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Why?
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=~{ XRF GIXRF

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

4 0.708 from glass Pictures from the

2 0.708 from speculum NobelLecture,
Decemberl2, 1927

A 1.537 from glass

A 1.537 from speculum
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—3( { Vv St fcogtical région

f n[] 210}
3R ,.”‘;”

incident reflected
beam beam
incident reflected
0, P00,
medium 1
medium 2
refracted
0,
refracted
beam

ny sin #y = n9 sin 6
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;I\[][]

vi‘.

incident reflected
X-ray X-ray
beam beam

edium 1 eilncident e;eﬂe:cted
. refracted
medium 2 0,
refracted
1. Deviations from Bragg's Law. g'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 8,
n=1—19¢
difference between the observed glancing angle 6 and the
angle 8, anticipated from Bragg’s formula, T, Cos 91 = T COS 92
§—8, = /sin § cos 8.
Here cos f
6= 1—p, ny =1 =1-—4
cos 0

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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f n [] 210}
s ,.W;” incident

X-ray
beam

incident
medium 1 61

reflected
x-ray
beam

medium 2 e;efracted
refracted
x-ray

cos 0,

—1-4

cos by

beam

cos,=1—0

_J,Z

COS T(py—py) = 1 — ? + o(z*)
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=D( Critical angle for total reflection

FOND

/ . . .

107
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/

Beer-L a mb e Lawod s

incident reflected
x-ray x-ray
I X :I e - X beam beam
o T =lepe
= 1.2)
> Au sheet
glo medium 1
_c.% 08 I I(X) medium 2 e;efracted
80.4'
g |
0.2]
0. i ' ' y y y y ' ' i A s
0 50 100 150,200 250 300,350 400 450 A0S ()
distance [Hm] 1 = oS 91 — 1 — 00y — 103
Calculated for E = 17500eV ' sya ! 12
COS (9

Linear absorption coefficient:

_

b= 41

I = Tphotoelectric T Oelastic T Tinelastic
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={ { Y St fcQ-#ay rediodc with absorption

o equiphase equiphase
Ixnig,ent equiamplitude equiamplitude ;et'ae;ted
beam / plane plane \\ beam
4 A
/ \
incident reflected
medium 1 91 ‘ e1
medium 2 I erefracted
equiamplitude ‘ 2
plane
refracted
equiphase x-ray
heterogeneous wave ;1 ° beam
ALl
n=1—48—1ip f=—
4

medium 1 IS vacuum

N COS O . ,
T = —; =1- ()2 — '?,_52
COS (9

3 is typically 2 orders of magnitude

smaller than o
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Total external reflection

cosp. =1—190

b ~ V2

COS T(gg—0) = 1 — ? + o(z*)
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- 3( Betac absorption
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= 3( Atomic form factor
SRUNO KESSLER 9
4 n—
do, do, > St
— = Flx,Z B
7 ﬂﬂ(xn )

f=1=2)+f(E,Z2)+if"(E,Z)

o il
F(z,Z) = 47r/ r2p(r, Z)M
0

dar

dr

WIy2Ylf2dzaQ SYSNHé RSLISYRSY

1 . .
f photoelectric absorption

/ corrections forphotoabsorption(KramersKronigdispersion)
f relativistic effects, nuclear scattering
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4
forward scattering factors (x =theta=q =0)

.
=~¢ Atomic form factor (forward direction)

f — f(oa Za E) — fl + ?:fg photoabsorption
fa=f" Ha = 210>

fi=f(z=0)+f

f1 and f2 are directly related to the index of refraction

(reflection, refraction, XRR) 1
] 6 = 5 _NroA™fy
ﬂzl—%N’f‘o}\z(fl-i-ifz) "
1
n=1—0—18 5:%N"”0)\2f2
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D
=D( Fresnelc reflected intensity

Propagation of an Electromagnetic Wave
4 )
Propagating electromagnetic field =ab [P~ Etectromagnetic
_\( Wave
€ )u . € )'J: .
2 2
VE—- —E=0 V'H - —H =0 o
CQ CQ Discharging o glguc
Sparkor = Vectors z
. Oscillating Electric
E = ED e—z(k-r—wtj M Bipole i Figure 1

Photon Energy

E = hv w = 27V

E, (I', f) = E, ei(w.’_—kl.r)
Ef (r.1) = R ¢! (@t ki'r)

Energy of the electromagnetic field, number of photons E, (r,1) = T eilwt k)

S=ExH

I[] —< S > |:E[]|2 -

equiphase equiphase

incident equiamplitude equiamplitude reflected
X:1ay, / plane plane ;-er:r{\

RI
medium 1

medium 2 refracted

2 equiamplitude 4 ez
plane
U ] refracted
equiphase x-ray
beam

plane
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I
= ~{ Fresnek 2 media

1 Electric vector perpendicular tothe plane
R h a
of incidence (s, TE, polarisation )
In German senkrecht = perpendicular

RJ—— RJ_ _CL (Sin¢1—a0)2+62

2
0
2 . 2
h=1-—06—1if Ey ag (sin @1 + ag)” + 37

Approximations
(ignore quadratic terms ):

n2~1-—925— 23

¢y = arctan(ay)

1
oo =\ 33161~ 20" + 47— (61 - %)
Same formalism as
for XRR .
X-Ray Reflectivity B (sin b1 — 24 sin ¢y — H-u)z + (2;‘3’ sin ¢ — bn]z

(sin @1 — 20 sinéy + ao)’ + (28sin ¢; + bo)?
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=~¢ Reflectivity

4 10 incident energy = 2000.0 eV
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=~¢ Reflectivity

/

10 incident energy = 10000.0 eV

08l — AU

reflectivity
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=~¢ Reflectivity

/ 1.0

incident energy = 20000.0 eV

08l — AU

0.6}

reflectivity

0.2}

0.0 05 1.0 15 20 25 3.0
incident angle / deg
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=~{ Fresnek x-ray regiong exact

e=1—a— -?:’*;.-" Complex dielectric constant

n=ve = l—a—iy=(1-6—-i3)

o =20 — 8 +
v=2(1-0)p

142 (cin o K 2
ol da® (sin ¢ — a..). + 7 oL — aresin a
da? (sin ¢ + (1.)2 + 2 \/cos? ¢ + a?

1 .9 -9 2 9
= 5 SIn” ¢ — o+ (8111 D1 —fl') 7

B.L.Henke Phys Rev. A, 6, 1, (1972)
M.-R.Lefévere M. Montel, Opt. Acta 20, 97 (1973)
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— 5¢{ Fresnelc approximated vsexact - angleof refraction

ZIO!
) KESSLER

A

relative approrimated  fexact
Adiﬁ&r&nm - A A

An.p;nm:rimn.ied

| polarisation

1 3
i o0
02 . m)m}o@o-u—“—fﬂﬁz’c’*‘“@o{‘
I-l"""];oﬂ’o'{fom AL N g
E— 1 L fff ﬁAAﬁﬂﬂﬂﬂéﬁﬁA&&&a ﬂ G
— qo‘CA ‘/‘c“k& o) 0
0.0 Joo00000000 T #ﬁg TPV 00 % E
/ WWVWW$WW9 e
o 7 prbde? 5
T 1E-3 o a«f @/@M °%T
- :a&ﬂﬁ&ﬁ&&&ﬁﬁﬁh If — 280 ev 5 g
= s.«' T sooev  pg oo
1E-4 4 A —n— 1700 ev o et _m— 280 eV
s I _o . 9700 ev s g 700204 polarisation o 500 ev
4 ‘ H ] '
4 &— 17500 eV . A 1700 ev
SR U o~ 00 . 9700 eV
] &%
$ -
-0.028 3 17500 eV
1E_6 T I T ‘ T T | T T | T | T T T T T | T | T |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢,/sqrt (29) ¢ /sqrt (29)
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=D< Fresnelg approximated vs exact transmission

FONDAZIONE
3RUNO KESSLER
/‘ relative An.;o;or orimated AE.“I?H.{'::".
Adaﬁ&r&m:ﬁ .
An.ppmmimn.md
1. 0.002 ] | polarisation
| -.'-'Iliifiiff."
0-0-0-0-0-0-0C }C}*’J—'G_D“:"O’O_{}Oof.‘_"
0. 000 —feietereh Sl el o e R R R R T R I S SO Ra R B
oo -
O . J\)’( ’rl’"".
~0.002 * _ ,
| | polarisation
o -0.004
- 280 eV

—a— 1700 eV
9700 eV
N N 17500 ev

.006

-0.008

transission factor

transission factor
relative gifference
(an]

-0.010 4

A T T T T T _0.012 T T T T T T T T ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0

¢,/sqrt (29) ¢, /sqrt (28)
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'D( GIXRF intensity calculationg 1 interface ¢ thin layer

m/a

Rl _ 1R af (singy —ag)” + 5
‘Eol 2 a3 (sin ¢1 + a0)2 + 52

T=1—-R
Refracted
x—ray
beam
Incident
X—ray
beam
/ I = IyT (¢1)sin ¢,
g\
5|5
*
iy
=
P.Kregsamer(1991),Spectrochimic#ctaPartB,46(10), 13321340.(1991)

dz
sin{d.)

Loy = 1 (2) T (¢y) sin o) —
SN @9
N B L

angle / deg
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-3( LIJR)\fdzuSRQ R2LJI Vi LINRFALS

= DG Iy T () sing, ey / ‘9\1) [(— s +,uf) z] dz
sin oz sin ¢

/ optical properties

N — — 1 3 10°
Of the Su bStrate Ex105 - B measured " (a) average of 2%Si,” 1
are used average Si, ] :: [ (b) point by point 2°Si, .
. . - o 1A (c) point by point 285" E
~ £ H ]
4x105 - point by point S|_2 % | |‘ \ ~
point by point Si = 1621 4, |\ -
2 & it Arsenic 3107 S
3 3x10°1 5 1k
@ g -
o = y 10° P
D =
3 2x10°1 O =
o o o
=] O 1E20 4 1105 s
= Q ] ] N
1x10° z 1 &
) . ]
2 1 —m— g 10t
0+ —e— i, | ]
O —— 28gj75p5" |
i . 1E19 T T 10°
incident angle [mrad] 0 20 40
. . . . DEPTH (nm)
Comparizon of the total dose determination with different techniques
Sample name MNominal dose SIMS TXRF LEXES RBSMEIS*
A-avg Sis B-point 5is C-point 51
{atoms/cm”)
All 2E15 LeE1S 2.6E15 ER BB 2.3E15 22E15 2.0E15
Al3 2E15 1.8E1S 20E15 1L4ELS 2.0E15 20E15 1.BE1S 20E15%
AN3 2E15 1.6ELS 2.6E15 1.5E15 2.1ELS 2.1E15 1.6E1S
Col 1E16 - - - 0OELS - 03E1s"

*Calculated from Ref. [5].
*MEIS measurement.

G. Pepponi et al. / Spectrochimica Acta Part B 59 (2004) 12431 1249
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Multiple layers

=3¢

&

Medium | X

Medium 2 dg

E
B
Y

R
1
i E

Medium 3

L. Parratt, Physical Review, 95@59369, 1954

aﬂ—lEﬂ—l"I"an——l_nlEn—lR = an_IEn'I' 'fIn—Enﬂg (5)
(@n1Bn1— @ney s B)f 1By
= (ﬂ'ﬂ.—_lEn_' a‘nEnR)fnkl.; {6}

where the amplitude factor a, for half the perpendicular
depth d, is, from Eq. (2),

d, T
an=exp(-—*£k1f,,—é-)zexp(—iifndﬂ). (7

In the opticalrange:

~ = *-.h_\h“ E,
Rn, n+1+Fn—l.ﬂ
Rn—l. n— a'n—-14 )
Rn, n+1Fn—1, n+1
where
Rn. 1= an2(EnR/En)
and ; f
Fn_l’n=_'"_"_1___ﬁ_
fn—1+fn
X-Ray Reflectivity
00dzi . DL-wC [ f a

F Abeles Le Journal de Physique et le Radium, "La théorie générale des couches minces'¢310 80350

Recursivaransfermatrix method, usedalsofor XRR
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—3( Multiple layers

n[)(’l

NO K \VF‘(‘.

/‘ 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)

L ——
[

oP, 1 4 47N}z
- = TN N"I|E!? o
iz 2Z, A NJZNF{'Efl = o
- 47Nz |
_ A Tan Jj=1 ;unadﬂ +|Ej,|2exp L}_zi
Iﬁf_h Caj / JarWa8,eXp | — r x ‘
¢ T un/pj noy Sindy
+ |pregr 4miNj,z
d_j anz “Jﬂz J jexp A'
X dz | — exp | — —; ’
0 dz siny,
+g.¢. ‘ (24)
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Wy RAT dz SRQ R2 LAY 3

BRUNO KESSLER

LINR FAL S
s/ optical properties calculated for each layer
each layer a different material

o

’L Profile

[ corrected siMs ]
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3.0
/
20000 -
25
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10000
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0
-0.1 0.0 0.1 0.2 0.3 0.4 0.5
25000
— experimental data
—— trace model (old)
20000 —— layered model (new) |

15000
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10000

5000
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=D< Total reflection, OK, but practicaly

FONDAZIONE
ARLINDO KESSI FR

SSLER

N 7z —
—

The interference of incident and reflected
beam causes a standing wave field above

the reflectors surface. Sicon \ 0
4.0 . L . 1 . 1 . 1 [
|—| 1 - -
; 2.54 residue -0
3 - | 0.5¢critical
2 5.0 Jon surface surface layer i ﬁgg};gg:
-— bulk \
B 1 W ] . = . : : ———1-100
& 2° | I | 4 3 2 1 0
_E 2.0 . X-Ray Intensity
o; ‘ e
g 1.5 4 Intensity distribution as a
i function of incident angle
1.0 g
m .
Q i and depth
= 0.5 I
0.0 T T T T T

0 | 2 3
incidence angle [mMrad]
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=3¢

TXRF

GIXRF i

XSW

Total reflection, OK, but practicall®

EDX
detector
. . . Incident Reflected
analysis of surface contamination x—ray % x—ray
. . . beam beam
analysis of materials deposited on = —
flat reflecting surface reflector
get fAposgttriwntadr al 0 cliemsa)wel | as

information through the angular

dependence of fluorescence in the - f _—
grazing incidence region:
above -below surface

film -like, particle -like
particle size

layered samples

standing wave field created by interference of

incident and Bragg reflected field

but also the study of crystalline like

Asupetrruct ur es o ( eBlaggettfilneshn g |
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= ~¢ Quantitative analysis

Empirical
methods

PROS
No physical model needed

CONS
Need of SPECIFIC standard samples

One calibration per experimental condition

APPLICATION
Good for monitoring very similar samples

Firstprinciples /
fundamental parameters
- deterministic

- Monte Carlo

PROS

NON SPECIFIC standard samples
used to evaluate model parameters

One calibration per experimental conditign

CONS
Need a physical model to simulate result;

APPLICATION
Good if samples keep changing

\Y2J
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D
= ~¢ Quantitative analysis

: . Describe/model
Firstprinciples /

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 result$

J

Fundamental Parameters

APPLICATION
Good if samples keep changing
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D
= ~¢ Quantitative analysis

Firstprinciples / Eeak intensity
xtraction
fundame_nt_al _parameters Intensity
- deterministic simulation/comparison/fitting
- Monte Carlo
PROS

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

Spectrum (spectra)

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

APPLICATION
Good if samples keep changing
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= ~¢ Quantitative analysis

;u'.‘i’ ,EO ,u'.‘i’ aquk
lrgjk = I[] G ngk Ps Wg exp + 2| dzdE
Eedge sing;  singy
Monochromatic )
Lg ,us’ .

(@ﬁ @M)]

sin¢;  sin ¢y
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=:( Fundamentalparameters

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

NElsmaces All lines with energy above (eV): |16000
All lines with energy below (eV):

Search

Results for "element = Mo and 16000 < Energy/eV < ":

Z symbol 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

- Standard Atomic WeighttUPAC recommended values o s oo

- Elemental densitiesd. H. Hubbell and S. M. Seltzer T

- Electronbinding energies, Edge Jump;Ray lines, Transition probabilities, Fluorescengeld,
Cascadeffect: xraylib, T Schoonjant al.

- Atomic energy level widthsJ. L. Campbell, FPapp

- Fluorescence yieldCosterKronigprobabilities: M. O.Krause

- Atomic scattering factors (150e80000eV)B. L. Henke et al

- Atomic scattering factors (30000eV300000 eV: S. Brennan et al.

- Phoelectric(shellspecific and total), elastic and inelastic scattering cross sectidh&bekt al.
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::( Fundamentalparameters

FONDAZIONE
BRUNO KESSLER

Simulation

Experimental

Experimental
Parameters

Setup
(primary beam, detector)

Geometrical
Configuration

Bumiq ereq

Experimental Data
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=:( Fundamentalparameters

In XRF:

4 Cross sections are tabulated in cmm”2/g
For single elements
T e [T
(5) =2 ()
sample ¢

( Contamination/dopant P . P
Profile )
- T
Nanoparticles (T)g — (—) We ps
P/

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

( Contamination/dopant
In XRD: Profile )
you just need the phase parameters Nanoparticles
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DE———
=~¢ Example : doped silicon surface

FONDAZIONE
BRUNO KESSLER

Arsenic concentration

SiO2 (native) |1~ T s
a - |
9P
<
o €
&
~~
7))
2t €
. . O
SiO2 (native) o
il 20nm
0_0%0000 0_006001 0.000002 0_006003 0_006004 0.0000(¢

cm
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D
= ~¢ GIXRF quantitative analysis

1. 2.

L. o

/ ” = =,
dl-... oc e HFo stw 3, W kE} J.dz -
Cik i < Ps 10°
‘:En

L

o 0.1 deg simulated spetrum
o m . o M ErikEmar 10"}

LW Pk € ' €Egu

10°
Wx— _v_ JHH .
3. 4. 9. 0. 0
107 |

200 —7——

/ dI(z)dz= Y 1,

all layers 200| 104
10_50 ZOIOO 40IUO GUbO SOIOO 10600 12600 14600 16600 18000
150 +
I(:jklayer X WC (p) Ps WeiPCik
CE 100 +
He F-.
HEjk | Hs,E
1 e_( sin ¢ ¢ +sinq‘;i )T

— |

“s:EC.}k + ’U'S,E

sin qbf sin ¢,

- . . A

0 L ! L ! ! !
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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-:( GIXRF quantitativanalysis

S— ~ - 100
m— s ]
% z “r 0.1 deg simulated spetrum —
< - 50 ‘g 10° L
Medium | s NE AR Re)
ium 1 ™ 3 1
P — < v 10 |
T \ %—('(7) 5
Qair 0 o
Medium 2 “d, . silicon s 0
l o 10
=
Medivm 3 — = .g
E3 ,r/ ‘“-..\ Ey 50 © 10"
- =~ I 0.50critical
I lgcritical 10
I 2¢critical \
1 - : T T -100
o 4 3 2 1 0 10°
s B X-Ray Intensity
X 10 2000 4000 G000 8000 10000 12000 14000 76000 78000
—_—  — 100 |- 1
(fI(J’A X ,~ Ha.Eo 5ing;
80 + 4
~
75
o 60 |- 1
. P {}h{!'{‘
0}
f CEq
401 ]
- JE
e e T cL € Cjk Fmay
W¢j Pk € T €Ek ol |
N —— I
3. 4. 5. 6. ol )\ . . ‘ . . ‘ .
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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-3( XRR

IJU ZI 1

107
Medium |

Medium 2 d, “ , 10°*
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GIXRF vs XRR ?
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D
'D( GIXRF- intensity calculationg 1 interface

[] [ l
3RU wf",

e ST Wy
] ]
ARR Gl-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 IXR F\/S X R R 0.0014 2nm, 20nm, 200nm Ge on Si, Ge fluorescence
’ — 2nm
FONDAZIONE 0.0012 — 20nm
3R ESSLER —— 200nm
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10° 2nm, 20nm, 200nm Ge on Si, Ge fluorescence
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=:( GIXRF ambiguity problem- As doping profile

4

GIXRF - Silicon GIXRF - Arsenic

—As3 - calc —As3 - calc
“% - As3 — meas s - As3 - meas
400
70
350
601
'S 300 el
S S, 50
2 250 2
[7] [}
5 § -
£ 200- 5
30+
1501
100+ 208
50 10-
0.05 o o5 oa 0.15 0.2 025 03 035 0.4 -0.05 = 005 01 0.15 0.2 025 03 035 0.4
angle of incidence [deg] angle of incidence [deg]
o Depth distribution of Arsenic
14 T T
lfit result : d
SIMS GIXRF fit result looks very good,

almost no difference between

calculation and measurement

X o0dzi GKS NBadzZ G 7F:
distribution is unrealistic

-> GIXRF is ambiguous

concentration [atomslcms]

depth [nm]
courtesy of Dieterngerle
| 45 |
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= ~¢ GIXRFambiguity problemg Hf thin film

normalized fluorescence [a.u.]

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

1

i I e
?;i% A
% X e
L 1 4= _|
0.8 ) & +ﬁ‘++
| X A
x ) ++’+
X ++7F
0.6 |- X il .
£
>?<.< _
¥ +  measured Si
calculated Si |
x  measured Hf
calculated Hf
! I I I
-2 -1 0 1 2 3 4 5 6

angle of incidence [mrad]

normalized fluorescence [a.u.]

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

1

T e
3:%( T
L . gt
0.8 I % o
1 X ,F
X \ .—f-++
).‘I( +++
0.6 - % 4
>.)<< = )366« HKorne x—XX
X
s
X
X +  measured Si
calculated Si
x  measured Hf
calculated Hf
I I I

-2 -1 0 1 2 3 4

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 laygmnsity of 6.7 g/m3 was

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

GIXRF caonly determinesurfacemassconcentratior
Ambiguitythicknessvs.density (XRRprobablybetter)
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=:( GIXRF- intensity calculationg 1 interface

500 100
—As1 - calc ——As1 - calc
4507 . As1 - meas 90r - As1 - meas
a00l{ — As3 - calc 80 —— As3 - calc
As3 - meas As3 — meas
_ 30— As4 - calc _ ——As4 - calc
zﬁ 300 As4 - meas ; 60/ As4 — meas
%250— -; 50
_3‘;’200— g’ 400
150 30-
100 1 20-
50+ / . 10t
% 005 ’ 0.1 0.15 0.2 0.25 03 0.35 Sos 0 4/0.‘05 01 015 02 025 03 035 04
angle of incidence [deg] angle of incidence [deg]
” st - calc Si wafers implanted with 1E15
45y - As1 - meas . .
a0l ~— As3 - calc atoms/cnt of Arsenic by beamline
As3 — meas . . . . .
¥y — As4 - calc lon implantation with different
3 30 As4 — meas . . .
s iImplantationenergies:
A Aslc 0.5keV
15 A As3c 2keV
" 7 A As4c 3keV

% 01 02 03 04 05 o6 o7 os Combined evaluation of grazingincidence X-ray fluorescence and X-ray
angle of incidence [deg] reflectivity data for }mproved profiling of ultra-shallow
depth distributions ™

D. Ingerle **, F. Meirer , G. Pepponi ¢, E. Demenev <, D. Giubertoni ¢, P. Wobrauschek ?, C. Strelj
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5¢ Roughness

FONDAZIONE
BRUNO KESSLER

Multiply reflectivity and transmission by a damping factor

P. Croce and 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

— 2722

Qjj1 =€ 71" Debye-Waller factor

o _ —Eﬂ'zkk+1 YT (" o ;
Qjj+1 =€ 7779 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

1 FR

10° 20nm Ge on Si - roughness - smooth substrate 10° 20nm Ge on Si - roughness - rough substrate (4nm r.m.s.)
107 F 1
107 | E
107 —
-— 1073 E B -—
c c
K] @
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g 10°k 1 3
Q Q
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5 100 <
= 107 F e = 102} |
2 2
@ @
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107 | 1
10° b 1
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10—9 | | | L | L L L | |
0.0 0.2 04 06 0.8 1.0 1.2 14 16 0.0 0.1 0.2 0.3 0.4 05
angle / deg angle / deg
20nm Ge on Si - roughness - smooth substrate i- - m.s.
450000 . . g ; . 450000 20nm Qe on Si roughness rough Isubstrate (4nrr1 r.m.s.)
— 0.5nm — 0.5nm
400000 - — 1nm 400000 + — 1nm
—  2nm — 2nm
350000 | . 350000 | |
2 300000 - . 2 300000 - .
= ‘B
5 5
£ 250000 | . £ 250000 - g
@ @
2 2
& 200000 - § & 200000 - |
@ @
E E
= 150000} . = 150000 |- .
100000 - 1 100000 | 1
50000 - . 50000 - §
0 L L L L 0 . L L .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 01 02 0.3 0.4 0.5

angle / deg angle / deg
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=:( Depth resolutiong buried layers and interfaces

r 100

FOND

/

'

- 50

ki

distance from surface [nm]

m

Definition of depth resolution:
- different at different depths air

silicon

I
i

|

Sample 10nm In203 / 4nmAg / 10nm In203

-50
I 0.5¢critical
10° 10nm INO / 4nm Ag / 10nm INO / Si - reflectivity at InK energy I I (PCI'ﬂiCCIl
— 110nm INO layer oy
| 2geical N\
10" T T -100

4 3 2 1
X-Ray Intensity

o

10nm INO / 4nm Ag / 10nm INO / Si - In fluorescence

¥-ray intensity [arbitrary units]
3

350000
10"
300000
=
10° =
=
; E 250000 -
10000 0.05 010 015 020 0.25 0.30 E T10nmn |ayer
angle / deg © _
2 200000 | — 10 1nm In layers | |
2 — Inlayer 1
% — Inlayer 2
10nm INO / 4nm Ag / 10nm INO / Si - In 8 150000 L o In Iayer 3
é In layer 4
g g — Inlayer5
H S 100000} — Inlayer6
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" E — Inlayer 8
;o N‘5UC|UU'— — Inlayer9
3 — — Inlayer 10
£ 10000} — In layer 11
0 I
0.0 025 0.30
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=3¢

Depth resolutiong junction depth

fluorescence intensity [a.u.]

S 0.10
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angle [rad]
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normalised As concentration [a.u.]

fluorescence intensities

o

o

=
1

=
m
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o©
i

o

0.014
0.012
0.010
0.008
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0.004
0.002
0.000
-0.002 +
-0.004
-0.006

2 4 6 8

10 12 14 16
depth [nm]

— blu - black
—— blu - red
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::( Fluorescence intensity
. cascade effect secondary fluorescence

Cascade photon

Secondary
fluorescence

Photoelectror photon

[
WN—,

Incident photon
Fluorescence

photon

<<
OAGN—
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_:( Fluorescence intensity
it cascade effect secondary fluorescence

GaAssolution deposited on silicogCascade No Secondar¥luo

10*
103 L
107 § -‘ '
‘ I WAL WY
A A 'y ; ’ vy
10! H" oI i 1 L ¢ "u ‘Ib’h
| iy [,
10° . . . A
0 5000 10000 15000 20000 25000

GaAsWVaferc No Cascade No Secondar¥luo

\No

0 5000 10000 15000

GaAsVNaferc Cascade Secondary-luo

iaAs Wafer

) 5000 10000 15000 20000 500
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- 3( 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
0.0006 : . : : :

— SeKal

— ZnKal

— GeKal
— 0.0005H — ZnKal <- GeKal * 100 300 ‘ ‘ ‘ ‘ 12
= — GeKal <- SeKal
c R ZnK SeKal
> 200 nm of ZnSe on Ge 250 {10
£ 0.0004 | g
g 200 Gelﬁ 8 g
= ) GeKal | g
g = =
£ 5
v 100} 14 £
£ 0.0002 - g
[%)
[y}
g SOK I
g T
* 0.0001 |

8%00 QUbD 10600 11600 12600 13080
energy / eV
0.00004 1 2 3 4 5 6

incident angle / mrad
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::( Geometric corrections

FONDAZIONE
BRUNO KESSLER |
Detector _ Collimator

ZfI

Images captured using
an optical microscope

1ol 80000 |
0.8 G0000 |
3
0.6} =
Z 40000
i
=4
2
[=4
0.4 -]
20000
0.2 s ® Experimental
0 — Simulation No Geom Corr
— Simulation
0.0
o 50 oo 150 w00 =0 300 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Angle [deg]

Conway John T, Nuclearinstruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 614.1 (2010):2%7
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= 3( Divergence

x—ray
beam

-{abs =1 (,Z) ((Ilr)l) sin (If)l dz g;cigznt
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FONDAZIONE
BRUNO KESSLER

0Stranged angul ar fluorescen

?77?7?

And the happy end!
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L EER———SSSSS
= ~¢ GIXRF on plasma immersion dopsamples

V4 P2AsPIII (7s/ 50mTorr) asimplanted
P1AsPIIl (7s/ 50mTOrr) Si RTA 1030A

P2 - measured and calculated fluorescence signal P1 - measured and calculated fluorescence signal
of the implanted element of the implanted element
8000 ! 5 ] 5000 ‘ E : ,
i i — no divergence — no divergence
7000 — divergence fit N —— divergence fit
— exp data 4000 [--o--omemrmmm s e e — — exp data .
6000 —— divergence orig | § | —— divergence orig

YT UMY [N S V.1 | S— A — 3000

i b : : 2000

2000 ,,,,, R / S ,,,,,, ,, [ S

fluorescence counts [a. u.]
fluorescence counts [a. u.]

. 1000
0
[ SR R — L1 T e ECTTET EEPRERPREREEPPERRRRRE
: ; : , ; : ; :
10-%0.002 0.002 0.004 0.006 0.008 10-%(?002 0.000 0.002 0.004 0.006 0.008

incident angle [rad] incident angle [rad]

Very strange angle scan!!!
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...
=D( GIXRN plasma immersion doped samples

FONDAZIONE
WRIING KECC]

SSLER

Confronting GXRF witltheory reveals that it is hidinds containing

surface particles/residues \

-=Measured As fluorescence

¢

X-ray fluorescecne [counts]

-0.1 0 0.1 0.2 0.3
Angle of incidence [deg]

0.4

0.5

0.6

2 o] mibiie

residue
Jon surface

==&

surface layer

l

1I incidenﬁce angleg[mrad] ¢
Characteristicshapesdue the
angular dependence of the
fluorescence radiation for
three different casesof atomic
locations
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= ~¢ GIXRF particles

/ 4‘0 1 L 1 i 1 L 1
5 2.5 residue i
8, Jon surface
:é‘ - B P ~ ~ 100
g 2.5
B 1 é—ct; L
£ 20 - c:< -
8 _— ,E,
1.5+ | ©
: I C;—Eég 50 &
- o]
Q 1.0 4 re <
g | — < a
= 0.5 oﬁ::~— [S— E
— — — 0 ©°
0.0 ; : : : . ; silicon ﬁ =
0 T2 <! 4 5 3
incidence angle [mrad] i g
L _50 _6
20 | 0.5¢critical
I gcritical
| 2¢critical \
s . ; : ———1-100
E 4 3 2 1 0
g X-Ray Intensity
g 1.0f
z
- 0.5
e T
%800 — 005 0.10 0.15 0.20
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GIXRRRndXRKR MAUDschool2016¢ GiancarloPepponi



D
= ~¢ GIXRF particles

/

90000 . . . . . :
e e exp data
80000} — simulation []
— particles
70000 N —  film-like
60000 |
2
S 50000
o]
[
N
X 40000 -
<
30000}
20000}
10000}
0 _. 1 1 1 1 1
-0.1 0.0 0.1 0.2 0.3 0.4 0.5

incident angle / deg

Result: about 1/3 of the As is in particles
and 2/3 in the film-like doped layer
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= :( Arsenolitecrystals on the surface

Following the trace of breadcrumbs
we found that the particles are
actuallymicro- andnano-crystal

X crystalsthat are
made of Arsenic
and OxygenX

Bs:b2-SEM LEI 5.0kV X1,200 WD 6.9mm 10um

gm HV-20.0 kV WO 6.8 men. :'f‘d::-(-j HV: 200 KV WD: 6.8 tren o X I- y‘ ﬁ Y S f
the electron
AS beam.

Total exposure
time:
B 1h10min

= i s ¢ v 20040 W68 F—— LEl  50kV  X15000 WD69mm  1um
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::( Extension of thewavefield - coherence

FONDAZIONE
BRUNO KESSLER

GIXRRRndXRKR MAUDschool2016¢ GiancarloPepponi
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X-Ray Intensity

distance from surface [nm]




D
=D< Extension of thewavefield - coherence

FONDAZIONE
BRUNO KESSLER

incident angle 0.223deg at 8040aV
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courtesy of Dieteringerle
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::( Extension of thewavefield - coherence

FONDAZIONE
BRUNO KESSLER

% fbaﬁoparticles on Au at 17480eV (angular div: 0.02deg)
T
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angle of incidence [deg]
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'D( ExampleGe:Sn

NDAZION
.r=‘7‘v>

581 FF

V SIMS measured profile
7 Sn implant V Betacurve
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::( Example Al203 protective layers

INDA Z H
-%RU. S ER

Al, O, Cap (10nm)

Al,O, Layer — Exposed To Aging (10nm)

Ag (200nm)

Al,O, Layer (20nm) — Adhesion Layer

Silicon Substrate

University of Maryland
Prof. Ray Phaneuf
Amy Marquardt

10’

10°

=3

10

W

bt

=500 500 1000 lE-I:I-IJ 2500 iﬂI]D 3500

10

- Experimental Data

Simulation
S Ag-la
e Background Si - Ka
Al - Ka W s-Ka
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-:( Example Al203 protective layers

FONDA Zl”

sRllJ Han

Intensity [a.u.]

Intensity [a.u.]
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= ~¢ Example AI203 protective layers

/

V NanoparticlesComposition

[ 3 W

0'Q00 5"Yg

_ V NanoparticlesSize

Gaussiamlistrib. - xc: 30 nm; 6 nm
(good agreement with AFM measurements)

V Multiple Layers
V Diffusion Profile
V Nanoparticles

1000

Intensity [a.u.]

V Sulphur
Estimation

0.2 0.3 0.4
Angle (deg)
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=~¢ Grazing exit xray fluorescence

pEn Al GHXRF
R. Beckerd.Golovchenkp
J.Patel,PRL50(3),153156
102_'_|. r r r ] r . r°r 1 1. 1 r 1T 1.1 |‘_.'...J-—'FF'-'__'-
» & (Y and
t 4
& .
< ;
o 101 .
- E /
s f /
g j’i EXCITING
B A M GEXRF
0 400 4
S i & M L1y Gekg
N &8/ Ge TARGET
Ay ]
[N Y U TN [N N TR SN N N TN SO [ T O N
0 2.0 4.0 6.0 8.0
ANGLE (mrad)

A (1 Eriiciple of mi [ ibility predictghat th Its of Advantage:
ada ciple of microscopiteversibility predictghat the results o i :
absorptiorr and emissiortype experiments should belentical were _hlgher lateral resolution
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