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4.1 X-Rays and Extreme UV Photons

X-rays and EUV photons have a much higher energy hv > 20 eV and much shorter wavelengths than

visible or infrared photons.
A/m 10°13 10-12 10°1! 10-10 109 10°8 10-7 10°6 10°% 10°4 10-3 10-2 10-? 1 10! 102 103 10* 10%
pm A nm pm mm m km
E/ev 107 106 105 10* 103 102 10* 1 10-! 10-210-3 104 10-5 106 10-7 10-8 10-°
I

Gamma rays v "| IR Radio waves Audio
|

As a result; X-rays W | Microwaves

1. Phase differences between the x-rays lead scattered by the atoms lead to a diffraction pattern that
yields precise information on the arrangement of the atoms with sub 0.01A resolution

2. Higher energy electronic transitions involving tightly bound core electrons come into reach. These
depend only weakly on the chemical bonding and atom environment and are therefore element specific.
» by x-ray absorption or x-ray fluorescence spectroscopy.

3. hv_is larger than the binding energies of electrons in solids (work functions of ~few eV). Thus, bound
electrons can be photo-excited into continuum states and emitted from the solid = photo emission
spectroscopy. These electrons can be analyzed for (i) chemical analysis (XPS, ESCA) as well as
(i) mapping of the energy-momentum dispersion E(k) of the electronic band structure.

Auger electron

Photoelectron detected
A A
XRF, EDX AES
1) VB )) VB or VB
n’ - n - n'
Fluorescent
XPS photon

X-ray photon ESCA detected
interacts with n n n
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Example: X-Ray Diffraction

For x-ray photons the wavelength & ~ A is of the order of the interatomic distances in solids.

As aresult, strong interference between x-ray waves scattered from the individual atoms occurs,
which depends on the direction of the incident and scattered x-rays.

This gives rise to a diffraction pattern I(@,6) thatis measured by X-ray diffraction.

Critical wavelength needed: Bragg'slaw ni=2dsin® » A4 < 2d since sin® always<1

X-ray diffraction set-up Diffraction spectrum = angular intensity distribution
= | Cu(In.Ga)Se, Einfallswinkel =3° 3
E |12 3
-~ E 220204
E é Fnly =
ZF 002 312 73
£ E = 116 3
E E Zn0 Mo 3
E Zn0 101 1109;3 700 3
E 193 g0 jj221) T T 102 301 =
®  Constructive interference E . I P ,l'\l ,.,I .I Lof ;.
ni =2dsin = : . . L . -
; 23 30 3 40 43 ] 33
Fraggs taw 1 %cllgungm'inkul 20 [d:::g.J ! 5

= The diffraction pattern strongly depends on the arrangement of the atoms and their interatomic
distances in the crystal lattice.

Thus, diffraction yields precise information on the atomic structure of materials with picometer
resolution, from which the kind of materials as well as their structural properties can be identified.



Example: Photoemission of Electrons

Photons with hv >> several eV can knock-out bound valence electrons with typical binding energies
of 5 — 20 eV from the sample as well as core electrons with binding energies > 100eV

This leads to generation of secondary electrons that can be emitted from the sample.

The critical ionization energy = minimum energy for ionization of an atom

is equal to the binding energy of the weakest bonded electron.
First lonization Energy of the Elements
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= The photoemission spectrum yields information on the binding energies of the electrons

=
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Example: X-Ray Fluorescence

Knock-out of strongly bonded inner core shell electrons by x-ray absorption leads to a core shell
vacancy that is subsequently filled by recombination of an electron from an outer shell.

The energy Of the ﬂuorescence photon IS given by: Eﬂuorescence = Eouter - Ecore

Thus, it depends almost exclusively on the energy levels

Ar

of the core electrons and is thus highly element specific.

Counts

X-ray fluorescence spectrum

X-Ray Fluorescence Analysis of St. Gaudens Gold Coin

0.00 1.04 208 312 416 520 6.23 727
90% Gold - Au Energy (keV)

10% Copper - Cu

Excitation energy from X-Ray Detector
¥-ray tube or source

Counts

Fx-ray

AE:EZ-ED=Kﬁ
“x-ray

109Cd P
Au-M \ excitation source Incident Angle

—_— — A

0 ) 4 6 8 0 1 u 16 18 w 2 u Sample Plane Scatter Angle
Energy (keV)

= The fluorescence spectrum thus features sharp lines at element specific positions.
Measuring the positions yields information on which elements are contained in the sample
and from the intensity rations the chemical composition can be obtained.
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XR-Methods

Probe - in |Interaction Probe - out = Measurement Method
X-rays elastic X-rays Angular distribution = x-ray diffraction & scattering (XRD),
= ey inelastic X-rays Energy spectrum = x-ray fluorescence (XRF)
excitation electrons Energy Spectrum = x-ray photoelectron spectroscopy (XPS)

Limitation of XR and EUV Methods

An important limitation is the lack of effective optical elements for focusing, shaping and
manipulation of x-ray beams because for all materials, at short wavelengths the refractive index
approaches n ~ 1 and the reflectivity is close to zero, i.e., R < 0.1 %!

X-rays: & ~10"—-10°

>

Infrared

Refractive index, n

o

nw=1-8+i | (3.12)

Visible

2
8=n“re)‘ fw) | (3.13a)
21
Nare)? 0
p = o fo(w) | (3.13b)

Ultraviolet

X-ray

~

Wyy

Frequency

In addition:

» All materials show some
kind of absorption for EUV
and X-ray radiation.

X-rays = ionizing radiation

» radiation damage =
harmful nature XRs

» safety measures required
(radiation protection)

Further limitation: Limited availibility of high intensity and tunable light sources » synchrotrons.
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4.2 X-Ray Absorption

Absorption of high energy photons has similar properties as for visible photons.
XRD: Exgr ~ 0.5-50keV, A ~3-0.03 nm;
Due to the higher energy, however, also high-energy excitations come into reach.

These are ionization (creation of unbound photoelectrons) and core shell excitations.

‘Photoemission o X-ray absorption spectrum
E % unbond 3 i
rcontimuum Py
Vv R - —Ti
5 . — G0
EF "__ . E 180k§V) :gthers
Valend : e
alence £ (40.4 keV)
P |Es 5
hv>> @g 3
. R % 1
Core levels 8 pZ4
= AES N
* 0.1 4 e . > - e
N(E} 3 10 100

Energy (keV)

= For both cases, initially bound electrons are excited into unbound continuum states with
arbitrary final energy. Therefore, the absorption spectrum at high photon energies consists of a
broad continuum with a superimposed fine structure (absorption edges) at which the photon
energy reaches the binding energy of certain strongly bound core shell electrons.

Note: Because the refractive index n of all materials is n ~ 1 for high energy photons, the reflectivity
is very small and can be practically neglected (except for diffraction experiments).
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4.2.1 Absorption Edges due to Core-Shell Excitations

Photons with energy > 100 eV are able to knock-out also
strongly bonded inner core shell electrons in the sample.

The critical ionization enerqy Egi; is the minimal energy
required to remove an inner electron with quantum number n
bound to the nucleus.

This energy is more or less the binding energy of the core
electron Ecore With primary quantum number n is given by:

Ecrit(n) = Erermi — Ecore ® — Ecore(N) | because the

Fermi energy is usually small compared to Ecgre.

For an atom with just one electron, the binding energy of an electron with principle
quantum number n simply corresponds to the corresponding electron energy in the hydrogen atom,
corrected by the given nucleus charge Z of the atom that is the order number of the atom, i.e.,

m, (Ze)’e® _ Z°

2 2 | where Ry =13.6eV (=Rydberg constant)

E.(Z)= =
(%) 8csoh® n

For a neutral atom, the number of bound electrons is equal to the nucleus charge Z.

For the outer electrons, the nucleus charge Z is therefore partially screened, so that the electrons in
an outer shell see only an effective nucleus charge (Z — o) where o, is the screening factor that is
more or less equal to the number of electrons in the more inner shells.
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4.2.2 Critical ionization energies of atoms as a function of Z number

Taking into account the partial screening of the nucleus charge Z, the electron binding energies and
thus the critical ionization energies can be approximated by:

Ecit(Z,n) = - Ry (Z = o0)?/ n?

Ry = 13.6 eV = Rhydberg constant.

=>n=1,2,3, ... =principle quantum number n of the removed electron for K, L, M, N, O shells

= (Z - o) = effective nucleus charge seen by the core electron,
= nucleus charge Z minus the charge o, that is screened

by the electrons of the more inner shells.
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= When Epone > Ecit €Xceeds the critical ionization energy, the absorption coefficient abruptly
increases compared to Eprope < Egiit , forming absorption edges in the spectra.

= Core level transitions are element specific and thus, well suited for chemical analysis !
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Absorption edges: Core-level absorption sets in at photon or particle energies E > Ecqi(n).
This gives rise to discrete steps in the absorption spectra, named absorption edges.

Excitation cross section: | oshell(E)~ Nshen " C1 (E " Eo) ™ log(C, E/E() Shell Subshe SUPshell  Shell
name, name max max
. . . electrons electrons
for particles or photons with energy E > E., otherwise ospei =0, v ) )
Nshen = Nnumber of electrons per shell, C; and C; = shell constants = -
107 e S L 2+6=8
i 2p 51
100 3s 2
= 5 " 5 s 2+6+10
é 10° F P _18
g 104 ad 10
s 45 2
5 10° 2+6+
Q. i 4p 6
= i I 4d e =32
10 F ' 4f 14
100 L
|
3> 10
A Energy dependence of
% ~t ionization cross section Q
25 "‘9 I~
= o |
% 20 E s |
53] 15 ‘c-; |
10 i
5 -
Q J

o 10 20 30
Excess energy E/E.

= Position of core level edges are element specific and thus, allow identification of chemical elements !
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4.2.3 Fine Structure of the Absorption edges (EXAFS, NEXAFS)

Continuum

. . . photo-electron
There exist also a fine structure of the absorption edges because at E ~ E.; the NN~
core electrons are excited into unoccupied bound or antibonding states, which are —eobsesese- U
influenced by the chemical environment of the atoms. B e
= This can be employed to derive not only the chemical composition, but also x-ray
information on the local bond configuration of the atoms in the samples. ’\/\’\O_. K
XANES = X-Ray Absorption Near Edge Structure, 20 o
also known as near edge X-ray absorption fine | Mﬂ EXAFS
structure (NEXAFS) caused by interference effects  1s- K\/\f
with surrounding atoms. Information on local a §M
atomic coordination and chemical / oxidation state. 101 cdge | Multiple scattering
EXAFS: Interference between incoming and 05 | 1.
outgoing wave. Yields information on bond | re-edge Energy (eV)
lengths and nearest neighbor coordination. 0.0 . . . .
11400 11500 11600 11700 11800 11900 Single scattering

Pu(lll)

= XAFS: Single Scattering, NEXAFS: Multiple Scattering

»

\ Pu(IV), soil, concrete
e © o b ¥
® 8
g Pu(V)
£ Pu(VI)
® o ® z r's
@ -<;l 0
2
® =
® E Pu(lll) standard
® ® Z Pu(1V) oxide
° ® 0.5 Pu(V) standard
Pu(V1) standard

. . . . . RFETS soil
Fine structure measurements is a fingerprint of the local environment but RFETS concrote
requires tuneable x-ray sources available only by synchrotrons 70 2290 22310

Energy (¢V)
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4.2.4 Instrumentation for X-Ray Spectroscopy

Laboratory x-ray sources: X-ray tubes — only discreet emission lines, limited intensity,

divergent beams

Broad band x-ray sources:

SynChI‘OtI’OﬂS that em|t Diople bending magnet
Bremsstrahlung
with high intensity and

high brilliance

Monochromatic using
single crystal
monochromators

Heated filament Electrons are accelerated
emits electrons by by a high voltage.
thermionic emission

Copper rod
heat dissipation

for

Glass envelope

x-rays produced when
high speed electrons
§ % hit the metal target.

Multiple Undulator or Wiggler

Optical Power P (nW) at 100 mA, 50 mrad

relative intensity
of X-rays

characteristic radiation
;

maximum
photon energy

bremsstrahlung

t T T >
0 50 100 150
photon energy/keV

Wavelength % (nm)

10° 10' 10° 10° 10

Detectors: Gas discharge detectors, scintillators, photomultiplier and semiconductor detectors.
Optics: No refractive optics, only weak diffractive or reflective focusing elements.

Spectrometers: Diffraction of single crystals, energy dispersive detectors with S ~ hv .
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4.3 X-ray Fluorescence: Characteristic X-Ray Emission

Knock-out of strongly bonded inner core shell electrons by x-ray absorption leads to a core
shell vacancy that is subsequently filled by recombination of an electron from an outer shell.

The energy difference between initial and final state is emitted as characteristic x-ray photon.
This fluorescence photon energy is given by: Ephoton = E20— Ea;

Nomenclature for characteristic X-rays: Koy, Kaz, KBi, Lo, LB, Mag, .....

% Capital letter indicates shell of vacancy: K, L, M shells, correspondston =1,2,3 ...
s Greek letter indicates difference An of principle quantum number between the involved shell transitions
a=An=1;, B=An=2; y=An=3; ...
s Subscript number: Related to energy levels within each shell due to orbital (I) and spin (s,j) quantization
with the possible transitions between sublevels following from the selection rules: Al = +-1, Aj =0, +-1,

Table 14.6. K Series X-Ray Wavelengths and Energies”

n | |
om ____ — 43 m Ka, K edge
-102- 4 3 502
v Element A(A) E(keV) A(A) E (keV)
e
4Be 114.00 0.109 110.0 0.111
N 4L 2 5/2 5B 67.6 0.183 64.57 0.192
4 2 2 6C 44.7 0.277 43.68 0.284
L 1 32 TN 31.6 0.392 30.9 0.400
T L6 1 12 80 23.62 0.525 23.32 0.532
_-103_ AP & 0 12 9F 18.32 0.677 18.05 0.687
EXES 10 Ne 14.61 0.849 14.30 0.867
I I I 11 Na 11.91 1.041 11.57 1.072
33 32 mf 12Mg 9.89 1.254 9.512 1.303
M 3 1 32 M3 13 Al 8.339 1.487 7.948 1.560
g 6 :ﬁ :'12 14 Si 7.125 1.740 6.738 1.84
w RN | 1 15P 6.157 2.014 5.784 2.144
2addy Sfge FONJS 16S 5.372 2.308 5.019 2.470
~10%- I1L1L 1111 1Tt 1y L 17C1 4.728 2.622 4.397 2.820
H+1+—1 L 2 e Lg 18A 4.192 2.958 3.871 3.203
2 0 wr L 19K 3.741 3.314 3.437 3.608
20 Ca 3.358 3.692 3.070 4.038
[RAN 21 Sc 3.031 4.091 2.762 4.489
&89 22°Ti 2.749 4.511 2.497 4.965
23V 2.504 4.952 2.269 5.464
l I l 24 Cr 2.290 5.415 2.070 5.989
~105- K + 0 2 25 Mn 2.102 5.899 1.896 6.538
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Energy (eV)

Neglecting the sub-shell structure, in a first approximation the x-ray energies for a n; - n, transition

is given by: Exray(N1-N2) = Ry (Z - 6n2)° INo® - Ry (Z - on1)? 1 N1°)

with Ry = 13.6 eV =

Rhydberg constant and

Moseley’s law

(Z - o) = effective nucleus charge = ( Z number - shell screening cy,)

K-radiation: o, =1 and n; = 1, L-radiation:

Characteristic x-ray energies

20000.0

9:| [
18000.0 wol
16000.0 ol
14000.0 < el
12000.0 : 5
2 o
10000.0 / / / 5 =
8000.0 : 0 Pb — o
5 E 1l
6000.0 : : S
<
4000.0 = =
2000.0 10F
0.0 -

Met4

0 5 1015 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 10
0

Element Number

4 B &
Energy (keV)

ohn= 74andn,=2 ...

Because inner shell
transitions are not much
influenced by the chemical
bonding, the characteristic
X-ray energies do not
depend much on the
environment of the atoms !

Note: Chemical effects,
however, are observable in
the fine structure (~eV) of
electronic transitions
involving outer electrons.

Fluorescence intensity: (1) Increases with K, L, M number due to higher ionization cross-
section (higher number of shell electrons) although transition probability decreases
(2) decreases within a shell with increasing o8,y and subscript index, i.e., I, > lg > 1, ...

Advantage of XRF versus XR absorption spectroscopy: No no tunable x-ray source is required.




Examples for Characteristic X-Ray Emission Spectra:

8875 T T | T T T T T 4437

Intensity
I
1
Intensity

TiKg

o;=t===|==-h.—thul\' .

2.00 7.00

Energy (keV)

X-ray fluorescence yield o: . . 1 . .

~ probability that vacancy state is annihilated
by x-ray emission:

. . . . 3
eincreases strongly with increasing atom number Z,

efor low Z numbers: Auger process dominates

. L Shell
(see next Section)

40 60 80 100

Z
Figure on the right: X-ray fluorescence yield o as a function of Z and of K, L, M shell number.

Sum of fluorescent and Auger yield = 1
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4.4 Photo-Electron Emission (XPS, UPS)

Photoelectrons emitted as a result of x-ray or EUV absorption carry valuable information on the
electronic properties as well as chemical composition of the sample.

This is because when monochromatic photons with well defined energy are used for excitation and the
electrons are emitted without further scattering, the photoelectron energy spectrum represents a direct
replication of the electronic density of states in the sample. Typically

Photon energies of hv = 10 to 100 eV (=UPS) or 100 eV — 10 keV (=XPS) are used.

Due to energy conservation, the kinetic energy of Et  Spectrum
the emitted photoelectrons is given by:

Exin = hv = Eelpinding = @bet | (hv = photon energy,

doet ~ 3V = work function of electron detector) g Oample
. Ex=hv—E, -@
This applies as long as the electrons do not loose the v ©h

energy transferred from the photons on their way to the
sample surface where they are emitted.

_______________

N(E)

Valence

The measured energy spectrum of photo-electrons can be
converted into the spectrum of the electronic states

Core leyels .
— Energy Conservation

Ey=ho -Eg-®,

within the solid using: Eel,binding = hv — Ekinmeas — ﬁ)et

N(E)

= If a monochromatic x-ray or UV photon beam is used for excitation, the energy spectrum of the
photo-electrons directly corresponds to the energy distribution of the bound electronic states within
the material, shifted upward by the used photon energy as shown in the figure above.
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X-Ray versus UV-induced Photoelectrons

The accessible electronic states are limited by the photon energy.

_ UPS XPS
Thus, for XPS (Epn >1keV) core level peaks appear in the electron Electron

spectrum, whereas for UPS (E,, ~10 —100 eV) mainly the valence uv ra Electron
band structure appears. Y

= Thus, XPS is mainly used for chemical analysis, whereas
UPS mainly for determination of the @
electronic band structure (valence & conduction band).

Valence core levels
band
Instrumentation:
The energy spectrum of the photoelectrons X_ray Photoelectron Spectrometer Computer
iIs measured by an electron energy analyzer _ _ System
and electron detector. Hemispherical Energy Analyzer
Quter Sphere Magnetic Shield

Inner Sphere Analyzer Control
Electron [ : - Lenses for Energy Multi-Channe! Plate
Optics :} = . Adjustment 1 Electron Mutltiplier
- {Retardation) |7 Resistive Anode
gX-ray 1\ ) Encoder
Source = ] Y T Position Computer
:l il ;en Seg 1;0_»r _,;_\n alysis T Position Address
l\ ) rea Definition B N Converter
\ / Position Sensitive
Detector (PSD}
Sample | |
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4.5 Chemical Analysis by X-Ray Photoelectron Spectroscopy

The photoelectrons excited from core levels have specific energy kinetic energies from which
the electron binding energies (BE) can be calculated using: E¢; pinging = hV — Ekin,meas

These Binding energies as element specific: Es(Z) = - Ry (Z - 0,)°/ n?
withn=1, 2, 3... for K, L, M, N, O shells,
o, = SCreening parameter

1200
1100
1000
900
8oo
700
GO0
500
400
300
200

BE (V)

g0 100

= Exact values of binding energies are tabulated in XPS and AES data bases
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Example: XPS spectrum from Ni-Cu alloy

120

. Cu 2p ,F.:?:: SF;?,L_ Act:%r::;c Binding Energy (eV)
McLeVisec %
y B Element 2pr 3P 4
w g Fe 707 53 654
g : 60 Co 778 60 718
© Ni 853 67 786
Cu 933 75 858
0|  Example: NI 3p Zn 1022 89 933
XPS of NiCu alloy
3 100 -800 -700 -500 -300 -100

Binding Energy (eV)

Surface sensitivity:

Due to the short mean free path of electrons
resulting in a small escape depth, XPS and UPS
are very surface sensitive, contrary to EDX where =
characteristic photons come from the large
excitation volume. Thus, for XPS, UPS, AES the
information comes from only a few nm thick layer
of the sample surface, i.e., no bulk information is B
obtained.

XPS Depth of Information: 1-10 nm (0.001-0.010 p)
EDS Depth of Information:  300-3,000 nm (0.3-3.0 p)

R

= =) = =)

Note that in the photo-electron spectra, also the peaks due to Auger electron emission appeat.



Sensitivity

Detection limit (minimal concentrations) for elemental analysis

H Ne Co Zn Zr Sn Nd Yb Hg Th

AESand XPS

1ppm

CONCENTRATION (atomic fraction}

5E19

SE16

1 1
20 40 60

ATOMICNUMBER

{zwi/swicle) IS NI NOILYY LNIDONOD DINO LY

Relative Sensitivity

Relative Sensitivities of the Elements
3d

——

4f

4d

LiB M FMa A PCIKSeY M CoCuGAsBrRb Y Mb TcRhAgIn Sh | Csla Pr PEuTbHo T LuTaRe Ir AuTI Bi
Be C OMNe M Si 5 & CaTiCrFeM Zn G Se Kr Sr Zr M RuPd Cd SnTeXeBaCeMd 5 G Dy ErYh Hf W OsPtHgPb

Ele mental Symbol

Peak fine structure: Chemical effects

Like for the x-ray or electron absorption edges, the XPS peak positions and structure also slightly
depends on the binding environment of the different atoms within the sample (= ESCA analysis).

2pap = 454.1 eV 2psn P —
A=61T7eV Monochromated Al Ko
2pin
470 460 450
Binding Energy (eV) Binding Energy (V)
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4.6 Mapping of the Electronic Band Structure by ARPES

In ARPES (= Angle Resolved Photo-Electron Spectroscopy), not only the emission energy but also
the emission angle of the photoelectrons is measured.

This yields both the binding energy as well as the k vector of the electrons within the electronic
bands of the material, i.e., the E(k) dispersion of the bands.

Measurement geometry and angle to k-vector conversion:

ARPES experiment

Eqn =hv—Eg @

hV = const. 4 analyzer

Scienta
hemispherical
analyzer

We need:

binding energy - E,

detector Entrance slit

initial momentum - k'

aorb

)
/ E-hv+W i
sample

e K, =kf, =/ 2mE/’h
-dispersion
(k)-disp k =kf -6=J 2mE/hz cos8-6

= From angular and energy dependent
spectrum of photoexcited electrons

Photoelectrons

' Toroidal
Sample mirror I

= This allows to record complete 2D or 3D maps of the electronic band structure of materials.
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Principle of k-Space Mapping of Electronic Band Structure using ARPES

Based on: Photoelectron spectroscopy
using monochromatic UV irradiation

g, solid

'\ Ke=Kpy
XA~ @

7 A

final state :
generally 1

1

1

1

1

i

i

1
V

E,,—E

:

= Angle resolved measurement
of electron energy and momentum

HR-hemispherical
electron analyzer
pd

(derived)
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vacuu

b
m

Conservation laws

Ekin = hv—|EB|_(D

K =k + B3

momentum conservation
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Practical Implementation of ARPES

- - T=40 K X:O.2
BixTes Bi>Ses o c
A 3
LN 1 iy
< ()]
\BCB 2 0.2 g
= £
(R SSB § ) chS00 m
~«— Dirac point 2 0.3 | 0.2 0.1 00 "01 0.2
o k(A
o Il
2 04.
o

Real spectrum
(CCD image from outside)

] Spectra on
> ometer phosphorus

e AN

SAMPLE
Example: BESSY Il
Scienta : 5
hemispherical . J ’ -

analyzer :

o
5
w

Undulator
— Entrance slit

! 4-jaw

7 aperture
phencal

L UE112-PG1

Wavelength

Toroidal il selection ¥ 4
mirror Exit slit Scan S

» Plane
N gratings

Powerful features: High resolution and fast data acquisition using 2D detectors
+« full 3D map of band structure by variation of tilt & azimuth directions

% Resolution: AE <1 meV, 1-300K, Ak <0.0056A < 10_2 of BZ
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Factors Determining the Resolution of ARPES

Chapter IV: X-Ray and EUV Methods

1. Energy Spread of Photons AE = (AL/A)-E: » highly monochromatic light sources needed
s X-ray tubes

+» Plasma sources

<+ UV lasers

% Synchrotons ©
» tunable energy Ox
» high intensity

» lower hv gives
better resolution !

Scienta
hemispherical
analyzer

Entrance slit

Toroidal

Sample mirror Exit slit Scan

2. Resolution of Electron Spectrometers:
» large diameter hemispherical
electron energy analyzers: anayzer

W o o~ 7 M coo 7
sk, (Y, T me

2R 2 o

g é Der

=
~__

3. Thermal broadening:
» low temperatures (small krT) reauired
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Example: Band structure of topological insulator

hv=110eV = VB valence BiZSe3 & 04f xj DFT
100 and 3 02} Calc.
g~o.2 OAO
- Sample “o4 il
-0.10 0.00 0.10 —K r K—

Core levels

Momentum (1/A)

80
3
< core levels
>
o
2
© =
o L
£ 60 2
imimimm X ?—_—,
()]
Q
core levels ©
, ¥
N(E)
40
ARPES measurement
T -10 0 10 Momentum
Photoemission intensity Angle (de9) 1oy Temp. Phys. 40, 286-296 (2014)
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Example: ARPES of topological insulator BiTISSe as a function of composition

A 9 2n (TQN v,=0) O0=n (TQN vy=1)

\
1 11))YaRli|
| il
{ w I 5,; /.‘ i
i n, I i

Ferm| gas . ' 1/2 Dirac gas

O

BiTI(S,.sSe5),



Spin-Resolved ARPES

nv= 50 ev
Spin resolution using Mott detector (b)Spin+esolved EDCs (<) Spin Polarization
k=-0.07 A"
s 41 SP~51%
¥ - down
LA -
“1c-
P
Mott spin detector ) ¢ 04 P~ 49%
':’ =
II 40 KV : 87
[ . Feol -
C= :ﬁ*Aufon (@) =SV £ 394 o+
& S CDAD- 30 -30% > e I 7 T
° 0.0 4 g kl-0.0'I A’ ‘?3- 0": SP"" 5'2./.
& 024 : E 2 0.0
e * i
c : LA~
w [ >
g’ 0.4 1 T T T
s : k=007 A% 1
m 98 H [ 0.0 =
02 01 00 01 02 04 g SP~50%
Wavevector k; (1/A) > e
08 04 00 08 04 00
Colaborations: Binding Energy (eV) Binding Energy (eV)(
BESSY/TUM/SLS/EPL

Beamlines: Decres o () PHOENEX Station

Phoenex, RGBL, O
ADRESS, COPHEE 'tci

Binding Energy (eV)

Binding Energy (eV)

02 01 Q0 Q1 02 02 A1 00 01 02 02 01 00 Q1 Q2
Wavevector k) (1/A) Wavevector ky (1/A) Wavevector K (1/A)

» Sanchez-Barriga et al.PRX 4, (2014)
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Kinetic Energy (eV)

Kinetic Energy (eV)
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Quantum Confined States in PbSnSe QWs measured by ARPES

Energy Levels in PbSnSe/PbEuSe QWs
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Clean Surface Preparation (essential for ARPES)

Battery operated UHV vacuum suitcase for sample tra nsportatlon

MBE-Linz

UHV Suitcase

= Portable effusion cell (quadruple source)
= PbSe, PbTe, PbSnSe, Te, Sn, Bi, ....
= Substrates with pregrown buffer layers

= Allows to control the surface termination

In situ cleavage or exfoilation of 2D materials

BESSY

¢ nlffularor




4.7 X-Ray Diffraction

Diffraction arises from the wave nature of the probe beam and is caused by the interference of the
excited secondary spherical waves in the sample.

This leads to a preferred scattering (i.e. constructive Plane wave VY
interference only in certain discreet angular directions
= “diffraction pattern” of intensity maxima.

Maxima positions are described by the Bragqg condition:

Bragg's law Path difference:
plans wave ~s=2dsing
B . Othorder¢
2d sin 8 Alternative description: Laue condition
Constructive interference AKpeam = Qhki | (=reciprocal lattice vector)
when
® o o o o o niL=2dsinB Graphical representation: » Ewald
Bragg’s Law construction based on |kin| = |Kout|
e o o o o o
Lattice plane spacing (cubic):
. . . o : . 2 2 2
The resulting angular intensity distribution contains precise 1 =h_ +k_ +|_
information on the interatomic distances on the 0.002 A scale ! (XRD) d(h,k,,)z a’ b®> c?
Note: Because for constructive interference the phase differences s ~ 2d
from neighboring atoms must be equal to the wavelength A . Thus, A must be
comparable or smaller than the atomic distances (~1 A) in the sampe, i.e. A< 2dpg » A< 10 A

This is fulfilled for photons with hv> 1 keV and particles with Ey, > 1 eV.
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4.7.1 Diffraction in the Kinematic Fraunhofer Far-Field Approximation

When the detector is sufficiently far away from the sample (= Fraunhofer diffraction) and multiple
scattering in the sample is neglected (Born approximation), constructive interference of the excited
secondary waves and thus, maximum diffraction intensity occurs at scattering angles given by the

Braggs law: |2d,,Sind =41

where dyy is the lattice plane spacing of the (hkl) lattice planes.

Alternatively, constructive interference can be also represented by the

Laue condition: [ Ak = k; - Ky = Gyy| Where ‘ko‘ =271/4 and G,, is a reciprocal lattice vector,

meaning that the scattering vector Ak must be equal to a reciprocal lattice vector

The diffraction process can be represented and visualized by the Ewald construction .

Bragg’s law

Laue-Bedingung: Ak = k — EU =G

Incident
plane wawve

Path difference: Ax = 2d sin &

° nA=2dsin@

2m
Kin| = [kout| = [k| = =

Ewald Sphere A

’__'.}
2d sin B

Constructive interference
when

Bragg’s Law

1 h2 k% |2

Lattice plane spacing:
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d .k ,)2 a’ +b_2 " c2| Graphic representation by Ewald construction
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4.7.2 Scattering Units

(1) Scattering by Electrons

The elementary scattering unit for x-rays is an electron.

Classical scattering by a single free electron (Hertz dipole)
is decribed by the Thomson scatterin model:

EE E.f.kR .
E,qq(R) = — E; sin ¥

Aregme?) ™ R

Y [14cos’260
Intensity: [=1,—° [ i

If R = few cm:
* m*c*R? 2 ]

(2) Scattering by Atoms — Atomic Form Factor

Electrons are distributed around the nucleus in an electron cloud with electron density p.
From each point, the x-rays are scattered with an amplitude proportional to the local electron density.

amplitude of the wave scatteredby anatom

Defining the atomic form factor as: /= amplitude of the wave scattered by one electron

Assuming a spherically symmetry electron density in an atom with a number n = Z electrons,

the scatting amplitude, i.e. atomic form factor is given by the intergration of scattering over the cloud:

; in Jor
[=Xfu=2] 4?!?'29&(?)81; dr
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e n kv
=S o= X[ 40,0

Due to the finite extent of the electron cloud, there is a phase difference between the x-rays

scattered at different positions within the cloud. This reduces the scattering amplitude at higher
angles. For a sherical electron distribution:

Y

= The atomic scattering factor is f = Z in the

forward direction (29 = 0) |(26:0) :ZZ 0 01 02 03 0.4Sin09.5 06 0.7 08 09 1.0 1.1
e 1L’)_w,"m_1
. 1
= As B increases f decreases

— functional dependence of the decrease depends on the details of the
distribution of electrons around an atom (sometimes called the form factor)

= Thus, f must be calculated using quantum mechanics




(3) Scattering by a Crystallographic Unit Cell — Structure Factor
A crystal unit cell typcially consists of several atoms located at different positions within a unit cell.

The structure factor, i.e., scattering amplitude of the unit cells is accordingly defined as:

: : : N N
F = amplitude scattered by atoms in unit cell o Z o 6 z f 82 i, +kv, +1w, )
amplitude scattered by single electron . n —F n
l.e., 1 1
The phase difference, i.e., interference between the waves scattered from the individual atoms
causes an additional modulation of the total scattered intensity. (
| Q
2 E
3 2 )
. \ J\,(h()()) [oc by by = |Er;kz ©; "6’?" """ ©
O \ O O ;
M _ ©
Example: fcc unit cell
c .
//F/ \ L The fcc crystal structure has atoms at 000, %2120, 2072 and 02'52:
1 \ Fal
P s e
'\']J J \_) F;;kj il iﬂgm(mﬁmm’,) _ f(1+em(.is+k) +em‘(k+f) +em‘(k+f})
If A, kand / are all even or all odd numbers (“unmixed”), then the exponential
terms all equal to +1 = F=4f
N If 4, kand / are mixed even and odd, then two of the exponential terms will
equal -1 while one will equal +1 = F=0
2
| a - ‘F ‘2 _ { 1672, A, kand / unmixed even and odd
s | = .
0, h, kand / mixed even and odd

= The structure factor contains the information regarding the types (f ) and locations (u, v, w) of atoms
within a unit cell. These can be obtained by comparision of measured and calculated (hkl) peak
intensities, which however must be corrected for experimental and geometric effects
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(4) Total Scattering from a Sample

The scattered amplitude is obtained by integrating the scattering amplitude E over the whole crystal

—kout) T gy — %

Vv Vv
where the scattering vector q is defined as: 9= Kout — Kin

Ej} .
[ kin
volume V Eout x —; [ n(r) el

T n(r)e T dv

The amplitude of the scattered wave is therefore proportional to the Fourier transformation of the
electron density.

The phase problem of diffraction:

In diffraction experiments one can not detect the 9 2
amplitudg but only the iptensity .of the scattered wave, T o |E?l / n(r) AT Q7
thus loosing the phase information. R

‘i"_x'
= Therefore the electron density distribution (real space structure) can not be simply obtained by
an inverse Fourier transformation of the obtained diffraction pattern.

= For this reason an inductive approach is used, where model structures are assumed from which
the expected diffraction is calculated, which is then compared with the experimental spectra.
The model parameters are then varied in order to find the best fit to the experiments.

Periodic Crystals: | aue condition q=G
 Eof? Z / (G—q)r ll. =V forq=G
d"['(( — reyrz .
X TR "G ~ 0 otherwise for Iz, Iy, I large
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Definition of reciprocal lattice vectors: éhkl —ha* +kb* +I¢*

a*, b* , ¢* = basic vectors in reciprocal space; b - b
a, b, ¢ = basic vectors in real space, 5 = >i B =_C an g2 _axb
h, k, | are integer numbers of the Miller indices axb-c¢ axb-c axb-C

Cubic lattices: dfy' = ao/\/h2+k2+|2

— A . 27T
Akl = 2 sing =16 | = £ \h? + k2 +12
K|=2K,fsino = sino A= S0 = Gl =2 i+

Information obtained from positions and intensity of diffraction maxima:

=  Lattice structure (type) and symmetries, lattice constants, sample orientation,
= strains and lattice distortions (=changes in lattice plane distances and lattice parameters),
= structural phases (=material identification), etc. ..

Intensities for different (hkl) Bragg peaks:
Determined by structure factor of unit cell (= internal structure of the unit cell) and atomic form factor.

Multiple scattering becomes only important for very perfect single crystals where the probability
that an electron is scattered several times before leaving the sample is large. In this case, dynamical
scattering theory must be applied for description of the intensity distribution.

This applies also for electron diffraction where the scattering is much stronger than for x-rays.

Additional information is encoded in
the shape of the diffraction maxima, i.e., intensity distribution around reciprocal lattice points.
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4.7.3 Shape of Diffraction Spots: Influence of Size and Geometry

For an infinitely large, defect-free single crystal, the reciprocal lattice points (RELP) and diffraction
maxima 1(0) would be infinitesimal sharp delta functions. However, due to structural imperfections as
well as finite size, the reciprocal lattice points are broadened and have a certain extension.

The shape of the reciprocal lattice points is given by the ne=N-1 2 1 _ cos 2rn NK - a)
Fourier transform of the crystal shape function plus gmKal = 1—cos (21t f( “a)
additional broadening factors due to lattice imperfections./" "x =0
Intensity distributions of Scattering function for a row :
Crystal shape reciprocal lattice point of atoms with finite number Nx A Particle shzgeb Relrod sk;:pz
Z uboe 0odas

n

t), (b) a needle of length ¢t and

a) Crystal disc —— Needle
5 Sz Fig. 7.10. Shape of the square
f— D —— . of the lattice amplitude |G|* with
! 1 T o which reciprocal lattice points | %0mmsiceid
@ -E---—o have to be convolved for (a) a — y
1t crystal disc (thin foil of thickness s 2Cus X
g

(¢) a sphere of diameter L B z
— Sphere Shells
1/0
ol — Ge quantum well Y
b) Needle —» [ —— quantum well + cap
l . . Ge peak
.k layer thickness C _
t - LA | Disc Rod
o} | E
T s
g.., 10 [
[0}
c) Sphere —=  Concentric spheres = I
b f.::'-" \ 10'f JJV\'\ D Rod Disk and
o ' : d, =A/24wc0s O ) — Tings
thickness -
0 32 33 34 35

(%)
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4.7.4 Intensity around Bragg Points: Reciprocal Space Mapping

The shape of the reciprocal lattice points can be determined by high-resolution reciprocal space
mapping, by which the 3D intensity distribution around individual Bragg points is measured.

This allows to determine the geometrical shape and morphology of nanostructures.

Reciprocal space mapping = intensity distribution measured in small steps around Bragg reflections

-“ ...001

Xx-ray.net.ua

High resolution requires:

* Highly monochromatic x-ray beam:
Channel cut Barthels monochromator

* Very small beam divergence (parallel beam)
* Very high angular resolution of detector
 High precise goniometer
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Example #1: X-Ray diffraction from 1D Nanowires revealing the NWR shape function

a)

top-view

side-view

0.2

0.15

0.1

0.05

A qy (nm")

-0.05

0.1-0.1 0 0.1
Aq (nm™) Ag (nm™)
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Example #12: Diffraction from Low Dimensional 2D Layers |d g, = A/2Awcos &

Ge on Si(001)

10 nm Si,.Ge,,

Si substrate

(a)

50 nm Si cap

10 nm 5i . Ge,,

Si substrate

(b)

Intensitat (a.u.)

1
10 T —— quantum well + cap

Thickness oscillations

—Ge quantum well

, Ge content |
e Ic:yer thickness
] Qe
Er ‘ ), (
105[
[ m
107 (b)
i cap
] thickness
10 32 33 ) 34 35
[0}

d, (A-1) along [111] growth direction

t.=

n-A

2-siné —sm6?n|

0

a)

1.825

1.800
1.775
1.750

1.725

1.700
-0.010 -0.05

Example #3: XR Scattering from Graded layers and superlattices

relaxed

2 2
£ =
[ 15
@ £
= 3

=
= H
= o
= o
(-9

L]
[]
]

symmetrical XRD

Oy~ 1lay

asymmetrical
XRD. GICE

Il

G~ Vg

ages Tanja
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Intensitat (a.u.)

I(r.lu)

B ' 1 1 1 1 1 1
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Example 3: Ensemble diffraction of colloidal nanocrystals by X-ray diffraction

X-ray are difficult to focus and the scattering is weak. Therefore, usually only ensemble measurement
are possible. However, the width of the diffraction peaks still allows to determine the average size of
nanostructure ensembles using the Scherrer formula that describes the broadening of the diffraction
peaks due to the crystal size.

Example for colloidal PbTe nanocrystals with sizes ranging from 5 to 32 nm
rad, Ivag

a d =5.6nm
b d =6.2nm
? Cc
S d,=8.8nm
2
g d d.=10.1nm
@
-
£

. s

5'0 60 70
Angle (2 theta)

Figure 3. (a)—(f) XRD patterns obtained from powders composed of PbTe
nanocrystals of different sizes. The sizes indicated in (a)—(f) are calculated
values from the Scherrer equation based on analysis of the width of the

v T
30 40

[100] peak.
The average crystal size can be determined from the width of the D - 0944
Bragg peaks using the Scherrer formula that relates the FWHM g of r B,,cos6
the x-ray peaks to the crystallite size D with 8= diffraction angle. Y
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4.8 Summary

/

% X-rays give access to higher energy excitations compared to photons
including core level excitations.

These can be probed by x-ray absorption spectroscopy (XAS) at synchrotrons
as well as by photoelectron spectroscopy (XPS).

Recombination of electrons into the excited core levels gives rise to
characteristic x-ray fluorescence.

Since the electronic transitions involving core electrons are element specific all three methods
can be used for non-destructive chemical analysis. In addition, the fine structure shifts and
splitting also yield information on the local bonding configuration (ESCA, EXAFS, NEXAFS).

% EUV excited angle resolved photoelectron spectroscopy allows direct imaging and
analysis of the electronic band structure of the valence band.

*

L)

L)

» Elastic scattering of x-rays with wavelength comparable to the lattice spacing gives rise to
an x-ray diffraction pattern consisting of diffraction maxima observed at different incidence and
exit angles.

The position and intensity of the diffraction maxima give very precise information
on the crystal lattice parameters and structure with picometer resolution.

The intensity distribution around the diffraction peaks, i.e., the shape of the reciprocal lattice
point yields information on the size and shape of nanometer sized structures.

Limitations: Due to the lack of efficient optical elements due to absorption and negligible
reflection, focusing of x-rays is difficult and thus, nanometer spatial resolution difficult to achieve.
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X-ray methods provide valuable information on:

+ very highly precision for lattice parameters & layer thicknesses, o Transmlission detector
+ core level excitations for chemical analysis (XRD, XPS) aOprgfthr‘.:mng (scanned) -
+ fine structure of absorption edges (XAFS, XANES) el foming "\ | /v;'j}
+ band structure mapping photoelectron spectrosc. % Q 1
. . . Monochromatic light s -
+ non-destructive and high penetration depth, froV |
Disadvantages: Ph°t°em'ss'°"
detector

- Wavelength tunable and high power x-ray sources

for spectroscopy available only at synchrotrons. ’ ‘

- No efficient focusing elements available,
thus, only limited spatial resolution. Ia)

Spatial imaging only achieved using special
focusing optics such as Fresnel zone plates, s
microfocusing refractive optics, curved multilayer _ ZonePiate
mirrors, but these are only weak focusing '
elements. Currently achievable smallest probe
size ~50nm.

‘;

- Diffraction measurements yield no direct real space
information, requwes extensive simulations.
! Y
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