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OUTLINE���

1.  Spectroscopy���
2. Diffraction���

3. Imaging (microscopy)	




Lecture 1���

SURFACE SPECTROSCOPIES���

Vibrational (IR, HREELS)���

Electronic (UPS,XPS,NEXAFS)	






















HREELS	










Ibach 2000	






UPS	

Valence band structure	


Eb=hν-Ekin-φ	




UV sources	




Hemispherical Analyser	




ARUPS geometry	
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Orientation of planar molecule: tetracene	




XPS	




Analytical Techniques	




Surface Analysis	




XPS Checklist	


  Depth of analysis 5nm 

  Element electronic state analysis 

  All elements except hydrogen 

  Readily quantified 

  All materials (vacuum compatible) 

  Depth profiling by ARXPS or sputtering 

  Analysis area mm2 to 10 micrometres 



XPS - Basics	


EB = hν - EK - ω  



XPS – Relationship to 
Electronic Structure	




X-Ray Induced Auger Emission	


EKL2,3L2,3(Z) = EK(Z) – [EL2,3(Z) + EL2,3(Z + 1)]  



The XPS emission process (top) for a model atom. An incoming photon causes the 
ejection of the photoelectron. The relaxation process (bottom) for a model atom 
resulting in the emission of a KL23L23 electron. The simultaneous two-electron 
coulombic rearrangement results in a final state with two electron vacancies. 

Ek = h-EB - e 

Work function term 

Binding energy Photon energy 

KE of measured 
photo e- 

Photoelectric effect (Einstein, Nobel Price,1921) 
Photoemission analytical tool (Kai Siegbahn, Nobel Price 1981) 



XPS Survey Spectrum	


Note: 

C1s spectrum 

XPS and Auger peaks 

Background – 
stepwise 

Valence band 

Chemical shift 



XPS Spectrometers	




X-Ray Monochromator	


Bragg diffraction at quartz 
crystal removes satellites and 
Bremsstrahlung components 
of radiation, narrow AlKα 
line (o.25 eV cf. 1.0 eV) results 
which provides much 
improved spectral resolution.  
Charge compensation needed 
for insulators such as 
polymers 



•  Data Interpretation (Qualitative).	

1. General Features	

       i)    Spectrum is displayed as a plot of the number of electrons           

v.s. electron binding energy.	

	
In fact the K.E. of photoelectron is detected :	

	
 	
K.E. = h – B.E. – φ	


      B.E. is referenced to Fermi energy ; φ work function term.	

      ∴B.E. displayed increased from right to left.	


ii)  Well defined peaks are due to photoelectrons without 
suffering from inelastic energy loss emerging from the sample 
( high surface sensitivity). Electrons that have lost energy 
increase the level of the background at binding energies 
higher than the peak energies. The background is continuous 
because the energy loss processes are random (probabilistic) 
and multiple.  For monochromatized X-ray source, the 
background is lower ( Why ?)	




	
iii) Types of lines	

	
 	
A)  Photoelectron lines.  Line width is governed by 	
     
uncertainty principle (natural line width) and the line width of the  
X-ray source.	

	
 	
B)  Auger lines.  There are four main Auger series observable 
in XPS, namely, KLL, LMM, MNN, NOO.  If one could observe a 
core Auger Line, the corresponding photoelectron line should be 
able to be detected.	

	
 	
C)  X-ray satellites.  The x-ray emission spectrum from a 	
     
non-monochromatic source used for irradiation exhibits not only 
the characteristic X-ray but also some minor X-ray components at 
higher photon energies.	




Binding energy  (eV ) 

For each photoelectron peak, 
there is a family of minor 
peaks at “ lower” binding 
energies, with intensity and 
spacing characteristic of the 
X-ray anode material. 

Source	
 α1,2,	
 α3 	
 α4	
 α5 	
 α6	
  β	


Mg	
 0	

(100)	


8.4	

(8.0)	


10.1	

(4.1)	


17.6	

(0.6)	


20.6	

(0.5)	


48.7	

(0.5)	


Al	
 0	

(100)	


9.8	

(6.4)	


11.8	

(3.2)	


20.1	

(0.4)	


23.4	

(0.3)	


69.7	

(0.6)	


Key : relative energy position ( relative Intensity) 
Solution : Best to buy a monochromator 

Mg X-ray satellites observed in the C 1s spectrum of graphite. 



D ) Ghost Lines	

	
X-radiation from elements other than the x-ray source anode 
material impinges on the sample, resulting a small peaks but 
displaced by a characteristic energy interval.	

	
Possible origins :	

	
i)  Mg impurities in Al anode or vice versa.	

	
ii) Cu from the base structure.	


    iii) Oxidation of the anode.	

    iv) X-ray photons from the Al window.	

	
v) Internal fluorescence induced photo e-. (Very low probability).	


Contaminating Radiation 	
 Anode Material	

          Mg                    Al	


O (Ka )	
     728.7.eV            961.7eV	

Cu (La )	
     323.9.eV            556.9eV	

Mg (Ka )	
        ----                  233.0eV	

Al  (Ka )	
     -233.0.eV            ----	


relative 
energy 
w.r.t 
anode Kα	




E) Shake – up lines.	

	
In summary, the photoelectric effect process may leave 
the ion in an excited states in the sense that an valence 
electron being promoted to higher energy state ; 
graphically :���

ΔE Valence level e- 

1s 
(By the conservation 
of energy) 

∴K.E.’ = K.E. – ΔE 

Or B.E’ =B.E. + ΔE 



Binding energy  (eV ) 

The π bond shake-up satellite for C 1s in polystyrene.  The 
peak is about 6.7 eV higher than the main photopeak. 

Polystyrene 



Binding energy  (eV ) 

Examples of shake-up 
line(s) of the copper 2p 
observed in copper 
compounds. 

For the identification of Cu II ion 



F) Multiplet splitting	

	
Emission of an electron from a core level of an atom that itself has 
a spin can lead to different energy configurations of the final ion, 
hence different K.E. of the photoelectrons	


	
Example	

	
Consider 3 s electron in Mn2+ ion.  In ground state, the 5  3d 
electrons are all unpaired with parallel spins.   With an ejection of 
a 3s electron, the remaining unpaired 3s electron can be either 
parallel or anti-parallel to the 3d electrons, which corresponding 
to two different energy configuration.  This results in a splitting of 
Mn 3s line. This example shows the effect of spin-spin coupling,if p 
orbital is involved, the situation will be more complex due to spin- 
orbit coupling.	




Multiplet splitting of the 
Mn 3s 

Binding energy  (eV ) 



Diamagnetic 

2 unpaired e- 

3 unpaired e- 

Cr 3s 

Multiplet splitting of the 3s peak from chromium compounds : 
Cr(CO)6 is diamagnetic (no unpaired electrons) ; Cr(C5H5)2 has two 
unpaired electrons in the e2g level; Cr(hfa)3 has three unpaired 
electrons in the t2g level ( hfa = CF3COCHCOCF3).  Note also how the 
mean BE varies with the electronegativity of attached ligands 



G) Plasmon oscillation lines.	

–  Any e- of sufficient energy passing through a solid can excite 

one or other modes of collective oscillation of the sea of 
conduction e-.	


–  These oscillations have frequencies characteristic of the 
material of the solid (or the bonding nature of the valence e-).	


–  These oscillations thus absorbing discrete energy only.	

–  An e- that has given up an amount of energy equal to one of 

these characteristic energies is said to have a plasmon loss	

–  Energy absorbed =                ω:oscillation frequency	


ω





Germanium	

Ge3d 

Ge2p3/2 

GeLMM 

Ge3d: EK = 1453 eV, λ = 2.8 nm 

Ge2p: EK = 264eV , λ =0.8 nm 



C1s Spectrum of Epoxy	


Carom. Caliph. 
C-Oarom. C-Oaliph. 

Cepoxy 

n 



Depth of Analysis	




Depth of Analysis	

The linked image cannot be displayed.  The file may have been moved, renamed, or deleted. Verify that the link points to the correct file and location.The linked image cannot be displayed.  The file may have been moved, renamed, or deleted. Verify that the link points to the correct file and location.The linked image cannot be displayed.  The file may have been moved, renamed, or deleted. Verify that the link points to the correct file and location.



Key Equations	
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The intensity of electrons (I) emitted from a depth (d) in a 
direction normal to the surface is given by the Beer-
Lambert relationship: 

I = I0 exp(-d/λ)  
Where I0 is the intensity from an infinitely thick, uniform 
substrate. For electrons emitted at an angle θ to the 
surface, this expression becomes: 

I = I0 exp(-d/λsinθ) 



NEXAFS	






Physical Processes 







Names:  XAFS – NEXAFS –XANES - EXAFS	


Interference of 
outgoing 
photoelectron and 
scattered waves 

Nearest neighbor distances 

Number of neighbors 

or XANES 



Experimental X-Ray Absorption Techniques 



X-Ray Absorption versus Photoemission 





Surface sensitivity of total and Auger yield 



Some Fundamental X-Ray Absorption Spectra 

                          -- soft x-rays --  



NEXAFS spectra of polymers: building block picture  



Chemical Sensitivity 

   Core level shifts 

             and 

Molecular orbital shifts 




