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* Vacuum is NOT a “sucking” process.

* A molecule is only removed from a
chamber when it enters the pump via
random collisions.

® Atomspheres (atm) : 1 atm= 760 mmHg = 760 Torr

® Torr, nmHg: Most commonly used pressure unit, based on mercury vacuum
gauges. (£ d! & Hi 1) 1 Torr = 1 mmHg = 1/760 atm

®Pascal (Pa): ST unit (B/[E 2B f5F) 1 Pa= 1N/m?~0.01 mbar

®mbar : = H HEY]) 1 mbar=3% Torr = 100 Pa

mbar Pa Torr atm
mbar 1 100 0.75 9.87 X 10*
Pa 1% 10" 1 7.5 X 107 | 9.87 X 10°
Torr 1.33 133 1 1.32 X 10
atm 1013 101325 760 1




Degree of Vacuum

B Atmospheric: 760 Torr
B Low Vacuum: 1to 1x10° Torr

EMedium Vacuum: 1x103 to 1x10° Torr
B High Vacuum (HV): 1x10 to 1x10® Torr

mUItra-High Vacuum (UHV): < 1x10® Torr

Degree of Vacuum

Degree of Pressure | Gas Density, o Mean Free Path

Vacuum (Torr) (molecules m-3) (m)
Atmospheric 760 2 x 10% 7 x 108
Low 1 3x 102 5x 105
Medium 103 3x 1010 5x 102
High 106 3 x 1016 50
UltraHigh 1010 3 x 1012 5x 10°
Collision Free Conditions: P ~10®%Torr

Maintain a Clean Surface: P ~ 101 Torr




[ Mean Free Path }

Mean Free Path (T H5EIHI1E)

ksT 300K 3

L= cm d - molecule diameter
ﬁ;m':P P(mtorr)
P=10%torr, & ~5cm
10-¢ torr, ~350m
1019 torr, ~ 500 km

[ ?FEZ 2§ ok }

iscous flow(}ffﬁ?ﬁﬁﬁ) :

A <<d or d/1>100 T/
d: pipeline diameter

Molecular flow (53 =" ¥k): P

A>>d or d/A<2 L_pew__i

Transitional flow GEYE): [ o
ol

[ I
1
2<d/ )' é 100 (Molecular flow Transition regian

P
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« A typical vacuum system is made of four parts
1) Gas supply
2) Reaction chamber
3) Pumping system
4) Gauges and control




ultimate pressure & operating pressure

« Atfirst the gas supply is shut off and the chamber is evacuated till
the ultimate pressure is reached.

+ Then the gas supply is opened and the pressure rises to the
operating pressure. The process occurs at the operating pressure.

Gas
Supply

Gas

Supply
(Closed) (Qpen)
Pumping Pumping
System System
xhaust xhaust
Ultimate Pressure Operating Pressure.

Vacuum Pump




[ Conductance }

Conductance(3.#!) C: Fl RN FL pATE o
Unit : er/s

Gas flow (Throughput )7«&”5’5,;1; LBl Q
B ]IP1R P2RYUH 2 s B A | **Elf,ﬁy@ ST 0 3
M[HMIJ%L?BYJLE' t’l

Q=C(P1-P2)

[ Conductance of a Straight Tube

Viscous tlow

4 o] e - : 4
cx T D Rth at@RT (ier/sec) =102
128 nL 2 Licm)

Molecular flow

[Diem }]j
L{cm)

C=

2,0 D’ air @RT
L

V

» C(liter/sec) =10

| =

Maximize ), mmimize L. avoid bending




Pump Speed

Intrinsic pumping speed S, (liter/see, ¢fm)

Q = P:'n!er SP

Effective pumping speed S

1 = L l Proper selection of pipeline width.
SE.‘I!r SP C avoud Inmting S,
Pumping down .
Set
SyP-Q= Vﬁ — P=Pe 7 +(—)
- dt Se;J
Early Stage Ultimate
Sqt Y
P= },:J‘ v Pu.'mmam = s

aff

PEE T R

%)
o
-

Example: if £ 7 2 #f#V =402 ; § #S=051
s*1 then the time taken for the pressure to fall from
Py = 1000 mbar to 1 mbar is:

Answer:
t = (40/0.5)1n(103) = 80x2.3log10% = 80 x2.3x3 =
552 s ~ 9 min




Pump ~

b

A

Pumps
1
- ]
(Gas 1ransl%ar pumps L Enlrapment
Pasitiva diéplacemem Kinatic i
; ‘ . Adsorption
otary pum
e Drag Getter
Sicing vane Turbo molecular  Fluid entrainment - Non-cuaporable
Rotary getter
- Water jet - '
Reots T , .I Spulter |lun
— Dry pumps Diffugion — Dicde
Diaphragm | {_Tn. ode
= Multi-stage L
Scrol Crya
Piston
Pump 76 4
ump fazg
.

& Ultimate Pressure
— Low Vacuum (Rough)
Pumps
* Rotary Vane Pumps
» Sorption Pumps
— High Vacuum Pumps
« Diffusion Pumps
¢ Turbo Molecular Pumps
— Ultra-High Vacuum
¢ Turbo Molecular Pumps
e lon Pumps
* Titanium Sublimation Pumps

& Oil/Oil-Free
- Qil
* Rotary Vane Pumps
« Diffusion Pumps
» Turbo Molecular Pumps
— Oil-Free
* Turbo Molecular Pumps
* lon Pumps
 Titanium Sublimation Pumps

10



. Rotary Vane Pump

Exhaust 1. 'l' Inlet
Gas ballast o
inlet valve % -
Exhaust valve - Pump
Gas ballast fluid
inlat 1 Rotor
Sliding vanes

Y Stator

Drrain plug —

Exhaust

% Atmosphere to 107 torr
% Robust, inexpensive Gas ballst |

inlet
% Oil lubricated

Fluid seals

Inlet 1

Dry scroll pump

% Atmosphere to 102 torr
% low noise

% Oil-free

Outlet

Suction process
Exhaust process
Compression process

Fixed scroll
(a) (Suction completed) (b}

t* L 4
* @
@ (

)
c)

11



Turbo Molecular Pump

/"- o N\
P e
High vacuum connection e “%‘S}:@,E, &
S
Rotor disc A
Stator disc ————————— £ s Venting connection
————— Molecular drag rotors
Molecular drag stators - = i N
Motor

N High precision ceramic ball
Fore-vacuum connection St

Lubricant reservoir

D
|

1ieRIE

Statar
4+— Rafor
i Stator

)

o Molecules mechanically pumped by collision with
angled high speed turbine blades (rotor).

« Several rotor arranged in a series spinning at 30,000-
60,000 rpm.

« Rotor tangential velocity is on the order of the average
thermal velocity of molecules.

« Atmosphere to 10-1° Torr
« Oil/grease/electromagnetic bearings
e Most common HV/UHV pump.

12



B R 2 A B

+ Advantage

— Correctly operated they do not
back-stream oil into the vacuum
system at any time.

— They can be started and
stopped in a few minutes.

+ Disadvantage

— Turbo pump can be noisy and
they induce vibration.

— Turbo pumps are expensive.

i R AREAE

o When turbo pumps are used with corrosive or
abrasive gas mixtures or those having a high O,
content (25%), a dry nitrogen purge should be
used through the purge ports provided.

+ Where low vibration levels are required (e.g.
electron microscopes) the use of all-magnetic

bearings is recommended.
500

4001
Helium
= 300
o

hid Hydrogen
© 200
100

i) 1 L L 1 L L 1
109 107 0% 10 10
P (mbar)

13



4+ J1 7. lon Pump

High voltage between anode and cathode (~5 kV)
Gas molecules are ionized by collisions with electrons
and are accelerated to cathode.

Sputtered Ti atoms act as "getter" for reactive gases.
104 Torr to 10" Torr o

=3 =]

« Titanium atom
@ Gas molecule
B—* (& Pogitive ian
() Electran
Grid {® Meutral particle
© ®

S Rt 2 Rak g

« Advantages
— Clean, oil-free.
— No moving parts, no vibrations,
quiet.
— Low power consumption and
relatively long operating lives.
« Disadvantage
— Do not pump noble gases well.
— Requires “regeneration” of Ti
— every 4-6 years.

14
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« The life of a typical diode pump is 40’000 h at 106 mbar
and proportionally longer at lower pressures.

« Itis not a suitable pump where cyclic operations require
it to be continually brought to atmospheric pressure.

150

100

sl

S0

S0

[} | 1 1 1 1
10710 107 10 107 107 107 107
p {mbarp

Vacuum Gauges

15



Vacuum Measurements

Mechanical Gauges

Mechanical movement of a surface (diaphragm)
Independent of gas properties
P> 10° torr
Gas Property Gauges
Bulk property. e.g.. thermal conductivity, viscosity

Dependent on gas composition ~ Pressure Ranges for Various Gauge Types

102 — 10 torr -w -
T
Tonization Gauges picani

Mg Lewd

Penning
SchulePhelps lon
Bayard-Apert lon
Invert Mag.

RGA

Charge collection |
Dependent on gas composition
10— 1071 torr
10" 10" w0® m_l‘_mlrn‘ 1w? 10° w0?

Mechanical gauge

® FIIPIGIRINESS % 2 L sy
® "k PECVD - JB5E=" éﬁﬂﬁziﬁ%ﬁﬁ

Capacitance Manomeler

Duagheage

Capacitanca maromibs

P 104 107! torr
Dynamic range: — 10% below max

Accuracy: 0.25% - 0.08%.

Sensitive to temperature variations at gauge head: often maintained > RT

16



Gas Property gauge

« Two identical heated filaments; one sealed at HV, one exposed to system.
o Current flows through Wheatstone bridge circuit.

o Pressure difference indicated by meter (non-linear).

« Simple, reliable, inexpensive.

“Pirani gauge”

Constant filament temperature
Range: 10- 10 torr

Convection P> 10 torr

Ionization Gauge

« Heated filament produces
electrons via thermionic emission.

lon collector

7N « Electrons are accelerated towards

P anode grid.

re==1

:ga « Many electrons pass through the

:—;:_-: e Fllament grid_ a_lnd cre_ate positive ions from
Anode (=1 collisions with gas molecules.
grid =

e « lons are accelerated to collector

.'==:" wire

e :

-

« Measure the current between
anode and collector.

+150V

&

o Operate at 10 to 10" Torr

« Sensitive, high accuracy, widely
used.

17



Ionization Gauge

. BE

— very reliable

— straightforward to operate

— easily be de-gassed by electron bombardment
4 gk

— hot filament that can 'burn out' due to

accidental exposure to atmospheric air (sol. two
switchable filaments)

7 — significant ionic and electrical pumping effects
g which produce a lower pressure in the gauge
2l (sol. gauge is used 'nude®)

INFICON Compact
= Process lon Gauge
IMR

Quadrupole Residual Gas Analyzer

« Quadrupole mass
spectrometer - RGA (residual
gas analyzer)

e 10 to <10 torr

RFOC

Mass Spectrometer « Total pressure mode

integrates all ion intensities
‘
L

« Partial pressure mode
indicates residual vacuum
composition
)
S

RFDC

« Highly accurate, precise
« Complex, expensive.

HORIBA STEC RGA Micropole™ System

18



Vacuum Materials

Ex e Rk eEy 2 R E 7 WA
MEEZTRT Ko
it X EMER By M EEERGRMLE S A
FHAEE EanEr Y L8 TR o
Eiﬁﬁ?§ﬁ§%$$

BPFE 7

- %A ﬂ}l*ﬁ;:‘if_f_
S LT R TE
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¥ HE-2F

— APR[ R TSR [

-

— EIEE A l%f E' RPAR B
ﬁﬁflgﬁl PRSI @ A5 AT RN
)

« 875 & [lInconel, Kovar
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(e

— A g

= T RAVI - R T P

FZ¥ T HE-E F

» 4% (Titanium)
_—,ﬁ’" /F/’?ﬁirﬁ 8 s it
— b o ¥ * HF § 43tion pump cathodes{rgetter
pump filaments.
I (Copper)
- 5 EmM 35 FonBEME (OFHC)
- FhAha PR
— & F5a7TH%E S
* 3+ 4F (Brass) : Cu-15~20%Zn
— EHFOREREY HPEES ﬁ/&* 2
— 100°C 1+ 4 155 & 7 F DR 3L~ ] gEat

21



LE¥ T -mLagn

+

« [#Z (Ceramics)
- BT RV T fl F1500°Cpud &5 l#‘i}ﬁfﬁl SRR
L Ty AL R Tt (T
- RS A’gﬁ?ﬂflﬁﬂﬂ (F
- JD_'T 2
. *icfl‘f((}lass)
f?”‘ﬂ j]‘/‘ﬁlzt.qj:ﬂ m]j’j‘%ﬂﬁl =
S S ?Zﬁ’i’i*i?l-f(borosﬂlcate glass, I[! Pyrex)
f”@ﬂril(\hew port) ?‘ﬁg‘im TR
- #“F FIESE:

N0

+

. %!;%? ( Plastics )

LIS Ia;ﬁ B AR 71

S - s - L LAY ITE - 2
» Glass-filled TFE IE@F'H‘%‘?E% S Ellgxln:g
Polycarbonate
L SRR e L M E T EUE 3
Nylon and Acrylic
. EI'J*%”%?@*‘?PBM&E P
PV

R R e PP R ).
Polye‘J[hylene [

© K ERSGE T
Synthetic Resins

. TR

iy

PTF

22



Scanning Electron Microscope (SEM)

History

1590 first microscope

17 century first OM

1932 Ernst Ruska and Max Knoll, first TEM

- EM were developed due to the limitations of Light Microscopes
(500x or 1000x)

1938 von Ardenne, first STEM

- Adding scan coils to a TEM

1942 V. Zworykin, J. Hillier and G. Snyder, first SEM

- Secondary- electron emission would be responsible for topographic
contrast (resolution ~ 1 (2 m)

1956 K. C. A. Smith

- Replaced electrostatic with electromagnetic lenses and first insert a stigmator into the SEM

1964 First commercial instruments by Cambridge Scientific

Instrument Co.

- With three magnetic lenses and the gun using the E-T detector.

23



First modern SEM

Electronics

Electron gun (heated W filament / LaB, /
field emission tip, thermal field emitter)

Anode accelerating voltage applied here

Condenser lens (normally two) —
clectromagnetic — multiple turn coil

Defining aperture

Scanning coils (X and Y)

Objective lens (sometimes
more than one)

Specimen chamber (under vacuum)

Detector

Sample

Monitor is scanned
in synchronism
<«+—— with the beam.
Because monitor is
bigger, we have
magnification

Important part of
modern systems is
the control
computer — makes
system more
usable and more
accurate.

24



Why SEM need Vacuum ?

Earth Atmosphere:

SEM Chaunb er Atm osphere: = 760 torr Moon Atmosphere:

=1x10° terr =1x 107" torr

A torr is a unit used to measure pressure,
When a SEM is used, the column and sample must always be at vacuum.
«If the filament were surrounded by air, it would quickly burn out.

«If the column were full of air, the electrons would collide with the gas molecules and never
reach the sample.

This can lower the quality of the image.

Vacuum System of SEM

— L]
10-7Pa Va—
1 0—6P ° I 2
a P
. : —
10~5Pa | - Ip3
Specimen Chamber

107*Pa o Specimen Exchange Chamber
~10~3Pa

Pi-1

Pi-1
Pe Lz—l— V2 LVv1
DP
LV3
or LVv2
TMP

V3

25



Why use SEM?

+

Resolution: S

De Broglie: particles can also behave as waves.

- e
g 0614 _ 0614

. Cnsin® NA
v : velocity of electron R
m: mass of electron O~
h : Planck’s constant, 6.63 x 10-3 (J-sec) E—RERET - HISNRIESIE -

02 mm - SRR BERTERE ~
0.2 umFF - MEHEAEFERITI000 X

mm) Gain better resolution

SEM structure

+

= Electron gun — 2 type

= Condenser lens - 3 type aberrations

= Condenser aperture - aberration

= Scanning coil — Mag.

= Stigmator — improve astigmatism
aberration

= Objective lens — focus

26



Electron Gun

Tungsten Filament

BWEE B L
(Thermionic Emission) (Field Emission)
Electron Gun
Filament Current Control Flashing Voltage
f '
Filamen

Helmet

Anod
e

(~ 6.5kV)

N -
\ N1 Bias Voltage -
Control

1st Anodéj 1
2nd Anodé >\ 1+
VO

Electron Beam
77T

Electron Beam

Thermionic Cold Field Emission
Emission V,: Accelerating voltage

V,: Extraction voltage

27



Electron Gun

The purpose of the electron gun is to provide a large, stable current
in a small electron beam.

Tvoe gif whiE RARS RINE @0 Eé LEF Y
yp BE R (K) + 1 (eV) (hr) flashing +(Pa)
E R
FRE P Tungste 1 2700  50um 1-3 40-100 No 105
s n Wire
(Thermioni
¢ Emission _ 200- 7
) LaB, 30 1800 1um 1-2 1000 No 10
Cold 500 R.T. 5 nm 0.3 >1000 Yes 1010
B b 3s .
(Field Thermal 500 1800 5 nm 1.0 >1000 No 10
Emission) "
Schottky 500 1800 1i'nf‘° 0.3-1.0  >1000 No 120_9

Thermionic emission occurs when enough heat is supplied to emitter so that electrons
can overcome the work-function energy barrier E,, of the material
and escape from the work function.

Electron Gun

Tungsten Filarge FE Tip
AV=
Av= ~0.2eV
~2eV
Crossover of
Low Energy Crossover of
Crossover of Electrons Crossover of Low Energy

High Energy High Energ¥ Electrons
Electrons Electrons
rgy Spread

Effect of chromatic aberration

28



Lens aberrations

1. Spherical aberration - imperfect lens

QqQ = Cs ad

Spherical
Aberration

' |
s mage Plane

d, = 0.5C.a3
Cs : spherical aberration coefficient
o : beam divergence

2. Chromatic aberration — energy spread in electron beams

Lens aberrations

d, = C.(AE/E)a

C. : chromatic aberration coefficient
o: beam divergence

Y orvonal E : incident beam energy

Aberrati /\E : energy spread of the beam

Lo

N Image Plal

The higher of electron energy , the smaller of d,

29



Lens aberrations

3. Astigmatism — asymmetry in the focusing field

Disc of Minimum
Confusion

Astigmatism can be corrected with the stigmator, a device
that applies a weak supplemental magnetic field to make the
lens appear symmetrical to electron beam.

Lens aberrations

4. Astigmatism

n
e

Just focus

kiinimum Girgle of confusion
0o — OLEE®

Shape changes in electron beam Shape changes in electron beam
when there is astigmatism when astigmatism is corrected

t ] 1L
‘%ﬁfw / "’-"/
¥
ol [ Focal ling Focal line
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Lens aberrations

there is astigmatism

4 "Under Tocus 4 \ . Just focns Ower focus

Junst focus
astigmatism is corrected

Lens aberrations

2. Aperture diffraction — Fraunhofer diffraction at the aperture

dy = 0.61\/0.
where A = 1.226/(V)¥/2

A: wavelength of electron(nm)

o : beam divergence
éu‘m V : accelerating voltage(volt)
N
F/ Aperture
| Diffraction
Image Plane

Lens
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Scanning coil

Scan coils Y

Surface of the
retrace signal

Objective Lens

SE Detector magnetic Pux| [ SE Detector

SE Detector electron beam

Primary clectron beam

magnetic Flux

sample

1)Ordinary Type 2)Snorkel Type

Primary electron beam

magnetic Flux

sample

3) In-Lens type

S,

Resolution (nm)

1.G
5

=

0.5

N

<= W filament SEM

Resolution:
(judge by spot size)

\\¢' Out lens FE-SEM

\<:| Snorkel lens FE-SEM
<= In-Lens FE-SEM
1.0 10 30
Acc.(kV)
Comparison of resolution

> Snorkel > Ordinary
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Electron-specimen interactions

SEM Setup

Electron/Specimen Interactions

When the electron beam strikes the sample, both photon and electron signals are
ermitted.

Incident Beam

Primary Backscattered Electrons
Atomic Number and Topographical Information

X-rays
Through Thickness

Composition Information -_ o
Cathodoluminescence

Electrical Information
Auger Electrons
Surface Sensitive
Compositional Information

The primary electron beam-specimen interaction in the SEM.
The signals most commonly used are the Secondary
Electrons, the Backscattered Electrons and X-rays.

sSecondary Electrons
Topographical Information

°  Specimen Current
Electrical Information

|

Spm?

Electron Beam / Specimen Interactions

Secondaries 100A l

Electron Beam  Augers 10A to 30A

Auger e low energy, at surface, results from
Backscattered <1-2um g inner shell displacement

l’ Secondary e low energy, mostly close to surface

Backscattered

e high energy, deeper in sample

Range ofK X.rays X-ray photons  deepest in sample

: ~=Range of L X-rays

R (i . Absorbed e
- Range of Electron Penetration sorbede

measure of conduction of electrons
through sample

Cathodelumine

interactions causes sample to glow
scence

Specimen with atomic number : 28 , Vacc : 20kV
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Electron-specimen interactions

Electron
Beaitn

Baclzcattered
Electron

Electran

Beam -

Fucleus

Electrons e Mucleus ‘ol Flectrons

Secondary Electron Backscattered Electron

Energy spectrum of the electrons

Secondary Electrons

Backscattered
Electrons

Quantity of Electrons

10,000

Energy of Electron (eV)  (Incident beam energy : 10,000eV)
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Energy spectrum of the electrons

Specimen interaction (MonteCarlo Simulation)

Electrons undergo elastic (nuclear) scattering,

10kV beam, Si specimen
and inelastic scattering leading to a quasi-

e
continuous energy loss or slowing down. w 2 _
) L8 b
_5;;’6‘& T
Red paths are primary electrons which escape S 85,7 &

from the surface — Backscattered electrons
(~20%). They have high energy (average
about E,/2)

X-rays generated here where primary
electrons still have much energy

Each path generates secondary electrons,
(which by definition have energy less than
50eV) — they escape if they are generated near
the surface.

Electron-specimen interactions

High Z -> more elastic e-, average
Incident electrons scattering angle
-> easy to deviate out of the
initial direction of travel
more quickly

[Low acceleraticn \
voltage]

[High acceleration

R - 428 x10°E"”

(cm)

voltage]

for 20<E<20 keV
Re: penetration deep
[Low atomic number] [High atomic number]

E: acceleration voltage

P: the density of material
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Electron-specimen interactions

H R 1 2 o

Incident beam

low energy, at surface, results from

Auger e- inner shell displacement

Secondary e=  low energy, mostly close to surface

50 ~ 500 A prgr S Backscattered . )
SE \ . igh energy, deeper in sample
//jj; X-ray photons deepest in sample
/!

measure of conduction of electrons

r ri Absorbed e~
Depth of (?I1a|a§te||s through sample
electron tic X-ray
r i ) Cathodelumine . .
transmitter Continuum scence interactions causes sample to glow

X-ray

Detector
Everhart-Thornley(E-T) detector

Faraday cage - Scintillator — Light pipe — Photomultiplier tube(PMT)
- Preamplifier
Adjusting the bias of Faraday cage changes the collecting mode.




Optimum of electron beam

‘ Picture element (Pixel)

10 cm length of CRT have
1000 x 1000 spot size.
So 1 spot size = 100 pm

P = 100 pm/M, M=100um/P
P: Picture Element (pixel) Size
M: Magnification

EX:M=100kx,P=1nm
M=200kx,P=0.5nm
M=100, P=1um

LEEUEENEEE

—
g

W

TV Screen

Mo Length of CRT display (L) 100um

Length of sample scan () P

M: Magnification

Specimen damage

1.The electron beam accelerating voltage
2. Scanning area
3. Scanning time

4. Heat conductivity of specimen

Specimen: compound eye of fly
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Contamination

The conceivable residual gases in the specimen
chamber, which cause contamination are:
1. From the instrument itself

2. Specimen bring into the instrument
3. Specimen itself gives off

A T ¥ g

Optimum condition of SEM operation

Depth of Focus

e RO

T = 8RR
2r R A Ry
— = N T% |
D WD wo T

2r equals the pixel size of the
image = P
D : depth of focus D} .Y WR&E

a : beam divergence
WD : working distance ol

wEERF
r : radius of beam

R : radius of aperture
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Influence of image quality

Influence of working distance

Smal
. SR 7
(St WD
— _BhEHS
Working distance ;5'
—— . AT s o
resolmnn I Greater dep'rh of field
Lo T
tan a = o =
Ri#i¢, wp |, DI D/2
2r R
g = — =
D WD
Influence of image quality
Influence of aperture size
Large r
[ Large current | Low resolution | tan o = o = D2
(BEL, X-ray analysis) ‘ [ Smaller depth of field | L xR
— D WD

Aperture size I

MRS

I

[ |
High resolution ' ol L T

Greater depth of fleld | Gramy image
Small

WD, R1,D]

wEEAR
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Influence of image quality
| Influence of probe current and probe diameter

s EFREAHRA ZBE

Large
| Smooth image | | Deteriorated resolution|

!_

Frobe diameter — &

:

—
]
High resolution obtained '
-

Influence of image quality

Influence of Accelerating voltage

High reselutien unciear suiface siructures
]
—
—

Accelerating |
Woltage

Clear surface structures

Less damage

—
I
Less charge-up ‘
L ot

Low

|

There are some unnegligible demerits in increasing the accelerating
voltage.

1. detailed structures of specimen surfaces.

2. edge effect.

3. charge-up.

4. specimen damage.
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i Influence of charge-up

loX I+ 1+ 1, B
IO

1, |

S

lo:Primary Beam

I,:Secondary Electron

I,:Back scattered Electron

1,:Specimen Current

Influence of image quality
Reduction of charge-up

Specimen coating

Incident beam

gj Specimen
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Signal detection (SE)

Signal detection (BSE)

Plate

Electrod ‘
e

sample

SE

BSE ‘

BSE
SED2
SED1

(STD)

SE BSE

It
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Signal detection (SE +BSE)

Surface + Composite

Pure SE
Image

BSE Image

High resolution image

Mixed Image
(SE+BSE)
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Focus Ion Beam (FIB)
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What a FIB does that a SEM does not

Removes Material

Adds Material

Secondary Ion imaging shows material cor
Channeling Contrasts
Prepares samples in situ

Combines high magnification imaging and sample modification

FIB Column Compared to SEM column

lon-Beam

Anode E source Extractor Ga' LMI source

Gun
Lens 1 align coils Lens 1 Suppresser

Octopole

s 2 Blankiig alignment

plates
Lens 3 Blanking

Final lens2 aperture

lens body Octopole
for stigs, Continuous
scan etc... dinode
Collector : detector
impact system Impact area

area Secondary of lon Beam — Electrons
[ electrons or ions imaging

Roughing Roughing
Turbo/ ] +— line (to +—— line (to
diff pump rotary etc...) rotary etc...)

Figure 8: Schematic presentation of SEM and FIB and the many similarities of the instruments.

Scan &
Stig Coils

Electron
Beam

Electron
Beam
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lon Beam to Sample Interactions

Polymerizati

Incident lon Beam

Enhanced Desorption
Atoms

o0

O

o /!

l Particle Emission

Photon Emission

Mixini

Defect,
Bond Breaking

O Doping

/ Excitation
— 0,0 HO
O /?ond Breaking

O lon Species
O Substrate

. Adsorbed Species

* Electron

Beam-Solid Interactions

Column

lons

+
lons

lon Beam

Atoms

1

Hectrons
X- Rays

- lon Bean Colurn

[

usters

Photons

Electron Beam

Hectrons BSHectrons:

X- Rays

Electron Beam

Photons

Sample

K

Sample  ~
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lon Source

H He
Li |Be B|C|N|O|F|Ne
Na | Mg Al | Si|P|S|[Clar

Rb | Sr|Y |Zr [Nb|Mo|Tc|Ru{Rh|Pd{Ag|Cd|In |Sn|Sb|Te| | | Xe

Cs|Ba|La|Hf |Ta|W [Re |Os| Ir | Pt | Au (Hg [ Tl | Pb | Bi | Po | At | Rn

Fr | Ra | Ac {Ung|Unp|Unh

* A liquid metal Ce | Pr|Nd|Pm|Sm| Eu(Gd|Tb |Dy|Ho | Er |Tm|Yb |Lu

* Room temperature operation Th |[Pa| U |Np|Pu|Am|Cm|Bk| Ct|Es |Fm|Md|No | Lr

*  Long lived (500-1500 hr sources)

* High tibl .
181 vacuum compatible LMIS’s have been made from many materials!
* Large ion for sputtering

Liquid Metal ion Source (LMIS)

1T

lon Emission from
the LMIS “Taylor
Cone”

Tungsten tip without
Gallium

Tungsten tip with Gallium
forming a “Taylor Cone”
e

INDIRECT
HEATER

20pa

,
h]
|
I
[l
I
I
I
i

Reservoir b Ih - s 1
D—s / *TAYLOR"
RESERVOIR f CONE
Wetted needle Hqud meniscus CAPILLARY
FLOW Extractor Voltage

Dotted lifie is 2.2uA emission currer
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The lon Column

Figure 13-2 Magnum Celumn Schematic Drawing

f— Suppressor and LMIS

—— Exiractor cap

Beam Acceptance Aperture —— Beam Accaptance Aparture (BAA)
Lens 1 (The condenser lens )

. ——Lens 1
Beam Defining Aperture —— Automatically Variable Apertura

(AVA) strip
R

Beam Blanking \

Deflection Octopole
Lens 2 (the objective lens )

—— Beam blanking plates
—— Beam Elanking Aperture (EBA)

—— Octupole

Cylindrical octopole lenses may be used to perform
multiple functions such as beam deflection, alignment,
and stigmation correction. In addition, the scan field
can be rotated using octopole lenses.

—— ——— Specimen Plane

SEM Compared to FIB

ctromagnetic

AN

™A L
Wi KXTRACTOR SICHOY
AN L PPREAER
LN | LN Iaw =
OCTOPOLE
Loy — ALIGNMENT

BCAN A PLATES BLANKING
L ISR LENS 3 L - AFERTURE
TN
FINAL s Fim l'r"‘llll’.
LU SUAN ETE.

FLECTRON
Biay ] ' T
[ — COLLECTOR _J:

FLEC TRON
WEA M

MPACT VI NAMPLE— S —————— COLLECTOR
Ll
AR e WFCINDARY VSTV
FLECTRON [ N OONARY
ELECTHONS

LLURE LR

LINE | T UMb vy
WOVTARY e, P

LR T
e




Aperture Strip

Figure 132 Magnum Celumn Schematic Drawing

-A— Suppressor and LMIS
F —— Extractor cap

Ion beam (size fixed) |

——— Beam Acceptance Aperture (BAA)

— |[—Automatically Variable Aperture
(AVA) strip

S

‘ <I> —Lens 1 ZO,OOOpA(Max)
|

Meter show
lactual I | = |—Beam blanking plates
(CX : 472]Z)A = = [—— Eeam Blanking Apﬁ't)lére:(

\

gl |
= 1=] ‘
\

\

B

$&300pA

H—— Octupole

——Lens 2

We need difference beam size | e %p?grgé%ne

FIB Aperture Settings

Aperture Use

1 pA High resolution imaging

10 pA High resolution imaging

30 pA High resolution imaging, small cross-section cleaning
100 pA General imaging, cross-section cleaning

300 pA Imaging, cross-section cleaning

500 pA Cross-section cleaning

1000 pA Medium bulk mill or large cross-section cleaning
8000 pA Large cross-section bulk milling

5000 pA Rough bulk milling

7000 pA Rough bulk milling for large cross-sections

20000 pA Extremely rough bulk milling for large cross-sections




Detectors

CDM : Channel Dynode Electron Multiplier
A Secondary particle detector:

-l :in secondary ion mode

-E: in secondary electron mode

CDM: offers an view of the sample that is helpful in determining

topographical information

CDM-I: when the sample is charging, to obtain a better image at low

magnifications

FIB imaging with the CDM-E

CDM - Secondary Electron Mode
= Detector biased positive
= Images generated from e-
= Emitted from top 50-100 A
= Charging images appears dark
= Oxides dark, grounded metals bright Q\Q,
= Voltage contrast observed

1+
o

Passivation
“Charging in CDM-E mode” Specimen

/ %DM-E
I+

B ssv ¥
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FIB imaging with the CDM-I

=  CDM - Secondary lon Mode . SEM .

Detector biased negative
Images generated with 1+
Emitted from top 5-10 A
Very surface sensitive

No voltage-contrast
Oxides bright

\ [ffo
% ,;;ﬁ*&

Specmlen

Gas Injection System (GIS)

Frgureli 200 Series Port Configuration

Available gas source

*Platinum (Pt)

eInsulator (IDE, TEOS)

*Enhanced etch (EE, 1,)

eInsulator enhanced etch (IEE, XeF,)
*Delineation etch (DE, an oxide-specific gas)

Multi-needle system
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Gas Delivery

Deposition and etching with reactive gas
Deposited gas lon beam
* Platinum, Pt

* Insulator, TEOS

Reactive gas

* EE, I, GIS Hi |
* |EE, XeF, i
* DE Needle it

Specimen

Z=50~75um, H=50~100 um
Gas effective area 100 ~ 200 um.

Platinum Deposition

Chemical: Methylcyclopentadienyl(trimethyl)platinum(1V)
Very hard: tougher for probing and thermal cycling.
Chemically resistant

Fast deposition rate

User refillable

Operating Temperature 38°- 42°C

Protection prior to Cross section
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Insulator Deposition “ldep”

Chemical: Tetraethyl orthosilicate
= Mixed with H,0 in needle to improve reaction
= Invia structure, 1 Gohms resistance, 20 V breakdown
= Deposition rate for coatings is about 1pm / 20 minutes
= Operates at room temperature

Insulator Probe pad in test structure
=" Deposition

Probe pad to metal-1

Enhanced Etch “EE”

= Chemical: lodine
= User refillable

= Metal selective etch about 10:1 (over oxide)
= Enhances Al sputter rate by15x

= Enhances Oxide sputter rate by 1x-3x

= Enhances Si sputter rate by 7x

= Removes metal deposition overspray

= Operates at 32°C ®

Post Tungsten Probe Pad deposition EE removes over spray (surface charges)

‘;,’.ﬁ; L O

" O;E_Tsprgy
remeved

Over spray
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Insulator Enhanced Etch “IEE”

Chemical: Xenon difluoride
= Oxide selective etch ~5:1
= Mills thermal oxide, TEOS ~8x than sputtering
= NOT user refillable
= Spontaneously etches silicon, polysilicon
= Yields highly resistive cuts
= Operates at room temperature

Prior to using Insulator Enhanced Etch After using Insulator Enhanced Etch

500 nm 500 nm

Delineation Etch “DE”"

An oxide-specific gas
Chemical: Trifluoroacetamide
Create topographical contrast, exposing layer definition

Selectively etches Oxides and Nitrides
After using Delineation Etch

Does not damage Si

—

Before After
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Single beam and Dual beam difference

Single Beam 4 b l,:\ DualBeam
1.Cut 1. Cut
2. Tilt
3. Reposition

4. Image to check
cut placement

o Sli 4 2, Image to check
cut placement

5. Re-ilt

a2 .

E-‘G

6. Reposition
\Vj
2 3. Cut next slice

7. Cut next slice

THE Dual-Beam SYSTEM

+

# A Dual-beam system consists mostly of:
-lon Source
-Column
-SEM
-Detectors
-Vacuum System
- Gas Delivery
-Stage

-Computer with Integrated Image Processing
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i The Dual Beam System

Combining SEM and FIB systems!

/ Column

Ion Column

L Vacuum
Chamber

Chamber depicted here is an 8” dualbeam

SFEG Electron

i The Dual Beam System

1.Electron beam used for taking picture.
2.Ion beam used for milling hole.

Electron beam

Ton beam 32°

¥_/ . Rotation

Ptage

2

/-13° %

Tilt
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WCLVCIear
mCign
Hie
| mcsﬁa
i WECDH

| WConfigik
BEneumsacs
WyacCaumnok
s
WaciCalumnok

CCG1
IGP1
IGP2
IGP3
PIGE
PIGL

TMP1

— Pressures and TMP RPM

7.05e-008 mbar
3.24e-007 mbar
1.52e-009 mbar
3.03e-007 mbar
1.87e-002 mbar
2.49e-002 mbar

101 %

APPLICATION

o X-section (Slice and view)
e Voltage Contrast (VC)

e TEM Sample preparation
e Circuit Edit

e Micromachining
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X-section (Slice and view)

Figure 4-18 A Typical Cross Section

Cleaning cross
Leading edge Gontact Edge section (Step 3)
<0.5 pm \ (Closest to Area of Interest)

—-x— Filled box or cleaning

Traing sigs crossscelon lep 2

T [ Reguiareross secion

(stap 1)

X [253: 3
e | B o
BHEER | Beam ! SEM
lon Beam
faplase
&0
60
“%
Substrate

Corner cross-section

# Good for showing row and column
structures
¢ Can see horizontal and vertical

structure in one image
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Voltage Contrast (VC)

Open contact in chain shown Bridging open contact with
by charging metal deposition indicates
remaining contacts are good

e, et al., Microscopy and Microanalysis Proceedings (2000) 520

Circuit Edit

FIB Cut (C]\ =]

[

FIB Cross-section Showing
Device Modification

http://www.fibics.com/index.html
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TEM Sample preparation

DU ) S Step 3 Step 4
Locate the Area of; il Initial Trenches Thin the Central
intersst Protective Tungsten & Rough Polish embrane
Layer

Step 6 Step 7 Step 8

“Polish Mills" to Polish for Electron FlB-mill to Fr
Near Nominal Transparency of Membrane from
Thickness Membrane Trenches

http://www.fibics.com/index.html

Micromachining

| goar root diameter 11.3um ))

(a) 3-D CAD model

i (b) SIM image (tilt 45deg )
(b) SIM image (tilt 45deg)

Figure 21: Cantllever with proof-mass Fic. 7. Star Trel, spaceship Enterprise NCC-1701Ds micro model, 88 um

machined from a 5i;N; membrane. Fao. 8 Mirs g with 4.3 jum ool dmenes long
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i

thank you!




