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Kurzfassung

Rontgenfluoreszenzanalyse unter streifendem Einfall (GIXRF) ist eine empfind-
liche, zerstorungsfreie analytische Methode, die den Effekt der totalen externen
Reflexion von Rontgenstrahlen auf einer glatten, polierten Oberfldche nutzt. Da
sie ein wertvolles Hilfsmittel fiir Prozessanalyse und -kontrolle in der Entwick-
lung und Herstellung von Halbleiterbauteilen ist, hat die Methode in den letzten
Jahren einen Wiederaufschwung erlebt. Die stindige Verkleinerung im Bereich
der Halbleitertechnik hat die Schichtdicken und Implantationstiefen auf wenige
Nanometer reduziert und somit in den Bereich gebracht, in dem GIXRF sehr
empfindlich ist. Bei GIXRF wird die Intensitdt der charakteristischen Rontgen-
fluoreszenz gemessen, die in einer Probe durch einen einfallenden Rontgenstrahl
erzeugt wird. Der Strahl trifft die Probe dabei unter verschiedenen Winkeln
unter streifendem Einfall im Bereich des Grenzwinkels, wodurch winkelabhédngige
Kurven gemessen werden. Der Verlauf dieser Kurven ist abhdngig von der
Schichtdicke und -dichte bzw. Tiefenverteilung der Elemente in der Probe. Da
die Auswertung von GIXRF-daten nicht eindeutig beziiglich der genauen Verteilung
von Implantaten oder der Korrelation von Dicke und Dichte bei Schichten ist,
muss das Verfahren mit anderen Methoden kombiniert werden. Naheliegend
ist hier die Rontgenreflektometrie, da sie &hnliche Messabldufe und Auswertev-
erfahren verwendet und auf den gleichen physikalischen Prinzipien fufit. Eine
kombinierte Analyse von GIXRF und XRR reduziert Mehrdeutigkeiten und ex-
perimentelle Unsicherheiten der individuellen Methoden.

In der vorliegenden Arbeit wird die technische Umsetzung eines kombinierten
Messaufbaus anhand zweier Beispiele diskutiert. Das eine basiert auf einem
selbst entwickeltem Spektrometer, wihrend das andere die Adaptierung eines
kommerziellen Diffraktometers zeigt. Weiters werden die Grundlagen der Date-
nauswertung durch gleichzeitige Berechnung und Anpassung der GIXRF- sowie
der XRR-daten besprochen. Zur Ermittlung der Probenparameter werden glob-
ale Optimierungsverfahren eingesetzt. Basierend auf den besprochenen An-
sdtzen wurde ein Programmpaket mit benutzerfreundlicher grafischer Oberflache
entwickelt: JGIXA (Java Grazing Incidence X-ray Analysis). Ebenfalls besprochen
werden, von der Software berechnete, notwendige instrumentelle Korrekturen,
um die Simulation einer Messung zu vervollstindigen. Das Auswertungsver-
fahren und die Software wurden anhand von Metall- und Metalloxidschichten
auf sowie Arsenimplantaten in Silizium getestet. Die Ergebnisse und die Kon-
vergenz der verschiedenen Optimierungsverfahren fiir diese Probentypen wer-



den verglichen. Einschrankungen der Methode aufgrund der begrenzten Ko-
hidrenz des Strahls werden untersucht. Schliefslich werden noch Simulationen,
die unter Annahme einer unbeinflussten stehenden Welle erstellt wurden, und
entsprechende Messungen von Nanopartikeln aus Eisen auf goldbeschichtetem

Silizium gezeigt.



Abstract

Grazing Incidence XRF (GIXRF) is a very surface sensitive, nondestructive ana-
lytical tool making use of the phenomenon of total external reflection of X-rays
on smooth polished surfaces. In recent years the method experienced a revival,
being a powerful tool for process analysis and control in the development and
fabrication of semiconductor based devices. Due to the downscaling of the pro-
cess size for semiconductor devices, junction depths as well as layer thicknesses
are reduced to a few nanometers, i.e. the length scale where GIXRF is highly
sensitive. GIXRF measures the X-ray fluorescence induced by an X-ray beam
incident under varying grazing angles and results in angle dependent intensity
curves. These curves are correlated to the layer thickness, depth distribution
and mass density of the elements in the sample. But the evaluation of these
measurements is ambiguous with regard to the exact distribution function for
the implants as well as for the thickness and density of nanometer-thin layers. In
order to overcome this ambiguity, GIXRF can be combined with X-ray reflectom-
etry (XRR). This is straightforward, as both techniques use similar measurement
procedures and the same fundamental physical principles can be used for a com-
bined data evaluation strategy. Such a combined analysis removes ambiguities
in the determined physical properties of the studied sample and, being a correla-
tive spectroscopic method, also significantly reduces experimental uncertainties
of the individual techniques.

Possibilities for the technical realization of a combined instrument are dis-
cussed and two examples, one based on a table-top spectrometer, the other on
a commerical diffractometer, are presented. The approach to a combined data
analysis, realized by concurrent calculation and fitting of simultaneously recorded
GIXRF and XRR data is presented. Global optimization algorithms are used for
the determination of the sample parameters leading to the smallest chi-squared.
Based on this approach a multi-platform software package equipped with a user-
friendly graphic user interface (GUI) and offering various optimization algo-
rithms was developed: JGIXA (Java Grazing Incidence X-ray Analysis). The
software includes typical instrumental functions for the simulation of the spec-
trometer in use. Software and data evaluation approach were benchmarked by
characterizing metal and metal oxide layers on Silicon as well as arsenic implants
in silicon. The results of different optimization algorithms were compared to
test the convergence of the algorithms. Restrictions of the technique due to the
limited coherence of the beam were investigated. Finally, simulations and mea-



surements of iron nanoparticles on a gold coated wafer are presented, using the
assumption of an unaltered X-ray Standing Wave above the surface.
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1 Introduction

The research in Grazing Incidence XRF (GIXRF) and later in the combination
with X-ray reflectivity (XRR), i.e. Glancing incidence X-ray analysis (GIXA), was
not only motivated by scientific curiosity, but also driven by the requirements
of the semiconductor industry. As the device size for semiconductor fabrica-
tion was reaching some tens of nanometers, it became clear that the dielectric
constant of SiO,, which was used for the gate insulator of a Field-effect tran-
sistors, is no longer sufficient for reliable and efficient operation. Therefore,
the semiconductor manufacturers commenced investigation of materials with
higher dielectric constants (high-K materials) like HfO,. Moreover new im-
plantation processes like plasma-immersion-ion-implantation (PIII) of arsenic
for ultra-shallow-junctions (USJ) were also researched. The fabrication with
these materials and processes require precise control of the film thickness and
elemental composition, as well as precise information on implantation depth
and implant distribution.

The research on the characterization of these samples with GIXRF was per-
formed within the framework of the European Integrated Activity of Excellence
and Networking for Nano and Micro- Electronics Analysis (ANNA), which was
supported by the European Commission Research Infrastructure Action under
the FP6 “Structuring the European Research Area” Programme. As it became ap-
parent that GIXRF evaluations could be ambiguous, the technique was used as
a complimentary technique to Secondary Ion Mass Spectrometry (SIMS), which
used on its own also had difficulties with very shallow implantations.

After the end of the ANNA project the new goal was to advance the com-
bination of GIXRF with XRR, which was part of a new project funded by the
Austrian Science Fund (FWEF). From the beginning the investigated samples dur-
ing the previous project had influence on the design decisions for an enhanced
spectrometer and the evaluation software. The measurement setup had to be
flexible enough to allow the use of different incident energies (anode materials)
for best possible excitation of the investigated sample and capable of vacuum
operation to reduce the absorption of the produced XREF. For the software it im-
plied fast calculation speed, as it should represent the implantation profile as a
stack of very thin layers, which model the smoothly varying composition and
optical properties. Additionally it should have a graphical user interface (GUI)
and facilitate relatively simple operation, in order to encourage the adoption of
GIXA.

13



The present thesis summarizes the work on GIXA within the framework of
the FWF project P 23832-N20.

1.1 X-ray reflectivity

XRR is a non-destructive, highly accurate method used to determine thickness
and roughness of thin layers - with thicknesses ranging from a few nanometeres
to some hundred nanometers - as well as the optical properties of the reflecting
interfaces. XRR spectra are acquired by varying the incident angle in the grazing
incidence regime while measuring the specular reflected X-ray beam.

In contrast to the widespread adoption nowadays, XRR had not a promising
start historically. Rontgen in his paper relating the discovery of x-rays in 1895
stated that “no noticeable regular reflection of the rays takes place from any of
the substances examined” [1]. Only decades later in 1922 Compton argued that
due to the refractive index, which for x-rays is smaller than unity in matter, a
beam should be totally reflected on a plane surface and this effect was in fact
observed [2]. Arguably this could be seen as the starting point of the grazing in-
cidence techniques and especially XRR. Some years later Prins investigated the
influence of the wavelength on the reflection and included absorption in the re-
fractive index for Fresnel’s formula [3]. In 1931 Kiessig investigated the distinct,
periodic maxima and minima, which occured in reflections from a thin nickel
layers on glass. He explained these (“Kiessig”) fringes by interference of reflec-
tions on different interfaces and also perceived the link of the distance of the
maxima and minima to the thickness of the film [4]. The groundwork for mod-
ern XRR analysis was finally laid by Parratt in a seminal paper by presenting
a recursion formula for the calculation of reflections from layered structures [5]
and the work of Croce et al. added the description of roughness to the theory
[6]. Since then the technique has grown to a valuable and essential tool for the
characterization of surfaces and layers.

1.2 Grazing Incidence XRF

GIXREF is a technique, which similar to XRR is non-destructive and uses an X-
ray beam with varying incident angle in the grazing incidence regime. In this
case not the reflected beam but the XRF originating in the sample is recorded
in dependece on the incident angle of the primary beam. Due to the varying
penetration depth and the interference of incident and reflected fields, the GIXRF
spectrum shows variations and oscillations in the intensity, which are correlated
to the depth distribution of the elements in the sample.

14



Historically the research for GIXRF was significantly slower and later than
for XRR. Although there were publications dealing with the phenomenon of
emission of X-rays by the X-Ray Evanescent-Wave [7] and under grazing an-
gles [8] in the 1980s, it was not before the early 1990s, when de Boer (partly
with van den Hoogenhof as co-author) published a seminal series of articles on
TXRF and GIXREF of thin-layered samples, that the possibilities of this technique
were thoroughly investigated. In these papers a detailed description and analy-
sis of X-ray standing wave effects and the angle dependent measurement curves
is given [9, [10, 11]. Also a detailed formalism for the calculation of the emit-
ted fluorescene intensities was introduced [12]. During the following years they
continued this series (partly with Leenaers) and presented the idea of a com-
bined GIXRF and X-ray reflectometry (XRR) analysis and an instrument for this
combined Glancing incidence X-ray analysis (GIXA) [13] 14, 15 [16]. But layer
thicknesses and device sizes used in semiconductor device fabrication at this
time were probably still too large, i.e. in the range of some hundred nanometers,
to fully utilise the potential of this technique. Furthermore the calculation of
emitted fluorescence intensities is quite complicated and thus was probably too
time-consuming, for the computers at this time, to employ it in routine analysis.

About ten years later GIXRF was “rediscovered” by Pepponi et al. [17] as
a complementary technique to SIMS for the analysis of ultra-shallow junctions.
The measurements presented in this paper were carried out at a synchrotron
beamline, as there was no suitable measurement chamber for the laboratory.
Nowadays implantation depths and layer thicknesses for semiconductor device
fabrication are in the range of some nanometers and thus seem ideally suited for
GIXRF, which has its largest sensitivity on the surface and up to a few nanometer
below it. Thus the idea was born to develop the knowledge of and instrumen-
tation for GIXRF and to compare the performance of the technique with other
methods. This was done within the European Integrated Activity of Excellence
and Networking for Nano and Micro- Electronics Analysis (ANNA) from 2006
to 2011 [18] 19, 20, 21]], which included several partners who are still working
on GIXRE, specifically Fondazione Bruno Kessler, Trento (FBK), Physikalisch-
Technische Bundesanstalt, Berlin (PTB) and Atominstitut, TU Wien (ATI).

1.3 The ambiguity problem

During the work on the ANNA project it became obvious that the evaluation of
GIXRF data alone is not able to provide an unambiguous solution for concentra-
tion profiles in a material. In fact the determination of the concentration requires
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Figure 1: GIXRF fluorescence signal from Hf and Si from a HfSiOx layer. The calculation was
performed using only the GIXREF signal. Good fit results are obtained for a density of 6.1 g/cm3
using a thickness of 2.25 nm (a) as well as a density of 6.7 g/cm3 using a thickness of 2.05 nm
(b), thus showing the ambiguity of the GIXRF data.

the solution of an ill-posed inverse problem.

shows as example the GIXRF results of the fluorescence radiation
from Hf L3-Ms5 and Si K-Lz from a nominal 2 nm thick Hf(¢Sig 4O, layer on a
Si substrate. By fitting the thickness and the density, the results are ambiguous:
A set of combinations density-thickness can be found resulting in good fitting,
for demonstration 2 combinations were selected. Very good fitting results can be
obtained for a thickness of 2.25 nm with a density of 6.1 g/ cm’ ), but
also for a thickness of 2.05 nm with a density of 6.7 g/cm? ).

The same ambiguity also exists for ion implantation profiles. and
show the results of a fitting to GIXRF data using two very different ar-
senic depth profiles and [Figure[2ld). The simulation and optimization
of the sample parameters was performed following the procedures described in
detail in |chapter [2| and [chapter 4] Although the agreement between simulated
and measured As and Si GIXREF signals is equally good for both depth profiles,

the distribution shown in 2c is physically unrealistic.

However, when introducing the XRR measurement and simulations
based on the profiles in and [Figure 2d, only the profile shown in
leads to an excellent agreement between GIXRF and XRR data. Here
it has to be noted that using only the XRR data is also not sufficient to determine
the depth profile because also the fit to the collected XRR data has no unique
solution. [22} 23} 24]

1.4 Glancing incidence X-ray analysis

As mentioned before the combined analysis of different X-ray techniques,was
proposed and investigated in 1993 by van den Hoogenhof et al. [15], but already
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one year later in 1994 the same authors posed the question “Glancing incidence
X-ray analysis: Forgotten or to be discovered?” [16]. And it really seems like
GIXA had to be rediscovered, as in the last few years a lot of activity, besides our
own efforts, has started in the field of GIXA.

On the software side there are now several packages under more or less ac-
tive development, some with slightly different focus: Tiwari et al. published
CATGIXREF [25] for calculations, which was just recently improved with a GUI
[26]; Brigidi and Pepponi published the GIMPy software [27], which offers the
possibility to simulate and fit a whole EDXRF spectrum at each angle step; Bor-
tolotti and Lutterotti added, with support by Pepponi, calculations of XRF inten-
sities to the XRD Rietveld refinement software MAUD [28]; Liihl et al. presented
their MARS software in the poster session of the European Conference on X-Ray
Spectrometry (EXRS) 2014 [29]; Detlefs et al. [30] created MedePy and presented
it at the 16th International Conference on Total Reflection X-ray Fluorescence
Analysis and Related Methods (TXRF 2015); additionally we know of a software
which has been developed for the International Atomic Energy Agency (IAEA),
but was not yet, to the best of our knowledge, published or presented.

Similarly, there was also a lot of recent activity on the instrumentation side,
but mainly at the synchrotrons. Tiwari et al. [31] performed measurements at the
B16 Test beamline at Diamond Light Source and Tiwari now continues this work
with Das et al. at BL-16 beamline of Indus-2 [32]. Furthermore measurement
chambers were developed in a cooperation of PTB and TU Berlin[33]. Relatively
similar instruments are now available at the XRF beamline of Elettra Sincrotrone
Trieste[34], the metrology beamline of SOLEIL [35] and at the X-ray innovation
laboratory BLiX (TU Berlin), whereas the original instrument at the PTB labora-
tory at BESSY II[36] is somewhat larger.
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2 Fundamentals

The methodolgy of GIXRF and XRR measurements is based on the principle of
irradiating a flat and smooth sample under a small glancing angle by a primary
X-ray beam and measuring the resulting secondary radiation after the interac-
tion with the matter of the sample. The evaluated radiation may be different
for the two techniques, i.e. we use the produced characteristic X-ray fluores-
cence for GIXRF and the specular reflected beam for XRR, but the interaction
processes occurring in the sample are the same.

In the incident energy range of 1 keV to 30 keV, which is typically used for our
experiments, the dominant interaction processes are scattering from the bound
electrons and photoelectric absorption. Our treatment of these processes is based
on the well documented and tabulated atomic scattering factors, from which one
can directly derive properties like refractive index and mass attenuation coeftfi-
cent of a material. These properties can then be used to calculate the intensities
for GIXRF and XRR simulations.

2.1 Principles of Calculation

2.1.1 Atomic scattering factors

In sufficient distance from the source the electromagnetic radiation, which repre-
sents our primary beam at position 7, can be written as a plane wave with wave
vector k:

E,=E exp [i (wt — k?)] (1)
If this incident field is scattered by a free electron, due to oscillations of the

electron in the field, the scattered electric field at an angle © to the polarization
direction can be written as:

7. SIN ©
r

ESZ - EO

exp [i (wt —kr)] = —Eorg si}/n@ exp [iw (t - g)] (2)

where 7, is the classical electron radius [37, 38]. This is a scalar field, as only
the scalar transverse component of acceleration contributes.

In the case of scattering by the electrons of an atom then, the complex atomic
scattering factor

f=hA+if 3)
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Figure 4: The angle-independent forward atomic scattering factor components f{ and f3 of
Nickel. (data from [39])

is the factor by which one must multiply the amplitude scattered by a single
free electron to yield the total amplitude coherently scattered by the particular
atom:

Es = —Eore Si:I@f (AE,w) exp [iw (t - g)} 4)

In the general case f depends on the on the energy of the incident radiation
and on the scattering vector

Ak = ks —k; (5)

where k; and I?l are the wavevectors of the scattered and incident wave. The

wavevectors k; and k; are equal in magnitude ¢ and form an isoceles triangle
with the angle 26 so that:

‘AE‘ :Zkisin(?:%sin@:q (6)

which defines the magnitude g of the scattering vector.

In the limit of small scattering angles and/or for wavelengths that are com-
parable with atomic dimensions the atoms within a condensed system scatter as
dipoles and the atomic scattering factors become independent of the scattering
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Figure 5: Refractive index of Nickel from 250 to 30,000 eV. (split in two parts for clarity)

vector, but not of the energy. The angle-independent forward atomic scattering
factor components f and f2 are tabulated, e.g. by Henke et al. [39] for energies
from 50 to 30,000 eV. shows as an example the forward atomic scatter-
ing factor for Nickel. These tabulated values are quite accurate in regions not
too close to the absorption edges, but care must be taken when measuring in the
X-ray absorption fine structure (XAFS) region. The tabulated scattering factors
are calculated for individual atoms, assuming that the scattering is essentially
unaffected by the condensed state of the system. Thus they do not and actually
can not take into account the modulations due to neighbouring atoms, bonding
and chemical state as observed in the XAFS case.

Incoherent Compton scattering is always zero for # = 0 and is proportional
to sin? 6 for small angles [40] and thus can be neglected in our considerations.

2.1.2 Refractive Index

The refractive index of an arbitrary material can now be determined by summing
over the scattering contributions of the individual atoms:

7T

n:1—5—iﬁ:1—2r—e/\22nq<f10+if§> 7)
q

where 14 is the number of atoms of type g per unit volume [41} 39].

The real part §, which measures the deviation of the real component from
unity, is quite small, but for the most part positive (see[Figure[5), and this results
in a real part of the refractive index smaller than unity. A consequence of this
fact is the existence of the phenomenon of total external reflection of X-rays at
small angles of incidence.

The imaginary component f is a measure of the attenuation and can be related
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Figure 6: X-Ray intensities above (within the standing wave field) and below a thick Si-flat cal-
culated for different angles of incidence. It can be seen that the dependence of the distance be-
tween nodes and antinodes is a function of the incident angle. Inside the medium, the intensity
decreases as a function of the refraction angle.[41]

to the mass attenuation coefficient (u/p) [41, B8]:
_A ([
P=1 (E) P ®)

The critical angle of total reflection can be approximated by the relation

where p is the density.

Kerit ~ \/5 (9)

which gives values between 0.04° and 0.6° for media and X-ray energies as
typically used in GIXRF and XRR.

2.1.3 X-ray Standing Wave

In GIXRF the primary intensity in and above the reflecting surface appears as
an evanescent wave field or as a X-ray standing wave field (XSW) with locally
dependent fluctuations (Figure [6). The intensity of the fluorescence radiation
emitted by atoms which are excited by these fields is direct proportional to the
wave field intensity. Therefore the fluorescent signal emitted by a sample refers
to the varying field intensity of the standing or evanescent wave field within the
sample. Moreover it additionally provides information on the elemental compo-
sition of the sample. As the distribution of nodes and antinodes of the standing
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Figure 7: The layer model, which is used for GIXRF and XRR calculations.

wave field within and above the surface is a function of the incident angle of
the primary radiation, the (consequently angle dependent) fluorescence signal
can be used for nondestructive depth profiling of layered structures or for size
determination of particles on the surface.

2.1.4 Calculation of GIXRF and XRR intensities

The formalism and theory for the calculation of GIXRF intensities has been de-
scribed in several publications [42] 43| 12] 44, 45, 25, 41]. We will give here a
concise but thorough introduction to the formalism, which largely follows the
approach of de Boer [12], which is the most complete in our view.
shows the layer model, which we use for our calculations.

The XRR intensity ensues inherently in the GIXRF calculation, as it is simply
the total reflected intensity, which is calculated anyway.

We calculate intensities for s polarization only, as in the typically considered
incident energy range of ~1 to 30 keV ¢ and B are small enough, that the result
for p polarization is identical [12].

The number of fluorescence photons created in a material by atoms of a par-
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ticular element a per unit time for incident radiation of wavelength A can be
obtained from fundamental parameters and the number of absorbed photons,
which is obtained by dividing the absorbed energy P by %:
Saa A
L=Cl %" p (10)
uy he
where C, is the mass fraction of element a in the material, y, is the mass
absorption coefficient of the material and S, is a sensitivity value of element
element a at wavelength A:

Sar = TarJarWa&a (11)

where 1, is the photoelectric part of the mass absorption coefficient, J;,is the
jump factor at the relevenant absorption edge, w; is the fluorescence yield and
ga is the relative emission rate.

We can use Poynting’s theorem to calculate the amount of electromagnetic
energy absorbed per unit time within a volume bounded by a surface 0V with

P=—(dp dfs (12)
aV

where S is the, in our case time-averaged, energy flux density (Poynting vec-
tor):

S5 1 .
S-_ERe<Exf{) (13)
From equation we can calculate the energy absorbed in a layer with in-

finitesimal thickness dz and bounded on top and bottom by a surface area A; to
be:

dP = —Ad%dz (14)

For further calculations in a specific layer j we introduce the complex "vecto-

rial refractive index’ [46} 47] or refraction vector [48] ij with its relation to the
wave vector k;:

Nj=N; —iN; = 7~k

Furthermore it can be shown[47] from Maxwell’s equations for the dielectric

(15)

constant €;:
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for small §; and ;. This helps us to establish a relation to the scattering factors.
In our specific layer model we also find the following relations:

Njy = cos6 (17)

and

Nj, = \/€j — cos? 6 (18)

The total electric field for our energy flow (equation (13)) is the sum of a trans-
mitted and a reflected contribution in y direction (s polarization):

—r. _ T
2 27T
= E]’:L exp {—i%szz} exp [i (wt — %ijx)}
2 . 27
+ Ejexp [z%Nsz} exp [z (wt - %ijx)} (19)

where E]t. and E; are the amplitudes of the transmitted and reflected field,
which we will determine later with the Fresnel equations (equation (36), equa-

tion (37)).

The components of the magnetic field can be calculated from E j using Maxwell’s

equation:
VxE= —y(,% (20)
which yields:
H, = % (B -E/) N, (21)
Hj, =0 (22)

S (e e N
He= o (E/ +E) Ny (23)

and for the components of the Poynting vector:
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1 .
Sje = g EyHi +ee. = 5, / ‘ET + Ei‘ c0s (24)
Sjy =0 (25)

1 LoJ€ (pb o e\ (R _ gt
__E;‘kijx+C-C-:_ —(E.+E].> (E].—E].>sz+c.c. (26)

After inserting and differentiating we find:

aS; [€o 27T 2 47
Z _ [0 t
——=== oA N]ZN]Z< ‘E]-‘ exp {—TN]'ZZ]

2 47T »
+ |Ej| exp [TN]-ZZ]
+ Et*E’ exp { N z} +c.c.) (27)

Inserting in equation (10), our starting point for the intensity, and adding ab-
sorption for the created XRF for a detection angle i;, we find for atoms of a
particular element 4 in layer j:

_ Sm 21 Hradn
Lj=C, i hcA 0 N]ZN]Z exp [ E smgbd] (28)
2 j 4:7'[ " ]/l'g
t —( Z=N. ]
x{ ’E]‘ /0 dzexp { ( 1 N]Z + sintpd) z} (29)
2 df 47w n Wi
r Al VA ja
+ | E; / dz exp [( N, in 1Pd> z} (30)

* r 4rti Hja
+Re <2Et E / dz exp K 5 sz sin]zpd) z]) } (31)

and after performing the integration:

26



! " j_l
Ij=C Sar 27 4 SN N exp [— P‘Ld”] (32)

a“lzl_]'/\hC d “l/to Ve nzlsil’llpd
4 " Hija
£t 21—exp [_ (TNN]'Z + sin]1pd) d]}
15 SN (33)
AN 4
ATz T osingy
rus N Hja
1o [(4N - 24
+IE e T 4
_ 2N _|_.;
A “Vjz T osingy
1—exp[(4T"iN/. — i )d]
P jz  sinyy ) 7]
+Re | 2E;°E] iy T } (35)
A “Vjz 1 osinyy

Finally to determine the field amplitudes E]t- and E]T we use the Fresnel equa-
tions for s polarization [12,49]:

Njz = Njt1z  kjz —kji1,

ro= = 36
J sz + Nj+1,z ka + kj+1,z (36)
2N; 2k;
t = / = /2 (37)
Nj: +Njt1z  kjz +kjya,2
and apply a recursive algorithm, going trough all the layers:
Etg.
)= (38)
T el X
_ 2.t
where
27ti
it a7 Xjn
(41)

j = 2
1+ a7, Xjar,
For the substrate there is no bottom layer and no reflection, i.e. El’ =X, =0,

thus we can start from the substrate and calculate the amplitudes for all layers.
The normalized XRR intensity is the reflected intensity at the surface:

Ixgr = |E})? (42)
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The complete calculation for a measurement of a layered sample now consists
of summing the respective XRF intensities for all layers and repeat this proce-
dure for all measured angles.

2.1.5 Roughness

The treatment and inclusion of roughness is an essential part in the analysis of
XRR and GIXREF, as virtually any sample will have surface or interfacial rough-
ness. The roughness is typically represented by a value ¢}, which represents the
root-mean-square (r.m.s) of the vertical deviations. There exist two well-known
methods to include roughness in the GIXRF formalism, which basically derive
from models in XRR calculations [12},49].

In the first approach only r; [6, 50, 49] or r; as well as ¢; [43] from the Fres-
nel equations (equation (36), equation (37)) are multiplied by a factor S; and T;
respectively. An expression, which gives good results [12} 25] is:

27t0; 2
S]-:exp —2 T NjZNj+1,Z (4:3)

1 /270 \ 2
Tj = exp [5 (T]> (sz — Nj+1,z)2] (44)

In a second method the rough interface between two layers is represented by a
series of transition layers with smoothly varying refractive index. This approach
may be more accurate, but is also more expensive in terms of computation time,
as it introduces additional layers to the simulation. Thus for small roughness of
some nanometers the first approach is preferred, as it is accurate enough.

2.1.6 Calculation examples

Figure |8 shows the results of calculations for the angle dependent fluorescence
intensity emitted from a layer on Silicon substrate. It can be seen, that the curves
of the ultra-thin Co layers are similar to those of non-reflecting layers. The max-
ima of those layers are located at the critical angle of Silicon (1.78 mrad for 17.5
keV excitation energy). These maxima are shifted towards the critical angle of
Co (3.35 mrad for 17.5 keV excitation energy) for layers thicker than 10 nm. The
reason is that for nanometer-thin Co-layers the radiation penetrates the film and
total reflection occurs at the Si-substrate exclusively. For films thicker than about
10 nm the curves show oscillations of intensity above the critical angle of Co.
These fluctuations are correlated to the Kiessig maxima and minima of the re-
flectivity of the layered sample [41) [14].
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Figure 8: (A) Calculated fluorescence intensities as a function of incident angle for different layer
thicknesses of Co on a Silicon reflector. Excitation energy: Mo-Ka (17.5 keV). (B) as in (A), but
fluorescence radiation normalized to the intensities at large angles of incidence.[51]

2.2 Coherence

A monochromatic and parallel beam would represent a perfect plane wave with
perfect coherence and thus the extent of the XSW would only be limited by the
beamsize. This is obviously an idealization as a real x-ray beam is not perfectly
monochromatic and it does not propagate in a perfectly well defined direction,
i.e. the beam has a energy/wavelength distribution, which is determined by the
source type and the monochromator, and it has an angular divergence, due to
source size and slit width. A means to estimate the coherence of a wave is the
coherence length, which is the propagation distance over which a coherent wave
maintains a specified degree of coherence. Wave interference is strong when
the paths taken by all of the interfering waves differ by less than the coherence
length. A wave with a longer coherence length is closer to a perfect sinusoidal
wave.

The longitudinal coherence limits the interference of waves, which are propa-
gating in the same direction, but have different wavelengths. The corresponding
longitudinal coherence length can be defined as [52]:

1A%

Ly =s—

T 2aA

Similarly the transversal coherence limits the interference of waves of the

(45)

same wavelength, but with slightly different directions of propagation separated
by an angle of Af. The corresponding transversal coherence length can be de-
fined as [52]:

1A
Lt = 27D (46)
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Figure 9: Graphical representation of XSW intensities for a lorentzian distribution of the primary
beam energy with a FWHM of 5, 10, 50 and 100 eV. The respective coherence lengths are: 15273,
7636, 1527, 764 nm at 0.223 deg and 3406, 1703, 340, 170 nm at 1 deg for 8040eV (Cu-Ka, A=0.154
nm); 35694, 17847, 3569, 1785 nm at 0.1 deg and 7139, 3569, 714, 357 nm at 0.5 deg for 17480eV
(Mo-Ka, A= 0.071 nm).

The coherence of the XSW was investigated by von Bohlen et al. [53] and they
proceeded to determine the coherence length of the XSW by directly plugging
the wavelength of the incident radiation in the equation for the coherence length.
At first glance this seems natural, but may not really be what we want, since we
want to determine the influence of the incident wavelength on the longitudinal
coherence of the fringes of the XSW and not directly the coherence of the incident
beam.

The period & of the interference fringes of the XSW is dependent on the inci-
dent angle 6 and can be approximated for small angles:

_ Asin(9) A
T 1—cos(20) 26
If we use this period, which is actually the wavelength of the XSW in the

(47)

equation for the longitudinal coherence length we get for variation of A:

2
A
Xswzlh_z 1(E> :1 A (48)
LA 28R 2 A4 40A\

The new expression in equation (48) is dependent on the incident angle 6 and
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Figure 10: XSW intensities for a gaussian distribution of the incident angle with a FWHM of
0.001, 0.005, 0.01 and 0.02 deg. The corresponding coherence lengths are 4420, 884, 442, 221 nm
for 8040eV (Cu-Ka, A= 0.154 nm) and 2032, 406, 203, 102 nm for 17480eV (Mo-Ka, A= 0.071 nm).

will be smaller for larger angles, but at the same time values will be overall larger
than from equation (45)) , as the angles are typically very small. And in fact if we
look at [Figure [9), which was created by a superposition of waves according to
equation @ with varying A, we see an angle dependence and good coherence
for an energy distribution in the range of natural linewidths.

which was created for an angular divergence, shows as expected
only a wavelength/energy dependence. For a divergence of 0.01 to 0.02 degree,
which is quite typical for a measurement setup, there is already very noticable
dampening at 100 to 200 nm above the surface. Under these conditions this is
a natural limitation for the layer thickness or nanoparticle size, which can be
expected to show fringes or oscillations.

Thus our conclusion is that for measurement setups using characteristic x-
rays with a natural linewidth of some eV from a tube and a multilayer or even
crystal monochromator, the influence of angular divergence seems more critical
and has to be considered in the simulation, especially for harder X-rays like Mo-
Ka.
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Figure 11: Influence of angular divergence on GIXRF scans of a bulk material (left) or a very thin
layer (right).

2.3 Correction of instrumental effects

In modeling and fitting of a real experimental result, the instrumental effects
have to be considered in the calculation. Two main influences have been identi-
tied: the angular beam divergence (transversal coherence) of the incident beam,
as well as the beam footprint on the sample. Longitudinal coherence can be ne-
glected for a primary beam of sufficiently monochromatized radiation (see
tion[2.2land [54]). In our model the angular distribution of the incident beam is
always approximated by a Gaussian shape, while the beam footprint, which rep-
resents the energy flux distribution on the surface of the sample, can be modeled
as a Gaussian, a triangular, or a box-like distribution profile, depending on the
X-ray source used in the experiment (e.g. lab source or synchrotron radiation).

2.3.1 Angular divergence

Because the beam used in a real measurement setup is not perfectly parallel but
shows angular divergence, a certain range of incident angles has to be consid-
ered at each measurement point of the GIXRF scan. The influence of the angular
divergence is considered in the calculation by convoluting the perfect theoretical
curve with a Gaussian distribution, i.e. by calculating the sum of neighboring an-
gles, weighted by a Gaussian distribution with a cutoff at 3 sigma, for each angle
position. It has to be emphasized, that in general one has to use different values
of angular divergence for the calculation of the GIXRF and XRR signals, because
the reflected beam is usually shaped by additional optics in front of the XRR
detector, which typically leads to a smaller divergence. and
demonstrate the effect, which the angular divergence has on the GIXRF and XRR
scans. In general it can be stated, that the divergence leads to a smoothing and
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Figure 12: Influence of angular divergence on XRR scans.

dampening of the features.

In order to include the divergence effect as accurately as possible in the cal-
culation, the software adjusts the number of calculation points per degree de-
pending on the actual beam divergence. It calculates at least 150 points in the
considered range of the Gaussian distribution or, in the case of a very large di-
vergence, a lower limit of 5000 points per degree is used. The differences in
the result for an assumed divergence of 0.02 degree and a varying number of
steps per degree are shown in [Figure[13] It becomes obvious that a smaller num-
ber of calculation points can lead to systematic errors in the evaluation, namely
shifted maxima and minima in the XRR signal. By assuring a sufficient num-
ber of calculation points per degree the error of the simulation is expected to be
significantly smaller than the experimental error, improving the accuracy of the
titting parameters.
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Figure 13: (a) XRR simulation of 100nm Au on Si; (b) The enlargement of one fringe shows a
deviation for the calculation with 3750 steps per degree in comparison to 7500 or 15000 steps per
degree; (c) Simulation of the angle dependent Al K-L3 XRF emitted by 1nm of Al on Si; (d) The
calculation using 2500 steps per degree deviates from the one performed using smaller step sizes.
All calculations were carried out using Mo K-Lj excitation and 0.02 degrees angular divergence.
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2.3.2 Beam footprint

The footprint of the beam on the sample (i.e. the illuminated area on the sam-
ple) depends on the angle of incidence (Figure[I4). Therefore a geometric cor-
rection factor was implemented in the GIXRF calculation, which considers the
size and intensity distribution of the beam footprint in relation to the area of the
sample seen by the detector (Figure[I5). The approach also allows corrections
for angles between sample and detector deviating from 90 degrees, which are
usual for TXRF-like setups. Furthermore two different experimental setups can
be modeled: either a setup, where the incident angle is chosen by rotating the
sample in relation to source and detector, or a setup, where the source is moved
and the angle of detector to sample is fixed. Therefore the software can be used
to evaluate measurement data obtained at synchrotron setups, which typically
are of the former kind, as well as lab setups, which can be of the latter kind.
This procedure is similar to the suggestion in [55], but additionally considers the
non-uniform beam profile. The approach of Li et al. [56], which describes the
detector/collimator assembly with more parameters has also been investigated,
but was dismissed as it does not lead to an improvement of the results [57].

Also for the calculation and measurement of XRR intensities an effect of the
beam size and resulting footprint can be observed [58]. In this case, if the sample
is shorter than the full beam footprint at a given angle, the detected intensity will
be lower than expected, as shown in A correction factor for this effect
has been included in the calculation of XRR intensities.
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Figure 14: Beam footprint on a 2 x 2 cm? sample for a beam of Gaussian shape with 50 um FWHM
in vertical direction in relation to the detected area. The angle of incidence is 0.1 (a), 0.3 (b) and
1.0 (c) degree.
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Figure 15: Influence of the beam shape and footprint on the sample on the GIXRF measurement
of a Silicon bulk material (left) and a 1 nm layer on Silicon (right). Calculations were performed
for Mo Ka with 50 pm beam size and 3 mm detector slit.
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Figure 16: Influence of sample size on the XRR measurement for a 50 um beam of gaussian shape.
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3 Instrumentation for combined measurements

GIXRF and XRR use a similar measurement procedure, i.e. increasing the inci-
dence angle of an X-ray beam and collecting data at various angles. While the
XRR detector is positioned behind the sample and records the intensity of the
specular reflected beam at a specific angle, the XRF detector records the charac-
teristic X-ray fluorescene emitted by the sample (Figure[I7). As neither detector
interferes with the respective beam path of the other detector and the require-
ments on the beam, i.e. monochromatization and low divergence, are similar, a
combination of the two techniques is relatively straightforward.

There exist published examples of combined GIXRF and XRR measurement
setups for the laboratory by van den Hoogenhof et al.[16], Ghose et al.[45] and
a commercial instrument by Terada et al.[59]. Nevertheless when we started
work on the project, there was no instrument for the laboratory, especially with
state-of-the-art detectors, available.

Furthermore it has to be mentioned that concerning instrumentation, the sit-
uation at the synchrotrons was not much better. To the best of our knowledge
there existed an experimental setup at the B16 Test beamline at Diamond Light
Source[31] and a dedicated instrument at the PTB laboratory at BESSY II[36].
Only recently additional instruments have become available: at the BL-16 beam-
line of Indus-2[32], at the XRF beamline of Elettra Sincrotrone Trieste[34], at the
metrology beamline of SOLEIL[35] and at the X-ray innovation laboratory BLiX
(TU Berlin). It should be noted that the instruments at Elettra, SOLEIL and BLiX
are based on a model developed by PTB and TU Berlin[33].

Thus in order to be able to test the software presented in and de-
velop applications (chapter [5), we had to build a suitable instrument for our

Combined GIXRF+XRR setup

XRR
XRF detector detector
mc@)\XRF reflected beam E
sample

Figure 17: Schematic illustration of a combined GIXRF and XRR setup.
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laboratory. We discerned two ways to achieve this goal with reuse of existing
instrumentation, which should help limit expenses and development time: On
the one hand we could modify an existing GIXRF setup in our laboratory at the
Atominstitut (ATI) of the Vienna University of Technology by adding an XRR
detector; on the other hand we could refit a commerical diffractometer at the
X-ray Center of the TU Wien by adding an XRF detector. We decided to follow
both approaches, which are presented in the following section (section [3.1) re-
spectively Furthermore we evaluated the performance of the two
spectrometers and also performed measurements for comparison purposes at

the XRF beamline of Elettra (section |3.3).

3.1 GIXRF and XRR table-top vacuum spectrometer

A GIXRF spectrometer developed by Ingerle et. al.[21] was modified for the ad-
ditional, simultaneous measurement of XRR within the framework of the mas-
ter’s thesis of M. Schiebl [60]. The details and results presented here were also
published in [61]].

The spectrometer allows flexibility in the choice of anode material and source
size as standard XRD glass or ceramic tubes can be mounted. Typically a tube
with Molybdenum or Copper anode and a virtual source size of 0.04 x 12 mm?(long
fine focus) or 0.04 x 8 mm?(fine focus) is used. The setup uses a W/C multilayer
monochromator and slits to collimate the beam to 0.05 x 10 mm?. A Vortex SDD
with an active area of 50 mm?, which is fixed above the pivot of the sample, is
used for the acquisition of XRF spectra. The detector has a collimator with a slit
of 8 x 3 mm?, which is approximately 3 mm above the sample and has a length
of 10 mm.

The XRR measurement is done in a classical 9-20 geometry: the sample ro-
tates for an angle ¥ relative to the incident beam, and the detector collecting the
reflected photons for 2. Due to the limitations imposed by the vacuum chamber,
a motorized goniometer could not be used for the movement of the XRR detec-
tor. Instead of the rotational motion of the detector for 21, the angle position is
approached by a translation combined with a tilt. shows the setup. As
two different pivot points (sample and XRR detector) occur, a position correc-
tion was implemented to simulate a goniometer (see [Figure[I9). The necessary
calculation for the translation of desired angle position to motor movements is
performed in the control software, which which was further developed from the
software described in the master’s thesis of D. Ingerle [62].

The reflected beam is measured by an Amptek Silicon Drift Detector (SDD),
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Figure 18: Scheme of the GIXRF+XRR spectrometer. A multilayer is used to monochromatize
the incident X-ray beam. The Si wafer is positioned on a 5-axis sample stage, in order to perform
sample movements necessary for adjustment and analysis. The sample stage is placed in a vac-
uum chamber with a size of 300x300x340 mm? and allows the measurement of wafers up to 100
mm in diameter. [61]
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Figure 19: Scheme of the XRR-unit showing the tilt of the SDD done by a simple linear motor. (a)
tilt correction, when changing the angle by a linear motion. (b) and (c) technical realization. [61]
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which was chosen for its wide dynamic range and low electronic noise. In order
to limit the angular divergence, a horizontal entrance slit of 100 pm is mounted
in front of the detector. To reduce the high count-rate of the direct and totally
reflected beam at small angles, which exceeds the working range of the SDD,
different filters can be inserted in front of the detector by means of a motor-
ized filter wheel. Typically we use a Zr filter for Mo Ka or a Ni filter for Cu Ka
excitation. The measuring process is split into two parts: The first one (small
angle of incidence) with a filter in front of the SDD, the second part (higher an-
gle of incidence) is done without a filter. In this way the dynamic range could
be enhanced from 6 orders of magnitude without using the filter to 8 orders of
magnitude when using the filter.

3.2 Refitting an X-ray Diffraction System for combined GIXRF

and XRR measurements

The Empyrean X-ray diffraction system by PANalytical[63] is a basic platform
for a variety of applications in analytical X-ray diffraction. It offers beam optics,
detectors and software for X-ray Reflectometry on thin layers, but no support for
X-ray Fluorescence. The goniometer, which is the central part of the Empyrean,
has a radius of 240 mm. It features Heidenhain encoders and a minimum step
size of 0.0001 degree for the angle of incidence as well as the scattering angle.
The PreFIX concept allows the exchange of beam optical and detector modules
within minutes. An Amptek SDD was added to this system and the acquisition
of XRF spectra synchronized to the XRR scan. A custom acquisition software,
which is partly based on the software for the table-top spectrometer presented
insection 3.1, was developed to achieve this goal.

The line focus of an Empyrean Cu LFF HR X-ray tube was used for the mea-
surements. This metalceramic tube has a maximum power rating of 1.8 kW and
a focal spot of 12 mm x 0.4 mm. The exit window consists of beryllium with a
thickness of 300 um. The tube was operated at 45 kV and 40 mA.

A wide variety of incident beam optics, i.e. monochromators and mirrors, is
available for the Empyrean. We used and compared four of them.
All modules were used with a 1/32° (0.05 mm) divergence slit and a 10 mm
beam mask.

* The Hybrid monochromator consists of a parabolical shaped graded multi-

layer and a channel-cut Ge(220) crystal in one module. It creates an quasi-
parallel beam of almost pure Kul radiation.

* The Bragg-Brentano® module converts a divergent X-ray beam into a
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monochromatic divergent X-ray beam. We used this module with a 1/32°
(0.05 mm) exit slit.

* The parallel beam X-ray mirror module contains a parabolical shaped graded
multilayer. It converts the divergent beam into a monochromatic Ko quasi-
parallel beam.

* The focusing X-ray mirror module contains an elliptical shaped graded
multilayer. It converts the divergent beam into a monochromatic Ko beam,
focused on the goniometer circle.

An Amptek XR-100SDD with Be entrance window was used for detection of the
created X-ray Fluorescence radiation. It has a 25 mm? active area and is 500 um
thick. The signal processing was done by an Amptek PX4. The detector was
placed 3 mm above the sample.

The XRR detector assembly consists of a 0.18° parallel plate collimator, a pro-
grammable beam attenuator and the detector module. The beam attenuator con-
tains a Nickel foil, which is 125 ym thick. The foil, which reduces the Cu Ku
intensity by a factor of 174, is automatically inserted into or retracted from the
beam path, if the count rate exceeds or falls below a configured threshold. Con-
cerning the detector module, we tested a scintillation and a PIXcel3D (Medipix2)
detector. After measurements with the parallel beam mirror we realized, that the
count rate at small angles exceeds the specified 99% linearity range of the scin-
tillation detector (0 - 500 kcps). Thus we only used the PIXcel®P, which has a
99% linearity range of 0 - 5 x 10° cps per column, for further measurements. The
detector was used in open detector (0D) mode.

We used the Data Collector program, which is the standard software for the
Empyrean, for movement control and for the acquisition of XRR data. In order
to start, stop and read out the XRF detector in synchrony with the XRR scan,
we developed our own software. This program is partly based on the control
software, which was developed for our GIXRF and XRR vacuum spectrometer
(section[3.T). The XRF scan acquisition is only started for symmetric goniometer
scans in step mode.

Figure 20| shows a view of the interior of the diffractometer with the added
XRF detector.
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Figure 20: View of the interior of the Empyrean with the XRF detector in place.
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of Ni on a 300 nm thick, thermally grown SiO; layer on Si substrate performed with different
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3.3 Comparison of measurements

3.3.1 Comparison of the table-top spectrometer with the Empyrean X-ray Diffrac-
tion System

A sample consisting of a ~50 nm Nickel layer on Silicon substrate was used to
compare the performance (i.e. divergence and intensity) of the two developed
spectrometers, which were described in the previous sections . In the
comparisons shown in and we also used the different inci-
dent beam optics, which were available for the Empyrean system. We performed
combined measurements of Si-Ko XRF and XRR with an acquisition time of 7 sec-
onds per point. The evaluation was done with the software JGIXA (see
[4.4). The program reports two values for divergence, one for the XRF curve(s)
and one for the XRR curve, as receiving slits or a parallel plate collimator in front
of the XRR detector will usually improve the second value.

The data in and clearly show that there is a trade-off be-
tween divergence and intensity. The close match of parallel and focusing beam

mirror can probably be explained by the large focal length of the focusing mir-
ror ("40 cm). The Hybrid monochromator offers very good divergence with still
reasonable intensities, while the parallel and focusing beam mirrors are the an-
tipodes with very high intensity and good divergence. In the current configu-
ration the Bragg-Brentano™® module seems to represent a good compromise for
most applications.

From the measured data it is obvious that the Empyrean showed smaller di-
vergence than our table-top spectrometer. Also the measured intensities were
higher, especially with the parallel and focusing mirror. But this better per-
formance comes at the cost of reduced flexibility, as the beam optics for the
Empyrean are configured for a specific energy and most of them are only avail-
able for Cu Kua radiation.

3.3.2 Comparison of the table-top spectrometer with the XRF beamline of
Elettra Sincrotrone Trieste

To compare the performance of the table-top spectrometer described in
with a synchrotron source, we performed measurements at the multipur-
pose X-ray spectrometry end-station provided by the International Atomic En-
ergy Agency (IAEA) [34] and located at the X-ray fluorescence (10.1L) beamline
of Elettra Sincrotrone Trieste [64]. This instrument, like the lab instrument, is
equipped for combined GIXRF and XRR measurements, i.e. the simultaneous
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Figure 23: Comparison of measurements of a nominal 50 nm Nickel layer on Silicon substrate.

acquisition of both detector signals.

The beamline uses radiation from a bending magnet, which is preconditioned
by a double crystal (Si(111)) monochromator. At the exit slit the beam has a size
of 250 x 100 um? (hor x ver) and an angular divergence of 0.15 mrad. The XRF
detector is a SDD (XFlash 5030), which a has nominal crystal area of 30 mm?. The
measurements were done using an optimized detector collimator with a length
of 11 mm, which was positioned 5 mm from the sample. The XRR signal was
measured via the current from a Hamamatsu Si-photodiode.

The source of the lab spectrometer was a fine focus Copper tube with char-
acteristic Cu Ka radiation of 8.04 keV, which was operated with 50 kV and 25
mA.

shows X-ray reflectometry data from a nominal 50 nm thick Nickel
layer on a 300 nm thick, thermally grown SiO, layer on on Silicon substrate.
The measurement at Elettra Sincrotrone Trieste was performed using an incident
beam of 10 keV and an acquisition time of 2 seconds per point, while the mea-
surement in the lab used Cu-Ko (8.04 keV) radiation and 30 seconds per point.
The calculation shows a Nickel layer with a thickness of 52.5 nm and a density
of 8.9 g/cm 3, which agrees very well with the nominal thickness of 50 nm.

The second sample consisted of a layer of Titanium with a nominal thickness
of 20 nm, which was deposited on a 300 nm thick, thermally grown SiO, layer
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Figure 24: Comparison of measurements of a nominal 20 nm thick Titanium layer on a 300 nm
thick, thermally grown SiO; layer on Silicon substrate.

on Silicon. Measurements were performed at 8.04 keV with an acquisition time
of 2 seconds per point at the synchrotron and 30 seconds per point in the lab.
The fitted result shows a model with 26 nm of TiO, and no pure Ti layer, i.e. the
Titanium layer seems to be fully oxidized. The measurements of both spectrom-
eters (Figure [24) show good agreement up to 1.4 degree, where the measured
data start to deviate from each other.

A silicon wafer coated with nominal 100 nm of gold, using a Titanium adhe-
sion layer between Gold an Silicon, was measured at an energy of 8.04 keV at
the synchrotron and in the lab. Acquisition time per point was 5 and 10 seconds,
respectively. The GIXRF data for Au-Ma and Ti-Ka of both instruments show
good agreement with a calculated result for 101 nm of Gold and a density of
18.5 g/cm?, the differences in curve shape are only due to geometrical correc-
tions (see [section[2.3). The XRR data from the lab agree very well with the same
model, while the synchrotron data deviate strongly and show no Kiessig fringes
(Figure5).

In conclusion we can assert that the GIXRF measurements and results of both
setups were generally in good agreement, but that the XRR data obtained at the
beamline were limited in dynamic range due to the photodiode.
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Figure 25: Comparison of measurements of a Silicon wafer coated with nominal 100 nm of Gold,
using a Titanium adhesion layer between Gold an Silicon.
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4 Evaluation

The evaluation of GIXRF and XRR data does not consist in a reverse transfor-
mation, but in calculation and fitting of simulated measurements for possible
candidate sample models. The parameters like thickness, density and rough-
ness of the layers of the sample are then refined by an opmimization algorithm
until a sufficiently good fit to the measurement data is found. Additional pa-
rameters, which have to be known or be determined for a good simulation, are
parameters for the correction of the instrumental effects (see and the
instrumental sensitivity. The developed software JGIXA (JavaGIXA) packages
all the required inputs for the calculation and several optimization strategies in
a GUL

4.1

Initial population of
parameter sets

(random + user

defined)
\ 4
Calculate Chi- Calculate simulation
squared for each [« for each parameter [
parameter set set
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NO

Generate new
parameter sets
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Figure 26: Flowchart of the optimization algorithm.

Figure [26] describes the workflow of the optimization algorithm. The good-
ness of the fit for all available measurement data (GIXRF and XRR) is combined

in one chi-squared value, i.e. for n measurements with i data points:

1
Xgum = Z P ZX%J’ (49)
i

7 VnXn,max

where is v the number of degrees of freedom and x4y is the maximum cal-
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culated value of each curve. This normalization of the chi-squares allows the
combined evaluation of the measurement data, which have a varying number of
measurement points and different orders of magnitude. The value X%z,i is the mea-
sure for the i individual data points of the n-th measurement, which depends on
the measurement type and the selection made by the user.

For GIXRF data the x> measure is the common and well-known expression:

2
2 (xn,i,meas - xn,i,calc)
Xn,i = (50)
Xn,icalc
For XRR data two choices are available:

* alog-based chi-squared, which is commonly used for XRR data evaluation:

X%,i = [Zog (xn,i,meas) —log (xn,i,culc)]z (51)

* multiplication of the data for measurement point i by the respective inci-
dent angle 6; to the power of 4, which eliminates the reduction in intensity
due to the increasing angle [65, 66]], thus enhancing the sensitivity for small
intensity differences at larger angles:

2
4 (xn,i,meas - xn,i,calc)

2

Xn,i Xn,icalc

As it was shown before in fitting results obtained using only
GIXRF data can be ambiguous because density and layer thickness are corre-
lated, while in the case of using only XRR data the hyper-surface in parameter
space for XRR fitting can contain local minima [68,/69]. Additional investigations
on the fitness landscape of a combined optimization, which were done within the
project thesis of J. Kirschner [67], indicate that even in the case of combined anal-
ysis, the surface can contain local minima (Figure[27). Thus a local optimization
algorithm like Levenberg-Marquardt or Simplex would produce different results
depending on the starting point in parameter space. To avoid these problems we
tirstly combine measurement data from both techniques and secondly based the
fitting procedure on global optimization algorithms, which do not rely on the
calculation of derivatives.

4.2 Overview of available optimization algorithms

The optimization algorithms in JGIXA were chosen from the branch of global
optimization algorithms, which focus on finding the global minimum in the pa-
rameter space and try to prevent being stuck in a local minimum. The algorithms
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Figure 27: Fitness landscape for variations of thickness [nm] and density [g/cm?®] of the
TiOslayer in a TiO, /Ti sample on Si substrate with several local minima. (from [67])

do not rely on derivatives and are heuristic strategies, which are not determinis-
tic, i.e. they do not theoretical guarantee that the reported solution is the global
one. Nevertheless our results with some algorithms were quite promising, but in
some cases repeated execution of the optimization can lead to improved results.

The following algorithms are available in JGIXA:

* Simulated annealing (SA) was inspired by the controlled heating and
cooling of materials to reduce the dislocation of atoms in the crystal lat-
tice. The algorithm evaluates candidate solutions and decides whether to
move to a new state or not by evaluating an acceptance probability func-
tion. This function depends on the values of the current and the new state
and a global parameter called the temperature, which changes and gener-
ally decreases over time. The higher the current temperature the higher the
probability that the algorithm will move “uphill” to a higher value, thus
possibly moving out of a local minimum.

* Genetic algorithm (GA) considers the optimization like natural selec-
tion in an evolutionary process. At each iteration step the population of
candidate solutions is evaluated for its fitness (i.e. smaller chi-squared) and
a new generation of child solutions is created by mutation and crossover of
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parameter values. Mainly the best solutions are selected for this reproduc-
tion step, thus the average fitness of the population will increase with each
generation.

e Pattern search [72] is a direct search algorithm, which uses a set of vec-
tors, called a pattern, to determine which points will be searched at each
iteration. The strategy for this exploration of the search-space is adapted,
depending on the success or failure of finding a smaller value.

* Differential evolution (DE) [73] is an evolutionary algorithm which is quite
similar to GA in some respects. It also uses a population of candidate so-
lutions, but uses different strategies to create its new population members.
Furthermore it is greedy in the selection of new members, i.e. it only ac-
cepts a member, if it is better than the one it replaces.

* Particle swarm optimization (PSO) [74] is a relatively simple algorithm,
which uses a population of candidate solutions with position and velocity.
The movement of this swarm of particles in search-space is modeled like
a simplified social model of bird flocks or fish schools. The particles ex-
change information on best known positions and therefore the movement
of each particle is not only guided by its own current and best known po-
sition, but also by the best known position of other particles or the swarm.

Pattern search, simulated annealing and genetic algorithm use the implementa-
tion from the MATLAB Global optimization toolbox. A comparison of the per-
formance and results of the individual algorithms for a layered sample and an

implanted sample will be presented in

4.3 Comparison of optimization algorithms

The performances of the available optimization algorithms (simulated annealing
(SA), genetic algorithm (GA), pattern search, differential evolution (DE) and par-
ticle swarm optimization (PSO)) were tested by repeated (10 times) fitting with
each algorithm and comparing the convergence. For the differential evolution al-
gorithm two common variants were tested: DE/rand /1/bin and DE/best/1/bin
[75]. For the algorithms DE, GA and PSO a population size of 100 was used. The
number of maximum iterations was set to 5000 for simulated annealing and 500
for all others.

4.3.1 Layers

The parameters for layers that can be fitted are thickness, density, roughness,
and elemental concentration. The first sample shown is a nominally 50nm thick
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layer of pure Ni on a Si substrate, which was measured by using Mo-Ku radi-
ation. The sample model used for fitting consisted of an oxidized low density
surface layer of 1.5-2 nm on top of a pure Ni layer. The starting values for thick-
ness and density (80 nm, 8 g/cm?) of the pure Ni layer were chosen far from the
nominal values (50 nm, 8.9 g/cm? ), in order to test the performance under more
difficult conditions. During the fit a large parameter range for thickness (30-100
nm) and density (8-9.5 g/cm3 ) was allowed. summarizes the results
obtained for thickness, density and roughness of the pure Ni layer during 10
runs of each optimization algorithm and also shows a comparison of measured
data to simulations using the best and worst result. The results for simulated
annealing were not included in the plots, as even the best result was not close
to the minimum found by the other algorithms. The overall best results were
obtained by DE/best/1/bin and DE/rand/1/bin, which are very close to the
same minimum, but DE/best/1/bin also shows an outlier, probably due to pre-
mature convergence to a local minimum. But also the other algorithms with the
exception of SA and PS showed results within a few percent of the best obtained
value. The overall most reliable algorithm was found to be DE/rand /1/bin.

4.3.2 Ion implanted samples

The calculation procedure for ion implanted samples is also based on a layered
model. This is achieved by discretization of the implant depth distribution into
layers of 1 nm thickness. A detailed description and justification of this proce-
dure will be presented in The software allows to choose from a wide range
of distribution functions, e.g. symmetric and asymmetric Gaussian, or Pearson
[77,178,79]. The refractive index for each discretization layer is calculated from
the scattering factors based on the ratio of substrate atoms to implant atoms
in each individual layer (which is the fitting parameter determining the profile
shape). Thus the refractive index depends on the concentration profile of the
implant in the substrate. For the current comparison we used a Pearson dis-
tribution with 4 parameters to describe shape and depth of the profile and the
total dose of the implantation. The starting parameters were chosen far from the
expected minimum in order to test the performance under more difficult con-
ditions. shows a comparison of the results obtained by the different
optimization algorithms for measurements of a Silicon substrate implanted with
1E15 atoms per cm? of Arsenic at 0.5 keV implantation energy in comparison to
SIMS results from [76].

Simulated annealing was again omitted from the plot, as the chi-squared of
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all results was approximately 2 orders of magnitudes worse than the overall best
(DE/best/1/bin). The best and worst profile shapes of all other algorithms are
very similar except for the worst of PSO, which shows a significant larger chi-
squared value caused by a deviation in the XRR signal.
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Figure 29: (a) and (b) show the best and worst result of each algorithm for the implantation pro-
file in comparison to a SIMS profile of the same sample from [76]. (c) shows the total implanted
dose versus chi-squared of each run (totally 10) for the different algorithms. (d), (e) and (f) show
XRR and GIXRF of As K-L3 and Si K-L3 measurement data and the simulations for the best and
worst fitting results.
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4.4 Software - JGIXA

The developed software JGIXA is based on Java and MATLAB. Due to the choice
of these programming languages the software is easily portable and in fact avail-
able for Windows, Mac and Linux. The runtime libraries of Java and MATLAB,
which are required for the compiled software, are freely available for download.
The relevant physical constants and coefficients e.g. scattering factors are taken
from an internal database, which uses published results by Henke et al. and Ebel
et al. [39]80].

Because calculation speed is also a critical issue, especially for global opti-
mization algorithms using several parameter sets per iteration step, the software
takes advantage of local parallelization by using one Java thread per CPU core
and also allows distributed parallel computation using the MATLAB Distributed
Computing Server. Nevertheless and although the simulation of a single GIXA
measurement typically only takes some hundred milliseconds, depending on
sample complexity and computer performance, an evaluation run using genetic
algorithm or differential evolution with some hundred population members can
still take a few hours.

Figure 30: Screenshot of the JGIXA GUI with the areas of the main window: XRF lines and
measurement data (a), setup parameters (b), sample model (c), fit and optimization algorithm
(d) and data plot (e); data can also be plotted in a separate window (f).
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A Graphical User Interface (GUI) has been developed to allow a user-friendly
operation (Figure [30). The main window is separated into areas for the differ-
ent tasks of the evaluation procedure, which will be described in detail in the
following sections:

(a) an area for specifiying the measured X-ray lines and for the management
of the measurement data (section |4.4.1)).

(b) alist of optimizable setup parameters (section 4.4.2).

(c) a description of the sample model (section 4.4.3).
(d) an area for the management of the optimization algorithm and fit related

controls (section A.4.4).

(e) a large plot area with controls to manage the appearance of the figures

(section 4.4.5).

thickness [nm]| 10 <18.88%< 25

Figure 31: A parameter, which is enabled for the optimization, with lower limit, actual value and
upper limit.

Most of the parameters in the software can be enabled for variation in the
optimization run. Enabling a parameter for fitting is as simple as clicking the
checkbox and specifying lower and upper boundaries in the left- and rightmost
column (Figure 3I). The center column shows or sets the actual value, which is
used for the calculation and plot, and contains the value from the best parameter
vector after an optimization run.
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Figure 32: Dialog window with a periodic table for selecting elements.

All tasks, which involve the selection of chemical elements e.g. selection of
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XRF lines or layer composition, are done via an integrated periodic table as

shown in

4.4.1 XRF lines and measurement data

Select Element

Mi-KM3 [Energ
Mi-kL3 [Energy; 7478.1 &V
Mi-kL2 [Energy: 7460.9 &V
Mi-L1M3 [Energy: 940.0 %]
Mi-L2M4 [Energy: 868.3 %]
Mi-L3IMS [Energy: B51.1 eV
Mi-L2M1 [Energy; 7EO0.1 %]
Mi-L3M1 [Energy: 742.9 %] =

0] Cancel

Figure 33: Dialog window for selecting XRF lines.

The first step in an evaluation project is the specification of the expected XRF
lines by using the ‘add xlines” button. This will open the periodic table
32) and subsequently the dialog with the XRF lines of the selected
element.

If the relative sensitivities of the setup for the selected XRF lines are known
from a previous characterization of the instrument with a reference sample (sec-|
tion[5.1), they can be entered in the ratio column and the checkbox "XRF ratios
locked” can be enabled. This will keep the ratios of the scaling factors of the
calculation to the measurement fixed, thus enabling quantification via internal
standard or substrate.

The measurement data can be imported in two ways via import commands
in the Scans menu. If the software supports the file format, no line overlap in the
recorded XRF spectra has to be considered and a simple trapezoidal background
subtraction in a Region of Interest (ROI) of the spectra is sufficient, the software
can directly read in all recorded spectra of a GIXRF scan. Currently files from the
Elettra XRF beamline, the ESRF, PANalytical diffractometers (XRR) and our own
ATI scan software [62] are supported. shows the dialog for the GIXRF
scan import. The first step after selecting the file format is clicking the "Load
Headers” button to select and read in the scan file. If required by the format,
the parameters like position or livetime have to be mapped to the correspond-
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Figure 34: Dialog window for importing GIXRF scans.

ing columns. Then the single spectra can be imported and will be displayed in
the upper right plot area. Moving the slider below the spectrum plot will scroll
through the spectra. The minimum and maximum channel for each XRF line
have to be entered in the corresponding from” and "to” column. If "use net’ is en-
abled, a trapezoidal background substraction will be used, otherwise all counts
in the respective channel range will be used as peak area. The "cps’ checkbox
normalizes the counts to counts per second and the 'norm(ioni)’ normalizes to
ring current or an ionization chamber, if supported by the file format and present
in the measurement. ‘Show Scan’ displays a preview of the imported scan and
"Factor” and "Offset” can be used to shift or convert the angle positions, if they
are not in degree from zero angle.

If a more sophisticated peak deconvolution is required (as, for example per-
formed by QXAS/ Axil [81]] or PyMCA [82]) or the file format ist not supported,
text files with dead time-corrected net intensities per angle can also be imported.

After the import is finished, the first column in the scan list will contain the
name of the imported file. The second and third column can be adjusted to limit
the minimum and maximum angle, which will be used from the corresponding
scan. The fourth column is a scaling factor, which can be useful, if parts of a
measurement run were performed with a filter; e.g. to reduce the high intensities
at small angles of an XRR scan.
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4.4.2 Setup parameters

Setup parameters
X-ray source

Beam height [microns]: 50
Photon energy [eV]: 17478 =-  Select line
divergence [mrad]: 04

shape: gaussian v|
*RF Detectar
Sample length [mm] seen by detector: 3
Detector angle [deg]: a0
X-ray lines: L= | ratio |

= [SHKL 1433
_Addine | TS gerr.

KRR Detector

divergence [mrad]: | 0.25
Sample rotating Load | Save |
ok | cancel | Fit Substrate |

Figure 35: Dialog window for additional setup parameters.

By pressing the ‘Setup..” button the dialog window for setup parameters
ure [35) can be opened. This window contains parameters, which are also avail-
able on the main window, like the divergence parameters, the detector slit width
and the XRF lines, but additionally some parameters, which are not fittable and
thus only available here. This includes the beam height and shape, as well as
the angle of the XRF detector to the sample surface at an incidence angle of zero
degree. Furthermore the checkbox ‘Sample rotating” determines whether the
sample is rotating in respect to the XRF detector, or if the XRF detector angle
stays fixed.

The main window contains setup parameters, which can be enabled for fit-
ting: A divergence value each for GIXRF and XRR calculations, a parameter for
the width of the sample inspected by the detector, as well as slope and intercept

for a linear background model for the XRR calculation.
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Figure 36: Dialog window for layer options.

4.4.3 Sample model

The sample area of the main windows contains a list of the objects, which con-
stitute the sample model. Different types of objects can be added to the sample
model: an arbitrary number of layers or stacks of layers, up to one implantation
profile and exactly one substrate. Clicking on an object in the listbox will open
the respective property dialog. The sample also has a length and offset (from
center) property, which are used to calculate the beam footprint on the sample

as described in

Layers are the most basic object type, which have thickness, density and
roughness as their properties. As shown in elements can be added to
or removed from a layer in order to construct a material. For layers consisting
of a single element, the initial density will be read from the internal database.
For mixed layers the density has to be entered by the user, as the software does
not contain a database of materials. The reflecting” property of a layer can be
disabled to calculate only transmission, which can be useful to simulate residue
or particles on the surface of a sample.

Stacks are basically (possibly repeating) aggregations of layers (Figure [37).
The properties of the constituting layers are the same as for the case of a singular

layer. A stack can be set to repeat the entered layers, which is convenient to
simulate multilayer samples.

Implantation profiles are described by one or several distribution functions
and a total implanted dose. A wide range of distribution functions is available
for selection, among them the beta, gamma and normal distribution. Also avail-
able is the Pearson distribution system [83,84], which is a superset of many com-
mon distributions and was already used producing good results for the model-
ing of implantation profiles [85,86]. As shown in the resulting concen-
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Figure 37: Dialog window for stack options.

tration profile is then discretized up to a maximum depth, as entered by the user.
Subsequently atoms of the implantation profile will be substituted for atoms in
the also discretized layered sample model. The number of atoms replaced by
each implant atom is equal to the substiution factor” specified.

Owing to the combination and collaboration with SIMS in the beginning of
our work, there is also the possibility to import a SIMS profile and quickly fit it
with distribution functions as an initial guess.

The substrate is the bottommost object in the sample model and cannot be
removed. Itis a basic layer with density and roughness, but with intrinsic infinite
thickness, which cannot be changed. The composition defaults to pure Silicon,
but can be changed like for common layers.

4.4.4 Fit and optimization algorithm

The desired optimization algorithm can be selected from a drop-down list and
options like the maximum number of iterations or a limit for the chi-squared
value can be set in an options dialog. If the checkbox "Allow angle offset” is en-
abled, the algorithm will allow small shifts in the angle. This can be used to
compensate for small miscalibrations of the imported scan data. The measure,
which is used for the calculation of the chi-squared for XRR data (see
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Figure 38: Dialog window for implant options.

[.1), is also selected here. An optimization using the currently selected values
is started by clicking the ‘Fit" button. The starting positions for the algorithms
which use a population of candidate solutions (GA,DE,PSO) consist of one pop-
ulation member with the currently entered parameters and randomly selected
vectors from the search-space.

The actual chi-squared value will be calculated and displayed every time a
simulation is plotted, if measurement data are currently loaded.

4.4.5 Data plot

The result of a calculation with the actual parameters can be plotted in the plot
area of the main window or in a separate window. The line to be plotted can
be selected by clicking on the corresponding entry in the list in the upper left
part of the main window. If applicable measurement data are loaded, they will
also be plotted with the calculated data. By default the plot area or window will
be cleared before plotting a new curve. The "Hold” checkbox can be used, if the
current plot should be retained, e.g. to create a single figure with multiple data
curves. Font and font size, as well as zoom range of the plot can be adjusted. Fi-
nally the figure can be exported to several common picture formats (png,tif,eps).

44.6 Load and Save

The File menu provides the possibility to load or save a complete JGIXA eval-
uation project, which includes the experimental setup, the sample model and
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imported measurement data. The user can also opt for loading only part of a
project file, which can be useful to reuse an already characterized experimental
setup for evaluation of unknown samples or to use the model of a well-known

reference sample to characterize a new setup (section [5.1)).
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5 Applications

After introduction to the theoretical aspects of the calculation, the evaluation
and our instrumentation, we showcase now some practical applications of the
GIXA technique. The presented applications were motivated by the needs of
and developed in cooperation with several collaboration partners.

The characterization of layers presented insection5.2lwas performed in coop-
eration with CEA-Leti, Grenoble, i.e. mainly E. Nolot and B. Caby, who provided
many samples. More details on the results of this work can be found in publica-
tions by Caby et al. [87] and Rotella et al. [88], as well as the doctoral thesis of B.
Caby [57].

Our work on ion implanted samples in was a continuation of the
collaboration from the European Integrated Activity of Excellence and Network-
ing for Nano and Micro-Electronics Analysis (ANNA), mainly with G. Pepponi,
D. Giubertoni and E. Demenev from FBK, Trento. The results were published by
Ingerle et al. [89].

Finally, the preliminary results on nanoparticles in originated from
a collaboration with F. Meirer and J. Zecevic from the Debye Institute for Nano-
materials Science, Utrecht University. The data were presented in the poster ses-
sion of the 16th International Conference on Total Reflection X-ray Fluorescence
Analysis and Related Methods (TXRF 2015) [90].

5.1 Instrument characterization
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Figure 39: Determination of divergence and detector geometry

An important aspect and application, which can and should be done prior
to the evaluation of unknown samples, is the characterization of the measure-
ment setup. The instrumental parameters, which consist mainly of the angular
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divergence of the beam and the beam-sample-detector geometry, have a con-
siderable influence on the measured curves and are included in the simulation
as described in Typically we would use a stable and well-known
reference sample for this purpose, e.g. a pure silicon wafer as shown in
or a Ni layer on silicon as in Additionally reference samples
of known composition can be used to determine the relative sensitivity factors
of the instrument for different XRF lines, like in our measurements of ion im-
planted samples as presented in where we used a reference sample
with 7.99E14 atoms of arsenic per cm? for the quantification. Generally the mea-
surement of reference samples should be performed during each measurement
cycle, possibly repeatedly, to increase confidence in the result and the instrumen-
tation. Furthermore the determination in advance of these instrumental param-
eters typically improves the fitting results as it reduces the number of variable
parameters.

5.2 Layers

A typical and relatively straightforward application of the combined GIXRF and
XRR analysis is the characterization of layers with thicknesses in the nanometer
range. In the sections below we show for demonstration purposes measure-
ments and fit results of a Nickel reference and a Titanium test sample, as well
as a research sample of In,O3 and Ag layers for photovoltaic applications. All
samples were provided by B. Caby and E. Nolot of CEA-LETI, Grenoble.

5.2.1 Nickel layer

shows the XRR and GIXRF measurement data for a nominally 50 nm
thick layer of pure Nickel on Silicon substrate, together with the result obtained
by fitting with the JGIXA software. The best fit model consisted of a 2nm low
density (3.7 g/cm?) oxide surface layer with a roughness of 1 nm and a pure Ni
layer with a thickness of 52.5 nm, a density of 8.5 g/cm? and a roughness of 0.98
nm. The measurements were performed in the table-top spectrometer (section
using Molybdenum Ku excitation.

5.2.2 Titanium layer

Figure |41 shows fitted data for a layer of Titanium with a nominal thickness of
18 nm on a Silicon substrate. Two additional surface layers of TiO; had to be

included in the model (Iable|l)) , in order to obtain a good fit result. This can be
readily explained by an inhomogeneous surface oxidation of the Titanium due
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Figure 40: Combined fit for 50nm of Ni on Si including Si K-L3 and Ni K-L3 GIXRF data as well
as XRR data.

] \ Thickness [nm] \ Density [g/ cm®] \ Roughness [nm] \

TiO, 0.9 3.5 0.8
TiO, 3.9 4.1 0.1
Ti 18.9 4.5 0.3

Table 1: Layer model for the best fit result of a nominal 18 nm Titanium layer on Silicon.

to the exposure to the Oxygen in the air. The measurements were performed in
our table-top spectrometer (section 3.1) with Molybdenum Ko excitation.

5.2.3 In,03; and Ag layers

As a somewhat more intricate example we present the analysis of samples with
layers of InpO3 and Ag, which were carried out in cooperation with B. Caby and
E. Nolot of CEA-LETI, Grenoble and published in [87] as well as presented in
the doctoral thesis of B. Caby [57].

A set of four samples, with a 6 nm Ag layer embedded between two In,O3
layers deposited on a 500 nm SiO,/Si substrate, was prepared with physical
vapor deposition at CEA-LETI. Two samples were annealed at 200 °C before
measurement, while the other two were measured as deposited. The samples
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Figure 41: Combined fit for a nominally 18 nm thick Titanium layer deposited on Silicon: Si K-Lg
and Ti K-L3 GIXRF data and XRR data.

were measured at the Atominstitut with Cu Ka in the instrument described in
as well as on the Gilda (BMO08) line at ESRF, Grenoble. The synchrotron
measurements were performed at 26,400 eV, i.e. above the Ag-K but below the
In-K edge, in order to improve the sensitivity for the Ag-K lines.

All evaluations of reflectivity and fluorescence measurements were carried

out using the JGIXA software (section |4.4).

’ \ Thickness [nm] \ Density [g/cm?] ‘

LD-In,O; 2 6.12
In, O3 16.3 7.18
In203;Ag 1.1 8.36
Ag 5.7 9.9
In,03,Ag 0.6 747
11’1203 40 7

Table 2: Thickness and densities of the sample D obtained from correlating JGIXA fits of the

experimental data measured at two different energies (respectively 26.4 and 8.05 keV). (from
[87]) (LD = low density)

The final model for the annealed sample D as presented in was ob-
tained by a combined fit of the XRR obtained in the laboratory and the Ag-Ka
from the synchrotron (Figure |42). Thin intermixing layers were added between
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Figure 42: XRR and GIXRF measurements and fitting of the sample D with reflectivity measured
at 8.05 keV and fluorescence at 26.4 keV. (from [87]])

In,O3 and Ag to obtain a good fit and were interpreted as interdiffusion induced
by the annealing.

5.3 Ion implanted samples

The characterization of (ultra-)shallow dopant distributions in semiconductors
has historically been a challenge for micro-electronics technology. Advances in
the fabrication have been connected to shallower and shallower distributions
and increasing dopant concentrations. GIXRF has been used in the past for the
evaluation of dilute near surface dopant profiles, but these previous investiga-
tions e.g. by Pepponi et. al. [17] used physical models for the simulation of
the fluorescence intensities and the quantification of the dose, which did not
consider the modification of the x-ray optical constants of the substrate material
due to the dopant.

In our new approach we use a discretized layer model of the first few nanome-
ters of the substrate and replace substrate atoms by implant atoms as shown in
for Arsenic in Silicon. The optical constants of the layers are then cal-
culated from the scattering factors of the respective atoms.
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Figure 43: A discretized layer model of the Arsenic implant distribution in the Silicon substrate.

5.3.1 Influence of Implanted Dose

To give our calculations a realistic starting point, we used data from a SIMS
depth profile for a sample implanted with Arsenic for a total dose of 7.99E14
atoms per cm? at 5 keV implantation energy, which was measured by cooper-
ation partners Giubertoni et al. at Fondazione Bruno Kessler [18]. The depth
profile was scaled to simulate different implantation doses and transformed to a
layer model with 25 layers and 1 nanometer per layer. The Arsenic atoms were
assumed to replace Silicon atoms; the total number of atoms was therefore kept
constant. The scaled depth profiles were used to determine the influence of dif-
ferent implantation doses (with the same depth distribution) on the Arsenic and
the Silicon curve. The results were normalized relative to the unmodified profile
and the As intensities were scaled according to their dose (Figure[44).

As expected the As curve looses its peakedness with higher concentrations
and the Si curve also changes already for a dose of 4E15 atoms/cm?.

5.3.2 Influence of Layer Model

To verify that the resolution of our model with 25 layers and 1 nanometer per
layer is enough, we compared the calculation results for discretizations of the
first 25 nm in 10, 25 and 100 layers for a profile with an total implanted dose
of 7.99E14 atoms of Arsenic per cm?. shows that the curves for 100
and 25 layers are practically identical, while the 10 layer model shows small but
noticable differences in the As curve.
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Figure 45: Comparison of calculated Si K-Lz and As K-Lj intensities for the same implant distri-
bution function with different discretization.

5.3.3 Comparison with other techniques

Silicon wafers implanted with Arsenic were used to test the above-described
approach. We investigated two sets of samples: one with a constant nominal
fluence of 1E15 atoms/cm? and implantation energies of 0.5, 2, and 3 keV and
one with a constant implantation energy of 2 keV and varying nominal fluence
of 1E14, 5E14 and 1E15 atoms/cm? (details can be found in . The total
dose measurements by INAA (performed by G. Steinhauser at the Atominstitut)
and SIMS (E. Demenev and D. Giubertoni of Fondazione Bruno Kessler, Trento,
Italy) are published in [19] and additional SIMS profiles are published in [76].
The following figures report the fit results to the experimental data collected
for the samples described above, as obtained by the JGIXA program.
shows the fit results for the Si signal, the As signal and the XRR signal for the
samples with the same dose (1E15 atoms/cm?) but different implantation energy
(0.5, 2, 3 keV), following the sample description in The fits of all curves
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Sample | Implant Dose Dose Dose Dose Dose SIMS Dose

energy nominal JGIXA NAA SIMS 350eV SIMS

[keV] [at/cm?] [at/cm;] [at/cm;] 500eV [at/cm;] 250eV
[at/cm?] [at/cm?]
Asl 0.5 1E15 1.11E15 1.13E15 1.06E15 1.01E15 9.80E14
As3 2.0 1E15 1.10E15 1.13E15 1.02E15 1.07E15 1.11E15
As4 3.0 1E15 1.09E15 9.87E14 1.06E15 1.08E15 1.08E15
Asb 2.0 1E15 1.17E14 1.03E14 1.10E14 1.00E14 1.03E14
As7 2.0 5E14 5.67E14 5.59E14 5.50E14 5.50E14 5.46E14

Table 3: Samples description and dose determined by GIXRF using the program JGIXA in com-
parison to other techniques.

are in good agreement with the measured data points.

In the implantation profiles obtained from JGIXA in comparison to
SIMS measurement data of Demenev et al. [76] are shown. The profile of sam-
ple As4 (3 keV implantation energy) shows the best correlation with the SIMS
profile, while the profile of sample As3 (2 keV implantation energy) shows a
slight deviation from the SIMS profile in the direction of increasing depth, but
reporting the same total dose. The profile of sample As1 (0.5 keV implantation
energy) shows a deviation of 1 nanometer in the mean implantation depth in the
direction to increasing depth and also slight differences in the dose distribution.

Figure 48/ shows the fits for samples with same implantation energy (2 keV),
but different implantation dose (1E15, 1E14, 5E14 atoms/ cm?).

In the implantation profiles obtained from JGIXA in comparison

with SIMS data from [76] are reported. The profile of sample As3 (1E15 atoms/cm?)

shows the best agreement with the SIMS profile. The profile of sample As6 (1E14
atoms/cm?) shows a deviation of 1 nm of the mean implantation depth from the
SIMS profile in the direction of increasing depth, but the same total dose. The
profile of sample As7 (5E14 atoms/ cm?) shows a slight deviation in the mean im-
plantation depth in the direction to increasing depth and also slight differences
in the dose distribution.
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5.3.4 Depth-sensitivity of the method
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Figure 50: Simulations of depth variations of 0.5 nm around the mean implantation depth in
both directions, both the GIXRF As curve as well as the XRR curve show significant discrepancies
between simulation and experimental data which are also manifested in an increased chi squared
value.

The discrepancy between the results and the SIMS profiles shown in the pre-
vious motivated an investigation of the sensitivity of the fits to
changes in implantation depth. shows the results for a change of the
mean implantation depth (z0) of 0.5 nanometer in both directions towards in-
creasing depth or more shallow depth. The GIXRF Arsenic angle curve as well
as the XRR data both show a significant discrepancy between simulation and
experimental data for these just 0.5 nanometer shifts, highlighting the high sen-
sitivity of the presented method.

5.4 Nanoparticles

Our work on nanoparticles was initiated by colleagues at the Debye Institute
for Nanomaterials Science, Utrecht University. Their question was whether we
could use GIXRF and the XSW to determine size and homogenity of metal nanopar-
ticles, which can be used for Catalysis [91]. The standard methods for the charac-
terization of nanoparticles, Transmission Electron Microscopy (TEM) and Scan-
ning Electron Microscopy (SEM), are limited in sample area, can require special
sample preparation and are quite expensive. An investigation by GIXRF on the

other hand probes a relatively large area of some mm?

in one scan, is relatively
uncomplicated and inexpensive.

Previous work by Tiwari et al. [92,31] and von Bohlen et al. [53]93] suggested
that XSW measurements of very small nanoparticles, i.e. in the range of some
nanometers, on pure silicon wafers are difficult to evaluate, due to the relatively
small critical angle and thus limited angular range. The answer of Tiwari et al.

[31] was to use a W/C multilayer. This increases the critical angle and also adds a
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Figure 51: Simulations for comparison of GIXRF intensities of nanoparticles on Si (left) and on
100 nm Au/5 nm Ti/Si (right).

strong reflection near the Bragg angle. Nevertheless we looked for other options
as multilayers could introduce additional uncertainties, if the layer thickness is
not homogenous over the whole area, and high quality large area multilayers are
also still quite expensive for basically one shot sample carriers. A coating of sili-
con with a single thick layer of a high density material should provide a similar
significant increase in critical angle and in fact simulations with nanoparticles on
a commercially available gold/titanium/silicon substrate were quite promising
as shown in[Figure[51] A thin layer of titanium is included in these coated wafers
to increase the adhesion of the gold layer. The simulations were performed by
using non-reflecting layers in the model for the nanoparticles.
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Figure 52: GIXRF scans of Fe Ka of iron nanoparticles on 100 nm Au/5 nm Ti/Si performed in
our lab spectrometer.

Subsequently iron nanoparticles were deposited on a gold layer on silicon
substrate by J. Zecevic from the Debye Institute for Nanomaterials Science, Utrecht
University. We performed measurements using Cu Ka radiation in our lab spec-
trometer (section [3.1) and at an equivalent primary energy of 8.04 keV at the
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Figure 53: GIXRF scans of Fe Ka of iron nanoparticles on 100 nm Au/5 nm Ti/Si performed at
Elettra.

————50nm

Figure 54: SEM images of iron nanoparticles (performed at Utrecht University).

X-ray fluorescence (10.1L) beamline of Elettra Sincrotrone Trieste (section [3.3.2).
In both cases several measurements were performed at different spots of the
sample . The measurement time per point of the GIXRF angle scan was 10s with
a 100 ym wide beam at the synchrotron and 900s with a 1 mm wide beam in the
lab. Both measurements show differences in particle density (i.e. XRF intensity)
for different spots, which corresponds with SEM images of the samples. The
best fits, especially for the area with low particle density, are obtained for parti-
cle sizes between 7 and 10 nanometer, which is in good agreement with results
from SEM images (8-9nm) performed at Utrecht University.
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6 Concluding remarks

A software for the combined evaluation of GIXRF and XRR measurements has
been developed and the theoretical influence of the limited coherence of the
beam has been investigated. At the same time suitable instrumentation has been
designed and implemented in the form of a table-top spectrometer and the adap-
tation of an X-ray diffraction system. The many experiments and evaluations of
them, which were performed in cooperation with different partners, helped to
test and improve the program and the spectrometers.

Especially the combined analysis of arsenic implanted silicon wafers in coop-
eration with FBK, Trento, was very successful and in fact the first of its kind. The
depth profiles and dose quantifications of the analysis were in good agreement
with the results obtained by other techniques. A sensitivity for changes in the
depth of less than 0.5 nm was achieved.

Also the analysis of many different layered samples, which was performed in
collaboration with CEA-Leti, Grenoble, was insight- and fruitful. Furthermore
the input and feedback, which resulted from this cooperation, helped to improve
the software and the instrumentation.

The investigation and characterization of nanoparticles in cooperation with
colleagues from Utrecht University were promising and show the general appli-
cability of the developed tools for this type of problem.

In view of these numerous good results it can be stated with confidence, that
the software and instrumentation work properly and reliable. The table-top
spectrometer with its custom acquisition software provides a convenient and
stable tool for angle scans, which can take several hours or even days for sam-
ples with low concentration. The relative ease of use of the program should help
to spread the knowledge about GIXA and lead to new applications for the tech-
nique. With this objective in mind, the software and other tools related to GIXA
will be available at the project website[94].

Certainly there are also necessities and opportunities for further research and
development.

On the instrumentation side, the table-top spectrometer would benefit from
the increase in intensity of a parallel beam mirror. This would drastically re-
duce the time consumption of the scans. Furthermore the XRF detector at the
Empyrean should be mounted on a more stable and robust attachment module.

On the simulation and software side, there are several different aspects which
present themselves for further work. The margins of error of the combined GIXA
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technique should be investigated similiar to work on XRR by Tiilikainen et al.
[24, 95]]. Especially the case of correlated parameters can be difficult to handle,
thus the convergence properties and fitting accuracy should be studied further.
The model for the calculation of intensities in the case of nanoparticles currently
assumes an unaltered XSW above the surface of the substrate. In the case of
larger particles or higher particle density this assumption might no longer be
justified, hence the field alterations due to the particles should be investigated.
Finally, the technique as a whole would benefit from further speedup of the cal-
culation and evaluation. This could be achieved by general-purpose computing
on graphics processing units (GPGPU) or cloud computing.
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