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- D( XRF — GIXRF
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=~¢ XRF - GIXRF

A. H. Compton,
The total Reflection of X-Rays,
Phil. Mag., 45, 1121; 1923

A 0.708 from glass Pictures from the

2 0.708 from speculum Nobel Lecture,
December 12, 1927

A 1.537 from glass

A 1.537 from speculum
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- :( Snell’s law — x-ray region

FONDAZIONE
3RUNO KESSLER incident reflected
X-ray X-ray
beam beam
incident reflected
medium 1 e1 e1
medium 2 refracted
0,
refracted

1. Deviations from Bragq's Law. >b<'ray

THDUGH direct attempts to measure the index of eam
refraction of different substances of X-rays have
hitherto fuiled, deviations from Bragg’s relation, n <1
nA=2D sin 6,
n=1-9
difference between the observed glancing angle 6 and the
angle 8, anticipated from Bragg’s formula, T COS 91 = N9 COS Hg
§—8, = &/sin # cos 8.
Here cos 6
6= 1—p, n =1 =1—0
cos 05

where g is the index of refraction of the X-rays in the
crystal. An expression which gives the index of refraction
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_D< Snell’s law — x-ray region

reflected
x-ray
beam

refracted
6,
refracted
x-ray

—1-4

beam

cosf,=1—9

2
COS T (py=0) = 1 — 5 + o(z*)
0>
~=1-9
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- :( Index of refraction — decrement - delta
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- D( Critical angle for total reflection
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- :( Snell’s law — absorption
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Beer-Lambert‘s Law:

incident reflected
x-ray x-ray
beam beam

medium 1
medium 2 erefracled
2
refracted
x-ray
beam

COS O - .
n—=———=1—0 —1if

COS (9

AL

A7

Linear absorption coefficient:

o)

H = Tphotoelectric + Telastic + Tinelastic
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- :( Snell’s law — x-ray region — with absorption

- equiphase equiphase
'xnig,ent equiamplitude equiamplitude ;e';'ae;tEd
beam / plane plane \\ beam
4 A Y
/ \
incident reflected
medium 1 91 ’ e1
medium 2 = o erefracted
equiamplitude ’ 2
plane
refracted
equiphase X-ray
heterogeneous wave ;. beam
. AL
n=1—0—1if f=—
4

medium 1 is vacuum
. COS O

N =———= 1 — (52 — ?32
COS ()9

3 is typically 2 orders of magnitude
smaller than o
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-D( Beta — absorption
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- :( Atomic form factor

o
4 Sin—
2

do, do; 2 -
Q. dO F(x.2) *=72

f= f“(m;TZ) + (B, Z)+if"(E,Z)

F(x,Z) :4:«Tf rp(r, Z)
0

1 4
sin(4maxr) I
dmar

‘anomalous’ energy dependent terms

/! . :
f photoelectric absorption

/ corrections for photoabsorption (Kramers-Kronig dispersion)
f relativistic effects, nuclear scattering
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- D( Atomic form factor (forward direction)

RUNO KESSLER

forward scattering factors (x =theta=q=0)

f — f(O? Za E) — fl + ?’fz photoabsorption
fa= " a = 2M0AS:

fi=fz=0)+f

f1 and f2 are directly related to the index of refraction

(reflection, refraction, XRR) 1
] 6 = o _NroA™fi
ﬂzl—gN?“U)\Q(ﬁ-i-ifz) d
1
n=1—0—18 5:%N?”0)\2f2
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= D( Fresnel — reflected intensity

’{'\ U

Propagation of an Electromagnetic Wave

Electromagnetic
Wave

Propagating electromagnetic field

V’E — QE 0 v2H - HH =0

c c2

Discharglng

Oscihatin 2
scillating Electric

q P Molecular f
E EDS—.&(I{ r—wt) Bipole Jhleld Figure 1

Photon Energy

E = hl/ w = 2TV E, (r,1) = B e/l i)
EF (r,1) = R/« ki)
Energy of the electromagnetic field, number of photons E, (r,t) = T ¢ilet- ko)
S=ExH
incident eauiampitude E?Lgigr:apsliude reflctsd

beam beam

I[] =< S > |:E[]|2

reflected

2 incident
| H | medium 1 6, 6,
refracted

—_— medium 2 3]
2 equiamplitude ; 2
plane
I ED I ] refracted
equiphase x-ray
plane beam
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- :( Fresnel — 2 media

/ ’Rl Electric vector perpendicular to the plane
of incidence (s, TE, polarisation )
In German senkrecht = perpendicular

RL — Ll _ g (singy — ap)” +
2
0

n=1-6—1i8 Eolz a (Siﬂ¢1+ao)2+52

Approximations
(ignore quadratic terms):

e~ 1 =928 — 253

¢y = arctan(ag)

1
ao = \/ S/ (63 — 26) + 452 — (4} — 20)
Same formalism as
for XRR o
X-Ray Reflectivity  (sin g, — 20 sin ¢y — Hﬂ)z + (2Bsin ¢, — bnjz

Rl =
(sin @1 — 20 sinéy + ao)’ + (28sin ¢; + bo)?
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- :( Reflectivity
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- :( Reflectivity
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10 incident energy = 10000.0 eV
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- :( Reflectivity
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= :( Fresnel — x-ray region — exact

/

e=1—a— 17y Complex dielectric constant

n=ve = l—a—iy=(1-6—-i3)

o =20 — 8 + [
v=2(1—-0)0

4a? (8111 O — a) + 2 _ a
pJ_ _ / , 1 _
= 5 : ¢; = arcsin - -
4a? (sin ¢ + a)” + 7?2 \Vcos2 o+ a
1 .9 .9 2 9
a = E Sin” @1 — o+ (8111 01 — f}:) + Y

B.L. Henke, Phys. Rev. A, 6, 1, (1972)
M.-R. Lefévere, M. Montel, Opt. Acta 20, 97 (1973)
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- D( Fresnel — approximated vs exact - angle of refraction
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transission factor

DE———
= ¢ Fresnel —approximated vs exact - transmission

A

ZIO!
) KESSLER
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_D< GIXRF - intensity calculation — 1 interface — thin layer

[] /l
.r=

Rl _ BT af (singy —ag)” + B
‘Eol 2 a3 (sin ¢1 + a0)2 + 52

T=1—-R
Refracted
X—ray
beam
Incident
x—ray
beam
/ I =1I,T 0 QS] ) sin t;ES]
sls
*
<
=
P. Kregsamer, (1991), Spectrochimica Acta Part B, 46(10), 1332-1340. (1991)

Iu,b&_a —
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- :( Multiple layers

%
\\// IE(Z, ﬁbiaEO)lz
| N N

~ Ez
Medium 2 “d No Ez

| TN
Medium 3 / -
X ..--"’f == £
5
P ~

L. Parratt, Physical Review, 95(2), 359-369, 1954

Cn1En1t0n 1 Ep 1 B=a,1E,+ anEn.Rg (5) Tt a,n__14[ Rn, n+l+Fn—l, > ]’

(@nrEp1— Cna By 1®)fn1k1 where Ru nirF a1, nt1
= (ﬂ'n‘lEn— ﬂnEnR)fnklj (6} d Rn. 1= an2 (EnR/En)
an
where the amplitude factor a, for kalf the perpendicular Fui= T
depth d, is, from Eq. (2), Fopyp=—".
fn—l""'fn
T iy 7
“"*_‘C’XF'(“'E "f“—{) = e"‘p( _“;f“ “)‘ () X-Ray Reflectivity

(but GIXRF also “given”)

In the optical range:

F. Abeles, Le Journal de Physique et le Radium, "La théorie générale des couches minces", 11, 307-310 (1950)
Recursive transfer matrix method, used also for XRR
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- D( Multiple layers
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PHYSICAL REVIEW B VOLUME 44, NUMBER 2 1 JULY 1991-I1

Glancing-incidence x-ray fluorescence of layered materials

D. K. G. de Boer
Philips Research Laboratories, P.O. Box 80000, 5600JA Eindhoven, The Netherlands
(Received 2 January 1991)

[ ———
[

apP, 1 4 47Nz |
- = TN N"{|E!? s
oz 2z, A NirlNis {'EJ' =i
- 47N}z |
— ?L Ta'_:l._ J=1 ,u"ad" +,Er|2exp __}_zi
Iﬁf_h Cﬂj JaaW,8,€Xp | — - 4 A
¢ " pup/pj ne SINYy .
+ |E{*Eexp i
dJ anz .lljaz J J A
X dz | — exp |[———— 1|,
0 az siny,
+c.c. ] : (24)
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- :( Total reflection, OK, but practically?
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—_— ~ 100
\ / < -
=
ML A i
z i
The interference of incident and reflected < 2
beam causes a standing wave field above o@; %
the reflectors surface. = 0 =
silicon N o
4.0 : 1 - 1 : 1 . 1 i E
N | 0%
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3 - | 0.5¢critical
& ., Jon surface surface layer _ 1T e
> i - AN < bUIk I 2¢critical \
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G 2o | I | 4 3 2 1 0
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g L
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TXRF -

GIXRF -

XSW -

Total reflection, OK, but practically?

EDX-
detector

. . . Incident Reflected
analysis of surface contamination x—ray w x—ray
. . . beam beam
analysis of materials deposited on = —
flat reflecting surface reflector
get “positional-structural” (as well as chemical)
information through the angular
dependence of fluorescence in the f -
grazing incidence region: R

above-below surface
film-like, particle-like X
g

particle size < :.'f:?-:':°‘.§-':'-:'~':-:-;:.7
layered samples TTat et et

standing wave field created by interference of
incident and Bragg reflected field

but also the study of crystalline like
“super-structures” (e.g. Langmuir-Blodgett films)
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- :( Quantitative analysis

First principles /

Empirical fundamental parameters
methods - deterministic

- Monte Carlo
PROS PROS
No physical model needed NON SPECIFIC standard samples

used to evaluate model parameters
CONS One calibration per experimental condition
Need of SPECIFIC standard samples
One calibration per experimental condition CONS

Need a physical model to simulate results
APPLICATION
Good for monitoring very similar samples APPLICATION

Good if samples keep changing
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- :( Quantitative analysis

: . Describe/model
First principles /

fundamental parameters - source

- deterministic - detector (efficiency)
- Monte Carlo - sample

PROS Interactions:

NON SPECIFIC standard samples
used to evaluate model parameters
One calibration per experimental condition

- scattering
- photoelectric absorption

- fluorescence/auger

CONS

Need a physical model to simulate results Fundamental Parameters

APPLICATION
Good if samples keep changing
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- :( Quantitative analysis

First principles / Peak intensity
fundamental parameters Extraction

P Intensity
- deterministic simulation/comparison/fitting
- Monte Carlo
PROS

NON SPECIFIC standard samples
used to evaluate model parameters
One calibration per experimental condition

Spectrum (spectra)

CONS simulation/comparison/fitting
Need a physical model to simulate results

APPLICATION
Good if samples keep changing
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=:< Fundamental parameters

https://data-minalab.fbk.eu/txrf/xraydata/
4

element view
—

(xray lines X-Ray Lines/Transitions
absorption edges Search

chemical compounds
All lines of element: Mo

\plmnces All lines with energy above (eV): [16000
All lines with energy below (eV):
search
Results for "element = Mo and 16000 < Energy/eV < ":
Z symbeol name A density row_in_PT col_in_PT
42 Mo molybdenum 95.96 10.22 6 5
X-Ray lines (transitions) list
Z transition energy_eV probability
42 KL2 17374.29 0.28821
42 KL3 17479.372 0.54964
42 KM2 19590.25  0.04774
. - 42 KM3 19608.34 0.09316
- Standard Atomic Weight: IUPAC recommended values awe e oo

42 KN3 19965.27 0.01403

- Elemental densities: J. H. Hubbell and S. M. Seltzer
- Electron binding energies, Edge Jump, X-Ray lines, Transition probabilities, Fluorescence yield,
Cascade effect: xraylib, T. Schoonjans et al.

- Atomic energy level widths: J. L. Campbell, T. Papp

- Fluorescence yield, Coster-Kronig probabilities: M. O. Krause

- Atomic scattering factors (150eV-30000eV): B. L. Henke et al.

- Atomic scattering factors (30000eV - 300000 eV): S. Brennan et al.

- Phoelectric (shell-specific and total), elastic and inelastic scattering cross sections: H.Ebel et al.
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::( Fundamental parameters
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Simulation

Experimental
Parameters

Experimental
Set-up
(primary beam, detector)

Geometrical
Configuration

Experimental Data
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=:< Fundamental parameters
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In XRF:

4 m Cross sections are tabulated in cm”2/g
m For single elements
AN
sample ¢ P ¢

( Contamination/dopant P
Profile )
-
Nanoparticles (T)g — (_) HFC Ds
P/ ¢

To define a material in XRF you must provide: m
Weight fractions and density

( Contamination/dopant
In XRD: Profile )

you just need the phase parameters

Nanoparticles
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::( Example : doped silicon surface
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Arsenic concentration

. . g TS S S S} 1e20
Si02 (native) N : 5 ' ' '
—— - al ]
o
<
3t & i
O
~
)
2t & ]
. . o
SiO2 (native) =
il 20nm ]
0_0%0000 0_006001 0.000002 0_006003 0_006004 0.0000C

cm
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= ¢ GIXRF quantitative analysis

1. 2.
. e
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= ¢ GIXRF quantitative analysis
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-3( XRR

10°
107"E
Medium |
/.’/ \
R
Medium 2 dg \ E2 e 102 L
Rﬁf\\\ 2,
Medium 3 " !?, =
3 ,/.f ""*-..\ E; 10°%
10"
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10‘6 1 1 1 1 1 1
0.0 0.1 0.2 0.3 04 05 0.6 07

GIXRF vs XRR ?
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_D< GIXRF - intensity calculation — 1 interface

[] ZI10)
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e e [ | cp—
] ]
XRR GI-XRF

sensitive to electron density and reveals elemental surface
its changes: concentrations:
- material density - material composition

- film thickness - in depth elemental

- optical constants information

- roughness
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( G IXRF vs XRR 0,004 2nm, 20nm, 200nm Ge on Si, Ge fluorescence
’ — 2nm
FONDAZIONE 0.0012 — <0nm
3R ESSLER —— 200nm
0.0010 d_,_.--f"f_
- .
F
£ 0.0008
bt
=
a
Y 0.0006}
a
]
= f
0.0004 {
e R e I
e 0.0002} -
XRR GI-XRF
00008 5 01 0.2 0.3 0.4 0.5
angle [ deg

2nm, 20nm, 200nm Ge on Si, Ge fluorescence

0.00025

0.00020

0.00015

0.00010

reflection coefficient
|
fluorescence intensity

0.00005

-8 L I I L . L L 0'0000?).0 0.1 0.2 0.3 0.4 0.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 angle / deg
angle / deg
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- :( GIXRF - ambiguity problem - As doping profile

/

GIXRF - Silicon GIXRF - Arsenic
500 T T T T T T 90 T T T T T T
—As3 - calc —As3 - calc
9 - As3 — meas sof - As3 - meas
400 70~
350 ol
';i'aoof ?
8, 8, 50
2 250 2z
‘@ ‘@
g s
£ 2008 =
150 sor
100+ 208
50 10-
—6’.05 6 0.65 ) 0.‘1 0.15 0.2 0.‘25 013 D.‘35 0.4 —43'.05 0 == 0.65 011 0.15 0.2 0.‘25 013 0.;55 0.4
angle of incidence [deg] angle of incidence [deg]
10 Depth distribution of Arsenic
14 T T
Wfit result .
Soms | GIXRF fit result looks very good,

almost no difference between
calculation and measurement

... but the result for the depth
distribution is unrealistic
-> GIXRF is ambiguous

concentration [atomslcm3]

depth [nm]

courtesy of Dieter Ingerle
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- :( GIXRF - ambiguity problem — Hf thin film

normalized fluorescence [a.u.]

sample DO7(nominal 2nm) and calculated 1.65nm HfSiOx on Si-substrate

1

0.8

0.6

angle of incidence [mrad]

i T =
)}% A
X3 ++..+
1 4= _|
% % +,+++
] X A
x ) ++’+
X A
f A
X S T
>.><< ')sw b ><—x-).( b4 %
X
s
;’f _
¥ +  measured Si
calculated Si |
x  measured Hf
calculated Hf
I I I
4 5 6

normalized fluorescence [a.u.]

sample DO7(nominal 2nm) and calculated 1.9nm HfSiOx on Si-substrate

1

% o
S:%( 4T
£ X a
- | 42 |
0.8 ] X P
1 X ,F
X - ot
).‘I( +++
0.6 - X -+ _
%< ' )SW HKoone XXX
X
s
>?<< —
¥ +  measured Si
calculated Si |
x  measured Hf
calculated Hf
I I I
4 5 6 7
angle of incidence [mrad]

GIXRF measurement data fitted to calculated values. This
comparison shows the ambiguity of GIXRF concerning density
and thickness. For the left side a layer-density of 6.7 g/m3 was

used, while on the right 6.1 g/m3 was used

GIXRF can only determine surface mass concentration!
Ambiguity thickness vs. density (XRR probably better)

courtesy of Dieter Ingerle
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=D( GIXRF - XRR combined
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D. Ingerle **, F. Meirer , G. Pepponi ¢, E. Demenev ¢, D. Giubertoni ¢, P. Wobrauschek ?, C. Streli
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- :( Roughness

FONDAZIONE

BRUNO KESSLER

Multiply reflectivity and transmission by a damping factor

P. Croce and L. Nevot, Rev. Phys. Appl. 11, 113 (1976)
L. Nevot, P. Croce, Revue de physique appliquée, 15, 761 (1980)

Qjj+1 =1 smooth surface

factors multiplying the
Fresnel coefficient

—27 22

Qjj+1=e 71" Debye-Waller factor

o _ —Eﬂ'z.kjkj_FI AT (" 5 .
Qjj+1 =€ Nevot-Croce factor All good for XRR but what about

Fluorescence???

interface layers with changing index of refraction
- error function , linear

Can we model it as particles?
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- :( Roughness
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= :( Depth resolution — buried layers and interfaces
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- :( Depth resolution — junction depth
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_:( Fluorescence intensity
Rt cascade effect — secondary fluorescence

Cascade photon

Secondary
fluorescence

Photoelectron photon

Incident photon
luorescence

photon
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'D( Fluorescence intensity
i cascade effect — secondary fluorescence

GaAs solution deposited on silicon — Cascade — No Secondary Fluo
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- :( GIXRF - secondary fluorescence

J. Appl. Phys. 75, 2026 (1994); http://dx.doi.org/10.1063/1.356303 (3 pages)

/ Molecular beam epitaxial growth of single domain
ZnSe on Ge
L. K. Li, Y. Wang, M. Jurkovic, and W. |. Wang
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- :( Geometric corrections

FONDAZIONE
BRUNO KESSLER "
: { = Collimator
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an optical microscope
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Conway, John T. , Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 614.1 (2010): 17-27.
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Reflected

= :( Divergence
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= ¢ Grazing exit x-ray fluorescence

R
RN GI-XRF
R. Becker, J. Golovchenko,
J. Patel, PRL 50(3), 153-156
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Advantage:

“the principle of microscopic reversibility predicts that the results of
absorption- and emission-type experiments should be identical were _
they performed with the same wavelength radiation.” Disadvantage:

- reduced sensitivity

- higher lateral resolution
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Thank you for your attention!

For any further question or doubt:
pepponi@fbk.eu
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