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• IntroductionIntroduction 
# complexity: plasma and surface

• Elementary processes of PSI• Elementary processes of PSI
# adsorption, diffusion, desorption
# chemical reactions, sputtering

• Particle and energy balances



complexity of phenomena : plasma and surface

plasma parameter :

gas flow rate reactor geometry

plasma parameter :
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powerfrequency
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surface geometry morphology

potential p

texture chemistryg y p gy y



complexity of phenomena

recipe
(input)

neutrals
nn, Tn(input)

electrons
T

ions

p1, p2

U (P ) j j

ne, Te n+, n-, 
T+, T-

products

U (Prf)
fgenerator

B

j+, jn
E+, En
nn

PECVD PVD
B

wafer



basic description of plasma excitation

Maxwell-Boltzmann Equation
Basic Equation
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Problems: Inhomogeneities / Cross Sections

Distribution Functions
Chemical System
(Gases, Surfaces)
Molecul Data σ jk
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Transport  Equations
Navier-Stokes Equation
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Maxwell Equations / Plasma Sheath
Wave and space charge phenomana
Plasma sheath important for surface reactions ! ( ) ( )
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plasma sheath (dark space) at surfaces affects the PSI ...
... and depends on discharge power and pressure

Argon,  0.005mbar,     10W                                         30W                                         50W

Argon,  50W                            0.005mbar                                   0.01mbar



plasma bulk 
and plasma sheath



elementary processes at substrate :    plasma methods :elementary processes at substrate :    plasma methods :

gas / plasma (Tgas)
j • chemical methods (CVD MOCVD)jgas

Rdes

• chemical methods (CVD, MOCVD)
• physical methods : PECVD, PVD
• PVD : evaporation, plasma, ions

plasma : PSP IP/PL PP MERdes Rads

diff
3D 2D

• plasma : PSP, IP/PL, PP, ME

substrate (TS)

diff
diff

2D

( S)



E(r) gas phase

repulsion ( 1/r12)

E(r) gas phase

repulsion  (~ 1/r12)

r
E(r0)=Eads
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attraction  (~ 1/r6)
r0

r0 : equilibrium distance
Eads : adsorption energy



E(r) gas phaseE(r) gas phase

E

r
Ea

Ediss

lid r
Eads

PS

so
l

Eads
CS physisorption   : Eads

PS < 0.5eV
chemisorption : Eads

CS > 0.9eVp ads
Ea > 0  : activated CS
Ea < 0  : non-activated CS



A(g) + B(s) γ A A(ads) + B(s)

Adsorption :
(g) ( ) γ A ( ) ( )

Rads =           = γA jA f (Θ)
dnads
dt

Xr
A(g)
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Ad
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A(ads)

Ads.
Des.

Diff
A(ads)

r0 Diff.
B(s)

τ

r0
B(s)

τt
τdes t

τdes

Desorption :thermal collision
A(ads) τdes A(g) A(ads) + X σdes A(g) + X

τdes = τdes
0 exp{-Edes/kTS} τdes = 1 / σdes jX

Rdes =           = 
dnads
dt

nads
τdes



sticking coefficient γ :     γ = nads /nin
γ = γ0 exp(-E /kT) (PS: γ = γ0)γ  γ0 exp( Ea/kT)   (PS: γ  γ0)

degree of coverage Θ :   Θ = nads /n0

equilibrium of adsorption - desorption :

dnads
dt = γ j f(Θ) - ,

nads
τdes

dnads
dt = 0       γ j f(Θ) = 

nads
τdes

f(Θ) = 1 - Θ , T = const.        Langmuir-adsorption isotherm : nads = nads(p)

n0
γ j τdes

1 +

1nads = n0

f(Θ) ~ (1 - Θ)2 , e.g. if dissociative adsorption   
(Freundlich, BET, . . . . .)    
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The initial coverage of Ar on Zr (Edes=0.24eV) and CO on Pd (Edes=1.43eV)
in dependence on the s rface temperat rein dependence on the surface temperature.

The surface density is assumed to n0=6⋅1014cm-2.



physisorption
adsorption

diffusion
(hopping)

chemisorption
(dissociative)

desorption
(thermal)

adsorption
(sticking)

substrate (TS)substrate (TS)

example : ili (d li b d )example : silicon (dangling bonds)

passivation by hydrogen

hydrogen molecule

SiH3-radical



Chemical Sputtering (CSP) :

dnB

B(s) + nA(g) σCSP AnB(g) 

r
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B

dt
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direct CSP delayed CSP

σCSP = σCSP
0 exp{-ECSP/kT}



surface film reaction (SFR) :

dnAB

B(s) + A(ads) kSFR AB(ads) A(ads) + A(ads) + Β kSFR A2(ads) + B

2
dnA2

r

RSFR =            = kSFRnAnB
AB

dt

r
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2A2
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A(ads)
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t t
SFR with solid SFR recombination

kSFR = kSFR
0 exp{-ESFR/kTS}



CSP
(abstraction) SFR(abstraction)

SFR
(recombination)

substrate (TS)substrate (TS)

example : ili (d li b d )example : silicon (dangling bonds)

hydrogen passivation

SiH4 or Si2H6



some effects of energetic particle bombardmentsome effects of energetic particle bombardment
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physical sputtering (PSP) :

R = = n <σ > j = <Y >j
dnB

B(s) + X(g) σPSP B(g) + X(g)

r

RPSP =            =     nB <σPSP> jX =     <YB>jXdt

r
X(g)

B(g)

X(g)

(g)

B(s)

t

Y = Y(U E Z Z )Y = Y(U, EB, ZP, ZT, …..)



Sputtering (PSP) for thin film deposition / coating

principle of dc cathode sputtering,
diode system

a gas flowa gas flow
b pump
c cathode
d target
e anodee anode
f deposited layer
g cathode fall
h positive column
I screening shieldI screening, shield

(E X B)magnetron system (E X B)
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surface activation
A( d ) X A*( d ) + X Β( ) + X B*( ) + XA(ads) + X σ* A*(ads) + X Β(s) + X σ* B*(s) + X

R* =            =  nads σ* jX 
dnads*
dt R* =            =  nB σ* jX 

dnB*
dt

r rX(g) X(g) X(g) X(g)

dt dt

A(g)
(g)

A(ads) A*(ads)

B( ) B*( )

t
B(s)

t
ti ti f d b t ti ti f f

τ*
B(s) B*(s)

τ*

activation of adsorbate activation of surface

surface deactivation :
R = - =  - nads * / τ*

dnads*
dt R = - = - nB* / τ*

dnB*
dt



structure (morphology, crytal orientation ...)

effect of
T j j / jTS,  jX,  jX / jA

THORNTONTHORNTON-
model



particle balancesparticle balancesparticle balances particle balances 
in the interfacein the interface

rate = deposition - etching : R = dx/dt  = RD - RE 

Mk d nk
for species  k : Rk =

Mk

Lρk

d nk

d t
d nki t th f Σ Σ <
d t

species at the surface :
(gain, loss)

Σ Gk + Σ Vk=
k k

<=>
0

d nk

d t
= γk jkf(Θ) + kSFR,k-1nk-2nk-1 + σCSP,k-1nk-1 jk-1 + n*,k /τ*,k + . . .

- nk /τdes,k - kSFR,knknk-1 - σCSP,knk jk-1 - σPSP,knk jx - σ*,knk jx - . . .



example for particle balances example for particle balances 
(schematic)(schematic)(schematic)(schematic)

ΘAB ΘBΘA

substrate (B) adsorbate (A) product (AB)substrate (B) adsorbate (A) product (AB)



particle balances particle balances 
(example schematic)(example schematic)(example, schematic)(example, schematic)

here only :    B, A, ABy , ,
assumption : chemical etching of B

j Θ / k 0
d nA

= γA jAΘB - nA /τdes,A - kSFR,BnAnB = 0
d t

= k n n + σ n j n /τ = 0
d nAB

d nB
= - kSFR BnAnB - σCSP BnB jA = RÄ BLρB / MB

=  kSFR,BnAnB + σCSP,BnB jA - nAB /τdes,AB = 0
d t

d t
 kSFR,BnAnB σCSP,BnB jA  RÄ,BLρB / MB

ΘA + ΘB + ΘAB = 1 ΘA = nA / n0, ΘAB = nAB / n0, ΘB = nB / n0,

RE,B

(1/ j ) ( k / j ) 1/
1

=
n0 (1/τdes,AγA jA) + (n0kSFR,B/γA jA) + 1/n0

kSFR,B + (σCSP,B/γA)(1/τdes,A+n0kSFR,B)τdes,AB +



N. Hershkowitz et.al. (JVST A11(1993)4, 1283 and ISPC-12, 1995, 533.) :
“ plasma processing characteristics are similar hen onl a limited n mber“... plasma processing characteristics are similar ... when only a limited number 
of plasma parameters are identical at the plasma-wafer sheath boundary.  
Identical values of  energy flux and particle concentration result in identical rates.”

PSI at LPPP is affected by :

• energy (E) of impinging particles (energy transfer)
• particle flux density (j) towards the substrate (momentum transfer)

energy influx (J)energy influx (J)
temperature of the substrate surface (TS)

thermal / energetic conditions at the substrate surface 
during plasma processing essentially determine 

• elementary processes (adsorption, diffusion, desorption ...)
• chemical reactions (CSP, SFR ...)
• composition (stoichiometry )• composition (stoichiometry ...)
• structure (morphology, crystal orientation ...)



contributions to energy influx at substrate surface :contributions to energy influx at substrate surface :
• radiation (plasma, walls, sources) 

ki i f h i ( l i )• kinetic energy of charge carriers (electrons, ions)
• energy of neutrals (kinetic energy, excitation energy, 

heat of adsorption and condensation)
• exothermic chemical reactions
• external heating     

energy losses at substrate surface :

• radiation (environment) 
• heat conduction and convection (substrate holder, gas)
• desorption• desorption
• endothermic chemical reactions
• sputtering of particles and secondary electron emission 

t l li• external cooling


