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➢ fundamental problems on the nanoscale
➢ growth – morphology – catalysis – surface chemistry ...
➢ chemical selective analysis with high lateral resolution
➢ microelectronics – magnetism – spintronics ... 

From basic science to technology

wafer analysissurface physics

4



©MS 2010
IFF “Electronic Properties”

Requirements

➣ core level excitation
➣ electrons as carriers
➣ cascade processes
➣ adapted electron optics
➣ parallel imaging
➣ MXCD, MXLD
➣ photoexcitation

C.M. Schneider and G. Schönhense, Rep. Prog. Phys. 65 (2002) R1785

✦!chemical selectivity
✦!surface sensitivity
✦!arbitrary samples
✦!information depth
✦!high lateral resolution
✦!fast image acquisition
✦!magnetic sensitivity
✦!time resolution

X
P
E
E
M

X-Ray Photoelectron Emission Microscopy
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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 Brüche (1933)
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➢ holes in Zn metal plate

1mm

E. Brüche, Z. Phys. 86, 448 (1933)
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Immersion lens microscope II

photons
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PEEM column and objective lens

sample holder
with x,y table

objective lens

contrast
aperture
manipulator

projective I
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➤

 modified PEEM set-up
➤

 additional refraction lens
➤

 additional electron gun with reflector crystal
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Immersion lens: Operating modes

high-resolution mode
(tetrode lens)

survey mode
(triode-like lens)

➣ sample on ground
➣ lateral resolution vs. field of view (FOV)
➣ survey mode: FOV ~500µm
➣ high-resolution mode: FOV ~20µm

G. Schönhense, J. Phys.: Condens. Matter 11 (1999) 9517
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Lateral resolution
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✦ 30µm contrast aperture

✦ increase of energy window 0.7 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

➢ more elaborate and expensive

➢ spherical aberration smaller by factor 4-10

➢ sample on -20kV
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Elmitec PEEM III
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Topographic contrast

Corresponding
PEEM
image

Surface
topographical
features

Electron
trajectories
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➢ 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

15
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Etched pits on Si(100)

➢ field of view: 140 µm

➢ courtesy of Dr. Gary Kellogg, Sandia National 
Laboratories, Albuquerque, New Mexico
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exp2.jpg
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Cu on Mo(110)

➢ field of view: 10µm

➢ atomic steps on Mo(110)

➢ step edge decoration

17

exp2.jpg
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Work function contrast

➢ fixed photon energy

➢ band pass: Evac-EF-hν

➢ total photoemission yield depends on work function
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Work function contrast

➢ polycrystalline copper

➢ work function depends on grain orientation

➢ photoemission yield depends on work function

19

exp2.jpg
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© CEA 2009. All rights reserved
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Examples (1)
Photoemission threshold

Renault et al.,  Surf. Interface Anal. 38, 375 (2006)

<111>
<110>
<100>

4.85 eV
4.55 eV
4.40 eV

Traitement PCA (1 pixel=50x50nm²)
N. Fairley, CasaXPS Ltd.

Region 4
Region 2
Region 1

Region 4 <111> 4.85 eV

Region 2 <110> 4.55 eV

Region 1 <100> 4.40 eV
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Chemical contrast mechanism
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optical excitation Auger process secondary electron emission

ζ electron yield = three-step process 
involving core and valence states

21

➢ sequential excitation process

➢ information depth is convolution of inelastic mean free 
paths of Auger and secondary electrons
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Information depth

➢ total electron yield (TEY) proportional to µ
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µ >> λ
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Spectromicroscopy

➤ head crash on hard disk
➤ ion beam etching
➤ CoCrPt intermetallic compound

➢ DLC overcoat destroyed

➢ Co signal seen through overcoat

➢ Cr signal weak (small content, 
possibly also used as seed layer

➢ exposed area oxidized

23
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Chem. microspectroscopy: Pitfalls

➤ 50nm  FeNi/SiO2

➤ 25 µm squares

➢ chemical contrast “inverted”, since dominated by electron yield
➢ yield may be affected by topography and work function
➢ always check contrast mechanism (weak contrast)

24
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UV-PEEM vs. X-PEEM
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➢ high-energy excitation generates 
broad electron energy 
distribution

➢ electron optics has sufficient 
transmission at higher energies

➢ chromatic aberration of lens 
system is more critical in X-
PEEM
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Ferromagnetic contrast mechanism: XMCD
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MXCD: microscopic origin

➢ MXCD occurs without invoking exchange spliing in the core 
states

➢ sum over subshell transitions unequal for σ+ and σ–

28
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MXCD: angular dependence
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➤ Ni80Fe20/Cu/SiO2

➤ lithographically micropaerned

➤ Ni L3 XMCD

➢ continuous rotation of the 
magnetization vector

➢ MXCD scales as A~M⋅ζ or A~M⋅q

➢ no magnetic contrast for M⊥q
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Fe3O4(111)

Fir-tree pattern spin configuration

✦ MXCD images reveal complicated magnetic surface structure
✦ formation of quasi-domains at the surface
✦ no sufficiently large surface areas with a homogeneous magnetization!

30
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Domain walls on Fe(100)

hν

M

Bloch wall

Néel-like
surface termination

➢ selective imaging of Néel-type 
domain walls
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MXLD: microscopic origin

➢ MXLD relies on exchange-spliing of the core states
➢ sum of subshell transitions equal for E||M and E⊥M

32
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Ferromagnets vs. Antiferromagnets II

✦XMLD has a more complicated angular variation
✦XMLD has anisotropic components
✦breakdown of the simple angular dependence!
✦careful analysis yields collinear coupling 

+/ -, 710.8eV 872eV/873eV

Fe O (110) XMCD3 4 NiO XMLD s-polarized

h h
E
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Time-resolved XPEEM: Principle
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Mapping response to unipolar pulse

coherent rotation processes
incoherent rotation processes
slow relaxation

0 ns

Permalloy 
30 nm thick
20µm × 80µm

ESRF 16 bunch mode
105 ps/ 176 ns
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Permalloy Element: domain dynamics

✦ !40 nm Permalloy
✦ !top end of 20 x 80 µm
✦ !Ni L3 edge
✦! 0.125 ns (!) time slices
✦! 176 ns (!) repetition time

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

125 ps steps

➢ initial Landau-Lifshitz state

➢ formation of stripe-like structures

➢ incoherent magnetization rotation

➢ vortex formation and motion
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Advanced Concepts: NanoESCA

3 modes:
1.  PEEM

direct SE-imaging 
without energy 
filter

2.  Imaging XPS
imaging with
energy filter

3. Spectroscopy
with area selection 
aperture and 
channeltron

38

➢ dual imaging mode system

38
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Aberration corrected energy filter

➢ 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

39
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Imaging XPS

➢ Synchrotron results (ESRF ID08)

• Select suitable pattern for XPS imaging: 300nm structures

• Secondary electron imaging with high resolution

• Microstructured sample (FIB ion milled) Au on CdTe

• Mercury arc lamp illumination

100 µm

3µm

300nm

9µm

Commissioning at LETI

40
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Imaging XPS
➢ Synchrotron Results (ESRF ID08)

Commissioning at LETI!

660 nm160 nm

• Ultimate XPS resolution: 160nm
• 15 min per image

• Synchrotron illumination hν = 700eV

• Fast overview spectrum with channeltron® to locate Au4f peak

E-EF    [eV]

In
te

ns
ity

 [
a.

u.
]

100eV  700eV 

Au4f    E-EF=615.3eV

2.5 µm
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Single Si nanowires

 imaging with Si 2p photoelectrons
 width of wire <127 nm

42
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Ø =100 nm

CA=70µm

E=42.25 eV –1min –det 1000V –bin.1x1    

Si 2p

h!=150 eV

Si

TiN

Single silicon nanowires (2)
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contrast aperture

Increase transmission ~ factor 5
Attention: space-charge at 
surface or in bfp of PEEM…

CS corrector and CA

Contrast aperture

Aberration correction

44
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aberration-corrected microscope

➢ resolution tested in LEEM

➢ improvement (Jun 2009) by a 
factor of 2

➢ improvement of transmission 
by a factor of 10!

45

SPECS GmbH
Surface Analysis and Computer 
Technology
Voltastrasse 5
13355 Berlin · GERMANY

Phone: +49 30 467824-0
Fax: +49 30 4642083
E-mail: support@specs.de
http://www.specs.de

C   o   m   p   e   t   e   n   c   e         i   n        S   u r   f   a   c   e          A   n   a   l  y  s  i  s

sample

contrast
aperture

gun

mirror

screen

electrostatic lens
magnetic lens
axial ray
field ray

Figure 4: Photo of the aberration corrected and energy filtered FE-LEEM P90 and the 
corresponding ray diagram showing the principle planes of the instrument.

C   o   m   p   e   t   e   n   c   e         i   n        S   u r   f   a   c   e          A   n   a   l  y  s  i  s

Fig. 2: 1.8 um field of view. Same 
sample as in Fig. 1.

Fig. 3: Status of correction. Refer to 
text for details.

Directly after assembling the aberration corrected instrument, a resolution of 2.9 nm 
could be easily achieved. Fig. 3 shows the status of correction: The blue circle 
indicates the measured resolution with  the uncorrected instrument using the 
optimum aperture size of 20 µm. The red circle shows the measurement with the 
corrected instrument: the optimum aperture is now 50 µm and the achieved resolution 
of 2.9 nm is close to the theoretical value of 1.5 nm. Not only has the resolution been 
improved significantly, at the same time the transmission of the instrument is 
increased by a factor of more than 6.

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

➢ 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

46
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XSW in wedge-type samples

➢ Si/MoSi2 multilayer
➢ Ag wedge 0 ... 17nm
➢ PEEM with energy filtering ⇒ direct photoemission

➢ imaging the Ag intensity distribution

47

Au layer (.25nm) 
C layer

Co layer (2nm) 

Ag wedge

Si/MoSi2 multilayer
4 nm period

X-ray beam

Ag 3d intensity (norm.)

1.15

1.0

0.85
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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
➢ clear indication of the standing wave character

48

Ag 3d C 1s

48
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energy-dependent intensity distribution

➢ maximum and minimum of the XSW depending on photon energy
➢ lateral shift of the photoemission maximum Ag 3d and C 1s as a 

function  of photon energy
49

Ag 3d intensity C 1s intensity
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Co/Cr-wedge/Fe

50

Cr wedge
0 – 5 nm
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What you should take home!

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

★ chemical selectivity ⇒ spectroscopic imaging

★ information depth = several nanometers

★ current lateral resolution ~50nm with x-rays

★ ideally suited for investigation of complex 
systems

★ access to ferromagnetism via XMCD

★ access to antiferromagnetism via XMLD

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