Moderni experimentalni metody
A. Dubroka

Motivace:
« zminka o Casto pouzivanych ,modernich metodach” v
soucasném vyzkumu pevnych latek

« pfehled aparatur (ne zcela kompletni) a moznosti
téchto metod v ramci CEITECu a UFKL

Obsah:
* PLD — pulsed laser deposition - pulsni laserova depozice

 MBE — molekular beam epitaxy - depozice molekularnich svazku

* LEEM — low energy electron microscope - nizkoenergiovy elektronovy mikroskop
* LEIS — low energy ion scattering — rozptyl iontd na nizké energii

* LEED - low energy electron diffraction

* STM(S) — scanning tunneling microscopy (spectrosopy), skenovaci tunelovaci
mikroskopie (spektroskopie)

* VSM a transport — vibrating sample magnetometry - magnetometrie a méreni
odporu, Halla

* elipsometrie

« Ramanska a luminiscencni spektroskopie

* TEM - transmission electron microscope

» SIMS - secondary ion mass spectroscopy




UHV cluster v ceitecu

vakuum <5x10-1%9 mbar

analytické pristroje:

- fotoemisni spektr. (PES), XPS;UPS
 skenovaci mikroskop (SPM)

* elektronovy mikroskop na nizkych
energiich (LEEM)

« spektr. s ionty na nizkych energiich (LEIS)

depozicCni pristroje:

* pulsni laserova depozice (PLD)

« epitaxe molekularnich svazka (MBE)
 depozice organickych a kovovych
materialu



UHV cluster v ceitecu

depozicni pristroje:

* pulsni laserova depozice (PLD)

« epitaxe molekularnich svazka (MBE)
 depozice organickych a kovovych
materialu

analytické pristroje:
« fotoemisni spektr. (PES), XPS, UPS
 skenovaci mikroskop (SPM)
* elektronovy mikroskop na nizkych
energiich (LEEM)
« spektr. s ionty na nizkych energiich (LEIS)
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UHV cluster v ceitecu

Sample plate insertion
LEEM, PEEM,
micro-LEED
measurement

up to 1500 K

lon Source
(prep chamber)

L-L
Hg Lamp
UVS-300
6x Evaporators (70°)
1x Fast refil
Gas inlet
Sample storage

e-beam heating
1400 °C

L-N2 cooling
Pyrometer

Sample plate insertion

lon Source

e-beam heating 1400 °C

DC heating (clean Si only)
No evaporation allowed (yet)

L-L
PREP

lon Source
ErLEED

Ga - dual flament source
In - dual filament source
Al - cold lip source

As cracker

C - carbon effusion cell
Si - high temperature cell
Sb - Cold lip CLC

e-beam heating
800 °C (1200 °C)
Pyrometer

Linear transfer system

Laser: 248nm, 700 mJ, 10Hz

laser heating 1100 °C
laser scanning

PES

2D CCD detector

Mg/Al X-ray (XPS)
UVS-300 (ARPES)

Flood gun

e-beam heating
800 °C (1200 °C)
L-N2 cooling

X-ray:1254.6, 1486.6 eV
UVv: 21.2, 42.8 eV

Sample carrier
insertion

STM

SPM Aarhus 150
(90 - 400 K)

3x evaporator
(in meas. pos.)

Gas inlet

Sample storage

lon Source

e-beam heating
800 °C (1200 °C)

DC heating (all samples)
L-N2 cooling

LEIS

L-L




Pulsni laserova depozice




Pulsni laserova depozice (PLD) v ramci CEITECu

* PLD vybavené sSpiCkovou technologii
=« tlak 5x1019 mbar
* kontrola rastu s RHEED
Bl@. . - insitu ozonova atmosféra
flFsks, = - ultra homogenni rust se skenovanim
®d |aserového svazku
| * pripojené na UHYV klastr s analytickymi
metodami (XPS, ARPES, LEEM, LEED, STM




Pulsni laserova depozice - princip

substrate

plume of energetic

material O /‘7
" J '

l Pulsed
—” UV laser
aY 4 E~100 mJ
pM t=20ns
moving target P~5MW
A =248 nm

Pulsed Laser Deposition

laskavé svoleni C. Bernharda




Reflection High Energy Electron Diffraction (RHEED)

Diffraction of electron beam from film surface
High energy electrons required (~30 keV) for high gas pressure

Azimuth angle (o’i)\

b; Of

diffracted
beams

incident
beam

laskavé svoleni C. Bernharda




vyvoj signalu RHEED pfi rustu jedné monovrstvy

MONOLAYER GROWTH ELECTRON BEAN RHEED SIGNAL
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laskavé svoleni C. Bernharda




Ukazky z naSich prvnich rasti homoepitaxe SrTiO;na SrTiO,

5 | Real-time Region Analysis ( PeakInt. )
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Ukazka RHEEDovych oscilaci na LaFeO3 (M. Kiaba)

Motivation: tuning the magnetic properties by deposition of monolayer(s) of an
antiferromagnetic (LaFeO;) and semiconducting material (SrTiOs)

RHEED pattern: 20 monolayers of LaFeO,

by ﬂ
Method: Pulsed laser deposition enables ] | \
in-situ monolayer control by : A A,
Reflection high electron energy diffraction (RHEED)

First results: growth of 10x(monolayer of LaFeO,- SrTiO,) Atomic flatness preserved!
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RHEED - evaldova konstrukce

Evaldova konstrukce

-kruznice (sféra) pfedstavuje zakon zachovani energie u elastického rozptylu
abs(k)=abs(k,)

- reciprokou mriz povrchu G tvori system primek kolmo na povrch a predstavuje
podminku zakona zachovani kvazi-hybnosti, k-k,=G

- v pruniku sféry a reciproké mfize jsou splnény obé podminky a dochazi k difrakci

Reciprocal Lattice Rods

Incident Beam

Sample Surface

zdroj: wiki




RHEED - evaldova konstrukce

PLD group Paul Scherrer Institute

a) / b)

Ewald’s Sphere v B °
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* Ve tfech dimenzich se jedna o prunik Evaldovy sféry s pfimkami reciprokého prostoru.
(a)

» difrakce na atomarné hladkém povrchu pak odpovida difrakénim bodum na kruznici (b)
» na drsném ale monokrystalickém povrchu elektrony difraktuji pfi prichodu ostrivky a
vznika pravidelny obraz (c)

* na polykrystalické vrstvé (rozorientované monokrystaly) primeérovani koncentrickych
obrazcu vznikaji koncentrické kruznice




Ukazky RHEED obrazcu

LSAT substrat: naznak 3D difrak¢ni
struktury diky malé drsnosti

Pred rastem:
tfi teCky na kruznici- atomarni rovnost -

Po rustu: prodlouzeni teCek naznacuje Po riistu YBaCuO,/LSAT:
Pritomnost male drsnosti (nahodné 34 difrakéni obrazec zna&i pomérné velkou
usporadane terasy, a le porad v podstaté  grgnost viadu nékolika monovrstev

E -

homoepitaxe SrTiO;na SrTiO,




Oxidy prechodovych kovli

Group— 1 2 3 4 - 6 7 8 9 10 11 12 13 14 15 16 17 18
{ Period

2

1 He

» g e S 6 7 8 9 10

2 Transition Metals (d-block) 8 |l c |l vl o F |l ne

3 13 14 15 16 17 18

Al Si P S Cl Ar

4 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr

5 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

Y zr Nb Mo Tc Ru Rh Pd Ag cd In Sn Sh Te | Xe

6 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Hf Ta W Re Os Ir Pt Au || Hg Tl Pb Bi Po At Rn

7 104 || 105 || 106 || 107 (| 108 (|109 |[110 |({111 |({112 |§113 |/ 114 ||115 (/116 (|117 ([118

Rf Db Sg || Bh Hs Mt Ds || Rg Cn |JUut || Yug || YUup || Uuh || Uus || Uuo

Leribanides 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La Ce Pr Nd [[ Pm || Sm || Eu || Gd || Tb Dy Ho Er Tm || Yb Lu

Rotinides 89 90 91 92 93 94 95 96 97 98 99 |[100 |[101 (| 102 (| 103

Ac Th || Pa U Np (| Pu || Am || Cm || Bk cf Es || Fm || Md || No || Lr

Velika ruznost elektronovych stavu, napr.:

* supravodivost (oxidy Cu — YBa,Cu;0,...)
« fero- a antifero -magnetizmus (oxidy Mn, Co,

Cr, Ni.., napf. La, ,Sr,MnO,)
» feroelektrika (oxidy Ti, napf. BaTiO3)
» multiferroika (BiFeOs;...)
* pfechod kov-izolator (oxidy Mn, La,_ ,Sr,MnO,)
* polovodice (SrTiO;...)

* izolanty (LaAlO,)

o 6)('|de interfacé .

Superconductivity

Gauge
symmetry

-

Orbital




3d orbitaly a interakce mezi nimi na rozhrani

a  AMO, (Perovskite) b

A = (RE>, AE?Y)

2}

I

{st
‘,‘4-4»

" ‘*-’;/

Jg>0 <0 Jpe<O

Figure 2 | Orbital and spin configurations at interfaces. a, Perovskite structure and orbital energy levels under the cubic crystal field due to oxygen ions.

RE, rare earth elements; AE, alkaline earth elements. b, Allowed hopping matrix elements between orbitals across the interface (red). ¢, Allowed virtual

hopping matrix elements across the interface. The lightly coloured orbitals are the destination of the virtual hopping process, while the electron is occupied

in the darkly coloured orbital. d, Various exchange interactions across the interface (J> 0, antiferromagnetic; J< 0, ferromagnetic); left, antiferromagnetic

super-exchange interaction (Js¢) using the same orbital in the intermediate state; middle, ferromagnetic super-exchange interaction between different

orbitals; right, double-exchange interaction (Jy¢) where the real hopping of the conduction electron between the two M ions mediates the ferromagnetic

coupling. e, Rashba-type spin-orbit interaction (SOI); the internal or applied electric field can produce an effective magnetic field (B.«; dark-blue arrow)

through the SOI to cause spin precession for the moving electron, or cycloidal spin modulation for localized spins. Hwang, Nat. Mat. (2012)




Priklad z PLD rustu: nové supravodi¢e z BaCuO, a SrCuO,

Norton et al, Science (1994)

02 4 s e——————
BagSrzCugOqp,5 |
1.0 + 4
| Ba,SrCus0g, ;|
Q 0.8 ~ 2 3~6+0 ?
Sl !
—  SrCu0Ojp ® 0.6 + +
(2 unit cells) 3 | ]
& 04 Ba,SroCuyOg. 5 .
- 4
L BaCuO : {
(2 unit ceﬁs) 0.2 - T
s 0.0 - SRy o
(2 unit ce?ls) 0 60 80 100
Temperature (K)
| BaCuOj . . )
(2 unit cells) Fig. 3. Normalized resistance plotted as a func-
tion of temperature for the n = 2, 3, and 4 mem-
— 2 ﬁ:‘?t";?ls) bers of the Ba,Sr.....Cu,....O,.. ... SErI6S.

* materialy BaCuO, a SrCuO, samostatné nejsou
supravodivé

Fig. 1. Structural model of a 2 X 2 SrCu0,-  « vy supermfizce vykazuji supravodivost az 50-60 K
BaCuO, superlattice compound, also designated

as Ba,Sr,Cu,Og, 5. The Ba, Sr, and Cu atoms are
represented by the large, medium, and small
spheres, respectively. The CuO, and CuO, units
are shown as shaded polyhedra.




rozhrani mezi oxidy prechodovych kovu ziskavaji €asto jiné
vlastnosti nez objemové materialy:

Ferromagnetické rozhrani mezi
antiferomagnetem CaMnO; a
paramagnetickym kovem CaRuOj

[a—
k-2
1

16 ZZZZZT oo 250

M [pg / B-site on interface]
<
o0
®

—200
[ T e ° o 10 g
i &
——
=50
—t—t—t——— ‘.'0
= T T R R R N N B
2 3 4 5 6 7 8 910
CaRu0, layer thickness [u. c.]

Takahasi et al, APL, (2001)

2D supravodivost na rozhrani mezi
izolatory LaAlO; (LAO) a SrTiO4(STO)

Caviglia et al,
Nature (2008)
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Figure 3 | Electronic phase diagram of the LaAlO3/SrTiOj; interface.
Critical temperature Tpir (right axis, blue dots) is plotted against gate
voltage, revealing the superconducting region of the phase diagram. The
solid line describes the approach to the quantum critical point (QCP) using
the scaling relation Ty o (V — V)?, with zv = 2/3. Also plotted is
normal-state sheet resistance, measured at 400 mK (left axis, red triangles) as
a function of gate voltage.




Perovskitova struktura oxidu prechodovych kovli

La, ,Sr,MnO, ferromagnet, T.,=370 K

Curie

YBa,Cu;0,

(a)/' supravodic, T .= 92 K
c</
La,Ca,Sr,Ba @

a,ua,or,ba :@

Mn @
00 © 0 |0
* perovskitova struktura spoleCna vétsine ® Cu 02
oxidu prechodovych kovu DY
X

» matrialy Ize mozno kombinovat na atomarni Ba - ) 04
urovni, tzv. epitaxni rust. p

* Lze tak rust multivrstvy s atomarné C O \
hladkymi rozhranimi a de facto vytvaret nove b % 1

materialy (supermrizky)




multivrstvy YBa,Cu;0-(n)/La,,Ca, sMnO4(m)

soupereni mezi magnetismem (La, ,Ca, ;MnO;) a supravodivosti (YBa,Cu;0-)

snimek z transmisniho elektronového mikroskopu — atomarni rozliseni

VK. Malik et al., PRB 85, 054514 (2012).




Priprava substratu

leptani a Zihani substratu tak, aby povrch byl atomarné hladky

atomarni schodky diky (pfirozené) rozorientaci povrchu SrTiOq

B L
0 182 0 1.62
nm nm nm nm

Figure 3 The 2x2um” surface image of (a) surface
treated STO(100) substrate and (b) LFO
thin film.

T. Tsuchiya et al, conf. contr.




jiz dvé dvouvrstvy YBa,Cu;0- jsou supravodiveé (n=2)

R(©)

1000 -

100—E -
10 - r i
= —— SL447 (n=4)
SL448 (n=3)
. —— 81427 (n=2)
—SL428 (n=1)
0’1 | | I T | I | ! I
0 50 100 150 200 250 300 350
T(K)

V.K. Malik et al., PRB 85, 054514 (2012).




zasadni role rozhrani

a
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Figure 8 | Fractional quantum Hall effect in ZnO. a, Longitudinal resistance
R,. (blue) and Hall resistance R, (red) of a 2DEG formed at a MgZnO/Zn0O
interface. Inset: depicts a cross-sectional schematic of the heterostructure.
b, Comparison of 2DEGs in various semiconductors as functions of the
electron-electron interaction strength represented by the Wigner-Seitz
radius r, and transport scattering time 7,. Data are derived from Fig. 2 of
ref. 81 except for the solid red circles, obtained for the sample shown

in a. The arrow indicates the direction of progress in pursuing a regime

of parameters in ZnO that are hard to access in other semiconductors.
Panels adapted with permission from: a, ref. 83, © 2011 APS; b, ref. 81,

© 2010 NPG.

Herbert Kroemer:
(Nobelova cenar. 2000):
,Interface is THE device*

* narozhrani mezi piezoelektrickymi
materialy MgZnO a ZnO vznika 2D
elektronovy plyn

 pohyblivost dosahuje az 300,000
cm? V-1 s™1 coz umoznuje vidét
napf. zlomkovy kvantovy Hallav jev

 rozhrani mezi oxidy
pfechodovych kovu ziskavaji
Casto jiné vlastnosti nez
objemové materialy




Epitaxe molekularnich svazku




Epitaxe molekularnich svazku

To buffer chamber

kryopanely absorbujici |
material ktery mine substrat A e by dhrough for

1?( ionization gauge

— Beam Flux Monitor

RHEED: reflection high energy Cryo panels —
elecron diffraction

| Substrate (green)
Heating element (red)

RHEED gun

€\ Heating coils

Knudsenovy efusni cely: zaveny material (elem
napr. Ga, As, )

\ Mass spectrometer l

Effusion cells

zdroj: wiki




Knudsenova efusni cela

* na kazdy element je potreba jedna cela
* je nutna kalibrace toku vzhledem k
ostatnim elementiim

nevyhody: finan¢ni narocnost pfi zméné
elementu

Substrate
Heating
Block

Molecular

Etfusion LA N N Shutter

NE'EI'III'CEJ

Figure I Schematic illustration of the basc evaporation process for molecular beam
epitaxy of intentionally doped GaAs and Al Ga, , As.

Front lip
heat shield

Filament
assembly

PBN
crucible

Thermocouple
basket

e Water
cooling
Integral
shutter
Ploog, 1981




charakteristiky MBE

* nizka depozicni rychlost ~ monovrstva/s
* in-situ kontrola atomarniho slozeni vrstev pomoci RHEED
» prostiedi ultravysokého vakua ~10-1° mbar minimalizujici kontaminaci vzorku

» skokova zmeéna slozeni na rozhrani




rust ,,Layer by layer*

Idealni stav:

« atomy se adsorbuji na povrchu a nukleuji 2D ostravky

« 2D ostravky rostou az je vrstva uplna

* proces se opakuje

*‘Realny stav:

» Nasledujici vrstva se nukleuje dfive nez pfedchazejici je dokonCena

 poCet nedokoncCenych vrstev, tzn. povrchova drsnost, roste s Casem

* pfi pferuseni se povrch zaceluje, drsnost klesa a vraci se k puvodnimu rovhému stavu

Q

:‘E T T T T T T T
‘e

= |

2

5

>

= GaAs (001)
w jT-]

=

w

’—

= 1 B | 1 1 1 1 1

0 | 2 3 L 5 6 7 8

DEPQSITION TIME (sec)
Fig. 2.7 RHEED oscillations measured during MBE growth of GaAs(001). The intensity of the
particular RHEED spot is measured as a function of deposition time. The oscillation period 1
indicates the completion of a monatomic layer




2D elektronovy plynu v GaAs-AlGaAs strukture

[t vacuum LEVEL TR
Al,Ga)As
GaAs
o—o‘io-:-o-o-o-o-o-o )
E. Ga As
~10" cm”
| p-type
E, v v _
|
Eg
(Al,Ga)As
Si 10 cm” 0-0-0-0-070-0-0
n-type F -
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L. Reimer, Scanning electron microscopy, (1993)



Zlepsovani pohyblivosti v zavislosti na ,,Case*

| AL | | RALALL | | ILBLAALLL | | RLAAALL | ! (B )

T 1T rrnn

2000 0-0—o- 31 million cm? Vsec
Sample structure

[~ 1998 O=O=O= ]
10" E 1988 0=0=0=0~g a e

- UHV cryopump bake B
g : 1986 (OO :
7] " Al Ga. As SourcePurity 'l
NZ 6 1982 @
i 10" c
O = LN2 Shielded Sources 3
S -l 4

B ’
g L 1981 ¢ 2
D0
(@) i Sample loadlock 3
= 10° k =
c - 1980 ¢© -
g E Single interface E
O N 19790
<@ Undoped setback N
w - il

1978 ©
4
10

Modulation-doping

T TTTITI
Lol

Bulk ©

T
1

103 I RN TTT N BRI B BRI Lol |
0.1 1 10 100

Temperature (K)

L. Pfeiffer, K.W. West / Physica E 20 (2003) 57 —64




VoLuME 45, NUMBER 6

PHYSICAL REVIEW LETTERS 11 AucGust 1980

U /mV

1511,

10¢

25¢25

105

New Method for High-Accuracy Determination of the Fine-Structure Constant
Based on Quantized Hall Resistance
K. v. Klitzing

Physikalisches Institut dev Univevsitat Wurzburg, D-8700 Wiivgburg, Fedeval Republic of Germany, and
Hochfeld-Magnetlaboy des Max-Planck -Instituts fuv Festkorperforschung, F-38042 Grenoble, France

Upp /v
i

20

p-SUBSTRATE
HALL PROBE

SURFACE CHANNEL

SOURCE

POTENTIAL PROBES

DRAIN

GATE

n=1 ; n=2

kvantovy Hallav jev
* nobelova cena 1985

h/4e?=6453.17+0.02 Q

fine structure constant

a~1=137.0353+ 0.0004

FIG. 1. Recordings of the Hall voltage Uy, and the
voltage drop between the potential probes, Uyp, as a
function of the gate voltage V, at T=1.5 K. The con-
stant magnetic field (B) is 18 T and the source drain
current, {, is 1 uA. The inset shows a top view of the
device with a length of L =400 um, a width of W =50 um,
and a distance between the potential probes of L,, =130
um.



LEED — Low energy electron diffraction




LEED — Low energy electron diffraction
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LEED — Low energy electron diffraction
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Iig. 1.18. Diffraction of an incident plane wave with wave vector k;. The surface
15 represented by the corresponding 2D Bravais lattice. Parallel momentum conser-

vation with any reciprocal lattice vector gux creates well-defined diffracted beams
(hk).




LEED — Low energy electron diffraction

« Jelikoz elektrony pronikaji do materialu jen jednu nebo dvé monovrstvy, kolmo na
povrch nejsou zadné omezujici difrakéni podminky — dochazi k difrakci pro jakékoliv
kolmé hodnoty k vektoru, tedy reciproka mriz se setava z ¢ar kolmych na povrch
(truncation rods)

« Evaldova koule pak predstavuje zakon zachovani energie pri elastickém rozptylu,
abs(k;)=abs(k,).

* V pruniku koule a reciproké mfize dochazi k sou¢asnému spinéni difrakénich
podminek a zakona zachovani energie a tedy se zde realizuje difrakce.
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LEED — Low energy electron diffraction

r. 1.20. LIEEED images of six differently prepared GaAs(100) surfaces. After

I'he surface reconstruction and the electron energy are indicated.




LEED — Low energy electron diffraction

» rekonstruovany povrch Si(100).

» objemova mriz je kubicka, povrchova
rekonstrukce ma periodicitu 2x1, difrakce
pochazi od riznych domén na sebe kolmych




Spektroskopicka elipsometrie




Kramersovy-Kronigovy relace

.Integ.rélrnl’ )/%t’ah}/ mezi reé’lnou a —2w Ree _ 1 L 70e
imaginarni ¢asti odezvové funkce. Im e(w d2 eow :
Pri znalosti jedné z Casti v celém oboru
frekvenci (0-nekoneCno) Ize dopoditat o
o i viz Ki 2 Q Im e(Q
druhou East. Pro odvozeni viz Kittel. Ree(w)— 1 — 2P /dﬂ m €(€2) |
Predpoklada se pouze kauzalita. 7r 02 — w2
0
Tyto vztahy Ize také vyjadfit pro r — |“}"|ei¢} 7| = - 'R
logaritmus odrazivosti a jeji
fazi, resp. pro Inr(w)=InR(w)+iop(w
Z (experimentalné) zméreneé o T In R — In \/R(@)
odrazivosti Ize dopocitat fazi, a z Plw) =—— [ dQ TR
nich pak komplexni dielektrickou "3 \

funkci
Odecdteni polu pro snadnou

numerickou integraci

Z (experimentaln€) zmérené odrazivosti Ize dopocitat fazi, a z nich pak komplexni
dielektrickou funkci. Je nutno vSak pouzit extrapolace nad a pod méfeny rozsah.
Typicky jsou zalozeny na Drude-Lorenzové modelu. Mohou (a typicky to délaji)
vSak zanést systematické chyby do integralu i v ramci méreného rozsahu




Priklad aplikace Kramersovych Kronigovych relaci na
reflektivitu kfremiku

[ Si krystalicky

——DATA B
—1fit R

Extrapolace do nizSich a vyssich
energii ziskame pomoci fitu
Lorenzovyma oscilatorama
(Cervena)

Fit Lorenztovyma
oscilatorama pro ziskani
extrapolaci

. —

E [eV]

* Drude-Lorentzuv model je KK konzistentni (je odvozeny z pohybovych rovnic).

» Proto fitovani Drude-Lorentzovym modelem je v podstaté aplikace KK relaci.

« P¥ilimitné velkém poctu oscilatoru (na kazdy frekvencni bod jeden oscilator) je to
presna aplikace KK relaci (tzv. variational-dielectric function), viz. A. B. Kuzmenko,

Rev. Sci. Instr. 76, 083108 (2005).



« srovnani optickych konstant (n a k) ziskanych z KK odrazivosti a z elipsometrie
« rozdily jsou zpusobené absenci pfesné informace o odrazivosti na vysSich energiich
 presné optickeé konstanty bez pouziti extrapolaci ziskame z elisometrie
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Princip elipsometrie
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* Elipsometrie je de facto interferenCni experiment s komponentou elektrického
pole rovhobéznou (p) a kolmou (s) k roviné dopadu.

Mérené veliciny v elipsometrii:

* Uhel pootocCeni elipsy ¥
« elipticita A

— n,k nebo g, ¢,
bez dalSich predpokladu



zakladni rovnice elipsometrie

. . e e p ] iA
Definice elipsometrickych uhlu ¥ a A: p—=— = tan Ve
r
Fresnelovy koeficienty:
Ny cos @1 — Ny cos 05 Ny cos by — Ny cos b5
poo= E o —
P S
Ny cos by + Ny cos 6 Ny cos 01 + Ns cos 65
Snelldlv zakon: Ny sinfy = N sin o
Index lomu okoli: N, = /e, Index lomu vzorku: Ny = | /€,

Inverzi vySe uvedenych rovnic obdrzime v pfipade polonekonecného izotropniho
vzorku explicitni analyticky vyraz pro dielektrickou funkci (jak jeji realnou tak i
imaginarni ¢ast):

5
L —p(P,A)
L+ p(W,A)

es(U.A) = e,sin* 0y | 1 + tan?6,

shrnuto: ze dvou mérenych veli€in ¥ a A urCime dvé veliCiny ¢, a ¢,



Brewsteruv uhel a citlivost elipsometrie

rozhrani vzduch — sklo
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3 ———— & " Elipsometrie méfi pomér mezir, a
o  00F . , . . tesr s P

- e —— e T r,, ktere se nejvic lisi blizko tzv.

I'-.—_\_ 0.5 ; _11_““‘-—»_1__‘_ . o

E x}\_ Brewsterova uhlu

-1.0 ~ : . :
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- . tep = No
1.OF (b) /,;f g

- E SRt |rp| F i ;
H —— /] Jelikoz presné na Brewsterové Uhlu v
28 sl S/ pfipadé izolatord je W=0, je idealni
= = 7 }\ méfit na uhlt dopadu pod, nebo/a
23 — \ i
<z A ol \ nad nim.

0 BI{] | (1IO 90
zdroj Fujiwara
» U materialu s vysokym indexem lomu je tfeba jit k velkym uhlim dopadu, napf.
kovové materialy zvlast v infraCervené oblasti (80 az 85 st.), coz zvySuje naroky
na kvalitu (rovnobéznost) svazku.

* Pfi velké divergenci svazku je mozno numericky scitat pfes rizné uhly dopadu
a tak ji korigovat, prirozené je treba se snazit tyto efekty mit malé jak jen to jde.



Zvykame sina¥ a A
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Vlastnosti ¥:

* ¥ je mirou pootocCeni roviny polarizace po:
odrazu. P¥i polarizatoru P=45° je hodnota ¥
primo vysledny uhel polarizace od s slozky.

* na Brewsterove uhlu je ¥ =0. V tomto bode
neni elipsometrie citliva, je lepSi mérit v blizkosti
nad a pod Brewsterovym uhlem.

* objemové izotropni materialy maji ¥ mezi O a
45°,

* ¥ blizko 45° maji materialy s velkou odrazivosti
pod Brewsterovym uhlem, typicky kovy

* hodnoty nad 45° se objevuji na vrstvach
pripadné na anizotropnich objemovych vzorcich

Vlastnosti A:

* na izolujicich materialech je A=0 (nad
Brewsterovym uhlem) nebo 180° (pod
Brewsterovym uhlem)



(a) Rotating-analyzer ellipsometry (PSAR)

Elipsometrické konfigurace

S S

» rotacni analyzator (polarizator)

il o Sample | L
\ Polarizer . Rotating S—
ChE (P) ) analyzer -

Light source I Detector

(Ap)

(b) Rotating-analyzer ellipsometry with compensator (PSCAp)

Compensator (C)
DA X p } ‘, * rotaCni analyzator (polarizator) s
EESEAL  pe AN /N fixnim kompenzatorem
\ .l » Polarizer Sample '.\ —
i olarizer (S) Rotating .
Light source (P) analyzer  Detector
(Ap)

(c) Rotating-compensator ellipsometry (PSCRrA)

Rotating compensator (Cg)

5 ; * rotaCni kompenzator

Sample 4 :
y ( Sl) Analyzer “ly
Light source (P) (M) o

Polarizer

zdroj: Fugiwara, Spectroscopic ellipsometry




Princip elipsometrie s rotaCnim analyzatorem (PSA)

Jak experimentalné urcit ¥ a A?

Pro urcitou pozici prvniho polarizatoru (zkracené polarizatoru) mérime zavislost
intenzity na pozici A druhého polarizatoru (analyzatoru). Zavislost je harmonicka
funkce s periodou 180 stupniu:

I9P = I7°P(1 4+ accos(2A) + [sin(24))
Lze ukazat, ze propagace elektrického pole konfiguraci PSA dava na detektoru
FEa = Fors ({z.;_m P cos A tan Te'® + sin P sin Ji)
Jelikoz pouze inzenzita zareni je méfena, dostavame
I = |Eal? = Iy[1 — cos(2P) cos(2W) +
+ (cos(2P) — cos(2W)) cos(2A4) + sin(2P) sin(2v) cos A sin(2A4)]

VyfeSenim rovnosti I1¥*P=], dostavame

I +a B
T Q | tan P cos A = sgnp’

1 —«a V1 — a2

Z elipsometrie s rotaCnim analyzatorem (polaryzatorem) urCime tan', tedy ¥ v
celém intervalu, ale ,pouze“ cosA , tedy A pouze v intervalu 0-180° s tim, ze v
polohach blizko 0 a 180° je citlivost na A limitné mala.

tan W =




Elipsometr s kompenzatorem (Ctvrt-vinovou destickou)

(b) Rotating-analyzer ellipsometry with compensator (PSCAR)

Compensator (C)

~ pjﬁ-—ﬁﬁ" "| I "'\L

‘il | Sample . /

POl’lI’lZGI‘ (S) Romtmg »’f

Light source (P) analyzer  Detector
(Ar)

* Fixni kompenzator umoznuje posunout hodnotu A ze slabych mist - 0 nebo 180°. Toto
je uzite€né pfi méreni izolatort nebo naopak kovu, kde A je blizko 0 nebo 180°.
A kompenzatoru se jednoduse od namérenych dat odecte. Slaba mista se ovSem
pouze presunou do jinych hodnot A.

(¢) Rotating-compensator ellipsometry (PSCRrA)

Rotating compensator (Cg)
S

*[ﬁ,ﬁ 1" r‘i F &

T . I |II E'.k‘-.'; I"I et ,-"'.’_
1 ; —— : |‘ \
_L Polarizer qg? © Analyzer "~-._ - y
Light source (P) (A) Detector

|ldealni metoda méreni je oviem v situaci, kdy mizeme namérit nékolik spekter s
ruznou hodnotou retardace, ktera eliminuje slaba mista uplné. Jedna se o tzv.
elipsometrii s rotaCnim (promennym) kompenzatorem. Touto metodou Ize ziskat hodnotu
A v celém rozsahu 0-360° s vysokou presnosti. Navic je mozno urcCit stupen
depolarizace svétla odrazeného od vzorku.



Depolarizace
*Pouze s polarizatorem stupen depolarizace nelze urcit. Napr. uplné depolarizované
svétlo nelze odlisit od kruhové polarizovaného. Ctvrtvinova desticka pfevede kruhové
polarizované svetlo na linearné polarizované. Tuto zménu jiz detekuji rotujicim
polarizatorem. Depolarizované svétlo po prichodu kompenzatorem bude opét
depolarizované.
 Depolarizace vznika nekoherentnim interferenci vin. Napf. nehomogenni vrstva
generuje depolarizaci, pfipadné odrazy na pfilis tlusté vrstvé (substratu). Depolarizaci
Ize v principu zahrnout do modelu pomoci Stokesovych vektoru a tyto jevy kvantifikovat.

(a) Surface scattering (d) Thickness inhomogeneity

i Sample - \

(b) Incidence angle variation | Thin film

Substrate

] (e) Backside reflection

Sample

(¢) Wavelength variation :
y w\

Thin film \ /
W

| Substrate zdroj: Fugiwara, Spectroscopic
ellipsometry

Sample




Our experimental equipment thanks to [eSNe==yiuu=e-

Woollam VASE, NIR-UV range+ Woollam IR-VASE, mid infrared range
closed He cryostat 7-400 K




Mezipasové prechody na SrTiO; (kubicky krystal, opticky izotropni)

data z elipsometru s rotacnim analyzatorem - optické konstanty obdrzené inverzi ¥ a A s
SrTiO,, , d=0.5mm drsna zada

. A predpokladem polonekonecného vzorku

Wk E (pseudo optické konstanty)
5| 80 ; . , e e
: < * nezavislost na uhlu demonstruje, ze ruzné
OF s50° E uhly neobsahuji novou informaci
> 15 F v
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hloubka praniku [um]

propustnost
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o © O O =
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modelovani drsnosti povrchu

 drsnost (mnohem mensi nez vinova délka) je potfeba vzit v ivahu modelovanim.
Nejjednodussi zpusob je pomoci teorie efektivniho prostredi.

S
eff

& Drsnost \ tloustka d

81 — 81

» teorie efektivniho prostredi se pokousi vypocitat (efektivni) dielektrickou funkci
prostredi slozeného ze dvou komponent s dielektrickou funkci ¢, a ¢,. Jelikoz se

v s

Bruggemanuv model a Maxwell-Garnetova formule.

* Pro modelovani drsnosti se nejvice hodi Bruggemanova formule

N * N.. poCet komponent,
£ G Ceff _ nejjednodussi pfipad N=2
) J € + 2¢
J=1 -

off * f;... objemovy podil komponenty
vice informaci o teoriich efektivniho prostfedi: A. Sihvola, electromagnetic mixing fomulas and applications, 1999




Tr 1+ 1 rrrrrrrrr
1 k bez zapoctené
drsnosti (pseudo k)
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« pomoci korekce na drsnost povrchu Ize obdrzet jiz realné hodnoty k v oblasti
zakazaného pasu

* tyto hodnoty Ize velmi zpresnit, pokud se navic zapocte i propustnost materialu
(citlivost na malé hodnoty k oproti reflexnim metodam)



60 ——m————————————"——— 7T

140 SrTiO, -
120 | ]
100 | .
:
:

oblast zakazaného pasu
< >

20 £ Mezipasovy prechod 3.08 eV —

0111111

1 2 3 4 5 6 7
E [eV]

* v oblasti zakazaného pasu (pod 3 eV) by méla A byt nula nebo 180 st., jelikoz jsou
Fresnelovy koeficienty realné

« A ma hodnoty v této oblasti az 20 stupriu, coz je zplsobeno pravé povrchovou
drsnosti cca 2 nm.

» Toto dava predstavu o citlivosti elipsometrie. Jelikoz A se standardné méfi s presnosti
na 1 stupen az 0.1 stupné, elipsometrie je v principu citliva na vrstvy tlusté v radu
desetin nanometru.



urcéeni n, k, i d u tenké vrstvy

» Klasicka uloha v optice tenkych (transparentnich) vrstev: urCi optické konstanty
(realnou a imag. Cast indexu lomu- n,k) u vrstvy, jejiz tloustku d nezname. K urCeni
optickych konstant potfebujeme urcit tloustku. Toto je ovSem treti parametr, ktery ze
dvou ¥ a A jiz neurCime.

bkoli (0)

film (1)

Komplexni index lomu vrstvy: N,=n+ik
substrat (2)

e e i23 e e i23
.rtOt _ o1p -7 12p € T‘tOt . r01s T 1125 €
E P 1 + r e i28 7’ s o 1 + r o i2/3
t roipriz2p € rois”i2s €
- — i273 i23
ftot . z%01;01%12;0 € ftot o t()l,st'le e
2 1 +r e i28 7’ s o 1 + 7ot T i23
roipri2p € r'o1sT125 €
d-l d-l

[ = 27?75\?1 cosb, = 27?7 (J\Tf — N(? sin” 90)1/2

/'

* Interferencni faktor obsahuje soucin tloustky a indexu lomu. V principu je
mozno urcit oboji, pokud je dostatek informaci



metody zvyseni presnosti ur€eni toust’ky vrstvy (a tedy i jeji
dielektrické funkce)

— urcCeni tloustky typicky do oblasti 10-50 nm

» modelovani dielektrické funkce vsrtvy Krames-Kronigovsky konzistentni funkci:
toustku jiz neurCujeme z kazdé frekvence nezavisle ale globalné pomoci modeloveé

funkce
— Toto fadové zvysSuje presnost uréeni tloustky jak v transparentni tak semi-transparentni oblasti

* naméreni dalsi nezavislé informace:
— Viceuhlova elipsometrie
— odrazivost, propustnost

* VV obecnosti je z elipsometrie tloustka dobre urcCitelna nad 50 nm. Pod touto
hodnotou chyba tloustky rychle roste. V obecnosti se vzdy musime koukat na chybu
tloustky urcenou z fitu.

* NejCastéjsi postup pfi urCovani tloustky a dielektrické funkce:
1. Prvné modeluji dielektrickou funkci KK konzistentnim modelem
2. Zafixuji tloustky vrstev a povrchové drsnosti
3. Je mozno se pokusit udélat fit bod po bodu, ktery vystihne jemné detaily dat



simulace odezvy vrstvy 50nm n=1.5 na substratu n=3.42

80 T ] i S I I B I
: beriss B 55 deg ] - az od této frekvence zacina byt ]
70 3 PSiFit75_B 75 7 10 E N\ analyza citlivd na n a d nezdvisle 3
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100 DeltaFit85_B E o
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E ] 4
60 | 3 e,
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20 f E
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» Pfevedeni na pseudo dielektrickou funkci ukazuje ,mnozstvi“ nezavislé informace v
riznych uhlech dopadu. Pseudodielektricka funkce je dielektricka funkce vypodtena za
prfedpokladu izotropniho polonekonecného vzorku

« struktura okolo 5 €V je prvni destruktivni interference, ktera pfinasi citlivost na tloustku



NIR-UV priklad 1: SiO, vrstva na Si

maxima diky interferencim

\ Generated and Experimental

100 B | | | I
\ \ —— Model Fit
or ==
. ~leper
S% 60 \\ ‘ ‘ ‘ - “ 80> |
é | A‘ “Aﬁr‘k‘g‘éli‘\véﬁ‘\,&b" _
S 40_ J\‘ J ":’ "{ ﬂ"{“v _
20 |
0— . 1 . 1 . 1 .
0.0 1.0 2.0 3 0) 4.0 5.0 6.0 7.0

Photon Energy (eV)

fitovano modelem izolujici vrstvy (Cauchy model) na Si substratu d=659 + 0.8nm
relativné tlusta vrstva, spektrum obsahuje nekolik interferecnich maxim, velmi dobre
definovany fit, mala chyba tloustky



Excitace mezi THz a UV oborem

100 GHz 1000 100 MeV 1000

ORI 0 O LN LR L O L LU L
10 ps pPs 100 fs 10 fs 1fs

ki

Pinned modes 2D electron gas: EF
2D electron gas: plasmons Spin-orbit coupling
Cyclotron modes and Landau Level transitions

Localization peaks in disordered conductors
orrelated S _
Metals Carrier lifetimes in metals and semiconductors

2D gas

Zeeman splitting phonons Inter-band transitions
Superconducting gap polarons
TMO (pseudo)gap in cuprates Charge transfer gap
Magnetic resonances Amplitude modes n-n" transitions
. and strong coupling effects lymers olymers
Organics g coupling (polymers) (polymers)
Josephson plasmons Correlation gaps in 1D conductors
H Fermion ns bi-polarons
ey T ionie
fermions
I I I O 1 O 1 1 T I 7 Oy I O N
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Wavenumbers, cm”]

D. Basov et al., Phys. Mod Rev. 2011



Opticka vodivost

uréeni optické vodivosti  0(w) = —iwep(e(w) — 1)

realna Cast vodivosti - absorpce

elmag. viny na jednotku frekvence: o1(w) (= weper(w))
sumagni pravidlo: f o1(w)dw = E% = const.
0 2 €Epmn

Opticka vodivost je velmi vhodna kvantita jak obecné, tak zvlasté pro vodiCe, kde v
limité pro nulové frekvence odpovida DC mérné vodivosti.




Optical signatures of ferromagnetic state

La, ,Sry 3C00,,
T.~205K

Absolute optical
conductivity

Optical conductivity
relative to 7 K

A candidate for ,wrong-spin-transition“ at ~1.5 eV
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Optical signatures of ferromagnetic state

 The spectral weights (integral of c,) of the Drude and the band track the

magn

etization of the sample

» They are intimately linked to the ferromagnetic mechanism — double exchange
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Optical signatures of ferromagnetic transition

ferromagnetic 3dCo & |

|
state orbitals ) ) ) ) ) )
b, l‘ — i b,

* Double exchange mechanism of ferromagnetism

* Delocalization of electron is the driving force for the ferromagnetic
spin alignment

 Leads to a conducting response

Co* Co*

) ) I |
3dCo S, |

| ] ] eg
orbitals t t l_ 1 t __l_ —l— —l— t,

* Transition between Co ions with anti-parallel spins (,wrong-spin-
transition®)

*This transition has final state at higher energy then the initial
(number of misaligned spins increased, violating Hund’s rules)

paramagnetic state




Méereni magnetickych viastnosti latek




Meéreni magnetickych a transportnich viastnosti latek

* méfeni odporu, Hallova koeficientu, magnetické susceptibility a magnetizace

* 1.6 2 400 K v magnetickém poli +-9 T

pulsni cryocooler

7KW prikon
1W chladici vykona na 4K

1085

600

vyrobce firma Cryogenics
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VSM - vibrating sample magnetometer

* indukCni technika méreni magnetického momentu— vertikalni pohyb vzorku
(~20Hz) indukuje proud v civce

 dvé snimaci civky zapojeny v opacnéeém poradi — vliv vnéjsSiho magnetického
pole se rusi
* signal pfichazi na synchronni detektor (lock-in amplifier), vysledkem je
amplituda a faze signalu.

Reference
Vibrat

Cryostat

VTI

Magnet
Pick-up
coils
Sample

Computer )
TI'I' Data acquisition
'|:| d | Digital function _
111
A .
B Lock-in Ref
I Magnet power
O
®
0 A GPIB
& 3 Temperature —_—

Thermometer

Figure 1-1 Schematic view of sample and VSM pick-up coils.

Arrows indicate the direction of the dipole field.




synchronni zesilovac (lock-in amplifier)

« pro odstranéni (potlaceni) vlivu svétla z okoli je idealni modulace svétla
(chopper) a nasledna detekce s pouzitim synchronniho zesilovace (lock-in
amplifier, nékdy ,phase senitive detector®)

light source chopper test object photo detector lock-in amplifier gauge

/A ’f%l DUT *:Iz sig [> I
1

ref

chopper control

 synchronni zesilovac integruje méreny signal s frekvenci danou modulaci
coz velmi potlacuje jakykoliv nemodulovany signal (Sum, pfimé svétlo z
okoli apod).

4
Uput (1) = 1 / Sin (27 frer - 8 + ]| Uin(5) ds
t

T T 70



magneticky moment supermrizek YBCO/LCMO

M (emu)

R(Ohm)

YBa,Cu,0-/La,;Ca,;MnO; : 300/100 A
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v magnetometrii je standardné
pouzivana jednotka cgs emu.

1 emu =103 Am?
pfi chlazeni v poli je magnetické

pole jiz uvnitf supravodiCe v
podobé vortexu

| pfi chlazeni v nulovém poli je

vidét Meissneruv jev

se svolenim C. Bernharda




magneticky moment feromagnetického La,,Sr, ;Co0,

Comparison of M-H Behaviour

M4 ———— Ferromagnet
Fernmagnet
Paramagnet
P Antferromagnet
0 = >

Magnetizace za nizkého pole 20mT

Tc ~200 K

Comparison of

X-ln

—— 5N:E ;
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[ AN \
V- 4
M N
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T[K]

1.0
d) |

10.8

10.6

10.4

10.2

. ~nl0.0
300

Susceptibility vs Temperature Behaviour

FIG. S4. Magnetic moment per Co site of the Lag 7Srg.3CoO3
thin film at 4 K, as a function of the applied field, obtained
using vibrating sample magnetometer.

P. Fris et al., Phys. Rev. B 97, 045137 (2018)




Meéereni AC magnetické susceptibility

* Primarni civkou se vytvari AC magnetické pole typicky 1mT na 1-10 000 Hz
 pokud je vzorek v blizkosti jedné z civek, pak méfeny signale je umérny realné
a imaginarni Casti magnetické susceptibility

Secondary (pick- Compensation

: coil
up) coils

Primary coill
Sample




magneticka susceptibilita
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LEEM — Low energy electron microscopy

Electron Gun

« studium struktury povrchu \
* vysoce energiové elektrony (15-20 keV) .
jsou zpomaleny na 1-100 eV a A
\/
\

Gun Lens

Condenser Lens

fokusovany na vzorek Humination Ot <4
* nizka energii Ize meénit a tim ménit

Auxiliary Lens

hloubku priiniku do vzorku v fadu horni SV e pe
atomové vrstvy 'a‘
* elasticky odrazené elektrony jsou Electron Beam Separator ] 'zi <g><{ W sample
urychleny, prochazi délicem svazkul a ava |
dopadaji na plosny detektor ( ah x Objective Lens
v Transfer Lens
vinova délka elektronu Condenser Optics < : Projector Lens 1
[\
Projector Lens 2
2mE E[eV]

 LEEM umoznuje pozorovat jak difrakci, tak
optické zobrazeni povrchu

* Je mozno tyto mody i kombinovat, napr. vybrat
si difrakéni stopu a zobrazit z jaké Casti
povrchu pochazi

Imaging Plane (Phosphorescent screen or CCD)




LEEM na ceitecu

LEEM v ramci UHV clusteru

SPECS




BDA on Ag(100), real space
Biphenyl Dicarboxylic Acid (BDA)
Prezentace P. Prochazka, CEITEC VUT BDA

FCC,a=4.085A




l Diffraction 10.0 eV
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u-diffraction - 10.0 eV
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Dark field




LEEM — Low energy electron microscopy

* povrch Cr(100)
» viditeIné atomové schodky
* velikost pohledu 5.6 um.




LEEM — Low energy electron microscopy

Figure 16. Partially anncaled slip trace along [001] on a Mo(110) surface, ending at a screw
dislocation. Cu decoration. E=4¢V.

E. Bauer, Rep. Prod. Phys. 1994




LEIS — low energy ion scattering

Energie dopadajiciho iontu EO
ze zakona zachovani energie a hybnosti je
energie odrazeného iontu

Er = kEy = Hcos{wr \/(r2 —sin2e)]/(1+ r)}on

reseni této rovnice je jen pro
Mo > My

Figure4. Diagram of the ion scattering process. The scattering
angle 0, polar angle «, and acceptance angle dQ are indicated, as
well as the incident energy E, and scattered energy Er

H. H. Brongersma, lon Beam techniques, (2012)




LEIS — low energy ion scattering

* nizkoenergiova varianta RBS (Rutherford back scattering), pracuje s energiemi
100eV-10 keV

e pouziva typicky ionty vzacnych plynu He+, Ne+, Ar+ and Kr+

» diky malé energii je citliva jen na zcela prvni vrstvu atomu na povrchu

* energie zpétné odrazenych atomu urCuje atomarni slozeni vyjma H, He (studované
atomy musi byt t&€ZSi nez pouzita sonda)

 asymetrické ohony od linii urCuji i hloubkovy profil (do 10nm)

— without TOF filter
—— with TOF filter
— K
3
©
E Sc vy Cu
Q@
> Y la Ay
(a) (b)
T I L] I L) I L) I 1 I L) L) l L] I L] l ¥ I L] l L]
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000 3500
E, (eV) E, (eV)

Figure 2. Energy spectra of (a) 3keV *He™ and (b) 5keV *"Ne* ions backscattered by a
multicomponent sample. The scattering angle is 145°, The heavier Ne* ions give a better mass
separation, but cannot detect the lighter elements. The rising background atlow energies is due
to secondary (sputtered) ions. It can be reduced by time-of-flight filtering, thus enabling the
detection and quantification of K, Sc, and V with Ne™ ions Reprinted from (Brongersma
et al., 2010a), Copyright (2010), with permission from Elsevier.




LEIS — low energy ion scattering

«asymetrické ohony od linii urCuji i hloubkovy profil (do 10nm)

140 7r 150 . : : ; : . ; 150
i
120 ky
___% 100 o ;‘ R 100
£ i 2 100 1100
3
8 50
© ©
5 604 [ e 5 .
7 2 i 4
% 20 5 50 50
w — 10
-
0 ! T T T T T T 0
0 6 12 18 24
500 1000 1500 2000 2500 (b) L
i signal (a.u.
(a) E, (eV) Si signal (a.u.)

Figure3. 3keVHe™" analysisof ZrOs films grown by Atomic Layer Deposition (ALD) on a Si wafer
(Puurunen et al., 2004). (a) In addition to the O and Zr surface peaks, an increasing tailis visible
(2300-1700 eV) for the thicker layers. This is the depth profile of Zr. After 70 growth cycles, the
pinholes (Sipeak) in the layer are still visible. The organic contamination of the layers, as a result
of transportation, has been removed with atomic oxygen. This treatment also oxidized the Si
surface. (b) The Zr surface peak increases linearly with the ZrO, coverage, while the Si peak
decreases. This linear dependence (Equation 4) results from the unique monolayer sensitivity
and the absence of matrix effects of LEIS.




Skenovaci tunelovaci mikroskopie (STM)




Skenovaci tunelovaci mikroskopie (STM)

Control voltages for piezotube

110

tunelovaci proud je
exponencialné zavisly na
vzdalenosti d a vystupni praci ¢

Tunneling Distance control
current amplifier  and scanning unit

Piezoelectric tube
with electrodes

{J _
IT —!exp —Kd qb)
.

II/%rip -‘
: L} ‘
Sample PR, U vy
... hapeti
L =2 P
Tunneling
! voltage ~

Data processing
and display

 skenovani povrchu podobné piezzoposvu (podobné jako pfi AFM), ale pfi konstantnim
tunelovacim proudu mezi hrotem a vzorkem.

* typicka vzdalenost hrotu a vzorku 4-7A

* |ze dosahnout atomarniho rozliSeni, ~1A

* hroty typicky z wolframu nebo iridia zpecialné zasSpi€aténé do stavu, kdy na konci je
idealné jen jeden atom

* Nobelova cena 1986




Skenovaci tunelovaci mikroskopie (STM)

Fig. VI.4 STM relief of the
(7 x 7) reconstructed Si(111)
surface [VI.8]. The large unit
mesh is discernible by the
deep corner minima. The two
halves of the unit mesh are
not equivalent as evidenced
by the different intensities of
the minima and maxima




manipulace s atomy pomoci STM

FiG. 5. (a) Demonstration of the vertical and parallel force components
involved in LM. (b) STM tip-height manipulation curves correspond to (1)

pulling, (2) pushing, and (c) sliding modes.

35 Xe atomu na Ni povrchu
Eigler, D. M. & Schweizer, E. K. Nature 344, 524-526 (1990).

A.W Hla J.Vac. Sci. Technol. B 23, (2005)




Friedelovy oscilace pozorované s STM

 opet IBM, Fe on Cu (111)

* Friedelovy oscilace elektronové hustoty
vzniklé diky interferenci elektront blizko
Fermiho meze

2o

L

N @ ‘
P
\“

+
»

M.F. Crommie, C.P. Lutz, D.M. Eigler. Science 262, 218-220 (1993)



STM na ceitecu

STM v ramci UHV clusteru
« SPM Aarhus (SPECS)
* teplotni rozsah 90-400 K

* moznost evaporace tfi materiald
SPECS




STS - scanning tunneling spectroscopy

derivace tunelovaciho proudu je umérna lokalni hustoté stavu p

dl

ﬁ(l’ ,V,8,V)=Aexp —S— p.(x,v,el) s ... vzdalenost hrotu a vzorku
0.

vacuum

(a)

Figure 1.11: Technique for making a direct measurement of dI/dV.
{a) Dhagram indicating how to make a direct measurement of dI/dV. The black

outlines indicate the density of states. Filled states are given in red. The total
T E current which flows depends on the product of the hatched areas. When the bias is
e B —— modulated by an amount given by the height of a gray shaded area, a modulated
Sample DOS Tip DOS current signal is detected which is proportional to the product of the two gray shaded

areas. Given knowledge of the magnitude of the bias modulation and the assumption
that the tip LDOS is constant, the sample LDOS may then be determined from this
measurement of the modulated current signal. (b) Shows the resulting plot of dI/dV

(b) ﬂ vs. V which can be generated from such a direct measurement of differential
conductance.

dv phd thesis, K. Lang, 2001, skupina J.S.C. Davis




STS - scanning tunneling spectroscopy

1.8+

—
ju'e]
e

0.6 -

Differential Conductance

0.0+

» supravodiva mezera v derivaci
proudu v supravodici
BI,Sr,CaCu,Og,,

2(V.V )t

-150

75
Sample Bias (mV)

phd thesis, K. Lang, 2001, skupina J.S.C. Davis




Ramanova a luminiscenéni spektroskopie v ramci CEITECu




difrakéni
mrizka

CCD
chlazené
Peltier. ef.

budici laser

* He-Ne laser - Cerveny 632 nm
* zeleny Ar laser (514 nm ?)
* Peltierem chlazené Si CCD



Ramanska a luminiscenéni aparatura + AFM, CEITEC

 Ramansky spektrometr + AFM
» moznost pro hrotem zesilenou Ramanskou spektroskopii TERS
* vybaveni:
-Lasery:
*CCD: Si, back iluminated (az do UV)
NIR linear array detector
» kryostat: tekuty dusik (77 K) , moznost chlazeni tekutym He (4.2K)




SERS (surface enhanced Raman spectroscopy)

« Ramansky signal muze byt zesilen o mnoho fadua (az 107 vyssi) kdyz je
detekovany material v blizkosti strukturovaného kovového materialu. Typicky se
poziva bud drsna kovova podlozka nebo nanokuliCky (zlato, stribro).

» Svétlo vybudi v kovu povrchovy plazmon ktery na rezonanéni frekvenci radoveé
zesili pole a tedy i ramansky signal.

Sol-Gel Matrix Molecules
o ¢ in Plasmon
N ¥ . Fied

- ¢

Raman
Scattering
Out

Molecules 2-mL
Silver Particle  in Solution Vial

zdroj: Real time Analyzers




TERS —tip enhanced raman spectroscopy

kombinace Ramanského spektrometru s AFM: fadové zesileni ramanského signalu
mezi pozlacenym hrotem AFM a kovovou podlozkou -

Raman intensity (a.u.)

Powder

Tip-in, island
| A A
/\MJ ¥ Wit/ “"“W
M Tip-in, single molecule \w,,,

Tip-retracted

8 l\ﬂ'og@@ Qv O
~ © N < 0 O W
= 2 onaNag ¥x 0

{ | 100 counts
i i persecond

Tip-in, Ag(111)

300

Figure 1| Clean TERS spectra using well-defined tip and sample.

a, Schematic tunnelling-controlled TERS in a confocal-type side-illumination

configuration, in which V;, is the sample bias and I, is the tunnelling current.

b, STM topograph of sub-monolayered H,TBPP molecules on Ag(111) (15V,
30pA,35nm X 27 nm). The inset shows the chemical structure of H, TBPP and
the white circle indicates one representative site for TERS measurements on the
molecular islands. ¢, TERS spectra for different conditions. The tip-in spectra
were acquired at 120mV, 0.5 nA and 3 s. The green spectrum is taken on top of

| | T |
600 900 1,200 1,500

Raman shift (cm™)

1,800

the molecular island (the green scale bar shows the signal level detected by
charge-coupled device (CCD). The red spectrum is taken on top of a single
molecule (marked by the red arrow in b). The blue spectrum is taken on bare
Ag(111). The black spectrum is taken on top of the molecular island but with
the tip retracted 5 nm from the surface (120 mV, 3 s). For comparison, a
standard Raman spectrum (brown) is shown on the top for a powder sample of
H,TBPP molecules.

R. Zhang et al. , Nature (2013)




transmisni elektronovy mikroskop (TEM)




transmisni elektronovy mikroskop (TEM)

Electron gun * pruchod svazku elektront vzorkem, dopad na
luminiscencni stinitko a detekce pomoci CCD

« vzorky maximalné nékolik set nm tlusté -
narocna pfiprava

* mozné atomove rozliseni

* cena instrumentu s atomovym rozliSenim ~ 100
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multivrstvy YBa,Cu;0-(n)/La,,Ca, sMnO4(m)

snimek z transmisniho elektronového mikroskopu — atomarni rozliseni

VK. Malik et al., PRB 85, 054514 (2012).
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L. Reimer, Scanning electron microscopy, (1993)



SIMS — Hmotnostni spektroskopie sekundarnich iontu

» odprasovani vzorku a nasledna hmotnostni spektroskopie
 analyza slozeni latek, hloubkovy profil

* velmi citliva metoda, citlivost az 1ppm i 1ppb

» destruktivni metoda

a) Magnetic b) y
sector field Quadrupole rods '
F°‘l‘§;'“9 E 6 ?:Ptg\:lfmnl
Quadrupole Deflector Channeltron R
lens %
Quadrupole
analyzer

2(U+Vcos wth)

Target f

|

centering

Coil
l Beam
To plates

turbomolecular

.y,

Leak valves

Fig. IV.1a,b Schematic view of the experimental set-up for Secondary lon Mass Spectroscopy
(SIMS). (a) General overview of the whole apparatus. The main components are: ion source
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(b) Components of a Quadrupole Mass Spectrometer (QMS)

H. Luth, Solid sufraces, Interfaces and Thin films, Springer (2015)
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urceni interakce mezi elektrony ve vysokoteplotnich supravodicich
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FIG. 6. x~! versus T for Sr-doped samples with nominal con-
centrations of x=0.13, 0.20, 0.25, and 0.45. The upper inset shows
the warming and cooling curves of y~! for x=0.20 and 0.45. The
lower inset shows the obtained effective magnetic moment for the
doped samples and the solid line indicates the expected values.
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