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Uses of the EPMA

Spotmode operationfor quantitative analysis:

A Micron-scale, complete chemical analysis

Beto U (1650 ppm under favorable conditions)

Raster mode operatioifior high resolution imaging:

A Backscattered electroncomposition and topography
A Secondary electrortopography
A X-ray map:spatial distribution of elements

A Cathodoluminescencédrace elements, defects
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Electron emitting source: Tungsten hairpin
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Blas
Wehnett \ Resistor
Cylinder Viias = {a Rpiss
(Grid Cap) ™

-

' High
Voltage

9 Supply
-
Emission
| Current i,

Seltbiased thermionic electron gun

A Cathode: Filamenat negativepotential
Tungsterhas a high melting point and a low wefknction
energy barrier; heatedy filament current,. , until electrons
overcome the barrier

A WehneltCylinderat a slightly higher negative potential than the
filament because of the Bias Resistor

Bias voltage\(,;,J automatically adjusts with changesiito
stabilizeemission; the grid cap also focushe electron beam

A Anode: Plateat ground potential

Potential difference (accelerating voltagé) causes electron
emission (current,)



Electron probe parameters

Accelerating voltage, v
(V, of 15kV generates electron beam witth keVVenergy)

Finalbeamcurrent, orprobe currentj,
Finalbeamdiameter, orprobe diameterd,
Finalbeamconvergence angle, @robe convergence angla,



Filament saturation
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Electron probe diameter
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d, a 1 Onm at 10 nA and 15 kV with a Tungsten hairpin source

Probe diameter decreases with

A decrease in Probe current

A increase in Accelerating
voltage

A W > LaB6 > Field Emission
source

Higher probe current
Improves signal but results
INn poorer image resolution



Electron probe diameter
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Probe current can be changed by adjusting the condenser lens (CL) current

and the objective lens (OL) aperture settings



OL aperture control on probe diameter and current

Table 4.1 Selection of OL apertures

Scale Y Indication l Probe current |
(OL aperture : e coefficient range (Acc. Purpose of use
diameter (um) e
No.) l Probe diameter’ | Voltage: 25 kV)

Approx. 0.3 10" A or less | High resolution SEM
LDF mode: large depth
ol focus.

Approx. 0.5 ’ 10" I0°A

e —

Approx. 0.7 10 w10’

o107 A Higher current X-ray
microanalysis.

is ulu lnl W h( 'n an quluu mhﬂ than \n | is used, multiply the mdu md nutn dumrlrr b
» The actual probe diameter can be determined from the
dlameter of a 1|1\k shaped Iumlm woent pattern of ZrO, displayed on the OM monitor of the workstation,

A Actual diameter = diameter in control window X indication coefficient

A UseZzrO, and 25 kV to determine probe diameter, which depends on
the material and increases sharply with accelerating voltage



Electron gun brightness

Brightness, | OFfwai I

/, - beam current
d : beam diameter
a :beam convergence angle

Higher beam current and smaller diameter results in greater brightness

High bias Optimum bias Low bias
(cut-off)

Maximum brightness can be achieved by correctly setting the

gun bias voltage and filament -to-grid cap distance

Low bias: high emission but large d, hence low b

No emission Good emission Large emission

High bias (cut-off): no emission Good focus Poor focus

Optimum bias and filament -grid cap distance: good emission and small d, hence high 6
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Comparison of electron emitting sources

Brightness, b Initial beam
at initial crossover  diameter, d,

(A/lcm 2 sr) (mm)

Thermionic emitter:
Tungsten hairpin 10° 30- 100
LaB; 5-50

Field emitter:
Cold 108 <0.005
Thermal 108 <0.005

Schottky 108 0.015 - 0.030

* E.g., a 15 keV electron beam actually hasan energy of 15,000 + 3 eV
Source: Goldstein et al. (2003) p. 35

Energy
spread, DE

(eV)

1063*
1-2

0.3
1
0.3-1.0

Beam current
stability

(% hour)
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Lens aberration

Objoct Point
o

\\-
Slwngh‘tocuslng plane

Weak focusing plane

Electrons with different energies a
focused at different distances

Electrons traveling on different plane
are focused at different distances

Chromatic aberration Astigmatism

more at low voltage corrected withstigmator
controls 12



Lens aberration

Electrons traveling through the ~ Very small apertures produce a
center and edge of the lens are S Spherical 615 concentric diffraction pattern
focused at different distances il instead of a spot

Spherical aberration Aperture diffraction
less with very small OL apertures
smaller OL apertures have this artifact
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Depth of focus
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Objective lens
aDes tuns

Fine movement

COdLS

Scannng coils

Objective lens

Specimen
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Spatial resolution: electron interaction volume

Vertical electron beam, probe diamete0.1nm
—a0.5um 20kV gL

Uranium
Horizontal sample surface

Monte Carlo simulations of electron trajectories in the sa

Low atomic number: High atomic number
large teardrop shape smallhemisphere

Width of interaction volume >> probe diameter
(interaction volume can be reduced by reducing the probe diameter using a lower accelerating voltage)'®



Electron interaction depth (range)

A

. Kanaya Okayama

R Pa 0 0276 E 1.67 A electron range
; /0 20.889

: beam energy

. atomic weight
. density

. atomic number

N >~ > m

Electron range increases as E increases, and decreasesas r and rZ increase

E.g., at 20 kV,
R=4.29 mm in Carbon (Z=6,A=12.01,r = 2.26 g/cc)
R=0.93 mm in Uranium (Z =92, A=238.03,r =19.07 g/cc)
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Electron interaction depth (range)

Electron Range, R (L.m)

500 1000 1500
Density, p (g/cm?3) pZ

Electron range increases as E increases, and decreasesas r and rZ increase
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Signal types

Electron
beam
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Objective lens

Back-scattered electron
Secondary electron

Cathodoluminescence

X-ray
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Spatial resolution for different signals (production volume)

20 keV, W filament

Incident electrons

diameter ~150 nm

Secondary electrons

Auger electrons 10 nm

Backscattered electrons

450 nm

Continuum X-rays —
Characteristic X-rays

Fluorescent X-rays - CuKa ~1 mm
Fluorescence of CuLa ~1.5 mm Production volume for

CoKa by CuKa ~60 mm different signals is different
(not to scale)

The oonion shell d model
Cu-10%Caalloy
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Spatial resolution for cathodoluminescence (production volume)

Gallium Nitride
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Electron-specimen interactions: elastic scattering

E.g., Back-scattered electron (BSE)
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Electron-specimen interactions: inelastic scattering

Inner shell interactions:
A Characteristic X-rays
A Secondaryelectron (SE)

Beam electron

Scattered
beam
electron

E <E,
small §,
Outer shell interactions:
A Continuum X-rays
A Secondaryelectron (SE)
A Cathodoluminescence (CL)
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Back-scattered electron (BSE)

A Beam electrons scattered elastically at high angles

A Commonly scattered multiple t i mes, so energy of BSE O bes
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Electron backscatter coefficient

Fraction of beam
electrons scattered
backward
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A Large differences between high-Z and low-Z elements

A Larger differences among low -Z elements than among high-Z elements
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Back-scattered electron detector
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Back-scattered electron detector




Compositional and topographic imaging with BSE

A+B A-B

Compositional Topographic
mode mode
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Secondary electron (SE)

Specimen electrons mobilized by beam electrons through
Inelastic scattering (both outer and inner shell ionizations)

Emitted at low energies (typical: <10 eV)

(recall BSE have high energies up to that of the electron beam)

AS



Secondary electron detector
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/4 the sample chamber
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Secondary electron detector
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Imaging with the Everhart-Thornley detector

WA RTINS : SEI 10pm

Negative Faraday cage bias
only BSE

Surfaces in direct line of sight
are illuminated

Positive Faraday cage bias
BSE +SE

All surfaces are illuminated
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Cathodoluminescence (CL)

- Filled valence band is
Initial State separated from an empty

Conduction band conduction band by Eg,,
characteristic of the

compound

Caused by inelastic scattering
of beam electrons
in semiconductors

Valence band

Electron beam

tEhlectrtljn recgmbcllntes with i
eva enc_e an_ 0] Valence electron
generate light with is promoted to the
energy Eg,, conduction band

Trace element impurities produce additional energy levels outside the conduction band and
enable other electron transitions; emitted light has different colors with energies E = E
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Cathodoluminescence spectrometer

Optical microscope
camera (not used)

Optical microscope
light (turned off)

Optical spectrometer
(CCD array detector)
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Cathodoluminescence spectrum
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Dolomite with trace of Mn
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A continuous/ = 200
to 950 nm) light
spectrum is collected
at each point of the
Image area

Intensity range of
203-949 nmlight:
722-2090 counts
(red shade}

Hyperspectral CL imaging

36



Hyperspectral CL imaging

Intensity range of
361-668 nm light
in multicolor scale :

Intensity range of
light ( all wavelengths)
in grey scale:

E R 2 O g LI el ot Vo e )
no light

Red (9884 counts):
maximum intensity

Black: no light
White: maximum intensity
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Understanding X-rays:
The electromagnetic spectrum

ULa Beka
13.61 keV 0.11 keV
0.09 nm 11.27 nm

0154 visible light

Energy (keV) &

=\\avelength (m)

C
E=hn=nh 7 where, E: energy, h : Planck's constant, 77: frequency
c : speed of light in vacuum, / : wavelength

E (keV) = h7 = 1.2398/ / (nm) or, / (nm) = h £ = 1.2398/ E (keV)

Examples:
/ gera = 11.27 nm; Hence, Eg, = 1.2398/11.27 = 0.11 keV

E,, = 13.61 keV, Hence, /, = 1.2398/13.61 = 0.09 nm
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Characteristic X-ray generation

Overvoltage, U=E/E., > 1

E: electron beam energy
E.: critical excitation energy
(or, ionizationenergy)
of shell in target atom

Electron
beam

¢ incident electron

Target o\ ___ ejected
= @ * orbital electron

atom
Y scattered
¢ primary electron

|

K shell electron transition
and x-ray photon
L shell generation (Ka)

N\

@ﬂ.

x-ray p hoton x-ray p hoton
internally absorbed emitted

and Auger electron

emitted

Inner shell ionization
through inelastic scattering
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Condition for ionization: Overvoltage
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Characteristic X-ray energies

X-ray

Ka

La

Electron transition Enerqgy

My, to K Eo = Bk - By
Mvavto Ly Ba = B ) - By

N, to M, Eyva = Ec(MV) 5 Ec(NV”)
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