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Plasma processing for integrated circuits
Outline

* Introduction to semiconductor processing —chips-
» Definition of a glow discharge —plasma-

« Plasma Etch Chemistry -the magic in the process-

« Atomic Layer Etch -(neutral beam plasma etching)-




Moore’s Law

First IC, 1958 at Tl Intel's 22nm chip

22 nm SRAM, Sept. ‘09
& l «>2 .9 billion transistors/die

Miniaturization is
most effective
implementation strategy



//upload.wikimedia.org/wikipedia/en/4/42/Kilby_solid_circuit.jpg

How small i1s small

(a) Fully depleted silicon-on-insulator MOSFETs
Sub-10 nm SOI channel thickness

(b) Same chromeless phase shift mask used for
all three devices, dose varied.
1999 vintage 248 nm stepper, NA=0.6 (Canon EX-4)

(c) Etch bias used as well

~ 18 lattice constants

Silicide Layer

Silicon Gate ___
Electrode

1.2 nm SiO,
Gate Oxide

Strained
Silicon

http//www .intel.com/re search/silicon

50nm = ~1000X smaller
than human hair diameter




Older Generation chip
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Newer Generation chips

TSMC 40 nm Interconnect

Intel 45 nm Interconnect
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The loop of Wafer fabrication

Wafer fabrication (front-end)
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Inside a 300mm wafer fab

http://www.youtube.com/watch?v=yaASEMAMCNM




STARTING from the Beginning.......
* The Silicon Cylinder is Known as an Ingot
« Typical Ingot is About 1 or 2 Meters in Length

e Can be Sliced into Hundreds of Smaller
Circular Pieces Called Wafers
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Microfabrication

deposit-pattern-etch-repeat
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excess resist flies
off during rotation

resist dispenser \

photoresist

wafer to be coated
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" Selective layer remova
and anisotropy are
keys to
. Mmicrofabrication

)
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Two Kinds of Etching or Removal methods

Wet Etching Dry Etching
- by Wet chemical solution - by Plasma
- [sotropic etching - Anisotropic etching
y & -~y &
V4 A &7
Vertical E/R = Horizontal E/R Vertical E/R == Horizontal E/R
Pure Chemical Reaction Ton assisted
High Selectivity Relatively low Selectivity
CD Loss or Gain No CD bias



Plasma processing for DRY etching of
Integrated circuits Outline

Definition of a glow discharge —plasma-

Plasma processing?
—~>Plasmas can deliver a high, diverse but selective, reactivity to a surface

without heat, and can therefore access a parameter space in materials
processing, which is not easily accessible with strictly chemical methods



What is a Plasma?

—> ionized gas consisting of
atoms, electrons, ions, molecules,
molecular fragments, and
electronically excited species
(informal definition)




Plasma — The fourth state of matter

solid liquid gaseous plasma
\\
—
O~0O ®_ 00
O~0 € o©
s Energy/Temperature (O Molecule (3 Molecule (excited)
©@ ions € Molecular fragment @ Free electron

(high energy)

http://www.plasmatreat.com/plasma-
technology/what-is-plasma.html




gaseous plasma

ENERGY

® The reactive species are created in the plasma independently of substrate

® The reactivity of the plasma can be tuned by carefully choosing the plasma
operating conditions (gases, flows, power, pressure, etc.)

® Plasma contains ‘Electrical’ Particles (ions, electrons,.. ) and highly reactive gas

species... Through ion bombardment, additional energy can be provided to a
surface

® It emits light & glow (O,-pale yellow, N,-pink, CF,-blue, SF6-white blue, Ar-red, ...)

17



Properties of Cold (“Our”) Plasmas

« Pressure: 104— 10 Torr (1Torr = 3X1016
molecules/cm?)

 Electron (ion) density: 10° = 10'2 cm

« Electron energy (temperature): 1 — 10eV (=104 —
10° K)

* lon (and neutral) temperature: = 400K

Charged Particles .

Degree of ionization = 10° -10""
Neutral Particles
Densities of plasma species in an O, plasma
Pressure 0 O 0,* O* 0," & i O Ne
(mTorr) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)

10 Ix10™ 7x100 4x10V 4x10'? 5x%10° 4x10° 2x10° 7x10'
100 310  1x10"  3x10™ 5x10" 4x10"° 1x10° 3x10' 2x10"




Q& A

 Why does one need a vacuum chamber to
generate a stable plasma?

* At atmospheric pressure (760 Torr), MEP of an
electron 1s very short. Electrons are hard to get
enough energy to 1onize gases molecules.

« Extremely strong electric field can create
plasma 1n the form of arcing (lightening)
instead of steady state glow discharge.



Vacuum (units)

l l l l >
1.3x10° 1.3x10°6 1.3x103 1 atm.
: : ; : > 1Torr=
1x10-6 Torr 1 mTorr 1 Torr 760 Torr L TS
| | | | 1 Pascal =
' ' ' ' " 1 N/m2
0.133x103 Pa 0.133 Pa 133 Pa 101,333 Pa

\ Typical Low Pressure

Plasma Processing

Ultrahigh Vacuum  High Vacuum Rough Vacuum




Collisions and Mean Free Path

y v Gas Density

v r n=P/KkT

Cross-section
. o~ nd

* 4
Rigorous Hard Sphere Collisions:; A= KT / V2 zd?P

0,=2.6x10"°cm* —» A, (cm)~8/P (mTorr)



MEP Illustration
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Movement of Charged Particle

e Electron 1s much lighter than 1on
m, << m.
M, Mgy grogen 111830
e Electric forces on electrons and 1ons are the same
F=qE
e Electron has much higher acceleration
a=F/m



How Is a Plasma produced?

Visualisation of a Townsend Avalanche

Cathode‘
Original ionization event -
o4
| DC Voltage
Electric__ /\ Source
Positive lonization field /} [\ -
100 )

Anode

| Key :

{3  lonisation event

. ]
lonising electron path 1

i
Liberated electron path i

« Gas breakdown by Avalanche lonization



Plasma Etch Chambers

* Etch prefer lower pressure

— longer MFP, more 1on energy and less scattering

* Low pressure, long MFP, less 1oni1zation
collision
— hard to generate and sustain plasma

* Magnets are used to force electron spin and
travel longer distance to icrease collisions



Basic Plasma Etch Tool

Input gasses A _ Environmental concerns
> Chemistry I_ - Abatement/Scrubbing
?
&P

% Atmosphere

Abatement
or Recycle

T \Oﬁﬂo

Vacuum pump

Chiller
& Heater

[ 1]

Etching process

- Chemical, Physical or combined Flasma Elching =" A+ 5 —> G




Various Plasma chamber configuration types

Plasma gas

Plasma gas Dielectric tube J'

with coll N
Electrode ¢
with
showerhead I_@_.. —_|'|J'

Pump = Iu'h

) Pump
Plasma gas

Microwave Electrode J'

% cavity with
/ showerhead |_e_..

Plasma
gas
= [.%-T.“ |L_) MESh"--..,
R

_)ﬁl |" Pump




What do we need to know about
plasma? light

Gas, flow /

/ PLASMA \

gas

(ng) excited atoms
4 and molecules
electrons '
. N
lons

Power

QTG /
radicals, -
molecular fragments
reaction g
secondary
pFOdUCtS U electrons
substrate

l pumping pumping l




Electron and lon Loss to the Substrate and Walls
- the plasma sheath -

electrons are much more mobile than ions
He = q<t>/me = q<ti>/mi — K

chamber




DC Glow Discharge

* Free electrons from secondary emission and from ionization are accelerated in the
field to continue the above processes, and a steady state self-sustaining discharge is
obtained.

/ NN

e— AT

4 3‘1
Elthﬂk ‘—/ / \R <:/ |




Electron Collisions

Elastic Collisions:
— Ar+e>Ar+e
— Gas heating: energy is coupled from e to the gas

Excitation Collisions
-Ar+ e, 2 Art ey Arr > Ar+hv
- Responsible for the characteristic plasma “glow”
-E >E 11.55 eV for argon)

electron” =exc (~

A+e—oA4%F+e

lonization Collisions:
-Ar+ e 2 Art + 2e_ 4
- electrical energy into producing more e-
-E > E;, (15.76 eV for argon)

electron

Positive lonization
A+e—=A474+ 2

Dissociation:
- OZ * €hot = 20 + €colg . OF O2 T €hot 2> 0+0"+ 2ecold
- Creates reactive chemical species within the plasma
- Eelectron > Ediss (5'12 eV for Oxygen)

’ Dissociation
M+e—>24%+e



Dry Etching Spectrum

4
Pressure Physical (Sputtering) Energy
Momentum Transfer
Directional Etch Possible

Low Poor Selectivity High Energy
<100 mTorr Radiation Damage Possible

Reactive Ion Etching
Physical and Chemical

100 mTorr Variable Anisotropy
Variable Selectivity

Chemical Plasma Etching
Fast
[sotropic
400 mTorr Hich Sele%tivity
Low radiation Damage
v Surface modification (oxidation,
nitridation, etc...)

Low Energy




sputtering

adatom . '
migration displacement of lattice atoms
1 I 1
desorption incr sticking implantation
| 1 | 1 1 1
—~~ 18 _
T 10 ' .
qu Film deposition
16 L plantation
3 10 Plasma chemistry u
£ I
7))
c 107 F L
O L[)J
- K
X 107 F
o=
=
O 1010 1 ] ] ] 1 ] ] I

10 100 10° 100 10®° 10° 10° 10°  10°

lon energy (eV)

Flux of 10 ~1 monolayer per second

T. Tagaki, J. Vac. Sci. Technol. A 2, 382 (1984)




Basic Methods of Plasma Etching
1. ‘Sputtering’ Etching
2. '‘Chemical’ Etching

3. Energetic lon Enhanced Etching

4. Protective lon Enhanced Etching



1. Physical (Sputtering)
The 10n energy mechanically ejects substrate material

- Anisotropic
Sputtered Atom (Molecule) ) by Purely Physical Process
Ly g - High Directionality
- Low Pressure
/ : long mean free path
Y - Single Water Type
- Low Etch rate




2.Chemical

Thermalized neutral radicals chemically combine with
substrate material forming volatile products

Neutral Radical Volatile by-Product

O®
% ( - [sotropic

( / - Purely Chemical Reaction

- High Pressure
- Batch Water Type
- Less Electrical Damage



Physical + Chemical:
3.Energetic Ion Enhanced

[on bombardment enhances or promotes the reaction
between an active species and the substrate material

Ton ® - Damage Enhanced Chemical
Volatile by-Product -
Neutral Radical © O® ReaCt_]VIty _
N/ - Chemuical Sputtering
) ( - Chemically Enhanced
(: r, / Physical Sputtering

- Removal of Polymer
as a By-product
- Jon Reaction

The ions enhance the chemical etching
mechanisms and allow anisotropic etching



Example of lon Enhanced Etching

Ar/ XeF, Chemistry for etching Silicon

ArYt Art

XeF,
nf;l’y beam "'l' beam
only

g
s
=
< e
=
G
-r.
g
<]

."‘-n-_




4.Protective Ion Enhanced

An 1nhibitor film coats the surface forming a protective barrier
which excludes the neutral etchant

- Sidewall Passivation

— 121 - Stopping lateral attack
Sidewall by neutral radical
Passivation _ _ _
Film - [on directionality

- Involatile polymer film
- Additive film former
(N,, HBr, BCl,, CH/F.....)

L 4

Remove Involatile polymer film




Examples of Protective Etching

HCl/O,/BCl; Chemistry SF ./ CFCl; Chemustry
I [ ;/ Pure SF,
EL.', A sic1H, 1.4 _’ ,';
a— Oxypn F Cxygpen -» 1.2+ .;
]
B i
E 1ol /
\5‘ - j’
'; B f:;
2l
Qo .6} o
gl
D 4l .
L jf
Silscon substrate 2 J," SFg 4; 11.6% CFCl,
0 ML' I |
0 100 200

7% overetch



Example of protective etching

*Sum spaces
*200um etch depth
*4(:1 aspect ratio

2um/min Si etch rate
*>75:1 selectivity to

photoresist




Anisotropic etch mechanisms

SURFACE DAMAGE SURFACE INHIBITOR
] \ { _PhO'[DI‘ESiS'[ J \ {i_ Photoresist
\
x
~Damage Polymer
Speeds chemical reaction Slows chemical reaction

on horizontal surfaces on vertical surfaces




Increasing Pressure

Chemistry used to optimize etch

Si

-

Sio,

Increasing anisotropic

|-
-

+ CF, +[H, or O,] 2 many different etch results=> Chemistry!!

H?2 additions 02 additions
« CF4 plasma >
. Increasing anisotropic Eﬂ 300 eV
E "

Increasmg S102:S1 =

Se]ectmty =

\ E

S

=

=

Polymer \ [s roplc 3

Formation \ Etch =

Increasing Isotropic




Plasma processing for integrated circuits
Outline

Plasma Etch Chemistry -the magic in the process-




The Desired Dry Etching Process % e

o +

« Reactant + Material - volatile products
Q\ o /Q ®

material N B aterial

*Can add reactivity and/or isotropy-> still need volatile products!

'\TV/C ./

material N B aterial

> Requires Chemistry Understanding!! ® + = > 2



g Periodic Table of the Elements
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7Aoo Halnnewne

A A ¥
. Solubility in -~ | Melting & Increase in
;”;[éggggg water boiling point | strength of
Increases INCreases oxidising agent
L
At | . Halogens form strong bonds with ‘electropositive’ elements
“wa | + Halides are relatively volatile




Fluorine

« Widely used in plasma etch of
semiconductors (due to its high

A DANGER

reactivity) £ F;u"!fuﬁm rl? e!

* One of the most reactive ﬂ:::"”"‘““““““
slements i

© Si+CR, = SiF, e

Use safety eyewash or safety
shower il contact occurs

* W+ CF,» WF,

« Wide variety of source gases
- CF,
« CHF;
* CH,F,
« CH5F
 SF6




Fluorine Plasma application

=t & |
FET’s (gates)

« Shallow (and deep) trench isolation (Si etch)
— Sk, plasma
— Allows PMOS and NMOS on same chip
« Gate sidewall (Poly-Si)
— CH,F, CF,

* Interconnects (SIO,, SIN)
— CF,, CHF,, C,Fq

« TSV and Protective over coat
— Access to the outside world




SILICON ETCHING MECHANISM

CF4 18 Freon 14 F/Cratio1s 4
add electron impact to produce fluorine radicals:

CF4+e =>CF3*+F +2e (Dissociative lonization)
CFd+e => CF3+F +e (impact dissociation)

1. F radicals adsorb on silicon surface - SiF, desorbs
2. CF; also adsorbs on surface + F > CF, desorbs

Discharge J
e Carbon on surface reduces available reactive F | SiF4
> React with F = volatiles; CF4, etc..1l CF4 I /

» React with F - C-F polymers (inhibits etching) F
« High F/C ratio favors etching

silicon




Ion Bombardment at Surfaces

Electron collisions
create 10ns ®

Ions bombard
surfaces

Radicals react @

09

@ CF; ion

< Electron

® Fluorine radical

with surfaces l
Q i ®)

Negatively charged surface




Typical etch optimization experiment

1. Choose gasses
2. Etch test at different power/bias/pressure

3. SEM cross section o
Optimized etch

PCL#120405012 W#2011640A-18E 25um Contact

NON-optimized etch ‘
e S, ok 1 '." 5?.6nm\

l I n d e rC ut PCL#120404002 W#2011640AE-17E 25um Contact

DF-S4800 5.0kV/ 3. 4mm x100k SE(M) 4/5/2012

O t h 34 >——£- v‘! e 1 4BNM
ver-etc ﬂﬂ

PCL#120405012 W#2011640A-18E 100

DF-S4800 5.0kV 3.0mm x100k SE(U) 4/11/2012 nt
50.5nm 47 .6nm
7.0nm )
4 B ’

PCL#120405012 W#2011640A-18E 45nm Lines
DF-54800 5.0kV 2.4mm x200k SEQU) 4/11/2012

DF-S4800 5.0kV 3.4mm x250k SE(M) 4/5/2012




Influencing reactions through Chemistry

« Addition of various gasses can influence the reactions and rates

Hydrogen - reduces fluorine concentration by combination to form HF

e CF4+e > CF3 hf\+ e +®£ﬁ4) Lowers etch Si etch rate

+H > HF : CIF ratioT

Oxygen - Increases fluorine concentration by combining with carbon
which would otherwise require fluorine or reacting with CF3 to
liberate F

- C+0 > COJor CF3+0 > COF2+F —> C/Fratio|
>§+F—9—€I:(4)—

Argon — Increases plasma density increasing fluorine radical conc.
Helium — Carries heat away and helps photoresist survival



Adjust C:F ratio N Gas C:F Ratio S102:S1 Selectivity
through ' CF4 1:4 [:1
F-carrier — C2F6 [:3 3:1
molecule C3F8 1:2.7 5:1
) CHE3 [:3 10:1
H, additions O, additions»
C,F, CF, CJF, CF,
200 eV

>, A

&6

E Etching

5

= Polymer

= .

S Formation

<

S

o

S

— 0

1 2 3 4 5

Fluorine-to-Carbon Ratio (F/C)



Etch Rates vs Added Gas Concentration

:Relaltive ]Etch :Rate EtLh Rate nmfmm

Pteaaﬂre 2‘3,’ merr

1007 ‘“fiaia;ﬁ:;.‘t:;;fozq:iﬁ“

10 20 30 40 50% 10 20 30 40 50%

Percent O2 Percent H2 in CF4 + H2
Mixtures



Selectivity mechanism for Si vs SiO, (and SIN)

Schematic view of fluxes incident on and

outgoing from the surface of

(a) Si (b) Si;N, and (c) SiO, substrates. Ie Ie L Ik I e
| 2020 20 N |

Si film, no volatile product between Si and

carbon exists =
thick steady-state fluorocarbon film can Si

develop. a) [

(The SizN, film has a moderate
ability to react with carbon,

==n «— Fluorocarbon

—>steady-state fluorocarbon film of Si.N

intermediate thickness results) (b) “— Substrate

SiQ, film, most carbon is consumed in : 1;"’ ;e vE‘Fr‘mﬂ

reactions with oxygen from SiO.,film - — e <« Fluorocarbon

thin steady-state fluorocarbon film forms Sio

allowing more efficient Si-removal by F «— 2
(C) T S Substrate

M. Schaepkens, et al., JVST A, 1999



Chlorine
* Very reactive element

* Si+Cl, > SiCl, CHLORINE
- Al + Cl, > 2AICI, GAS

« Highly selective gas
— Cl does not react with SIiO,

* Sources for gas
— Cl,
— HCI

* Application
— Si and Metals




ALUMINUM ETCHING

BREAKTHROUGH - This is to remove native aluminum oxide (Al,O5) from the surface of
the wafer by reduction in Hydrogen or by Sputtering by bombardment with Argon at high

energies or both. Water vapor will scavenge Hydrogen and grow more Al,O; causing non
reproducible initiation times.

ALUMINUM ETCHING - because AIF3 is not volatile, a Chlorine based etch is needed to
etch aluminum. BCl;, CCl,, SiCl, and Cl, are all either carcinogenic or highly toxic. As a
result the pump oils, machine surfaces and any vapors must be treated carefully. AICl; will
deposit on chamber walls. AICl; is hygroscopic and absorbs moisture that desorbed once a
plasma is created causing Al,O; breakthrough problems.

Typical Al etch plasma chemistry:
Cl, = Reduces pure Aluminum
BCL;—> etches native Al,O4 (or HfO,)
N,-> Dilutant and carrier gas
CHCI; (Chloroform) - Helps Anisotropy, reduce photo-resist damage




Bromine

°
3
w

3

8

8
Etch selectivity (MgO/Ti)

8

Etch rate (nm/min)
8

n
O

-
o

o
o

hydrogen (I) bromide

Br advantage - precision (less R —
reactive / not as spontaneous = / S M'gom
slower more selective etch..)
— HBr + Si - SiBr, + H \
— HBr +Ti = TiBr, + H
— Good selectivity to oxides (SiO,, HfO,,
etc..) \ //“
— Bris ‘filet-knife’ (vs. ‘F-based Axe’) . 1 T
Major source is HBr % HB in HBH/Ar
— Reddish brown liquid
Handling of HBr
— Special delivery due to low vapor
pressure
— HBr particles
Application
— Metal gate, Si levels




Put it all together

i Gate e

S o

High-k

No recess
20nm

C#at'e

« We would not have Todays SOUICH { Drain
‘smart’ devices without
plasma based etch




Plasma processing for integrated circuits
Outline

° —Dlasma-

« Atomic Layer Etch (neutral beam plasma etching)




