3. "advanced” SEM
technology and trends

SEM

+ Technology for low voltage imaging (electron optics, “in-column” detectors)

+ Condition of the surface, coatings, plasma cleaning

+ Low voltage BSE imaging ?

+ Examples
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Otto Scherzer:

Spherical aberration arises because the focus
depends on the axial distance of the electron e e
path. Physically this is a consequence of the

fact, that lens fields have to satisfy the Laplace

equation.

The aberration coefficient is substantially of
the same order of magnitude as the focal
length. If the specimen is immersed in the lens
field, the minimum value of the aberration
coefficient is half of the focal length. It
diminishes when stronger lenses are used.

Spherical aberration as limiting factor
for small probe sizes

typical «2 condensor» lens system

Optic axis Opic axis

Cl
lens

Cl

Crossover

c2 c2
—lens —lens

Diaphre

demagnification

Small probe

¥

strong fields, small working distances, immersion lenses
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Interaction of electrons with sample (Cu)

smaller delocalisation of signal creation
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Low acceleration voltages !
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Image Pixel Size = 1.340 pm
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Signal A= USB Tv2
Aperture Size = 30.00 um
StageatT= 00°

Chamber Status = at HV
Chamber = 0.00e+00 Pa
Date :16 Jan 2018




Evolution of resolution in SEM

low voltage, high resolution:
A
+ Observation of the “real” surface b k
Electron opTics 100 L + Non-metallic samples TCXT 00
F_ ld o h + Reduced beam damage in 2000
ield emission gun, monochromators sol —
Lens-design: IR High voltage,
. . £ - high resolution:
short working distance - [ - “Edge effects
in-lens, semi-in-lens, immersion lens £ w | bear damage
beam boosters, beam deceleration, S 10|
ﬁ — -1985
5L — — M
S -rhh

Detectors: I
Everhard-Thornley (SE) _ — 2000 T "~ — — =
In-column (through the lens, in-lens, “in- 1 P : T ) =
beam") :
Low Voltage BSE detection, energy filtering Tension d'accélération (kV)
separation of materials and topograph
f:onF’)rr'asT) pograpny Analytical SEM:

SDD EDX detectors (high throughput, large collection angle)

High-speed EBSD detectors

Beam currents of several 100 nA
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first generation of immersion lens at CIME

« XL-30 SFEG SIRION (2001)
* First semi-in-lens HR-SEM:
in-lens (through the lens) detection of SE and BSE

Resolution in UHR mode: 1.5 nm at 10 kV (or higher); 2.5 nm at 1 kV
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Conventional Mode

magnetic field inside pole-piece

Conventional SE
LY

(Solid State BSE)
STEM
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Immersion lens

specimen inside magnetic field of the lens

Mode Il

TLD (SE & BSE)
Solid State BSE
STEM
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Immersion lens

specimen inside “lens”

Mode Il

S

SRR

TLD (SE & BSE)
Solid State BSE
STEM
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Detection of SE

low energy (secondary) electrons
trapped by magnetic field

Mode I: High Resolution (HR) Mode g Mode II: Ultra High Resolution (UHR) Mode

The Structural Process Masagement Company' 0N

External Lens———

Specimen

* FEI

Non-immersion mode Immersion mode
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Detection of BSE

* Negative Bias in pole piece
repulsion of SE-1and SE-2
from the sample

+ BSE enter the column and
hit the inside of the
column ->> SE-3

* Choice: either SE or BSE

mode

TLD in BSE Mode

The Structursl Process Management Company'™ [P

» Through the Lens
Detector is part of the
final lens

Bias voltage down to
-150Vv
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' Refined Electron Optics and Multi-Signal Detection

The Ethos SEM column is ofa ic-and el ic-field

modes, High Resolution (HR) mode achieves sample observation at ultimate resolution by immersing the sample within the
magnetic field of the lens system. Field Free (FF) mode offers real=time FIB processing for high=accuracy end=point milli

switching between FIB irradiation and SEM

lens system configured as two lens

In-lens TFEG Gun-__
~

imaging as fast as 10 nsec offers real-time

fabrication and observation views with clarity,
Fast SEM and IM imaging enables users to —
quickly find the area of interest with ease, detectar
BSE(U)

Lossdess
compasitanall
matedal
contrast imaging

SEM column

Gun Alignment Coils

C

ondensor Lens ﬂ
Gun

Isolation

IneColumn SE
detector

SE(U)
Surface sensiive
edge contrasted
imaging

Valve

PCD — —— D
Aperture Angle —

Control Lens (ACL)

Objective Lens

In-Column BSE
detector

BSE(L)

Material contrast
and

Maging

Pale Plece “"-..“_
r-Filter
(Energy Fiiter)
Magnetic Field of

the Objective
Lens

Specim
Stag

Lower SE
detector

SE(L)

Surface sensitive
edge

Hitachi
NX5000

contrast and
topograpnical
imaging
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——High Voltage Cable

In-lens TFEG Gun._ Gun Chamber Vacuum
o~ l- Pumping Port

Intermediate Chamber
Vacuum Pumping Port

r-filter

Gun k|
Isolation — . . __Dbjective Lens
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MERLIN™ - Analytical power for the sub-nanometer world

Gemini® Il column

Low current configuration (Max. probe current 40 nA):
l - For high resolution investigations:

* 0.6 nmat 30kV (STEM mode)

e 0.8nmat 15KV at optimal WD

.? « 14nmat 1KV atoptimal WD

e 24 nmat 0.2kV at optimal WD

¢ 3.0nmat 20kV at10nA @WD=8,5mm

MERLIN |
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Beam “booster” technology
Electron optics operates with high energy beam
inside the column

+ 8 keV

* Beam Booster 8keV
= Brightness of the electron probe

maintained for low landing energies

/I = GEMINI® II electro-static final lens

MSE-636 2023 advanced SEM

Marco Cantoni

MERLIN™ - Analytical power for the sub-nanometer world -

= High stability field emitter cathode
= Maximum probe current 300 nA

= Double condenser lens
= Aperture independent probe current
adjustment

= Beam Booster
= Brightness of the electron probe

i - P GEMINI® II design
B Complete detection
£ l ystem

maintained for low landing energies

= Energy selective Backscatter detector (EsB)

= In-lens Secondary Electron detector

= GEMINI® IT final lens

= Proven GEMINI® final lens design

= New double condenser lens for highest
probe current possibilities (300 nA)

= Beam booster technology maintains
brightness of all electron probes including
low landing energies

= True on-axis in-lens SE and BSE detectors

MSE-636 2023 advanced SEM
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« gemini »-lens:
combination of and electro-static (divergent = neg Cs) lens

.

E TR TR

*
+
+
+
*
+
+
+
+
+
+
*
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MERLIN™
- Analytical power for the sub-nanometer world - ﬁ

Topographical information
with on-axis in-lens SE detector

In-lens SE
(Secondary Electron
« tor)

Complete detection system:

GEMINI® IT design . Uniqge.d.ouble in-lens detection
= Acquisition of pure secondary and

backscatter electron signals
= Separation of compositional, topographical
and crystalline surface information
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Compositional contrast
EsB with on-axis in column EsB detector
(Energy selective
Backscatter detector)

Energy filtering
grid

Complete detection system:

GEMINI® II design = Unique double in-lens detection
= Acquisition of pure secondary and

backscatter electron signals
= Separation of compositional, topographical
and crystalline surface information
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Secondary Electrons and Backscattered Electrons

In-lens Backscattered

Electron Detector EsB FE-Gun
In-lens Secondary L LV J

Electron Detector

Variable Pressure
Secondary
Electron Detector

Condensor

EsB detector

filter grid Beam booster

inlens SE detector

Solid State v -4 ! Gemini objective
Backscattered .
Electron Detector :

Everhart Thornley E 2

Secondary E[lecfron | : Magnetic lens [

4

Detector
Scan coils
Mag= 206X EHT = 200kV Signal A= USB Tv2 Chamber Status = at HV Electrostatic lens
100 pm WD = 7.1mm Aperture Size = 30.00 um Chamber = 0.008+00 Pa ‘ ‘f !
— Image Pusl Size = 1340pm  StageatT= 00° Date 16 Jan 2018 SS-BSE . Sample
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Secondary Electrons and Backscattered Electrons

\ In-lens Backscattered 4 /

Electron Detector EsB FE-Gun
\ In-lens Secondary 4 / L AN J

Electron Detector

Variable Pressure
Secondary
Electron Detector

Condensor

Beam booster

Solid State . ' Gemini objective
Backscattered
Electron Detector
Everhart Thornley E I
Secondary Electron | H Magnetic lens
Detector

Scan coils
EHT = 200 kV Signal A =USB Tv2 Chamber Status = at HV Electrostaticlens _____— |
100 pm WD = 7.1mm Aperture Size = 30.00 um Chamber = 0.008+00 Pa c W !
image Pixsl Size = 1 40 pm  StageatT= 00° Date 16 Jan 2018 ~ ‘ SS-BSE Sample
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Secondary Electrons and Backscattered Electrons

TS

In lens-SE In lens-EsB

Mag= 800 X EHT = 10.00 kv Signal A = VP BSD1 Chamber Status = at HY
10 pm WD = 59mm Aperture Size = 30.00 um Chamber = 0.00e+00 Pa ;
High Current = Off Stage atT= 00° High Resolution Mode = Off H
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Secondary Electrons and Backscattered Electrons

WD of 15.3 mm WD of 5.1 mm

& Inlens-EsB

Mag= 13.28KX  EHT=10/ Signal A =InLens Chamber Status <y Mag= 1226KX  EHT=1000KV Signal A= VP BSD1 Chamber Status = at HY
1 pm WD =153 mm Aperture Size=3000pm  Chamber = 0.008+00 Pa WD= 81 mm Aperture Size=30.00pm  Chamber = 0.00e+00 Fa
Date :16 Mar 2018 X | S Image Pixel Sze =1123nm  StageatT= 00" Date 16 Mar 2018

ter work distance improves spatial resolution of fine
topographical features ( But at lower depth of field!)
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topography
shadowing

No contrast—too low voltage

In lens-EsB

mass-density
topography

Mag= 1250 K X EHT = 2.00 kV Signal A= VP BSD1 Chamber Status = at HY
1 um WD = 6.0mm Aperture Size = 30.00 pm Chamber = 0.00e+00 Pa
High Current = Off StageatT= 0.0° High Resolution Mode = Off
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10 kv 2 kv

In lens-EsB

e
VP BSD1 Chamber Status = at HY

Mag= 1260 KX EHT = 10 00 kv Signal A = InLens Chamber Status = at HY ~<y | 0 ig
1pm Wh = 59mm Aparture Size = 20,00 um Chamber = 0 0000 Pa @ wo omm Aparture Size = 30.00 ym Chamber = 0.00e+00 P2 @
High Currert = Off Stageal T= 00°¢ High Resoktion Mode = Gff High Currert = Off Stagzal T= 00°* High Resobdion Moda = Off -

Voltage has 2 important effects on image contrast

1) Size of interaction volume
2) Detector sensitivity/energy selectivity
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SE detection BSE detection

“"different detectors-different contrast”

o e
aid

2pm EHT = 1,80 kV Signal A = SESI

m— WD = 5.1 mm Aperture Size = 120.0 ym o, \
Mag= 7.27 KX AN

in-chamber, ET-detector (SE)

2pm EHT = 1.80kV Signal A= InLens Width = 15.7.

—— wo=s5imm Aperiure Size = 120.0 pm Time A7:17:1
Mag= 7.27KX image Piel Si

in-column, "InLens" SE-detector

2pm EHT = 1.80kV Signal A= ESB Width = 16.73 pym
}—| WD= 51mm Aperture Size = 120.0 pm Time :17:19:41
Mag= 7.27KX Image Pixel Size = 15.36 m

in-column, “energy-selective" EsB (BSE) detector @
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Electron beam resolution
+ (site survey required to determine attainable resolution)
* Resolution @ optimum WD

- 0.8nmat15kV
- 0.8nmat2 kv
- 0.9nmat1kV

- 15nmat200V

*+ Resolution @ coincident point

- 0.8nmat15kV
- 09nmat5kv
- 1.2nmat1kV

Maximum horizontal field width
* E-beam: 1.5 mm at beam coincident point (WD 4 mm)

Landing energy range
* 50V-30kV

Probe current
+ E-beam:1pAto 22 nA

MSE-636 2023 advanced SEM Marco Cantoni
Monochromator (Uni-Colour mode)
extractor, Scho{i_fky—FEG Schottky UC,
2 apertures hot swap gun k!
|
segmented __. . Double magnetic
gunlens * ===~ R
shielding*
ﬂgﬁgﬁ and \ ‘ New fast beam blanker ‘
deflector g - ‘ Full auto-alignments ‘
mode 3 (UC) ‘ Electrostatic scanning ‘
R
2 mode objective lens
with field free and
immersion capability
ConstantPower™
Column
lens technology* <
o ! = ‘ New TLD design ‘ ]
—> N
-E ‘ vCD ‘ o)
Beam at HV
% Specimen Beam at landing V 4._‘
¥ Bias

MSE-636 2023

advanced SEA

Sample

‘ Beam deceleration ‘




2 mode detector
(requires switching conditions)
conversion of BSE into SE (SE-3)

2 mode objective lens
with field free and
immersion capability

New TLD design
vCD

Beam at HV
Beam at landing V

Sample

Beam deceleration

BSE Helios NanoLab 650
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SEM low kV imaging

No specimen preparation needed: low voltage reduces charging effects
Low kV imaging of non-conducting, low density samples
4

-

=

Al203 Nano-
crystals

Technology: stage bias
(beam deceleration between pole piece
and sample)

008| HV o | r
FET Magellan PM|1.00 kV |15
Operator: Ingo Gestmann
Samples: Marco Cantoni

n 400L
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SEM low kV imaging

No specimen preparation heeded: Low kV imaging of small, low d

Carbon nhano-tubes (MWCT)

FEI Magellan
Operator: Ingo Gestmann
Samples: Marco Cantoni

samples

ensity

B T

’
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Monte-Carlo Simulation of electron trajectories in C

10 keV

I EeE | |- w2

120y

16.0

125m 63m amm 63mm 1280m
Baciocuir Coaunt. AN agied T U000 [T Bermamary COOD00 o WOO% Sogged

C-NT transparent to electrons
(almost no scattering)

0.5 keV

?vlﬂ.n.. IMCTCETR ]

125 m 63nm awm 63mm 1280m

160 e

Many interactions (scattering)
contrast generation like for bulk sample
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SEM low kV imaging

No specimen preparation needed: Low kV imaging of non-conducting samples

L T T T @ Thogor 360" PumiSanc 78t e issenr @
Mag= 431 KX  Aperture Size = 30.00 pm File Name = test_04 tif Mag= 153KX  Aperture Size = 30.00 pm File Name = test_02.tif
Zeiss Nvision 40 Liquid filled organic membranes
Marco Cantoni
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SEM low kV imaging
No specimen preparation needed: Liquid filled
Low KV imaging of non-conducting samples organic membranes

¥ [N Width = 76 94 pm Date :28 Qct 2008
i LM Date :28 Gct 2008 P ™ Fixel Size =75.1nm  Time :13:58:11

Wi
Pixel Size = 26.6nm  Time :14:03:53 File Name = test_02.tif

g . 2 b
Signal A = SESI Width 8 pm Date :28 Oct 2008 = i
Wi Titt Angle = 36.0° Pixel Size = 5.7 nm Time :14:00:15 000 Bl Hame = tect 4.1
Mag= 2010 K X Aperture Size = 30.00 pm File Name = test_03.tif

Zeiss Nvision 40
Marco Cantoni @

MSE-636 2023 advanced SEM Marco Cantoni




SEM low kV imaging

Purely organic specimen: non-conductive, low density: Metal coating

? 15nm Ag/Pd coating

: o

. » ’
200 nm EHT = 1.10kV Signal A = InLens 200 nm EHT = 1.10 kV Signal A = InLens
WD = 27 mm Aperture Size = 30.00 ym |_| WD = 2.4 mm Aperture Size = 30.00 pm
Mag = 21.82K X Mag = 2200 K X

Hela Cells, Graham Knott
Marco Cantoni, Nvision 40 !
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SEM low kV imaging

"Easy" sample:

Superconductor wire
Nbs;Sn in Cu matrix

m EHT = 20.00 kV Signal A= SESI Width = 2.444 mm

|_| WD = 5.3mm Aperture Size = 60.00 pm Time :14:33:38
Mag= 47X Image Pixel Size = 2.387 pm|
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SEM low kV imaging

Everhard-Thornley
detector (SE)

20 keV classical conditions for metals

Solid state BSE
detector

EHT = 20,00 kV
WD = 5.1 mm
Mag= 1.00KX

Signal A = OBSD

Aperture Size = 60.00 pm Time :14:38:53

Width = 114.4 pm

Signal A = SES|
Aperture Size = 60.00 pm

EHT = 20.00 kv

Width =114.4 pm
Time :14:40:19
Image Pixel Size = 111.7 nm_ >

Image Phel Size = 111.7

MSE-636 2023

advanced SEM

Marco Cantoni

Solid state BSE .
detector

EHT = 20.00 kV
WD =5.1mm
Mag= 1.00KX

Srgnal A » ESB
Apedirs Size = 6000 ym

Signal A = QBSD
Aperture Size = 60.00 pm

Width = 114.4 um
Time :14:39:53
Image Pixel Size = 111.7 n|

&g
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SEM low kV imaging

"Easy" samples:

Sigral A = GBSO Wit = 67.18 o
Aperture Size = 60.00 jm Time 14:45:40
Image Plas! S0 = 85,84

‘Signal A= SESI Wt = 57.18
Apeiture Size = 60.00 pm Time 15,0352
Image Pl Sze = 85,84

EsB
Aperture Sae = 60.00 m

MSE-636 2023 advanced SEM
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SEM low kV imaging

"Easy" samples:

EHT = 200KV
WD= 47 mm

Mag= Z0OKX

= inLans

Signal A
Apertre Sze = 60.00 um
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very sensitive to surface layers (contamination)

<
X
2
2
+—
< .
10 pm EHT = 0.50 kV Signal A = InLens Width = 156.4 pm
} ! WD = 3.3 mm Aperture Size = 60.00 pm Time :15:13:51
MSE-636 2023 Mag= 731X Image Pixel Size = 152.8 n %@

SEM low kV imaging

Contamination by hydro-carbons
becomes critical at low beam energies

« contamination "spoils” imaging at low kV
« How to avoid (at CIME):

— plasma cleaning of the sample before
inserting

— Plasma clean the chamber at each insertion
(multi-user environment)
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examples: contrast reversal at low kV in BSE mode

Contrast reversal in BSE mode at
low accelerating voltage

E:

o 05keV

o 1kev

LR B

+3
304 x 4~

F ® 5 T

50
“fe

204

101

Si Cu Ag Au

Fig. 4.1. Dependence of the backscattering cocfficient 1 at normal incidence
(#=0) on atomic number Z for differcnt electron energies.

from L.Reimer, Image formation
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