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HighHigh--resolution TEMresolution TEM--EELSEELS

The most powerful method for chemical analysis on the The most powerful method for chemical analysis on the 
nanoscale is electron energy loss spectroscopy (EELS) nanoscale is electron energy loss spectroscopy (EELS) 
in a scanning transmission electron microscope (STEM).in a scanning transmission electron microscope (STEM).

Possibilities: Element analysis (composition), coordination, Possibilities: Element analysis (composition), coordination, 
electronic structure, electronic structure, ……
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Atomic scatteringAtomic scattering

electron excitation in the sample electron excitation in the sample EEss + + ΔΔEE

inelastic scattered electron        inelastic scattered electron        EE00 –– ΔΔEE

primary electron     primary electron     EE00
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Separation of the electronsSeparation of the electrons

Gatan ENFINA 1000 Gatan ENFINA 1000 
PEELS spectrometerPEELS spectrometer

Energy resolution:Energy resolution:
0.35 eV0.35 eV

Spreading of the electron beam due to the slightly Spreading of the electron beam due to the slightly 
different kinetic energy of the electrons different kinetic energy of the electrons 
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Electron Energy Loss spectrumElectron Energy Loss spectrum

EEL spectrum of siliconEEL spectrum of silicon
[EELS Atlas][EELS Atlas]

Low Loss Core Loss

Low LossLow Loss

•• Band gap Band gap 
•• Plasmon EELS / Plasmon EELS / 

Valence EELS Valence EELS 
•• Inter/IntraInter/Intra--band band 

transitiontransition

Core LossCore Loss

•• Element compositionElement composition
•• Element coordinationElement coordination
•• Chemical bondingChemical bonding
•• Valence statesValence states
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Element identificationElement identification

Example:Example: silicon Lsilicon L2,32,3--edges of edges of 
amorphous silicon, amorphous silicon, 
crystalline silicon and crystalline silicon and 
silicon dioxide.silicon dioxide.
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SiO2

a-Si

c-Si



Si/SiOSi/SiOxx layerslayers

SuperlatticeSuperlattice with 2 nm Si/3 nm SiOwith 2 nm Si/3 nm SiOxx

after RTA (1100 after RTA (1100 °°C, 30 s) from C, 30 s) from 
cooperation with BTU cooperation with BTU CottbusCottbus

EELS in different layersEELS in different layers

5 nm5 nm

High spatial and energy resolution is indispensableHigh spatial and energy resolution is indispensable
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Composition of mixtures of silicon phasesComposition of mixtures of silicon phases

Element quantification:Element quantification:
IIfitfit = a= a··IISiOSiO22 + b+ b··IIcc--SiSi + c+ c··IIaa--SiSi + + ……

Catalytically etched silicon Catalytically etched silicon 
nanowires consist of porous silicon nanowires consist of porous silicon 
applying certain parameters applying certain parameters 

Composition important for the Composition important for the 
understanding of etch processunderstanding of etch process

Multiple least squares fitting with  Multiple least squares fitting with  
spectra recorded at reference spectra recorded at reference 
samplessamples

[Schade [Schade et alet al.. APA 2009]APA 2009]

Requirement of reference spectra Requirement of reference spectra 
at the same thickness like the at the same thickness like the 
samplesample

Problem: reference spectra of Problem: reference spectra of 
silicon valence states Sisilicon valence states Si++, Si, Si2+2+,,……
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Si/SiOSi/SiO22 interface interface -- silicon valencessilicon valences

Theoretical SiTheoretical Si--LL2,32,3 edge at the Si/SiOedge at the Si/SiO2 2 interface, interface, 
calculated by a combination of allcalculated by a combination of all--electron calculations electron calculations 
for the onset energy and density functional pseudofor the onset energy and density functional pseudo--
potential calculations within the potential calculations within the Z Z + 1 approximation.+ 1 approximation.

[[WindlWindl et alet al. 2004]. 2004]

ButBut: Deviation to : Deviation to ““realreal”” spectraspectra
•• fine structure (ELNES)fine structure (ELNES)
•• superposition of valence statessuperposition of valence states
(spot size)(spot size)

•• quantity of scattering centersquantity of scattering centers
(homogeneity of atomic pillar)(homogeneity of atomic pillar)
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Analysis of the composition of compoundsAnalysis of the composition of compounds

StranskiStranski––Krastanow growth of Krastanow growth of SiSi1 1 –– xxGeGexx

islands determined by the incorporated islands determined by the incorporated 
strainstrain
Composition profile important for the Composition profile important for the 
particular growth scenarioparticular growth scenario
Strain distribution and different models Strain distribution and different models 
deviated from Xdeviated from X--ray diffractionray diffraction

[Hanke [Hanke et alet al.. 2004]2004]
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Germanium fraction Germanium fraction xx in a single in a single SiSi1 1 –– xxGeGexx

island derived from the integral intensity island derived from the integral intensity IIGeGe (a) (a) 
as a function of the normalized height as a function of the normalized height h h (b).(b).

[Schade [Schade et alet al. APL 2007]. APL 2007]



PlasmonPlasmon energy loss at defectsenergy loss at defects
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PlasmonPlasmon--loss peaks and innerloss peaks and inner--shell edges of the EELS spectra acquired at areas around shell edges of the EELS spectra acquired at areas around 
the twin boundaries.the twin boundaries. [[KuchiwakiKuchiwaki et alet al. 2008]. 2008]

EELS analysis of {111} EELS analysis of {111} ΣΣ3 and {112} 3 and {112} ΣΣ3 twin boundaries and their junctions 3 twin boundaries and their junctions 
in phosphorin phosphor--doped cast polycrystalline silicon at different temperatures.doped cast polycrystalline silicon at different temperatures.



Silicon band gapSilicon band gap

Si  and Ge experimental EEL spectra recorded with an energy dispSi  and Ge experimental EEL spectra recorded with an energy dispersion of 0.02 eV/channel ersion of 0.02 eV/channel 
(left picture). Si and Ge spectra in the energy range 0(left picture). Si and Ge spectra in the energy range 0––8 eV calculated from the spectra in the 8 eV calculated from the spectra in the 
left picture.                                                   left picture.                                                   [[Pantel Pantel et alet al. 2006]. 2006]
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EELS low loss spectra were recorded from pure Si and Ge crystalsEELS low loss spectra were recorded from pure Si and Ge crystals..
The spectra are then deconvoluted from elastic/quasiThe spectra are then deconvoluted from elastic/quasi--elastic and plural elastic and plural 
scattering effects.scattering effects.



CooperationsCooperations within SINOVAwithin SINOVA
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EELS characterization of SiOEELS characterization of SiOxx as subas sub--stoichiometricstoichiometric barrier materialbarrier material
HZBHZB

Analytical electron microscopy at silicon nanostructure absorberAnalytical electron microscopy at silicon nanostructure absorbers s 
IHT, ERIHT, ER--CC

EELS at amorphous silicon quantum structuresEELS at amorphous silicon quantum structures
IHTIHT

EELS characterization of the barrier materials SiEELS characterization of the barrier materials Si33NN44, ONO and , ONO and SiCSiC
IHTIHT

Analytics at OES Analytics at OES 
IHT, ERIHT, ER--CC

Diagnostics at doped Diagnostics at doped nanodotnanodot--layerslayers
HZB, IHT, ERHZB, IHT, ER--C, BTU, IFTOC, BTU, IFTO

EELS investigations on light induced crystallizationEELS investigations on light induced crystallization
BTU, IHTBTU, IHT



MilestonesMilestones
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