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From basic science to technology ’J

surface physics wafer analysis

> fundamental problems on the nanoscale

> growth - morphology - catalysis — surface chemistry ...
> chemical selective analysis with high lateral resolution
> microelectronics - magnetism - spintronics ...

IFF “Electronic Properties”
©MS 2010 4

4



Requirements ’J

4+ chemical selectivity

4+ surface sensitivity

4+ arbitrary samples

4+ information depth

4+ high lateral resolution
4+ fast image acquisition
4+ magnetic sensitivity

4 time resolution

> core level excitation

> electrons as carriers

> cascade processes

> adapted electron optics
> parallel imaging

> MXCD, MXLD

> photoexcitation

L mm g X

X-Ray Photoelectron Emission Microscopy

C.M. Schneider and G. Schonhense, Rep. Prog. Phys. 65 (2002) R1785
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Immersion lens microscope
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» immersion lens concept
» close distance, immersion fluid with high n
» increase of numerical aperture
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Ernst Bruche (1933)

J

Elektronenmikroskopische Abbildung E. Briiche, Z. Phys. 86, 448 (1933)
mit lichtelektrischen Elektronen.

(Aus dem Forschungs-Institut der AEG.)

Von E. Briiche in Berlin-Reinickendorf.
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> holes in Zn metal plate
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Immersion lens microscope li
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PEEM column and objective lens

sample holder
with xy table

objective lens

contrast
aperture
manipulator

__— projective I

» modified PEEM set-up
» additional refraction lens
» additional electron gun with reflector crystal

IFF “Electronic Properties”

©MS 2010 10
10




Immersion lens: Operating modes ’J

high-resolution mode survey mode
(tetrode lens) (triode-like lens)
EXTRACTOR COLUMN

/0

SAMPLE FOCUS i
, ( / ( BFP

\ \ l > sample on ground

> |ateral resolution vs. field of view (FOV)
> survey mode: FOV ~500um
> high-resolution mode: FOV ~20um

G. Schénhense, J. Phys.: Condens. Matter 11 (1999) 9517

—d
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Lateral resolution ’
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20 40 60 80 100 120 y 20 40 60 80 100 120
L S : S .
[ otal aberrction 15kV 2rmm otal aberration 15kV 2mm
| — — - ¢hromatic cberration lend(1.5£0.7)eV - — — - ¢hromatic cberration lens{1.541.25 JeV]
hromatic cberration acc.Tie — — - ¢hromatic cberration acc. Tield
200 b pherical aberration lens - §pherical aoerration lens
— - — $phericcl aberration acc. field 300 } —  — $pherical aberration acc. field
— - diffraction aberration = | - -—- diffroction aberrction
c £
~ 150 } =
2 £
= = 22Ul
S k>
SA00E | A e 1 3
3 < 71 8
g il _-—T00
S0 e o)
~
\‘
\.
% ___,«"' o e N 4 ‘
O =il U0 PEPTEL S et S T " A 1 " ) A 1 i, 0 g I " N N L N N N 3 y
20 40 60 80 20 40 €0 80
start ang'e (deq.) start angle (deq.)

4 50pm contrast aperture
4 increase of energy window O.7 eV to 1.25 eV

> decrease of lateral resolution by almost a factor of 2!

> main contribution: chromatic aberration
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Electromagnetic lenses

Elmitec PEEM Il

> more elaborate and expensive
> spherical aberration smaller by factor 4-10

> sample on -20kV
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Topographic contrast

Surface

features ) >]v< Y W Y " Electron

trajectories

Corresponding
PEEM
image

> topography contrast by steps and
other geometrical features

> associated with local field
distribution

> sharp variations of the topography
may affect the lateral resolution
field gradient
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Etched pits on Si(100)

> field of view: 140 pm

> courtesy of Dr. Gary Kellogg, Sandia National
Laboratories, Albuquerque, New Mexico
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Cu on Mo(110)

> field of view: 10pm
> atomic steps on Mo(110)

> step edge decoration
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Work function contrast

E

Evac -

Er

> fixed photon energy
> band PaSS: Evac"'EF"hV

> total photoemission yield depends on work function
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Work function contrast

Region 4 <111> 4.85 eV

Region 2 <110> 4.55 eV

Region 1 <100> 4.40 eV

> polycrystalline copper

> work function depends on grain orientation

> photoemission yield depends on work function
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Chemical contrast mechanism

optical exq

XAS Co, CoO

Er : —— 20 ML Co / W(110)
‘ ——— 10 ML CoO / Ag(100)

hV2

total yield (arb. units)

—_—

secondary
electron

photon energy (eV)

\\XOOOXXY ]

> sequential excitation process

> information depth is convolution of inelastic mean free

paths of Auger and secondary electrons
IFF “Electronic Properties”
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Information depth
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attenuation
length u =20 nm

assumption:

no. of secondary electrons

« NO. of core vacancies

then the total yield is

> total electron yield (TEY) proportional to p
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Spectromicroscopy

Slider Overcoat

) » head crash on hard disk
: Beam Etching , » ionbeam etching
: »  CoCrPtintermetallic compound

Magnetic Film \

Disk Substrate

> DLC overcoat destroyed
> (o signal seen through overcoat

> Crsignal weak (small content,
possibly also used as seed layer

> exposed area oxidized
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Chem. microspectroscopy: Pitfalls

Fe Ni_ /Si
19 81
880
| Silicon
- 860
n
= .
5
. 840 -
= Ni L
&8 2,3
S
820
‘z Permalloy Squares“
< .
+—
£ 300 Fe L J\«M
2,3
780 -

650 700 750 800 850 900

Photon Energy (eV)

J

»  50nm FeNi/Si0,
» 25 pmsquares

> chemical contrast “inverted”, since dominated by electron yield
> Yyield may be affected by topography and work function
> always check contrast mechanism (weak contrast)
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UV-PEEM vs. X-PEEM

J

yield spectrum transmitted yield X-PEEM transmitted yield UV-PEEM
A A |
f_, % % i hv-®
>
kinetic energy kinetic energy kinetic energy
> high-energy excitation generates
broad electron energy |
’ ; . - N-Lamp
distribution g |1 40 oV W af
. . L g5} 4
> electron optics has sufficient £
transmission at higher energies 3
> chromatic aberration of lens 0B
system is more critical in X- L , . . , )
20 40 60 80 100 120 140
PEEM binding energy [e V]
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Ferromagnetic contrast mechanism: XMCD ’J

1. Auger electron excitation 2. Inelastic scattering cascade 3. "Low pass"
transmission

Co/Cu multilayer

intensity distribution

kinetic energy
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> XMCD in total or partial (low energy) electron yield
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MXCD: microscopic origin
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> MXCD occurs without invoking exchange splitting in the core
states

> sum over subshell transitions unequal for O+ and O-
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MXCD: angular dependence

> NiaoFCzo/CU/SiOz

»  lithographically micropatterned
» Nilz XMCD
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Fe304(111)

Fir-tree pattern spin configuration
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4 MXCD images reveal complicated magnetic surface structure

4 formation of quasi-domains at the surface
4 no sufficiently large surface areas with a homogeneous magnetization!
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Domain walls on Fe(100)

Néel-like
surface tern

Bloch wall

> selective imaging of Néel-type
domain walls
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MXLD: microscopic origin
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> MXLD relies on exchange-splitting of the core states
> sum of subshell transitions equal for E||M and ELM
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Ferromagnets vs. Antiferromagnets Il

J

Fe,0,(110) XMCD NiO XMLD s-polarized

4+ XMLD has a more complicated angular variation
4+ XMLD has anisotropic components

4 breakdown of the simple angular dependence!

4 careful analysis yields collinear coupling

IFF “Electronic Properties”

©Ms2010 33
33




Time-resolved XPEEM: Principle

J

12-bit CCD-camera

— L - .
_e-="" Rk T Detection system

y

o’ o or
e N delayline detector
, ]
: Sto rage ring " Image detector
\ single bunch ’ .
N S Final image
\NN - f’,,
~ ._ -
t,=variable delay time
® t,=repetition time > 100ns
Int.
,U OH Projective |

Diffraction lens

| . Objective lens

— pused "

IFF “Electronic Properties”

©MS 2010




Mapping response to unipolar pulse

ESRF 16 bunch mode
Permalloy A 4 105 ps/ 176 ns
30 nm thick B «

20um x 80um

rising edge

2 0 2 4 6 8 10 12 14 16

t [ns]

coherent rotation processes
Incoherent rotation processes
slow relaxation
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Permalloy Element: domain dynamics

J

4+ 40 nm Perma”oy 125 ps steps
4+ top end of 20 x 80 um

+ NiL; edge

4+ 0.125 ns (!) time slices

4+ 176 ns (1) repetition time

C.M. Schneider et al., Appl. Phys. Lett. 85 (2004) 2562

initial Landau-Lifshitz state
formation of stripe-like structures

incoherent magnetization rotation

YV VY YV

vortex formation and motion

IFF “Electronic Properties”

©Ms2010 36

36



Contents

> Introduction and motivation
> |Immersion lens microscopy
> Contrast mechanisms
> Chemical selectivity
> Magnetic sensitivity
> Energy filtering

> Aberration correction

IFF “Electronic Properties”

©Ms2010 37

37



Advanced Concepts: NanoESCA

J

Imaninn ECrA

3 modes:

1. PEEM
direct SE-imaging
without energy
filter

2. Imaging XPS
imaging with
energqy filter

3. Spectroscopy
with area selection
aperture and
channeltron

> dual imaging mode system
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Aberration corrected energy filter ’J

> Patented concept of NanoESCA

* IDEA aberration corrected band pass energy filter

* Compensation of first analyser by second analyser allows large slits
(1-2mm) and small pass energy

* No intermixing of spatial and energy information
* Result: high transmission imaging energy analyser

. Energy selecting slit
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Imaging XPS

J

Focussed ion

> Synchrotron results (ESRF I1D08)

* Select suitable pattern for XPS imaging: 300nm structures

* Secondary electron imaging with high resolution , £~ beam pattern
U
» Microstructured sample (FIB ion milled) Au on CdTe W Te0,

* Mercury arc lamp illumination

Commissioning at LETI

leti=

©MS 2010
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Imaging XPS

» Synchrotron illumination hv =700eV

- Fast overview spectrum with channeltron®to locate Au4f peak

Au4f E-EF=615.3eV

| | I |
612 614  B16 618

2.5 um
b‘ —
: '*’A““*é'\b PRI Y
= i Dy ff\ f ! i / |
RN IR : :
R /S » Ultimate XPS resolution: 160nm
= A s . .
- ;};:{,g IR oy * 15 min per image
. uf‘ b
160 nm 660 nm "
letl = ’ ©MS 2010
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Single Si nanowires

Si 2p
hv=150 eV

Si

'\\ dX =127.0 nm '

E=42.25 eV —1min —det 1000V —bin.1x1 '\\;\
| IIJ 200 400 G000 200 1000 B 1200
Flateau: 9/ 9 Distance (nmj C =055

© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA

= imaging with Si 2p photoelectrons
= width of wire <127 nm
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Aberration correction

S 1 |

Contrast aperture

contrast aperture

s corrector and CA |
Hmm? I. 100e|V
T el O 4008V  (p -
Increase transmission ~ factor 5 o | o
Attention: space-charge at % i
surface or in bfpo of PEEM. .. gl
Beamline
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aberration-corrected microscope

1000

uncorrected AE=0, 1.5, 3 eV

corrected AE =0, 1.5, 3 eV
E=3eV

A\ _gun
\|/

-
o
o

sample

Resolution (nm)

-
o

— mirror
1 ) llllllI I lllllllI
0.0001 0.001
Aperture Angle
contrast ' .
aperture > resolution tested in LEEM
> improvement (Jun 2009) by a
— electrogtatlc lens factor of 2
<= magnetic lens
— axial ray . o
— field ray > improvement of transmission
screen by a factor of 10!

courtesy R.Tromp, IBM Yorktown Heights
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X-ray standing waves: principle

4
/ 3.5
3
2.5
I/, 2
1.5
|
8, 8. 6. 8. 8 0.5
Martin Tolkieh
D 6" —20 0 20 40 60 80

A6 [urad]

> standing wave field at the surface at Bragg angle

> modulation of wave field intensity via photon energy or the
angle of incidence

> multilayer mirror transposes XSW approach into the soft x-
ray regime
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XSW in wedge-type samples

Co layer (2nm)

Projective lens

Energy analyzer

10
]

Column

L — = —
Objective /

—
_______I

15
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lens

25
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[]

Si/MoSi2 multilayer
4 nm period

35
[]

40
[]

X-ray beam | 4.0nmAg e — — —

45
[]

50
]

Si/MoSiz multilayer
Agwedge O ... 17nm

PEEM with energy filtering = direct photoemission

V VY

> imaging the Ag intensity distribution
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mapping the standing wave

spectral mapping of the intensity distribution along the wedge

lateral shift of the photoemission maximum Ag 3d and C 1s as a
function of photon energy

> clearindication of the standing wave character
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energy-dependent intensity distribution

Ag 3d intensity C Is intensity

Ag wedge Ag wedge

photon energy (ev)

20

lateral distance (um) lateral distance (um)

> maximum and minimum of the XSW depending on photon energy

> lateral shift of the photoemission maximum Ag 3dandC 1sas a
function of photon energy
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Co/Cr-wedge/Fe

Cr wedge
0—35nm

580eV STy
Fe 3p

.

Cr wedge

S5um
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What you should take home!

Y XPEEM = special case of electron emission
microscopy (EEM)

% chemical selectivity = spectroscopic imaging

v information depth = several nanometers

v current lateral resolution ~50nm with x-rays

Y ideally suited for investigation of complex
systems

Y access to ferromagnetism via XMCD
Y access to antiferromagnetism via XMLD

* intrinsic time-resolution via time structure of
the synchrotron radiation
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