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A Conventional scanning electron microscopy (SEM) is a widely
used as an analytical tool. However, there are several limitations
on the type of samples, which may be observed.

AWhen a specimen consists of a roonductive material, or
not properly grounded to the specimen stub, charging occurs.
Charging is the buildip of an excess of electrons on the
surface of the specimen, which causes many undesirable
artefacts.Both secondary and backscattered electrons
utilised for SEM observations are significantly affected.

AThe elimination of specimen charging is
accomplished in the.owVa¢ESEM scanning
electron microscope by the introduction of a
gas, water, nitrogen or air into the specimen

chamber.
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Outline

U Introduction to Variable Pressure
(Environmental) Scanning Electron
Microscopy

Image formation in VESEM
X-ray Microanalysis in VISEM
Variable pressureanethod
EBSD in \MBEM

Conclusions
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o LMSEMc Low Vacuum: Scanning Electridvlicroscopy

Vacuum from:O to TTorr (0 mbarc¢ 1.33mbar)

s VR-SEMor Environmental Scanning Electrdvlicroscopy

15 Vacuum from0 to 20 Torr (0 mbar ¢ 26.6 mbar)
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VariablePressureScanning Electron'Microscope
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Pumping system of ESEM

Emission area: min. 18Torr

Minor gas flow
(to ODP or TMP)

Major gas flow

’ (to rotary pump)

PLAZ2

PLAL

Gas flow from chamber
max. 20 Torr ED/M .
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SE Amplification
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A simplified schematic diagram'of gaseous signal amplificationierasation

V w The primary-electron beam
out impinges-on the sample,
A leading to the production of
backscattered and secondary

? ) Electrons electrons.

® w The electric field between the
° ®e ® + positively biased-anode and the
@, grounded specimen stage
® Positive lons accelerates secondary electrons
& \ towards the anode.

L ® o, w Secondary-electrons:collide
with and ionise gas molecules
in their path and-amplify the
® @ secondary:signal.

a ﬁ a a w Positive ions drift towards the
sample surface to compensate

- negative charge build up

@ f ° Gas Molecules
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General-Shape of Amplification Curve

3 The most efficient
s | amplification
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Pressure (Tarr)
If the pressure is too small If the pressure ig00 high (concentration
(concentration of gas molecules is of gas molecules is largeMFP is short
small too), MFP is large and and significant fraction of secondary
amplification events are few and the electrons is scattered beforéhey acquire
secondary electron signal is weak sufficient energy to cause ionisation
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PEC signal due to ionisation from primary electrons
BSE; signal due to ionisation from backscatter electrons
SE¢ signal due to ionisation from secondary electrons (most desined
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Coppergrid on Carbon
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|, ¢ primary beam current

Se¢ ionisation efficiency of primary electrons
S;5€ ionisation efficiency of backscatter electrons
1 ¢ secondary electron coefficient

' - backscatter electron coefficient A o _ s o
h ¢ ionisation efficiency of the gas ¢CKS FFEOU2NIMP Aada OFffSR ¢2gyaSyRQa TA

d ¢ sampleanode gap coefficient
-BP

a=~APe /%

P ¢ pressure V, ¢ anode bias A & B - gas specific constants

G=¢"

Signal gain G is a function of the ionisation coefficiéhtand the specimeranode distance d

e
|. ¢ amplified gaseous electron current I — I 0 eXp?d 1 d+ ﬂ + h
I
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RelativeContributionto Total Signal

0 2 4 6 8 10
Pressurgtorr)

Graph of signal contributions as a function of chamber gas pres&urnadter vapour).The maximum total amplification
occurs at slightly higher pressure than the secondary electron maximum. At high pressures, the signal is dominatec
background signals such as ionisation of gas molecules by primary electrons
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Cascade Signal Components

The cascade signal is then composed of:

U Amplified SE

U BSE derived signal

U PE derived signal

ua!'ff 2F 0UKS [ 620S TNRY
U Detector noise

Of these, only the first is desired!
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High vacuunversuslow vacuummode
hil : é

HV SpotMag Det Sig|Pressure WD | B — e —

15.0kV] 4.0 [ 40x [LFD|SE| 70.0 Pa |[12.1 mm Quanta 200

15.0kV 3.5 35x ETD SE 21.4 mm O\L{anta 200
SE images of Au coatelicht _ SE image of Au coateBrichmade in low
despite the coating, the image still shows vacuum mode (without charging)

some charging effects
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Microstructure

Diatomite Natural HAp bioglasscomposite
(a powdery mineral composed of thiassilised
skeletal remains of microscopic singtelled aquatic
plants called diatoms)

AccV Spot Magn Det WD Exp
15.0kV 3.0 20000x GSE 52 1 0.5 Tori

&

— E 'i HV  |spot| mag [] WD det |pressure| —mm 5 um ———
E—SEM Wlth W hai-rpin ﬁlament , 7‘20.0 kv | 3.5 20000 x| 7.1 mm‘GSED 100 Pa }ngooc—
ESEM with Shottky FEG
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The minimum pressure that can sustain water in the liquid phase is aboutlé at 0°C.
Higher temperatures require higher pressures

Relative Humidity Isobars
Water Phase Diagram
3500 e bbb b A ~
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To maintain a sample in its natural hydrated state it is
necessary to drop the temperature below room
temperature,

Peltier coolingstage-25cCto +50aC
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before 2 min.exposure after 2 min.exposure

1.4 Torr H,O
vapor at 6C

dehydration is
obvious

7/ TorrH,0
vaporat 6°C

H,O environment
becomes saturated
and dehydration
does not occur
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Oil-in-water emulsion
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Interfacial ice T=-120°C P=0.7Torr N,
4 ) I Matrix
ice

Stokes, Mugnier & Clarke (2004) J Microscopy 213(Pt 3)

.

3B

NaCl.avi
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Microanalysis
under low vacuum conditions

U Low vacuum SEM: charge is eliminated by a gas (water, air,pr N
U Two major problems :

- beam damagdheating of samplé

- beam spread (skirt effect)

Beam spread

U Electrons are scattered due to collisions with gas atoms

U X-ray is generated outside the probe

U X-ray information comes from up to 500 micron from central spot
(skirt area)
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Elastic scattering Skirt formation

High pressure Beam spread :

region wX-rays from the

probe spot (actual
Pressure information)

Limiting
Apefture

wX-rays due to
atmospheric effect

(9as)

wX-rays information up
to 500 micron from
€ central spot (skirj

Low pressure

+ 4 LA \+ + N+ +
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Minimal Scattering Partial Scattering Complete Scattering
Scatter < 5% 5% 10 95% Scatter Scatter >95%
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Electrons in the Skirt

Fraction of electrons remaining in central probe:

f =g PA/RT
where:

" ¢ scatteringcrosssection
P ¢ pressure

R¢ gas constant

d ¢ gaspath length

T ¢ temperature
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Scattering out of the Probe

fraction in probe
o
o1

0 500 1000 1500 2000 2500
Pressure Distanc@GPL)YPamm)

Use as low a pressure and as short a Gas Path Length as possible!
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Which gas?

Influence of atomic number on primary electron

YSIy FNBS LI GK < & ¥”ﬂzf'5 9y AV“'C Eu?‘be[b NR rr{;aﬂl'fég S8 Y

functfon! of primary
energy
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10 - )
£
L
< 14 E 100 Hei
% —e— Helium K} —e— Helium
£ 0.1 4 ) 0 —a— Nitrogen
g —a— Nitrogen =
= - —0— Oxygen
s 0.01 - B Oxygen £ —o— Argon
£ —o— Argon o 101
£ 0.001 -
7]
]
" 0.0001
1 T T T T T {
0.00001 # T T T T T 0 5 10 15 20 25 30
0 5 10 15 20 25 30 Primary beam energy Ey/kV

Primary beam energy Ey/kV
Figure 4.3 Log-linear plot of skirt radius 7; as a function of primary beam energy for

Figure 4.2 Log-linear plot of primary electron mean free paths as a function of a range of gases having atomic numbers Z = 2 (helium), Z = 7 (nitrogen), Z = 8 (oxy-
gen) and Z = 18 (argon). Thickness of the gas layer (gas path length) = 2 mm. The

atomic number for a range of primary beam energies. The data points are for helium
temperature is assumed to be T=293 K (20 °C) and pressure p = 100 Pa (0.75 torr)

(Z = 2), nitrogen (Z = 7), oxygen (Z = 8) and argon (Z = 18). Pressure p = 100 Pa
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Heliumc
theoretically the
best gas.

However it is the
most difficult gas to
jonize and the small
size of helium
atoms makes this
gas notoriously
difficult to handle
with a typical
vacuumpump.
Prolonged use of
helium is definitely
not recommended.
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Influence of atomic number on the percentage
of primary electrons remaining in the focused
probe as a function of primary beam energy
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Figure 4.5 Plot of the percentage of primary electrons remaining in the focused
probe to form a useful beam current, as a function of primary electron beam energy
Ey for a range of gases with atomic numbers Z = 2 (helium), Z = 7 (nitrogen), Z =
8 (oxygen) and Z = 18 (argon). Thickness of gas layer (gas path length) = 2 mm,
pressure p = 100 Pa
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The general trends can be seen in all caseS™ ™" *""
there is a sharp rise in the radius of the skirt

as the primary beam energy decreases below

about 5 keV and almost two orders of

magnitude difference between radii for GPL

=1 mm compared to 15 = mm
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With the exception
of helium, the
percentage of
electrons remaining
in the focused probe
falls sharply as the
GPL increases. That
brings with it a
reduction in electron
beam current.

For argon, it would
be advisable to
maintain gas path
length of a
millimeter or two.
For nitrogen and
oxygen the GPL of
the order a few
millimeters is
advisable.
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Exploring the Gas Path Length
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Figure 4.9 Log-linear plot to show the percentage of electrons remaining in the
focused probe to form the useful primary current, as a function of atomic numbe:
of the gas for a primary beam energy Eg = 20 keV. Pressure p = 100 Pa
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How much gas?

Influence of energy on elastic mean fragll { K a fanctlordiof pressure
for nitrogen

100

E 104
\0
~
= —+—30keV
© 1
o
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Q
= —a—10keV
E 0.14 . —A—5keV
o |
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Pressure p/Pa

Figure 4.14 Log-linear plot to show the variation in elastic mean free path 4. fi
primary electrons in nitrogen gas over the wide range of pressures available in tl
VP-ESEM and for several primary beam energies Eg
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How much gas?

Influence of atomic number on skirt radiug as a function of pressure
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Figure 4.16 Plot of skirt radii »; over the pressure range extending to 2.8 kPa for
gases having atomic numbers Z = 2 (helium), Z = 7 (nitrogen), Z = 8 (oxygen)
and Z = 18 (argon). Primary beam energy Ep = 20 keV and gas path length GPL =
2mm
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How much gas?

Influence of pressure on skirt radiusg for several GPLs for nitrogen

p =100 Pa
R.=2.4>mfor GPL =1 mm
r,=26>mfor GPL =5 mm

) ——

—a&— GPL=15mm
—A— GPL =10 mm

—4—GPL=5mm p — Za(Pa
—+—GPL=1mm .= 12.5>mfor GPL = 1 mm
r.=139>mfor GPL =5 mm

Skirt radius rg/um

(O e e e AN
0 500 1000 1500 2000 2500 3000
Pressure p/Pa

Figure 4.17 Plot of primary beam skirt radii r, over the pressure range extending
to 2.8 kPa for several gas path lengths and in nitrogen gas, Z = 7. Primary beam
energy Ep = 20 keV
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How much gas?

20
10 -

100
90 -

B ooty S

g 60 - —e— Helium g —&—30keV
E 50 - —a— Nitroge ,S —0— 20 keV
@ 40 - —o— Oxyger = —u— 10 keV
% 30 - —O— Argon é ——5keV
Q Q

) L)

. X

0 200 400 600 800 1000
Pressure p/Pa

1 10 100 1000 10000
Pressure p/Pa

Percentage of electron remaining in the focused Percentage of electron remaining in the focused
probe as a function of pressure and atomic probe as a function of pressure and a range of
number primary beam energy

GPL =2 mmyE 20 keV GPL =1 mm, nitrogen
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Microanalysis
under low vacuum conditions

ALow vacuum SEM: charge is eliminated by a gas (water, air,pr N
ATwo major problems :

- beam damagdgheating of samplé

- beam spread (skirt effect)

Beam spread
A Electrons are scattered due to collisions with gas atoms
A X-ray is generated outside the probe

A X-ray information comes from up to 500 micron from central
spot (skirt area)
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Characteristic X-ray Primary beam impact point
generated close to

beam impact point

“ -

il

Spurious X-ray
generated by
skirt electron

X-ray generation range

Primary electron beam skirt
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X-ray Skirt
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Matrix

Electron beam

o {U'A NI €

Precipitates
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Large sample in homogeneous matrix

}

Sample : Jadeit®laAlSi206

Matrix 1 : polymer ™

Matrix 2 : Cu/Zrblock

—

Distance between the spot
position (centre of minera)
and the Cu/Zn block is

Det WD 500 um

more than 500 micron 5.0 KV 4 BSE 10.0 Philips XL30CP - Jadeite
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High-vacuum spectrum Jadeite 25kV
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high yacuum 13:58:-42
Oxide: Met Wi A
Ma20 79.51 1427 15.51
MgO 6.47 1.15 1.93
Al203 171.49 26.08 17.24
Si02 3712 7.2 6417
Cal 7.39 0.77 0.93
Fe203 2.66 0.52 022
T otal 100.00 100_00

Cu and Zn peaks are nuisible

Fe

1.00 2.00 3.00 4.00 5.00 £.00 7.00 &.00 9.00 10,00
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Microanalysis
under low vacuum conditions

VP gas compensated technigue
(with 2 spectra measured at differenpressures)
developedby Wernischand Dijkstra

To reduce the skirt effect:

(Wuse short gas path (a special cone attached
to pole piece)

Wuse high acceleration voltage (25kV)
Wuse low pressure (0.10.3 mbar)
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A pressure variation method
Involves collecting spectra at two different
pressures (with other parameters constant)

and uses the difference spectrum to
extrapolate back to zerescattering case.

This method assumes that the composition
does not change with pressure!!!
It iIs only Xray intensity that changes!
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Pressure variation method

Intensity

e

pressure
More pressure: more »ays from B, less from A
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Pressure variation method

Take 2 measurements
at 2 different pressures

Intensity

Extrapolate the intensities
Charging T ) to pressure O

O

Apply matrix correction to
extrapolated intensities

& to get composition
pressure

O
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Lowvacuum spectrum Low-vacuum spectrum

i low vacuum 0.4 14:07:15 i [low vacuum 0.8 14:10:42
Oxide: Met Wi AtE Oxide: Met Wi At
Ma20 7265 1385 1519 Na20 61.85 1450  16.11
MgO 6.94 1.31 2 21 MgD 463 1.09 1.86
Al?203  157.43 2504  16.69 Al Al203 12016 2328 1572
Al 5i02 29465 53.70  60.71 5i02 22769 4812 5515
Ca0 6.77 0.68 0.83 o CaD 6.41 0.70 0.86
Fe203 2 48 0.20 Fe203 3.03 L0 0.26
Cud  11.30 2 53 CuD  25.02 6.17
Zn0 6.49 1.65 Zn0 1381 3.87
Total 100.00  100.00 Total 100.00 10000

100 2.00 3.00 4.00 500 6.00 7.00 \L/g_nu 1000 100 2.00 500 .00 5.00 £.00 n.00 Ngg_” 200 10.00

Contribution of the matrix (brass holder) is clearly visible
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Results

comected
Oxide: AL
MaZ0 15.58
MqgO 2.23
Al203 1727
LOW VaC Si02 6276
Ca0 0.89
Cul 0.00
Zn0 0.00
high ¥vacuum Total 100.00 100.00
Dxide: AR
NaZ0 1551
MgO 1.93 .
AI203 7T ngh Vac
5i02 6417
Cal 0.93
Fe203

Low Vac results (gas compensated) are close to those oHke
analysis.
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X-ray Mapping: Curing cement

Knowledge Education Development
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Summary- Skirt Effed
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U Imaging:
U No problem; skirt adds a nearly uniform background
U Resolutionis defined by central probe
U X-ray analysis
U quantification is difficult but possible
U mapping stilk possible

To reduceskint effect: Tradeoffs betweenvariables:

U use short gas patlita special U Pressure
cone attached to pole piece) U Working distance

U use high acceleration voltage | |U Type of gas

i use low pressuré0.3-0.4torr) | | U Energy of primary electrons
U Resolution

u Charge control
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(to minimise primary
electron scattering)

Short GPL /_\ -----
'\ Long GPL

l I (to maximise signal
1 I amplification)

Objective lens

V polepiece v

On-axis_—7 A Off-axis anode Extension
anode or light pipe SR
d GPL wD Exttigzlon
(i.e. d= GPL) . /
.
Y d#GPL \ | GPL

Figure 4.12 Backscattered electron images to show the effect of (a) short working
distance, short gas path length (3 mm), (b) long working distance, long gas path
length (10.5mm) and (c) long working distance (10.5 mm), short gas path length
A = o0 (3 mm). Notice how in (c) the contrast and signal-to-noise have improved. Imaged
— - in nitrogen gas with primary beam energy Eg = 20 keV. Horizontal field width =
255 um. Images courtesy of Ken Robinson, Carl Zeiss SMT Ltd

Specimen Specimen
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Imaging:

No problem; skirt adds a nearly uniforr
background

Resolution is defined by central probe
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Chargecontrol by DuanecHunt limit
781 Marker Si 14
1 [T Si
| Si0,, C-coat and grounded
2 —
5
S
Si0,, C-coat, not grounded
‘ a
| Electron beam
C energy 3 keV
0
T T T I T T - T T T
0.00 0.50 1.00 1.50 Energ;o‘zkeV) 2.50 3.00 3.50 4.00
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EBSD from noftonductivesamples
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Orientation maps-acquired:from newconductive
smaple(cubicZrQ,)

a) GSEMc electric charge b) VR-SEMc electric charge

non compensated compensated
All Euler map All Eulermap
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