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Plasma Processing of Materials

Final Products

Thin Film Deposition

a-SicH, uc-SicH, poly-Si Solar Cells, TFT

a-C:H, DLC Hard Coating, Gas Barrier
SiOXx(:CHX) Dielectric Layer in ULSIS
SiNXx Passivation, Gas Barrier

Dry Etching

Trench and Via in ULSIs
Trench and Via in MEMS
Ashing of photoresists
Reactor Cleaning



http://www1.jp.dell.com/content/products/RBIredirect.aspx?rbi=GKiitGAbBa2SB+6V9bxpRwEN8dI24O2DExsKFD9DTgFQsCyH/raxuEYdnFY3SoCRQ/kPwg5K3/h0kYT+Q6pEE8Ps3+krlPDUcmX88TVKY/kx2YG50mIeKl01oytn06ig9mnbeEcP9lw5HHALOWaoEw==
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Plasma Processing of Materials
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Plasma Processing of Materials

inside the reactors

Discharge phenomena = time scale: ns or shorter
Transport phenonena = time scale: us or longer

Simultaneous solution is not realistic
at this moment
= Separated Treatment

e Dissociation Recom bination
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Plasma Processing of Materials

important Parameters

Electrical Discharge (Primary Processes)
Major interests =
Production rate of cactive species
Where and When?

Transport

Major interests =
Steady State Density Profile
Flux onto the Surface

\Primary processes

Secondary processes |

Transport [
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Electrical Discharge

A. Discharge and Plasmaoa
1. Introduction

2. Governing Eqquations
3. Solver Parameters

4. Resuits and Discussion



Electrical Discharge

important Physics: lonization
(Attachment)
(Recombination)

Chain reaction, or avalanche of electron and ion production
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Electrical Discharge

Description of the Model

Transport of Electrons and Positive lons

@ne ................... ]
V(D.Vn. —ou.n G R, :
ot (PeVlle ~tee) - 2 ::::::::’fﬁ':::.:..
on: R <
L_V(D;Vni —uini) = G -R; .
ot
Boundurv Condition
Electrons DE“Sitv = Zero

Gamma Effects is not considered
ilons Convective Flux



Electrical Discharge

Description of the Model (LFA*)

lonization Rate

Ge =Gj = ajvaN.  *Local Field Approx.

Townsend lonization Coefficient o, and v,

< Obtained by solving Boltzmann Equation
as a function of E/Nor E/P

n, < Obtained from the data of previous time step
Iomzutlon
- o times
Townsend
lonization Coefficient o, 4 {3} =1cm?
= lonization Frequency
/ unit length V3 for one

electron

UNIT:cm' or m! |. =V, (cm) per 1 sec



Electrical Discharge

Data for Solving Boltzmann Equation
Cross section data sets of the gas
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Electrical Discharge

sSolution of Boltzmann Equation

=> lonization Coefficient vs. E/N

= (Excitation/Attachment)

=> Electron Drift Velocity vs. E/N

= Electron Diffusion Coefficient vs. E/N
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Electrical Discharge

lonization Coefficient vs. E/N
(Validity check)

e Basic Data
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Electrical Discharge

Electron Drift Velocity vs. E/N
Validity Check
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Electrical Discharge

ion Transport Parameters

Evangelos Gogolides® and Herbert H. Sawin

3971

J. Appl. Phys. 72 (9), 1 November 1992

Parameters for Ar

Values

D, P diffusivity * pressure
u.P mobility * pressure

eD /p, characteristic energy
Positive ion Ar*

D P diffusivity * pressure
p 4 P mobility * pressure
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Electrical Discharge (1D €CCP)

Solution of 2 Fluids and Poisson Equations

convection and Diffusion (for Electrons)
< Drift (Boltzmann)
< Diffusion (Constant)
< 1onization (Boltzmann) ot
< Boundary (n_=0)

on;
convection and Diffusion (for lons) |— - V(D;Vn; —uinj) =G;j - R;
< Drift (< constant mobility) E

< Diffusion (Constant)

< lonization (Boltzmann) Vz V - Yo,
< Bounary (dn,/dx =0) - _g

Poisson's Equation _ . | : '
& Electron and lon Density P =0o (N —Ne)x Na 4acm

< Boundary ( V(RF)=V_. ..*sin(2rx ¥ t), V(GND)=0 ) | 4 .




Electrical Discharge (1D €cCp) 100V 1Torr10Cycles
Electron density

Concentration, ne [molfr@ﬂ Masx 1.999e-10
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Electrical Discharge (1D €cCp) 100V 1Torr10Cycles

lon density

Concentration, ni [mulfr?ﬂ Max 2022e-10
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Electrical Discharge (1D €cCp) 100V 1Torr10Cycles
Electric Potential

il Max 129054
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-100
Min: =100.003



Electrical Discharge (1D cCcp) 100V 1Torr10Cycles
-Electric Field (dPhi/dx)
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Electrical Discharge (1D €CCP)

100 V 1 Torr 10 Cycles

ionization Rate Ge = Gi = AjLaNg
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Electrical Discharge (1D cCcp) 100V 1Torr10Cycles

Electron density

sSpatio-Temporal Variation

Time=0}

Line: Cencentratien, ne [ml:}l.fma']
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Electrical Discharge (1D cCcp) 100V 1Torr10Cycles

lon density

sSpatio-Temporal Variation

Time=}

Line: Cencentraticn, ni [ml:slfma']
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Electrical Discharge (1D cCcp) 100V 1Torr10Cycles

Electric Potential

sSpatio-Temporal Variation

Time=0
Line: phi
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Electrical Discharge (1D cCcp) 100V 1Torr10Cycles

- Electric Field (dPhi/dXx)

sSpatio-Temporal Variation

Time=0}
Line: phix
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Electrical Discharge (1D €cCcp) 100V 1Torr10Cycles

ionization Rate

sSpatio-Temporal Variation

Time=0}
Line: Ri
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ectrical Discharge (1D €CP) '99V2Cycies

Pressure dependence
Electron density
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ectrical Discharge (1D €CP) 199V 2Cycies

Pressure dependence
lon density

0.1 Torr 1 Torr 10 Torr

Gongentration, ni [mol/#] Max 1 60e-10 Consentration, m [mol/# Max 2002610 Consentration, m [mol/# Max 1661e-10
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ectrical Discharge (1D €CP) 199V 2Cycies

Pressure dependence
Electric Field
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ectrical Discharge (1D €CP) 199V 2Cycies

Pressure dependence
ionization Rate

0.1 Torr 1 Torr 10 Torr
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Electrical Discharge (2D €CCP)

Easy to Extend from 1D to 2D

(but much memovry is required)
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Electrical Discharge (2D €CCP)

Electron Density

Motion of electrons can be understood

Time=0 Max: 1.508:-10
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Electrical Discharge (2D €CCP)

lon Density

lons do not move because of their higher mass

Tim==0 Max: 1638e—10
Surface: Concentraticn, ni [ml}l.fma'] 1@
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Electrical Discharge (2D €CCP)

Electric Field (norm)

EF concentration at the electrode edges
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Electrical Discharge (2D €CCP)

Chemical Kinetics Simulation (ex. CVD)

LR L
.02
3.015
LA LY

.5
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v .02

=025

lonization Rate

important information: WHERE? and HOW MUCH?
= Time-averaged Ri profile can be used for

Time=}
Surface: Ri
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Electrical Discharge (2D ICP Preliminary #1)

Extend from CCP to ICP

004

1,=10AR Freq=10MHz 10 mTorr

003

Periodic Boundary

()

Periodic Boundary
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Axial Symmetry
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Electrical Discharge (2D ICP Preliminary #1)

Convection and Diffusion (for Electrons & lons)

any

—-V(D;Vni —uin;) =G; — R;
e (DiVnj —uini) =Gj —R;

Equation for Electric Potential V

e
ot
viy=—-
€0

0= Clo(ni _ne) x N p V for Drive

rho for Guide

Equation for Magnetic Potential

HpO ——

OA
ot

sigma for Guide

Electric Field

E, =

_Vr
or

_ v,
‘ oz

8A¢ lonization is assumed to
E¢ =— W be occurred only hy E ¢

Magnetic Field

B/N: Not considered yet
ExB effects: Not considered yet



Electrical Discharge (2D ICP Preliminary #1)

Magnetic Potential A

Main driving force for ionization

Time=} Max: 625706
Surface: Magnetic potential, phi compenent [¥he/'m] St
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el
=1
E -2
LY
-4
.03
r 0 0.1 002 002 0.0 0.05 .06 0.07 0.08 .00 L 2

Min: —6.267e—6



Electrical Discharge (2D ICP Preliminary #1)

Electric Field : g component
oAy
Ey —

T at
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Electrical Discharge (2D ICP Preliminary #1)
lonization Rate*

|Ri =a(Ey/ P)Uenel

*only E¢ is considered at this moment

Time=} Mazx: 10302
Zurface: Ri 303
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Electrical Discharge (2D ICP Preliminary #1)

Electron density

2x108 mol/m?3 = 1.2x10' /m?3 = 1.2x10'° /em3

Time=0 Max: 1.388=—8
Surface: Cencentraticon, ne [ml:sl.fma'] 12
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Electrical Discharge (2D ICP Preliminary #1)

lon density

2x108 mol/m?3 = 1.2x10' /m?3 = 1.2x10'° /em3

Tim==0 Max: 1.388=—8
Surface: Concentraticn, ni [ml:slfma'] 12
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Electrical Discharge (2D ICP Preliminary #1)

Potential

Vp = 15 V; Low plasma potential

Time=l} Max: 15333
Surface: Electric potential [W]
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Electrical Discharge (2D ICP Preliminary #1)
Electron density
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Electrical Discharge (2D ICP Preliminary #2)

I
Boundary:A=0& V =0&n=0
Interface: Continuity forA & V

n=0 II=¢)r ni & ne
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Electrical Discharge (2D ICP Preliminary #2)
Electron Density

After 1 Cycle of RF
(almost same to initial profile)

Time=?e=7 Surface: Cencentratien, ne [mel'm 3] Max: 8.433e—8
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Electrical Discharge (2D ICP Preliminary #2)

Electric Field ¢ component

After 1 Cycle of RF

Explicit Skin Effect at the interface
because of high density of n,

Time=0 Max: 430428
Surface: Electric field, phi cempenent [¥em]
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Electrical Discharge (2D ICP Preliminary #2)

lonization Rate

After 1 Cycle of RF
Explicit Skin Effect at the interface

Time=l} Mazx: 00801
Surface: Ri
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A 007
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Electrical Discharge (2D ICP Preliminary #2)

iteration until steady state

After 1 Cycle of RF After 10 Cycle of RF

8.4x10% mol/m3 2.4x10 mol/m3

Mar £ 43708 TimasPu=1 Turfaze: Convestration, ra [medim ) Max 7 20302




Electrical Discharge (2D ICP Preliminary #2)

Magnetic Potential A

cdoes not fully penetrate into the plasma region
because of skin effect

Time=} Max: 77386
Surface: Magnetic potential, phi compenent [¥he/'m] S
x
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Electrical Discharge (2D ICP Preliminary #2)

Electric Field g component

EF =-cdA/dt
A = sin(wt) = EF = cos(wt) ; Phase shifted

Time=0 Max: 486643
Surface: Electric field, phi cempenent [¥em]
L
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L
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Electrical Discharge (2D ICP Preliminary #2)

Ionization Rate* ri-avene ve-.e

ignition at the interface where EF is high and ne is moderate.
After that, with reduction of EF, Ri peak position moves down
to the position which has higher ne.

Time=l Mazx: 0340

Zurface: Ri
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Electrical Discharge (2D ICP Preliminary #2)

Electron density

8x108 mol/m3 =4.8x10'* /m? =4.8x10"° /em?3

Time=0 N Mawx: 2411e—8
Surface: Cencentratien, ne [melfm™] 108
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Electrical Discharge (2D ICP Preliminary #2)

lon density

8x108 mol/m3 =4.8x10'* /m? =4.8x10"° /em?3

Time=(} Max: 2411e—3
Surface: Cencentration, ni [mel/m3] e
0.2
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Electrical Discharge (2D ICP Preliminary #2)

Potential

approx. 22 V
represents low plasma potential

Time=l} Max: 22.283
Surface: Electric potential [W]
LU s
315 Y
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il
r 4 ]
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Min: —2.707e—15



Electrical Discharge

Limitation of LFA model
(OTE, RCT must be tried)
BuUt,

Good for Qualitative
Understanding of the
behavior of Ne, Ni and EF
in plasmas

(Educational Purpose)



Transport

B. Chemical Reactions and
Thin Film Deposition

1. Introduction

2. Governing Equations

3. Solver Parameters

4. Results and Discussion
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Experimental Results

Spatial Non-Uniformity

ICP caoil

BCB/Ar __ -

| ———H R (Si)
|___|

< >

100mm®
255mm o

¢
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Non Uniformity of Deposition Rate

50 1 | 1 | ) | I
Ar 500 sccm
S 40| N
‘E 50W/CW
c
@ 30 . —
©
c 5
o 20+ e —
2 =
o 100W / Pulse *\
O 10 . ‘- —
(ImProved by Pulsing)
0 1 ] 1 ] 1 | 1

80 120 160 200
Distance from supply port (mm)
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Normalized absorbance

Non Uniformity of Film Composition

€< Variation of Deposition Precursors
(Explained by Cumulative (or Multi-Step)
Dissocication and production of different

precursors at each stage)

IR intensity ratio

4 | | I | | |
100W/ICW
3k
CH
SiH
near X
: N
center
1 N
far
0
| | | | | |
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Reduction of Methyl Group
= Increase of k-value

1.0

0.8

0.6

0.4

0.2

0.0

- T - I - I
100 W/ CW
Ar 500 sccm
Q\o@g ISIO
SiFH,/Si0 . [
| [P0 | \
80 120 160 200

Distance from gas feed port (mm)
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HMDSO: (CH;),-Si-0-Si-(CH;),

1st Step
si2omee6 + e
-> si2ome3 + 3me + e

1

(with methyl group)

aT

2nd step

si2ome3 + e ;
= g

= Si20 + 3IMme + e i

(without methyl group)

a6k

aif

-ciN/ddt=kNne=> k'N oz}

Adjust k' so as to match
the experimental results




Transport

Time=A0 Streamline: Cenvective flux, c_sifemef [melAm 2'EI|

.35

0.3

325

2

215

.1

3L

=10

—

—
e

e

w,qq____—____

N

Substrate

=11 =105 1] 15 1 315
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Boundary Conditions

Depends on Sticking Probability

B = 0 (not deposition precursors)

= Insulation / Symmetry

B > 0 (can be deposition precursors)

*¢_sizome3*(Rg*T_guas)"0.5/(2*pi*M_si2ome3)"0.5
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Check Effects of Sticking Probability

OMSOL Multiphysics — Geoml/Ghemical Engineering Module — Convectil

Eile Edit Options Draw Phygice Mesh Solwe Postprocessing  Multiphysice Help

NEHE| iRk Abs R4 =C@ 2004 thkedp ?
i [< 3
@ T T T T T T T T T T T =
@ 00z
[
=}
o
. al 5
L] I
= |
2] !
=4 I f R
= | -
S -00z i Equation
e
KoRe |
|
| Boundaries | Groups 3
| Boundary selection Boundary conditions
-004
| i & Baundary condition
| 2
T a Quantity Value/Expression Unit Description 4
| 4 =) Concentration
| Ny Tnward fhux
-008 | P
: Group:
| [ Select by eroup
| [ Interior boundaries:
-008 |
| 0K | [ Gancel | [ #pely | [ Help
|
|
|
01 | L =
-1z |
~
-01 -00z -0.08 -004 -002 o 0oz 004 00g opoe 01
Solution time: 0.875 =
Muwber of degrees of freesdow solwed for: 3220
Solution time: 0.891 =

(00118, 00262 | [GRID [EQUAL | [
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Check Effects of Sticking Probability

Beta=1 Surf=Conc/Line=Yelooity / Arrow=DiffF lux Mazx: 0.100
004 01
01
002
01
0 = — - S
— > = = = oy
—002 e — = e '
) g — 3 e
—3 & 3 % - o1
-004 =3 i e
=3 T kaaierEE
3 3 A S A
~006 A T
- — L
~ ~a SSEne o
-008 N
= sy 01
""\-.ﬂ "Hﬂ
-0.1 s
01
=012
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=014
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=01 =008 -006 -004 002 0 002 004 0.06 0.08 01
Mir: 00898



sSource
Diss. Rate 1E-03

Diss. Rate 1E-04

St Gonsrwrwin ¢ imid pite )

Diss. Rate 1E-05

Bt Garomrain £ s bsnT)
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sSpatio-Temporal Bahvior of Source Monomers

0.3

0.25

0.2

0.15

01

0.05

Max: 0100
01
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0.08

- 1007

- 0.06

r 10.05

Time=0
Surface: Concentration, ¢_siZomef [mol/m 9
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0.01

0
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sSpatio-Temporal Bahvior of Hybrid Precursors

Time=0 Max: 6.295¢-3
Surface: Concentration, c_siZomed [mol/m g TR
0.3 B
0.25
3
0.2
o4
0.15
43
01
F 2
0.056
1
0
-0.25 -0.2 -0.15 =0.1 =0.05 0 0.05 01 0.15 0
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sSpatio-Temporal Bahvior of Inorganic Precursors

0.3

02

01

0.05

0

Tirme=0
Surface: Concentration, c_si20 [mol/m :I]
=0.25 -0.2 -0.15 =0.1 =0.05 0 0.05 01 0.15

Max: 2078e-4

w107
5
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s]]

ERAEMETSWIA, csiomel [mol{m z

Flux onto the substrate

FEEAEREITVIA, csi2omed [mol/{m 2 s]]
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-24
-01
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8x10~

Flux on substrate (mol m_, s'1)

Flux onto the substrate

Composition variation can be qualitatively explained

IR intensity ratio

-0.05 0.00 0.05

X position on substrate (m)

0.10

1.0

0.8

0.6

04

0.2

0.0

Distance from gas feed port (mm)

| I | I ] I |
100 W/CW
Ar 500 sccm
W /SO T
Si-H,/Si0 N
. | [ F=-” TD . [ .
80 120 160

200
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combination of Chem. Eng. Module
and Reac. Eng. Lab. provides
visualization of spatio-temporal
behavior of chemical species.

Useful tools for understanding the
experimental resuits, and may be
also for designing the reactor
structure.



Sheath Analysis

Shedath on the structured surface
= Trajectory of ions

n =
1D - described on the
N=N;=Ng N=Ni<Ng | Ne<N text book
o~ . PRINCIPLES OF PLASMA
e DISCHARGES AND
N MATERIALS
PROCESSING
n I _
< ¢ Second Edition
X Xg 0
Bulk Plasma Presheath Sheath Wall I::_?_::E\Ij_ ‘:ICL:iii':::g
Sheath edge
A V
2D - depends on actual
"""""""""""""" Ve surface

Calculation for a given
structure is required




Sheath Analysis

Physics
lon energy conservation
%M ui(x) = v U (X) =gV (x)

X>Xg X<Xs
lon flux continuity

Y| =N (x)u(x)
Bohm velocity 1
ni(x)=n; for x>xg V(x)> > M iu§

X<Xg

n,(x) € Solution of n.(x) € Boltzman relation
these equation

-1/2
n; (x) = nis[l 2oV (X)j Ne (X) = Nes exp[ QO;{I_(X)]

M;u$ ©



Sheath Analysis

What we want to know?

V (X,
: - Ne (X, Y) = Neg exp( GoV ( y)j
- n_ profile ... given by KT, »
200V (X,
- n,; profile ... given hy ni(x,y)= nis[l— qi/l sz Y)]
IYS

Following two parameters are important for understanding
ion trajectory in the Sheath ( ex. direction of ion bombardment ).

(1) Sheath Thickness (or profile) (x., v.)
(2) 2D EF (or V) profile in the Sheath

But analytical solution is not available, because
n, &n,; is given as a function of V(x,y) (not (x,y)!).
- Numerical Approach

L LK
M2
L LY

0}

-5 -4 -3 -2 -1 ¢ 1 2 3 4 5

=310

=450

—5{H}

x'lﬂ'_‘?' Min: —HiW}



Sheath Analysis

~1/2
Coverning equations n(x)=n|1- 20V (x)
82\/ | ) M us
P (n —n,)
X
0oV (X)
N.(X)=N_.exp| ———
o (X) =g, EXP T
What we should do.

(1) Find self-consistent V(x,v) profile which satisfy these 3 Eqs.
(2) Find (x,v) position where V(x,v)=0

> Sheath Edge profile

implementation to COMSOL

¢ Global Expressions

Mame = Expression it

hii PO g (M 200 e, et (- gD M s 20 71 4200 O -~
e if 00, ns, nekexp A Tedd O
ATTN!:

For x(xs, ni(x) = nis = ns and ne(x) = nes = ns.
(Incorrect solution for xllarger than xs)
| R

< »
= Ok

][ Cancel ][ Apply ][ Help ]




Sheath Analysis

Meshing in COMSOL

cense) COMSOL Multiphysics — Geoml fElectrostatics {es) : 2007-11-18-2d-Sheath.mph

File Edit Options Draw Physics Mesh Golve Postprocessing Multiphysics Help

DEHS:| i mrk|AbtsRA=C2 @ PR dhna@p T
£ G £
Py -~
O 001
b
o
] 0,009
=
s
A 0008
&
z 0007
A
™ 0006
ry
X 0005
A
F' 0004
Fa
iy ooz

00z

< > -

| | o esh near the substrate

Dependent var

Default elamer 1 =

of steep potential an

-6 -5 -4 -3 -2 -1 i 1 2 3

No subdomain scalar data on SCreen. drop

< >

(7691e-4, 00108} EQUAL Memory: ©1 /92)




Sheath Analysis

Requires several sets of iteration
for obtaining the self-consistent resulit

{ Proeress — Solve Problem g|
Stopped
Progreszs | Convergence LDE
Error: -

Failed to f£ind a solution:
Maximum munmber of Newton iterations reached.
Beturned solution has not converged.

v
4 *

several times (2 or/3 times)
Cloze automatically o‘ thls dluloy




Sheath Analysis

Sheath on the structured surface
T. = 2eV, V,.=-500V, n, = 10'7 /m3

M, for Fluorine = 19x103/N, kg
V(x) ne ni

Surface: Elestric petential [¥] WMax 7.741e=3 Surface: ne WMazx: 6 10216 Surface: ni WMazx: 6 10216
o i %1018 i x1018
[ .1
0.008 00400 0008
000E 0008 ; 0008 61
0007 0007 B1HH7 61
0.006 006 a D 1HH6
0005 0005 0005 51
0004 0004 3 0004 8.1
0003 0003 B1HHE
0002 0002 0002 o
0001 Q00 Q00 6.1
? o o 81
g Min: 6.10e16
2 V -1/2
V. g doV (%)
0 ——(n —n,) Nn n,(x) = n| 1- S
@X > i e i is M u 2
0 i~'S




Sheath Analysis

Effect of Vdc

Vec=-100V Vac=-500V Vcdc=-1000V

Surface: Elsctric potential [W] Mazx: §.80%e—5 Surface: Elsctric potential [¥] Maz: 7.747e-3 Surface: Electric potential [W] Maze 0701

001 0 il 1
0008 -1 0009 0009
0008 —20 0003 0008
0007 -3 RUILLE RUILLE
0006 -0 5 5
0005 —50 0005 0005
0004 0004 0004
0000 0 QLI QLI
000z - 0002 0002
LAl L] L] i3]
7 L 0

-5 -4 -3 -2 -1 0 1 2 3

Min: =50} Min: —1{HH}

21072 0



Sheath Analysis

Effect of n,

ng, = 10 /m3 ng, = 107 /m3

Burface: Electric potential [W] Maze B0745 Burface: Electric petential [V] Mazx: 7.747e—3
L1y i ’
0005 0003 —100
AL LK L LY - 1-150
L1 JRL L - o
0005 0005
- 250
00 LIRS
Ly
0003 0003
0007 D2 e
0001 0.0 —A0
1] L —450
-5 -4 -3 -2 -1 4 1 2 3 4 5 =5}
—50H}

+ 1073



1D Simulation

Written in the text book, but animation of the temporal
behavior of plasma parameters is better than figures

on the text book

2D Simulation

1D analytical model does not tell us "shape" of the plasma
parameters.

Actual shape of the objects (e.g. substrate, reactov, ...)
is reflected Iin the results of 2D simulation.

Valid for rough design of reactors or for understanding
effects of the shape of reactors (or substrate)



Thank you.
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