Moderni experimentalni metody
Rentgenova a elektronova spektroskopie Il

Fotoelektronova spektroskopie
* Fotoelektronova spektroskopie (XPS) a spektroskopie Augerovych
elektronl (AES)
* Experimentalni aspekty
» Zdroje: ARPES, ARUPS
* Detektory
* Pfiprava vzorku
e Uhlové rozliena fotoelektronova spektroskopie (ARPES)
e EELS



Fotoemise a Augeruv jev

Fotoelektrony — prfimo vyrazené fotonem
Augerovy elektrony — sekundarni emise — alternativni proces ke
vzniku charakteristického rtg zareni.
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Elektronova spektroskopie méfi kinetickou energii elektronu.



Charakteristickeé rtg zaren
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Fotoemise a Augeruv jev

Fotoelektrony — prfimo vyrazené fotonem
Augerovy elektrony — sekundarni emise — alternativni proces ke
vzniku charakteristického rtg zareni.
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XPS — ESCA

Electron spectroscopy for chemical analysis

* Realné vsechny prvky pro Z>=3, od Lli

* Citlvost — jednotky promile

* Povrchova citlivost — povrchova kontaminace
* Chemicky stav povrchu

* Profily podél povrchu

* Do hloubky pri kombinaci s iontovym svazkem



Fotoelektronova spektroskopie

Podminky experimentu:

Energie fotonu: 10 az 2000eV
Laboratorni zdroje:

* He vybojka 21 eV

* Mg lampa 1254 eV

* Al lampa 1486 eV

Synchrotron — laditelny zdroj
Vysoke vakuum (tlak max 10° Pa)
Vysoka kvalita a ¢istota povrchu vzorku

Optika — jen na odraz — zrcadla, difrakcni mrizky, zadna
okénka!

Hloubka vniku 10° — 10! nm



XPS

photon source energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J




Fotoelektronova spektroskopie

Gas Emission Line Energy (eV) | Wavelength (nm) Relative Intensity (%)

H Lyman a 1020 12157 100
Lyman jB 12.09 10257 10
He (1a 2122 58.43 100
1F 2309 53.70 approx 1.5
1y 23.74 5222 05
2a 40.81 30.38 100
2B 48.37 25.63 <10
2y 51.02 2430 negligible
Ne [1a 16.67 7437 15
1a 16.85 73.62 100
1B 19.69 62.97 <1
1B 19.78 62.68 <1
2a 26.81 46.24 100
2a 26.91 46.07 100
2B 2769 4479 20
2B 2776 44 66 20
2B 2778 4463 20
2B 2786 4451 20
2y 30.45 40.71 20
2y 3055 4058 20
Ar 1 11.62 106.70 100

1 11.83 104.80 50
2 13.30 93.22 30
2 13.48 91.64 15



ARPES

Hemisfericky analyzator + CCD
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Hemisféricky analyzator
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ARPES
Hemisfericky analyzator VG Scienta R4000

Scienta R4000 Spectromicroscopy
Performance Optics:

Energy resolution: < 2 meV
Theoretcal resn]ving power

using (0.2 mm entrance sht: 2000

Kinetic energy range: 0.2 - 1500 eV
Spatial resolution: < 10 pm
Magniﬁcﬂtir}n:

Immaging Mode 10x, 20x, 40x
Transmission Maode 5x

Ultimate :mgular resolution: < 0.1 degrees

Widest ﬂﬂgulﬂ_r range for R4000 Spectrometer

multipie}red aﬂgiﬂ re::nrdings: =10 degrees



XPS

Detekce:
CCD
Channeltron

- Konversians-

dynode

Erms-textbook.com
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XPS

Priprava vzork(
Atomarné Cisty povrch a hladky povrch
« Stipani ve vakuu
* Depozicni aparatura v UHV propojena s XPS komorou
* Vakuovy kuffik
e Ochranné vrstvy



Fotoemise a Augeruv jev

Fotoelektrony — prfimo vyrazené fotonem
Augerovy elektrony — sekundarni emise — alternativni proces ke
vzniku charakteristického rtg zareni.
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XPS

Rentgenova fotoelektronova spektroskopie

X-ray Photoelectron Spectroscopy — XPS, PES

Kineticka energie elektronu dopovida rozdilu energie fotonu a
lonizacni energie slupky.

Ckin — hw — [GB (PE) + gp:ﬂp]

!
||||||||||||||||||||||

Umoznuje detekovat zmeny
vazebné energie chemickym
stavem atomu. !

Intensity

XPS na germaniu s velmi
tenkou oxidovou vrstvou. i
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XPS
Priklad: Bi,(Se,Te), excitace 125 eV.
% 10° Sample series, Bi2(Se,Te)3,Exc energy=125.0eV
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Fotoemise a Augeruv jev

Fotoelektrony — prfimo vyrazené fotonem
Augerovy elektrony — sekundarni emise — alternativni proces ke
vzniku charakteristického rtg zareni.
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AES

Spektroskopie Augerovych elektronu
Auger Electron Spectroscopy — AES
Energie elektronu pfi prechodu na uvolnénou hladinu se mize predat

Augerovu elektronu.
CAug — €fi — [GB(A) + @sp]

Charakteristické energie se znaci FIB. Pfechod | - F, ionizuje se B.

1.0

Pravdépodobnost emise Augerova Auger electron yield
elektronu a rtg zareni zavisi na

protonovem cCisle.

0.8f
0.7

0.6

Augerova spektroskopie je
nejcitlivéjSi na lehké prvky.

0.5F
0.4F
o 0.3F
Casto se meri v kombinaci s XPS, ™ oz} L
pouziva se v elektronové 0.1 o7 Xray yield ]
mikrOSkOpii' O——3=={5— 15 26 35 36 35 20 a5

Atomic Number
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XPS + AES

Fotoelektronova a Augerova spektroskopie na Mg_Sn.
Budici rtg svazek 1486 eV — Cara Al Ka
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ARPES - Uhloveé rozliSena

photon source energy analyser

UHV - Ultra High Vacuum
(p <1077 mbar) J




Zakony zachovani
« Kvaziimpulz — zachovava se tecna slozka

hlgfoton,” + hE?,H — th:H

/L’LE??H ~ flgf?H — \/QmE sin ¢
hk, = \V2mE sin 6 cos ¢
h/gy — V2mE sin 0 sin ¢

ﬁgz — V2mE cos 6

* energie

Ebound — hw?ﬂ — Ekin?elektron Z



. i 2 i 24""?'1.*3Ekin
kj = (sin (@)% + cos () sin (B)) -/ =
ke = /27 [ 32 (Vg + Ein c0s (6)).
() Dispersive plane (£ Mon dispersive plana

Measurement axis
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I(Ein, K) ¢ [Mfi(Kg, k) |*f(hv — Egip — @, T)
f,zl(;w — Exin — ®. K)L(k,. k) dk.,

where K; and Ky are the three-dimensional wave vectors for
the initial and final states in the solid, k 1s the wave vector
for the free electron outside the solid, /v 1s the photon energy,
f 1s the Fermi distribution, @ is the work function, A is the
hole spectral function and £ i1s a Lorentzian distribution to
account for the real-space damping of the outgoing electron
wave, with ,-’cg' being the perpendicular wave vector for the
un-damped final state wave. My; is the matrix element for
the photoemission process. The integration is over all possible
perpendicular wave vector components k.. For QWS or surface
states, this integration becomes irrelevant.

The quantity of most interest is often the spectral function
A. In simple terms, this 1s a measure of finding an electron
with a certain energy and crystal momentum, 1.e. an image
of the band structure, including lifetime broadening effects.
For two-dimensional systems such as surface states and QWS,
the photoemission intensity is directly proportional to A, as
no final state broadening has to be considered. For a detailed
further analysis, it 1s only necessary to assume that the matrix
element does not depend strongly on the binding energy or the
wave vector.
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IOP PUBLISHING

SEMICONDUCTOR SCIENCE AND TECHNOLOGY

Semicond. Sci. Technol. 27 (2012) 124001 (14pp)

INVITED PAPER

The electronic structure of clean and
adsorbate-covered Bi>Se3: an
angle-resolved photoemission study

Marco Bianchi' . Richard C Hatch'!, Dandan Guanl, Tilo Planke!,
Jianli Mi”, Bo Brummerstedt Iversen’ and Philip Hofmann'
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ARPES

Priklad: pasova struktura Bi,Se,

SAMPLE MBE2794
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Figure 5. ARPES spectra for the pristine surface of Bi,Se;. High photoemission intensity is displayed in bright. (a) Energy dispersion in the
KI'K direction of the SBZ and (b) Fermi surface for the stoichiometric Bi;Seisample. (¢) and (d) Energy dispersion and Fermi surface for
the Ca-doped sample, respectively. The Dirac point is at a binding energy of == 50 meV.



binding energy (eV)

24 2 6! 28 1 3.0
r k, (A7) z

Figure 6. Photon energy scan on the pristine surface of intrinsic
BizSes crystal illustrating the dispersion of the states at normal
emission as a function of k.. The data shown are a subset of a larger
photon energy scan between v = 14 eV and hv = 32 eV. The drift
of the Dirac point with photon energy is due to the ageing effect that
occurs during the scan. The CB and valence band (VB) (highlighted
with blue and magenta lines as a guide to the eye) disperse, revealing
the bulk I' and Z points. The dashed magenta line is a shifted replica
of the VB dispersion caused by a surface umklapp process.



ARPES

Priklad: pasova struktura Bi,Se,
Te 8%, v =15.0eV Te 10%, v =15.0 eV Te 27%, v =15.0eV Te 30%, v =15.0 eV
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ARPES

Priklad: pasova struktura Bi,Se,

Te27%,hv=15.0eV Te 39%, hv =15.0 eV
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Topological crystalline insulators: Phase dlagram<

=» Topological surface states
(TSS) protected

by point group crystal
symmetry —

Band inversign’ |n PbSnTe(Se)

‘,ngn )

+ +
Pb, (Seq o8 Q.6 fo 2] 0 2 Snhg g Seg s

=» Band inversion is required

Materials: =

(i) Rock salt SnTe and SnSe:
=» Conduction and valence bands inverted [

103/ T(K)

[1i1]

=>» TSS protected by (110) mirror plane symmetr o

_ p y (110) p y y - s=w-Phb,_Sn Te
Disadvantages: Brillouin zone

High intrinsic p-doping due to Se/Te vacancies. projections onto

Thus, only valence band can be seen by ARPES. (001), (111), and

SnSe has orthorombic lattice at normal conditions (110) planer& &

(it) Ternary Pb,,Sn,Te and Pb,.,.Sn,Se:
=» Pseudobinary systems with rock salt structure
=» Band inversion occurs for Xs, > critical value

=» Topological transition can be tuned by
temperature and Sn content

(2013)

=>» p-type carrier concentration decreases with
increasing of Pb content



Angle Resolved Photoemission Spectroscopy

Photo- Et Speetrum 1. _ ~onst Angle resolved photoemission (ARPES)
excitation 4 — E,. =hv- - D,
hv > 10V Photoemission hv e e

v © o N(EP-E)~D(EBE) . We need:

binding energy - £,

e detector

Ex=hv—E, @, initial momentum - k'

N(E)
' E-hv+W
sample

| R ki zkf, =/ 2mE/’h
X S—— -aispersion ‘
Core lcw;cI; ( ”) P k'kal-G:J 2mE/h2 cosB-6
Energy Conservation

Ep=ho - Eg-®, obtained from angular and energy
N(E) spectrum of photoexcited electrons

scienta ARPES beamline at BESSY I
hemispherical
analyzer

Plane
mirror

c

ndulator
Entrance slit

4-jaw
aperture
» 3D E(k) dispersion obtained by
hemispherical electron analyzer
gratings and 2D detector array

Photoelectrons mirror

< Toroidal S .
Sample  mirror Exit slit Scan > Resolution: AE ~10meV, A6 ~0.1°



Angular Resolved Photoemission: Examples

ARPES experiment

E, =hv- ' D,

Examples: Bi,Se,

o9}
o

hv =const. 7

D« detector

=

-~ —— Dirac point

Binding energy (eV)

analyzer

We need:
binding energy - £,
initial momentum - k'

E-hv+W

K =kf =/ 2mE/hz.
= E(k)-dispersion @

ki =kf -6=J 2mE/h2 cos8-6

= Measurement of angular dependent energy
spectrum N(E) of photoexcited electrons

Binding Energy (eV
Z
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Zoom—in around the I' — Point: PbSnSe (111) Epilayers

PbSnSe Band Gap (meV)
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(a) PbSnSe with x;, = 10%: Normal band structure
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2D Structures: TCI Surface Quantum Wells

= MBE of asymmetric quantum wells (vacuum barrier): discreet 2D QW states
= Opening of a gap due to coupling between top & bottom topological surface state

(a) PbSeQw 2% T= 230K X5:=0%] EL= 176K X5, 0% E T = 85K Xo, - W%
d,y = 100A 898 o »
Xg, = 0% 0.15E = “awmoUmevg- ____73 — B o™ -
0.20 gl A el Bt S o
(M2969a) < 0.25
2 0.30
s W 8?18 -~ [E T pemes T
PbEuSe [---8 05 J_'\ @
| _ ]S 0.50 a— _“%_
0.55 —, o
Pbse 8.22 llllllll Illllllllllll |I|||l[llll||ﬂ

-005 O 9.05 005 0 005 -0 0 _10.05 -0.05 O _10.05
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NanoESCA — kombinace mikroskopie a

spektroskopie
Imaging
ESCA —
zobrazeni
jen urcite
energie
elektron(
PEEM — photoelectron
microscopy XPs
4 /"/' _:I:;I |
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Clean Surface Preparation by Capping / Decapping

= Surface needs to be protected against oxidation during transfer from
MBE to ARPES in air: Use of an easily desorbable capping layer

l. Selenide Compounds: I. PbSnSe growth Il. Se capping
Amorphous Se cap layer (~ 100 hm) After growth/350°C 100 nm Se cap 50°C

deposited at RT: Volatile surface oxide

.t

Se-
e-cap
lll. Decapping: Heating RT - 300C (P=const.)
T = 155°C T =201°C
e s 9
T =229°C T =300°C
’ ' ' 1. =300°C 1] |
= Clean surface recovered at T, < T .. Se
Il. Tellurides: = More difficult — TSe -
. . . . = 1-x nx c
Tellurium oxide is too stable for desorption Te | Se double cap Bal
layer structure used. al’,

& Se strongly intermixes with tellurides
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