improve the surface mobility while effectively avoiding bulk diffusion, resulting in
denser multilayers with lower defect density and interface imperfections. This is illustrated in
the TEM images shown in Fig. 5-2 for the Cr/Ti multilayers (each containing two multilayer
stacks with periods of 1.4 and 2.8 nm). The appearance of denser layers and more distinct
and sharper interfaces for continuous and modulated ion assistance (described in Chapter 3)
can directly be noticed in contrast to the multilayers grown without ion-assistance, and is a
plausible explanation for the increase in X-ray reflectivity shown in Fig. 3-7.

The multilayer densification and roughness reduction effects of ion-energy modulation
are seen in all short period multilayers presented in this thesis. However, despite of identical
optimization of process parameters, certain structural peculiarities are seen for the three ma-
terial systems used: Cr/Ti, Cr/Sc, and Ni/V. In the next sections, some insight is given into

'Make sure that the material can be deposited with sharp, smooth boundaries, such that o< 0.1 A for the
desired multilayer period A. Eberhard Spiller [21]

51
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a) HRTEM image b) SAED pattern

Figure 5-1: (a) HRTEM image grom a CrN/ScN superlattice with the modulation period of A
of 1.7 nm grown at 735 °C, (b) corresponding selected area electron diffraction pattern obtained
along the [010] zone axis.

the correlation and propagation of a few of the characteristic interfacial roughnesses in terms
of materials intrinsic properties, kinetic limitations, and intermixing.

5.1 Thermodynamical Roughening

Often, transition metal atoms are characterized by their unfilled d-shells and strong covalent
bonding between d-orbitals, unlike alkali metals which have weak bonds made of sp-electrons.
As a consequence, transition metals possess comparatively higher cohesive energies and crystal
structure occurs in the close-packed fcc, bee, or hep arrangements. The cleavage energies or
the solid surface free energies, ~, of these elements are also higher and, assuming strain free
surfaces at a temperature, T, below the melting point, T,,, v can be estimated by the empirical
rule [47]:

YT) = 1.27,, + 4.5 x 1074(T;,, — T), (5.1)

where T, (in J) is the melting temperature and =,, is the surface energy at the melting point.
The melting temperatures and +,, values of transition metals used in this thesis are listed in
Table 5.1, together with other relevant properties. At the interface the surface energies of
materials A and B contribute to the interface energy,y;, (see Chapter 3 ) via

vi = Ei + Ep, (5.2)

where the energy Ep is associated with eventual defects at the interfaces and Ej; is

Ei=v4+78— V27475 (5.3)

Interface energies are always positive and play a crucial role in the arrangement of atoms
at the interfaces. It has been reported that a large surface energy difference can result in an
enthalpic driving force for intermixing even in systems with a large positive heat of mixing [50].
However, it is difficult to measure the extent of such an interdiffusion to draw any conclusion
about interface widths in my short period multilayers. The role of cohesive energy in defining



5.1. THERMODYNAMICAL ROUGHENING 53

a o inaassistance

Figure 5-2: TEM images of Cr/Ti multilayer stacks grown with different ion assistances: (a) low
ion-to-metal flux ratios < 0.1 and no bias, (b) high-flux ratios > 2, and continuous ion-energy
of 22 eV and, (c) high-flux ratios with modulated ion-assistance. Each stack is comprising of
two mutilayers: bottom with A = 1.4 nm, and top with A = 2.8 nm.
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Table 5.1: Relavent properties of transition metals used in this thesis. The values of surface
energies and cohesive energies are taken from [48] and [49], respectively.

Properties - Symbol(units) Sc Ti A% Cr Ni
Atomic number - Z 21 22 23 24 28
Relative atomic mass- M(g/mole)  44.96 47.90 50.94 52.00 58.70
Crystal structure hep hep bce bce fce

a, ¢ lattice parameter- (A) 3.31,5.26 2.96,4.74 3.04 283 3.524
Melting point - Tm(OK) 1814 1941 2138 2180 1728
RT mass density p(g/cm?) 2.99 4.51 6 715 891
Cohesive enrgy (at 0 K) - (eV/at.) 3.93 4.855 5.3 4.1 4.435
Surface enrgy (at Ty,) - v(J/m?) 1.28 2.1 2.55 2.3 2.45

multilayer structure, on the other hand, can indirectly be seen by the degree of crystallization
of different materials. Since the depositions in this work were carried out at low temperatures
and surface diffusion was governed by low-energy ion bombardment, polycrystalline growth
of multilayers with noncoherent interfaces was expected. However, formation of amorphous
layers was often observed below certain threshold values of the multilayer period and the layer
thickness ratios. Threshold thickness varies from one materials system to another, probably
depending on the cohesive energies of the constituent materials. For instance, Sc has the lowest
cohesive energy of all the materials studied here, and has shown the highest potential to grow
amorphous (as long as A <2.5 nm and Dg. <1.2 nm), while the rest of the above mentioned
metals tend to crystallize at smaller thicknesses.

Another thermodynamical property which governs the probability of intermetallic com-
pound formation at the boundary between two materials is the enthalpy of formation, AH. For
example Cr-Sc show lower miscibility with AH=+1 kJ/mole whereas Cr-Ti exhibit as high
miscibility values as AH=-11 kJ/mole. The probability of mixing is even higher >-25 kJ/mole
for Ni/V multilayers [51].

The roughness associated with intermetallic compound formation and polycrystalline
growth with faceted grains at the interfaces is a main concern when assessing small interface
widths. Moreover, insufficient adatom mobility at ambient temperatures (T/T,, ~0.13-0.17)
can lead to strongly correlated roughnesses in the growth direction, usually resulting in columnar
growth. In Fig. 5-3 some of these observations are illustrated by cross sectional TEM images
of stacked multilayers of Cr/Ti, Cr/Sc and Ni/V. The first micrograph in Fig. 5-3 (a), is from
a Cr/Ti stacked multilayer showing a dense structures but a low spatial frequency roughness
correlation (also known as waviness) all over the sample. In comparison the better interface
definition is obvious for each A in Fig. 5-3 (b) in Cr/Sc. Our understanding of such roughness
evolution stem from the crystallization of the multilayers (most likely driven by the higher
cohesive energies of Cr and Ti as well as higher Cr-Ti miscibility), where grains attain a preferred
orientation (texture) with increasing multilayer thicknesses and thus give rise to waviness. To
some extent, the same reasoning can explain the highly distorted crystalline layered structure
seen in the Ni/V multilayer stack. Since, the Ni/V multilayer system has revealed a sensitivity
to heating, some layer distortion in the image could be a sample prep artifact.
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a) Cr/Ti

Figure 5-3: TEM overview images of stacked multilayer structures made of Cr/Ti, Cr/Sc and
Ni/V. Each stack contains seven multilayers with 4 different A values and I'=0.5. The dark
and thick stripe at the upper right corner of Cr/Ti and Cr/Sc stack is a Cr-capping layer. The
substrate is at the lower left. Details of the Cr/Sc multilayer structure can be found in Paper
11

5.2 Accumulated Roughness

In addition to the modulation period and the layer thickness ratio, the overall roughness of
a multilayer has an ultimate dependence on the total number of bilayers [25]. For instance,
once established interface roughnesses (classified as jagged or wavy according to the length
scale of the lateral roughness correlations, as described in Chapter 2) may accumulate with
increasing number of layers in a multilayer, primarily due to diffusion-limited growth kinetics.
The distinction between both kinds of prevailing roughnesses is not trivial.

Multilayer roughness scales with X-ray wavelength, almost always; thus,the term “low
/high interface roughness” refers to the conditions where compositional fluctuations at the
interfaces are much smaller/larger than the wavelength of the X-rays. Another important
factor is the coherence length of the probing X-rays [1]. Estimations of X-ray coherence lengths
for our XRR experimental setups, both parallel, Lii, and perpendicular, L L, to the interfaces,
show that L_L is in the order of 0.1 gm for both HXR (A=0.154 nm) and SXR (A=2.4-3.1 nm),
while Lii is in the order of 10 pm for SXR and only 0.025 pm for HXR [39]. Therefore, SXR is
more sensitive to low spatial frequency roughness (waviness), whereas atomic scale distortions
(jaggedness), have a bigger effect on hard x-ray reflectivities.

An illustration of R(\) is shown in Fig. 5-4 for the three multilayer systems a)-c) Cr/Ti,
Cr/Sc, and Ni/V, respectively. The plots show the evolution of specular reflectivity (for m=1)
for both hard and soft X-rays versus the number of multilayer periods in each material system.
It can be seen that for the Cr/Ti multilayers SXR saturates at N~50 bilayers, whereas HXR
shows the maximum at N=100. The Cr/Sc multilayers in Fig. 5-4 (b), on the other hand,
depicts that both X-ray probes follow up to N=300, thereafter HXR exhibits a slight drop. For
Ni/V multilayers a sharp increase in HXR for N=100 to 300 followed by a sharp decrease for
N>500 is observed. The SXR of Ni/V multilayers shows an increase, roughly linearly, up to
N=500.

It can be concluded that low spatial frequency roughness (waviness) limits soft X-ray
reflectivity in Cr/Ti multilayers, while local distortions on the atomic scale, which appear as
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Figure 5-4: Comparison between HXR (dotted) and SXR (solid) reflectivity versus number of
bilayers for: (a) Cr/Ti, (b) Cr/Sc, and (c) Ni/V multilayers. At-wavelength SXR reflectivities
and HXR intensities are recorded at the first order Bragg peak (m=1).

intermixed interfaces to soft X-rays, limit HXR in Cr/Sc and Ni/V multilayers.
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Figure 5-5: Soft x-ray diffuse scattering comparison of the multilayers shown in Fig. 5-4 for the

three material systems. The curves are plotted on log scale and vertically shifted for clarity.

Additional information regarding accumulated roughnesses is gained by qualitative
comparison of diffuse scattering measurements. Fig. 5-5 presents the SXR diffuse scans for the
corresponding multilayers shown in Fig. 5-4. Recall (see Chapter 2) that the lateral roughness
correlation ¢ | increases the diffusely scattered intensity around the specular beam, and the
correlation length affects the angular distribution of the incoherent halo around the specular
direction. These effects are clearly seen in Cr/Ti multilayer where the ratio of specular-to-
diffusely scattered X-rays decreases with increasing number of bilayers. This again confirms
the accumulation of waviness in this material system with increasing N. For Cr/Sc and Ni/V
multilayers, diffuse scattering is much less obvious and there are no major differences in diffusely
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scattered x-rays. For Ni/V with N=500, a broadening at the shoulders of the specular peak is
observed.

MN=600
A=1.59 nm
I'=0.38

=
|=
e
|-
=

B0 nm

Figure 5-6: Visual illustration of material associated multilayer roughnesses for (a) Cr/Ti, (b)
Cr/Sc, and (c) Ni/V. Note the different scales in the TEM images and that each multilayer is
composed of different number of bilayers, N.

Fig. 5-6 shows electron microscopy images of Cr/Ti, Cr/Sc, and Ni/V multilayers
containing N=100, 600, and 500 bilayers, respectively, providing complementary roughness
accumulation information. The TEM image of Cr/Ti multilayer in Fig. 5-6 (a) shows an
establishment of a low spatial frequency roughness after N>20, and its accumulation on adding
more bilayers while still having locally abrupt interfaces. The image scale roughly depicts
&, v 20 nm while £, has at some areas, extended throughout the whole multilayer stack which
is ~ 140 nm thick. Interestingly, this is not the case for very large N=600 Cr/Sc multilayers as
is evident from the absolute homogeneous contrast in Fig. 5-6 (b). No signature of low spacial
frequency roughness is apparent in this multilayer. HRTEM images (included in Paper I)
have, however, shown superior layer definition near the substrate compared to the middle and,
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Figure 5-7: Amorphous (a) to crystalline (b) transition of Sc (light) and Cr (dark) layers by
increasing bilayer period N from, (a) A=1.7 nm to (b) A=3.4 nm.

even more, the layers near the top surface. Despite evidence of roughness progression in X-ray
reflectivity measurements with increasing N in this system [1], it is not possible to specify any
particular kind of irregularity with certainty from the TEM images. The micrograph of Ni/V
multilayer depicts two distinct features: an amorphous layer structure for N< 200, and a phase
transformation to nano-crystalline layer structure (also shown in Paper I) above 200 bilayers.
It is evident here that the crystalline nanostructures evolves to columnar growth, but in this
case §, and & | are only locally extended, which does not effect diffuse scattering measurements.
However, the broadening at the shoulders of the specular peak observed in diffuse scattering
scan [Fig. 5-5 (c)] can be attributed to crystallization.

5.3 Intermixing and Interdiffusion

Ton induced intermixing and/or chemically driven interdiffusion govern the degree of composi-
tional abruptness at the interfaces and, hence, the reflectivity via the interface width. Normally,
intermixed interfaces lower the specular peak reflectance with a simultaneous decrease in diffuse
scattering. HRTEM does not enable analysis of intermixing at the small scales dealt with in
this thesis. However, analysis of thicker period multilayers can be used to show the feasibility
of intermixed interfaces. This is illustrated in Fig. 5-7 in HRTEM images of Cr/Sc multilayers
with A=1.7 nm and 3.4 nm. For short periods (which is the main focus of this work) no inter-
mixing can be distinguished, however slightly diffuse Sc-on-Cr interfaces, compared to Cr-on-Sc
interface, are evident for A=3.4 nm.



Chapter 6

Multilayer Impurities

Light element incorporation and interaction with the con-
stituent layers remains a relatively unezplored area in mul-
tilayer mirror fabrication technology. During the final two
years of my PhD study, an effort was made to elucidate the
influence of residual gas impurities and intentional incorpo-
ration of light elements during multilayer growth.

To this point, an assumption of impurity-free multilayers, has been made in describing var-
ious aspects of soft x-ray multilayer mirrors, i.e., material choice, mirror design, fabrication
technology, growth mechanisms, etc. However, a detectable amount of elements other than
the materials of choice is always present in a given multilayer. Contaminated targets, impure
sputtering gas, or poor deposition conditions can all contribute to contaminate the multilayers.
Although the word “impurity” speaks for unwanted effects of foreign elements for multilayer
performance, in certain cases the results are opposite. For instance, it has been reported that
incorporation of oxygen during growth of magnetic multilayers [52] enhances the performance
of GMR (giant magnetoresistance) devices by altering the growth mode. A small amount of
oxygen has, thus, been deliberately added in such multilayers and the term surfactant was
implemented instead of impurity. For the EUV reflective optics it is found that Mo/Y multi-
layer mirrors exhibit enhanced reflectivity at A=9.4 nm when O contaminated yttrium targets
were used for magnetron sputter deposition in UHV conditions [53]. The performance of short
period soft X-ray multilayer mirrors is expected to be even more sensitive to small structural
changes driven by incorporated impurities and, thus, has motivated the research presented in
this chapter. In the next section, some of the direct/indirect impacts of light element impurities
on multilayer structure and performance are described. The last section, gives a short overview
of the experimental setups used in this work to introduce B, C, N, and O, impurities during
multilayer growth.

6.1 Light Element Incorporation and Multilayer Mirror Prop-
erties

Light element incorporation affects the physical and chemical properties of multilayer X-ray
mirrors in several ways. Most of these properties are inter-dependent. Fig. 6-1 presents a
diagram summarizing the dependency between light element incorporation, interface structure,
and optical performance, via fundamental optical and structural properties such as:
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Figure 6-1: Interdependence of light element impurities, interface structure, and optical perfor-
mance.

Diluted Optical Constants

The most evident effect of impurity incorporation into multilayers is the dilution of
the constituent materials with a reduced contrast in refractive index, 1, for X-rays, which di-
rectly influences mirror reflectance (see Eq. 2.7). This is illustrated in Fig. 6-2 (a) and (b)
where dispersion, ¢ (dotted) and the extinction, 8 (solid) coefficients of Sc(Cr) are compared
with ScN(CrN) i.e., when 50 at.% of nitrogen is incorporated into the metallic elements. The
comparison is made in the soft X-ray wavelength range of A between 1 and 5 nm, which encom-
passes the absorption edges ! of Cr (A=2.18 nm), N (A=3.08 nm) and Sc (A=3.11 nm). In Fig.
6-2 (a), an increase in both § and 3 for ScN compared to pure Sc can be seen for the entire
wavelength region, whereas; CrN in Fig. 6-2 (b) exhibits low § and §, especially in the region of
interest (A>3.11 nm). A sharp drop in CrN, due to the presence of N, is notable at A=3.08 nm
absorption edge. This drop is not seen in ScN due to the proximity of the Sc and N absorption
edges. The combined effect of refractive index, thus, shows reflectivity decrease of ~30% at
A=3.5 nm and ~70% at A=>5.0 nm, from a single Cr/Sc interface (Eq. 2.7) for 50% nitrogen
incorporation in these metals. Depending on the material system and on X-ray wavelength,
different light elements will have different contributions to the overall refractive index.

Another possible impurity effect is increased X-ray absorption (hence, decreased overall
reflectivity) if the impurity absorption edges fall within the A range of interest. Reflective
properties can worsen if the light elements have their absorption edges closer to the wavelengths
of interest. For instance, higher extinction just below A<3.11 nm in CrN is due to a high
absorption of X-rays by N, which has absorption edge at A=3.08 nm. A more general picture
of such an impact is shown in Fig. 6-3 where the maximum theoretical reflectivity of Cr/Sc
multilayers is plotted for A=2-8 nm. This materials system exhibits maximum reflectivity of
~ 64% at A=3.11 nm (due to anomalous dispersion as a result of n =>1) and for 3.2< A\ <8
nm reflectivity of ~25% can be obtained. However, the presence of light element impurities of

'Sc coefficients are measured experimentally [54] whereas other coefficients are generated [19] assuming bulk
densities found in the literature.
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Figure 6-2: Dispersion () (solid) and extinction (3) (dotted) coefficients of: (a) Sc, ScN, and
(b) Cr, CrN, plotted near the Sc-2p (A=3.11 nm) absorption edge in the soft x-ray wavelength
range of 1 < A <5 nm.

different natures affects reflectivity in different regions. From the positions of the absorption
edge of Cr, O, N, Sc, C and B, indicated (dotted lines) in Fig. 6-3 one can predict that N
influences the reflectivity due to its high absorption closer to the Sc edge. Oxygen has high
absorption at X-ray wavelengths closer to the Cr absorption edge, whereas C and B effectively
absorb X-rays just below their absorption edges.

Structural Transformations

In the process of developing modulated ion-assisted magnetron sputter deposition, the
importance of achieving sufficient surface adatom mobility in order to obtain flat and abrupt in-
terfaces has been realized. High-flux bombardment with low-energy sputtering gas ions was used
to enhance adatom mobility. However, the nature of the vapor species, i.e., their absorption-
desorption characteristics, can also alter the adatom bond strength and therefore contribute in
controlling the growth kinetics through called chemically induced mobility [55]. A direct impact
of modified adatom mobility, in almost all cases, is on the interface morphology (roughness,
intermixing) via the alteration in the structural morphology of the multilayers [34].

Chemical interactions of impurities with deposited atoms affect both the growing film
thermodynamic (local) equilibrium states and the kinetic paths leading to them. Thus they
have the potential to alter the final layer morphology, such as grain size, orientation, crys-
talline/amorphous transition, and intermetallic compound formation at the interfaces [56]. To
some extent, all of these mechanisms affect the interface structure and, hence, the reflectivity
of the multilayer via the interface width o.

Density Variation
Impurity driven structural transformations will affect the density of the multilayers,

particularly via amorphous/crystalline transformations. This affects multilayer reflective prop-
erties through the refractive index of the constituent materials (Eq. 2.8, and 2.9) which depends
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Figure 6-3: Theoretical maximum reflectivities of pure Cr/Sc multilayers in the soft X-ray
wavelength region, A=2-8 nm. The vertical dotted lines indicate the position of the absorption
edges of Cr, O, N, Sc, C, and B, from left to right.

linearly on atomic density. The general differences in magnitude of the scattering factors in Fig.
6-2 are indeed a consequence of different crystal structures and, hence, of the density of Cr and
Sc upon addition of 50 at.% of N. For example, bulk bee-Cr has atomic density of ~0.83x10%3
at/cm?3, whereas fce-CrN has a Cr density of ~0.56x10? at/cm3. The reduced atomic density
results in lower absorption in CrN [Fig. 6-2(a)] compared to Cr, near the Sc edge. In contrast,
fce-SeN has 20% higher Sc atomic density than pure Sc and this cause a slight increase in
extinction coefficient in ScN compared to Sc. However, one has to consider also the dispersion
coeflicients via the relation Eq. 2.7. in order to (be able to) accurately determine the X-ray
reflectivity change with respect to the density (or refractive index) in the multilayer.

Diffusion Barriers

Analogue to surfactants, accumulation of impurities at the interfaces may hinder inter-
diffusion of the constituent layers in a multilayer. For example, diffusion in Cr/Sc multilayers,
particularly at Sc-on-Cr interfaces (evident in Fig. 5-7), is effectively suppressed by sequen-
tially depositing a thin (~2A) B4C layer on top of the Cr layers; resulting in the state-of-the-art
Cr/Sc multilayer reflectivity of 31% [57].

Stress Evolution

Stress-driven roughness and adhesion failures are two of the main concerns in multilayer
fabrication and can be tuned by light element incorporation. Stress evolution versus light
element incorporation has been investigated by David. L. Windt in EUV and soft X-ray mirrors
[58], [59]. A profound effect N incorporation on stress in W/ B4C multilayers and residual gas
partial pressure dependent stresses in Mo/Si multilayers are, presumably, shown to be a result
from the corresponding changes in the chemical composition and microstructure.

Thermal stability
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Another effect of light element incorporation, though not related to the reflectance
and, hence, not shown in the triangular relation of Fig. 6-1, is on the thermal stability of the
multilayers. Several reports have shown that light element incorporation effect the thermal
stability of the multilayers via microstructural transformations [60] within the layers or via
compound formation (diffusion barriers) at the interfaces [61].

6.2 Related Experiments

A few of the above mentioned effects of light element interaction with the multilayers have been
explored during this PhD research. To this end, the influence of continuous incorporation of
N, O, C, and B, on the morphology and the optical performance of the multilayers has been
investigated. Cr/Sc multilayers were chosen as a model system because of their high potential
for practical mirror applications [62], [63] and due to our previous experience with the process
parameters, which provides a baseline to compare the impure multilayers. The method for
introducing the light elements and the motivation behind each experiment is listed here.

Incorporation of Air: Residual gas impurities are, predominantly, the most natural source
and, therefore, needed to be investigated. I have deposited multilayers with different levels of
residual gas impurities within the background pressure range of 2x10~7 Torr to 2x10~® Torr
which was accomplished by tune leaking “clean room air” with controlled HoO content of 0.87
wt% (corresponding to 60% relative humidity at 20 °C) into the deposition system. The results
of this study are presented in Paper III and Paper IV.

Incorporation of Oy and Ns: To separate the influence of two major residual gas
constituents, i.e., oxygen and nitrogen, depositions were carried out, independently, in pure
N2(99.999%) and 02(99.995%) background environments. This study is presented in Paper IV.

Co-sputtering of B4C: In contrast to the interleaved B4C layers as diffusion barriers [57],
I have investigated multilayers with 20-40 at% of uniformly distributed B4C throughout the
layered structure. This was achieved by co-sputtering B4C from a 2 inch magnetron during
sequential depositions of Cr and Sc layers. Some of the unpublished results from this study are
included in Chapter 8.






Chapter 7

Summary and Contribution to the

Field

The research work included in this thesis concerns funda-
mental studies of potential soft X-ray multilayer materials
systems. This chapter provides a summary of results and
my contribution to the field.

7.1 Cr/Sc-based Multilayers

7.1.1 Effects of Ion Assistance

Paper I and Paper II study the structural evolution of Cr/Sc multilayers deposited using
different ion assistance schemes. It is shown that the concurrent bombardment of high-flux
(Por=4 and ®g.=8) low energy ions (21 eV< E;q, <37 V) during growth can be employed to
overcome columnar layer growth and roughening. Significant flattening and distinct interfaces
were observed for a range of modulation periods (1.6 nm< A <10.2 nm), while an amorphous-
to-crystalline layer structure transformation above A >2.7 nm takes place regardless of eventual
ion assistance. It is also shown that Cr/Sc multilayers with periods smaller than ~2 nm are
‘self healing’, i.e., ion assisted growth results in the recovery of abrupt flat interfaces after
morphological disturbances. Near-normal incidence reflectivities as high as R=20.7%, from
a multilayer containing N=600 bilayers are achieved. TEM investigations [Fig. 5-6 (b)] and
X-ray diffuse scattering analysis [Fig. 5-5 (b)] reveal that short range roughness (jaggedness)
accumulation limits the reflectivity for large number of periods in this materials system [64].
For a multilayer designed as a mirror operating at the Brewster angle, a reflectance of R=26.7%
and an extinction ratio of Rs/Rp=5450 was obtained.

7.1.2 Cr/Sc Multilayers and Residual Gas Impurities

As discussed in Chapter 6, the presence of light elements in the interior of the layers or at the
interfaces alters the structural and optical properties of X-ray multilayer mirrors. The prob-
ability of unintentional impurity incorporation in industrial HV deposition systems for mirror
fabrication via the sputtering environment is higher; thus, the effects of background pressure
on Cr/Sc multilayers were investigated. The multilayers were grown at elevated background
pressures ranging from 2.1x10"7to 2.1x107° Torr, by introducing air with a controlled HoO
content of 0.87 wt%.

Paper 111 deals with single multilayers with modulation period of 1.6 nm and 100 peri-
ods, specially designed as reflective mirrors operating at near-normal incidence at a wavelength
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corresponding to Sc-2p absorption edge (A=3.11 nm). It is shown that pure amorphous Cr/Sc
multilayers spontaneously transform into highly textured understoichiometric nano-crystalline
CrN;/ScN, multilayers at high residual gas pressures of ~2x10~° Torr, due to an incorporation
of ~34 at.% of nitrogen. Reduced interdiffusion in the presence of strong nitride bonds leads to
abrupt interfaces (SXR) with an average interface width of only 0.29 nm, and a 100 % reflec-
tivity increase in the nano-crystalline multilayers compared to the state-of-the-art amorphous
multilayers.

Paper 1V describes a multitude of compositional and structural investigations of so-
phisticated stacked multilayer structures focusing on the effects of modulation period A (with
constant I'=0.5), Cr-to-bilayer thickness ratio I' (with constant A=1.8 nm), and residual gas
pressure. Based upon comprehensive HRTEM structural investigations and depth-resolved com-
positional analysis by ERDA and RBS, it is shown that there are no remarkable deferences in
structure and composition of multilayers deposited at chamber pressures ranging from 2x10~7
to 2x10~%Torr. The amorphous-to-crystalline layer structural transformation above A ~2.7 nm
(also reported in Paper II) is found to be independent of pressure changes within this range.
From analyses of multilayers with respect to I', it is seen that crystallization of Cr/Sc multi-
layers above a threshold period value is predominantly governed by Cr, most likely due to its
higher cohesive energy than Sc.

Depth-resolved compositional analysis has shown that nitrogen is always the most abun-
dant impurity element found in the multilayers, irrespective of deposition conditions, and that
it is located predominantly in the interior of the Sc layers due to its higher affinity to Sc than
Cr. N incorporation of ~30-35 at% similar to the multilayers presented in Paper III at higher
background pressures (~2x1075 Torr) is shown to cause nano-crystallization in multilayers with
0.9< A <4.5 nm, and 0.17< T <0.83. A TEM micrograph of such stacked multilayers is shown
in Fig. 7-1. The crystalline nature of multilayers is clear from the TEM images and from the
corresponding SAED patterns [six multilayers of varying periodicities (a), and layer thickness
ratios (b) |. Crystallization occurs through the formation of a CrN,/ScN, layered structure
with varying degree of texture depending on A, T'; and N content.

The higher reflectivity of the multilayers grown with impurities incorporated from air
(in Paper IIT) prompted the need for further investigations on the separate influence of major
residual gasses i.e., No and Oz. It is found that, like in the case of air, the multilayers grown
with pure Ny background levels exhibit higher reflectivities whereas oxygen does not significantly
interact with the multilayers and has very little influence on reflective properties. These results
are included in Paper IV.

7.1.3 Ab initio Calculations

Understanding the phenomenon of amorphous metallic layer formation, below the transition
threshold period ~ 2.7 nm has been of fundamental concern in this research. After showing that
amorphization is independent of both ion assistance (Paper II) and interaction of residual gas
species in a HV deposition environment (Paper III), the need to perform theoretical calculations
was realized. In collaboration with the group of Prof. Igor Abrikossov at IFM, the ab-initio
calculations on a number of layers of Cr and Sc lattices coherently arranged with a body centered
tetragonal (bct) symmetry of bee-Cr and fee-Sc rotated at 45° in (001) were performed. This
layered arrangement of Cr/Sc was previously suggested by T. Gorelik et. al. through TEM
investigations [65]. However, according to our results, formation of coherent interfaces in Cr/Sc
multilayer system is unlikely to be realized for any bilayer thickness. Moreover, by calculating
interfacial energies we suggested that short period multilayers indeed may eliminate high energy
coherent interfaces between crystalline Cr and Sc by creating disordered interfaces i.e., by
amorphizing the metal layers. The initial results of the calculations are included in Paper IV.
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Figure 7-1: Bright field TEM images of stacked Cr/Sc multilayers with: (a) varying periodicities
(constant I'=0.5), and (b) varying layer thickness ratios (constant A=0.5). Multilayers were
grown at a background pressure of 5x1075 Torr and contains >30at.% of N. The bright (Sc)
and dark (Cr) stripes in the images are stem from mass absorption contrast. SAED patterns
are shown at the top right of each image.
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7.1.4 CrN/ScN Superlattices

Paper VI presents a study of single crystal CrN/ScN superlattice films with modulation periods
of 1.64 nm, grown by reactive sputtering in N atmosphere onto MgO(001) substrates. A process
window for synthesis was found at 735 °C. Extreme fluxes (®cpy =42 and ®g.ny=144) of very
low energy (E;o, (CrN)=24 eV, E;,, (ScN)=28 eV) nitrogen ions towards the growing film surface
were found to be beneficial for highly ordered superlattice growth, resulting in minimal interface
widths of 0.2 nm. As-deposited superlattices with only 61 periods exhibit an absolute soft X-ray
reflectance of 6.95% at A=3.11 nm (Sc-2p absorption edge). These superlattices have shown
very high thermal stabilities up to 850 °C as well as higher hardness values of ~19 GPa (as
compared to ~5 GPa for pure Cr/Sc).

7.1.5 Thermal stability

The ability to withstand high-power X-rays without suffering damage, such as undergoing
interdiffusion of layer components, is important for X-ray mirrors and is investigated in Paper
V for pure Cr/Sc and CrN,/ScN, (N=34 at.%) multilayers. Structural changes at elevated
temperatures were investigated by in-situ HXR (recorded for ~12 hours at each temperature
from RT to ~600 °C, with intervals of 50 °C) and ez-situ TEM characterization of annealed
multilayers.

It is shown that Cr/Sc multilayers exhibit a gradual drop in reflectivity starting at
temperatures as low as 100 °C, which vanishes completely at 500 °C. The intensity evolution
of the first Bragg peak during sequential annealing of a Cr/Sc multilayer is plotted in Fig. 7-2
a). Though there have been reports on Cr/Sc multilayers showing reasonably high stability up
to 280 °C, correlated to the low miscibility of Cr and Sc, our reflectivity measurements and
TEM characterization of annealed multilayers reveal that the phase separated nano-crystallite
grain formation at the expense of complete elimination of the layered structure is indeed the
real cause of the observed reflectivity reduction in pure Cr/Sc multilayers [66].
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Figure 7-2: In situ reflectivity evolution of the intensity of the first order Bragg peak intensity
during sequential annealing of a) pure Cr/Sc, and b) Cr/Sc+N(34 at.%) multilayers contain-
ing 100 bilayers. Annealing temperatures are given in the graphs. The peak reflectance is
normalized to the as-deposited value.
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Nitrogen incorporation has shown remarkable improvement in terms of thermal stability
of Cr/Sc multilayers. As can be seen in the Fig. 7-2 (b), CrN;/ScN, multilayers are stable
up to 335 °C after 40 hours annealing. TEM analysis show that the layered structure in this
multilayer persists after more than 100 hours of annealing at 550 °C.

In both cases, the reflectivity losses at ~500 °C were accompanied by a substrate-
multilayer reaction. The extent of Si-in and Cr(Sc)-out diffusion, investigated by EDX elemental
mapping is found to be highly dependent on multilayer microstructure and composition.

7.2 Cr/Ti Multilayers

Investigations of titanium-based multilayer mirrors were initiated due to the expected estab-
lishment of a Ti-based Cérenkov X-ray source [67]. In this regard Cr/Ti multilayer growth was
optimized for ion energies and ion fluxes to fabricate normal-incidence mirrors and polarizers
(see Fig. 5-2).

Paper VII presents the study on Cr/Ti multilayers. Roughness effects associated with
the increasing number of bilayers in this materials system were investigated and it is concluded
that the number of periods in a Cr/Ti multilayer that can be grown without dominant effects of
evolving roughness is limited to ~100 bilayers. Low spatial frequency roughness is found to be
accumulating with increasing number of periods, limiting the reflectivity to 2.1% at A=2.74 nm
(Ti-2p absorption edge), which was the highest reported near-normal reflectivity for this short
wavelengths at the time of publication. Thermal stability studies show (Fig. 4-5) a decrease in
reflectance of Cr/Ti multilayers already at T >100 °C.

7.3 Ni/V Multilayers

Ni/V multilayers were mainly studied as X-ray multilayer optics operating at even shorter X-
ray wavelengths (A= 2.4 nm, V-2p absorption edge). Paper I and Paper VIII (not included
here) address the growth optimization of Ni/V multilayer system. It is shown that this short
period multilayers exhibit soft X-ray near-normal incidence (with A=1.2 nm) reflectance of
R=2.7% at the V-2p absorption edge, which is the highest reported value, to date, for such
short wavelengths. Multilayers optimized for the Brewster angle (with A=1.7 nm) showed a
reflectance of R=10% and Rs/Rp=4190. TEM structural studies of this materials system has
not been very conclusive due to multilayer adhesion failures and artifacts of slight heating
during TEM sample preparation. However, it is concluded [Fig. 5-6 (c¢) and Fig. 5-5 (c)] that
for Ni/V the initial growth is amorphous and the layers turn crystalline after > 200 bilayers
with an accumulating low spatial frequency roughness, which limits the reflectivity.






Chapter 8

Additional Results and Future
Outlook

In addition to what is presented in the articles in this thesis
I will also take the opportunity to present a few, yet unpub-
lished, results which can be of interest in conjunction with
this thesis.

8.1 Cr/Sc Multilayer Condenser Mirrors

The very first experiments of my PhD studies were focused on attaining high lateral uniformity
of deposition fluxes over the 65x65 mm? area in an unbalanced dual-cathode magnetron sputter
system with small sputtering targets (3"). The lateral thickness uniformity was optimized by
iterating the deposition fluxes (by adjustable masks, placed in front of each magnetron) and
magnetic configuration (by magnetron-substrate solenoid coupling). HXR profiles over the
substrate area were compared for peak positions and intensity to map thickness uniformity.
Moreover, a technique to characterize spherically shaped substrates by HXR [68] analysis was
developed.

With this knowledge, a usable normal-incidence multilayer condenser mirror was fab-
ricated for soft X-ray microscopy applications based on N and C line-emission sources [5], in
collaboration with the Department of Biomedical and X-ray Physics at the Royal Institute of
Technology (KTH), Stockholm. A spherically polished glass substrate with a diameter of 65
mm and a radius of curvature of 241 mm was deposited with Cr/Sc multilayers. Fig. 8-1 shows
measurements of at-wavelength absolute near-normal reflectivity versus mirror radius made at
Advanced Light Source (ALS). A thickness variation as low as 0.6% over the whole sampled
area was achieved, and an average reflectivity of 0.5% was measured at near-normal incidence,
while a peak reflectivity of 0.6% was obtained 15 mm from the center. The two main factors
limiting the reflectivity are the higher surface roughness (o «~ 0.48 nm) of glass substrates as
compared to Si substrates (¢ « 0.1 nm) and the insulating nature of glass substrates, which
made it difficult to control the ion-bombardment on growing layers. However, in the future,
these obstacles can be overcome by using spherically polished Si substrates.

8.2 B,C Co-sputtering of Cr/Sc Multilayers
Deposition of thin B4C interleaved layers on top of Cr layers has been shown to enhance the SXR

and is believed to be due to reduced Cr diffusion into Sc layers, resulting in small interface widths
o ~ 0.24 nm in Cr/Sc multilayers [57]. In order to investigate the actual mechanism governing
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Figure 8-1: Reflectivity variation over a 65 mm. diameter mirror (A=3.374 nm, § =88°).

interface quality enhancement, I have studied B4C incorporation in Cr/Sc multilayers. Instead
of depositing thin (2 A) layers on the top of each Cr layer, B4C was continuously distributed in
both Cr and Sc layers by co-sputtering (see Chapter 6). The amount of B4C in the multilayers
was varied by changing the magnetron power and the exact compositions in the deposited
multilayers were determined by ERDA. Fig. 8-2 (a) shows HXR and SXR peak reflectivity of
multilayers, comprised of 100 bilayers, versus elemental concentration of B4C. Approximately
70% increase in both reflectivity values were obtained from multilayers containing 20-40 at.% of
B4C compared to pure Cr/Sc multilayers. In contrast to nitrogen incorporation [Fig. 7-1 (a)],
TEM observations of a stacked multilayer with 23 at.% of B4C in Fig. 8-3 show an amorphous
layered structure for all periods in the range of 0.9< A <4.5 nm. This elemental composition of
B4C is in agreement with the expected quantity of metalloid often required to amorphize metal
layers [69]. The amorphous nature is evident both, from the homogeneous contrast in the BF
TEM image and from the characteristic diffuse rings (double rings could be due to two different
length scale of short range ordering) in the diffraction pattern around the central beam (inset
in Fig. 8-3). An interruption in B4C supply during growth resulted in pure Cr/Sc layers of
metals displaying its inherent nano-crystalline layer structure, as shown in the marked areas in
Fig. 8-3 at the top of the 3rd ML with A3=2.7 nm and in the middle of the multilayer with
A4=3.6 nm. These observations clearly show that B4C incorporation effectively: (a) hinders Cr
diffusion into the, resulting into more abrupt interfaces, and (b) prevents crystallization of both
Cr and Sc, giving smoother interfaces. The combined effect is a reduced o and thus increased
reflectivity. Our understanding is that these effects are a consequence of the formation of
molecular non-metallic species with low mobility and highly directional bonds, which promotes
amorphization.

Furthermore, annealing experiments have shown [Fig. 8-2 (b)] that Cr/Sc+B4C mul-
tilayers exhibit 40 % improved reflectivity upon increasing temperature up to 290°C, as well
as thermal stability as high as understoichiometric nano-crystalline CrN,/ScN, multilayers (up
to 350 °C). These results were recently presented in an international conference (PXRMS 2008
[70]) and are included in Paper IX (manuscript in preparation).
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Figure 8-2: (a) First order (m=1) hard x-ray (left y-axis) and soft x-ray (right y-axis) Bragg peak
reflectivities of multilayers containing 100 bilayers versus B4C content. (b) In situ reflectivity
evolution of first order Bragg peak intensity during sequential annealing of Cr/Sc +B4C (23
at.%), multilayers.

8.3 Mo/Si EUV Multilayers

Mo/Si multilayers were investigated with the aim to extend the two-stage modulated ion as-
sistance process to the comparatively thicker layers required for EUV mirrors'. Multilayer
design and deposition parameters were optimized for maximum reflectance at A\ = 12.5 nm.
At-wavelength synchrotron radiation measurements were made at BESSY and a maximum re-
flectance of a 60% was achieved for a multilayer with N = 50 bilayers [71], as shown in Fig.
8-4 (a). Even though this value is not as high as the current record (~70%) a fundamental
investigation of ion-energy effects on layer formation of alternating high, (Mo) and low (Si) Z
materials was carried out.

For example Mo/Si multilayers (unpublished results-Paper X) grown by modulated ion
assistance consist of amorphous Si and polycrystalline Mo, as shown in the TEM micrograph
of Fig. 84 (b). A rough Mo-Si interface, while excluding intermixing or silicide formation,
is attributed to polycrystalline Mo [72]. The key for getting smooth surfaces in this case
is the densification of the Mo layers, for instance, by energetic ion-bombardment, into larger
crystallites. It is worth mentioning here that the Mo crystallization into larger grains would also
have a positive effect on the reduction of silicide formation, i.e., there will be less interdiffusion
of the two materials and more abrupt interfaces could be achieved.

8.4 Low Temperature Growth

Paper II and Paper IV show that amorphization of short period Cr/Sc multilayers does not
depend on ion-assisted growth or incorporation of residual gas species at ambient temperatures,
and is suggested to be a result of free energy minimization in the presence of high interface-
density. The growth temperature impact on microstructural transition in Cr/Sc multilayers

' This work was carried out in collaboration with Jordi Romero Mora during his internship project [71].
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Bright field TEM image

Si-substrate

Figure 8-3: Bright field TEM image of a stacked multilayer structure of Cr/Sc multilayers
containing 23 at.% of B4C. Multilayers have constant I'=0.5, but different periods 1 A1=0.9
(not shown), Ae=1.8, A3=2.7, Ay=3.6, As=4.5, and Ag=0.9 nm. Crystalline pockets due to
B4C flux interruption during growth are marked by dotted lines. SAED pattern is shown at
the top left of the image.
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a) Soft X-ray reflectivity b} Bright field TEM image

M=50 A=12.5
A= 648 nm

504 a=0.5nm
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Grazing ancidence angle 87

Figure 8-4: (a) Reflectivity profile of a Mo/Si multilayer, measured at A = 12.5 nm. The
average interface width, o = 0.5 nm, is determined by IMD simulations (not shown here). (b)
TEM image of Mo (dark) and Si (light) multilayers with modulated period A = 6.9 nm. Dark
regions inside the Mo layers are due to the presence of crystallites (diffraction contrast). Light
gray areas dominant at Si-Mo interfaces indicate silicide formation.

was also considered in this work. It was suggested that lowering the “bulk”mobility, i.e., inside
the layers,(with maintained adatom mobility through low energy ion-assistance) by lowering
temperature may extend the threshold period thickness for amorphization. For this purpose,
depositions on LNy cooled Si substrates were made in UHV conditions?. Although a higher ac-
cumulated roughness due to reduced mobilities was expected, HXR and TEM analysis showed
comparatively smoother interfaces than for the multilayers grown at room temperature. Fur-
thermore, it was found that the reduced impurity level at UHV conditions and/or reduced
sub-surface mobilities does not extend the threshold thickness for amorphous multilayers. The
results of this study are still in analyzing stage and require more dedicated experiments, e.g.,
multilayer growth with different ion assistance schemes (Paper II ) at low temperature will help
to understand the smoothening mechanisms.

?Depositions were made at the Department of Physics at Uppsala University.
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