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SOUrCe: pemetre J. Economou, Hybrid Simulation of Low Temperature Plasmas: A Brief Tutorial
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Process simulation: Electroplating of Cu

Active type (moving stirrer) reactor: vortex contour

Wafer

By the vortex movement, the surface flux of
Cu ion is uniformly formed along the wafer
surface.
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Examples of stirrer design
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Electroosmotically stirred chaotic micro mixer
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Peristaltic meso scale mixer

Re = 6000, Pe = 6000

« Bottom wall is flexible membrane.

« Waves traveled through wall and induced peristaltic motion that

resulted in predictable mixing.
w0p Re =400, Pe =400
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Nonconforming spectral element method

Moving Gaussian Hill

Pe =10°
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The optimized structures of ACL and 2D charge density map

tQ sp® hybridized C (highlighted) o sp? hybridized C (highlighted)

° sp® hybridized C o sp? hybridized C o sp hybridized C ° N The optimi zed structures
of the ACL (left) and 2D
charge density map
(right) for (a) undoped
ACL and (b) N doped
ACL (substitutional site).

(a) Undoped ACL I0.34

In the center of (a-b),
I several atoms in the

0 dotted black box are
Atomic structure /B b charge density map h|gh||ghted

(b) N doped ACL (substitutional site) lo.ss 2D charge density map

contains specified atoms:
(a) CO~C7,and (b) N
and C1 ~ C7. Charge
accumulation (red area)
in the vicinity of the N
atom can be seen.
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Surface phenomena: Molecule dissociation and deposition

ADb Initio simulations

Bare N ter-TiN (111)
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Recent trend in a semiconductor industry

DRAM Technology Review 'TE[}HINSIGHTS
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Semiconductor fabrication process
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Definition of plasma

Plasmas
A collection of freely moving charged particles which is, on the average,
electrically neutral

 Discharges:
Driven by voltage or current sources
Neutral particles are important
There are boundaries at which surface losses are important
The electrons are much hotter than the ions
* Device sizes: 30cm -1 m
* Driving frequencies: DC to RF (13.56 MHz) to microwaves (2.45 GHz)

(f J Electrode

£

VALY e T e

O 0 - i
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Whalt Is
Plasma ?



Source: http://pluto.space.swri.edu/image/glossary/plasma.html

Plasma: A plasma is a hot ionized gas consisting of approximately equal
numbers of positively charged ions and negatively charged electrons. The
characteristics of plasmas are significantly different from those of ordinary
neutral gases so that plasmas are considered a distinct “fourth state of
matter.” For example, because plasmas are made up of electrically charged
particles, they are strongly influenced by electric and magnetic fields (see
figure) while neutral gases are not. An example of such influence is the
trapping of energetic charged particles along geomagnetic field lines to
form the Van Allen radiation belts.

www.geo.mtu.edu/weather/aurora/
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Source: CFD ACE+ manual

Processing Plasmas
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Source: CFD ACE+ manual

Heavy Particle
Transport and Chemistry

E

Electron & Gas
Temperatures

ICP CCP

/ Joule Heating \
Electricfield from Poisson

solution OR magnetic vector
and scalar potential

Electromagnetic Fields
(frequency domain)

Cluasineutrality condition: Electron Mumber Density
electron density & Drift-diffusion approximation for
ambipolar field electron particle flux

Sheath Model

Distinctive Features of athe ICP and CCP Models
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Source: CFD ACE+ manual
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Electron and gas temperatures in a DC discharge of mercury and rare gas mixture at different gas pressures
and same current.
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SOUrCe: pemetre J. Economou, Hybrid Simulation of Low Temperature Plasmas: A Brief Tutorial

RF Power Supply

{~) Gas Flow
I| e et Blocking Electrode
= Capacitor /
NN EEEEEEEEEEEEEEEEEEEEEn
Sheath =—————p Plasma
Ionization: X, +e = X7 +2e /
Pump «—— Dissociation: Xo+e = 2X+e — Pump
Excitation:  X+e¢ » X'+e 5 X+e+h

Sheath =————

LUJWI'I'I'I'I’II [1T1]

Wafer —a

Electrode

I Figure 3. Schematic of a parallel plate capacitively-coupled
plasma (CCP) reactor.
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SOUrCe: pemetre J. Economou, Hybrid Simulation of Low Temperature Plasmas: A Brief Tutorial
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o Tonization: Clz+e — CI7 +2e ®

® Cl+e = Cl* + 2e ®

® Plasma ®
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° .

® Excitation: Cl — CI" —» Cl+ hv Wafer ®
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To To
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!/ I
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1| ~ Y Substrate Bias
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I Figure 4. Schematic of a dual coil inductively-coupled plasma
(ICP) reactor.
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Source: Applied Materials

Figure 1224  The Endura system by Applied Materials uses a number of PVD or CVD
chambers fed by a central robot. For conventional and IMP sputtering, targets are hinged to open
upward. Two open chambers are shown in this photograph along with the load lock (from Applied
Materials).
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Introcluction to©
Plasma Physics



Source: https://people.eecs.berkeley.edu/~lieber/

PLASMAS AND DISCHARGES

e Plasmas
A collection of freely moving charged particles which is,
on the average, electrically neutral

e Discharges
Are driven by voltage or current sources
Charged particle collisions with neutral particles are important
There are boundaries at which surface losses are important
The electrons are not in thermal equilibrium with the ions

6/ l Electrode

i

%@/*‘fﬁi e +Gas

(a) (b)

e Device sizes ~ 30 cm — 1 m
e Frequencies from DC to rf (13.56 MHz) to microwaves (2.45 GHz)
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Source: https://people.eecs.berkeley.edu/~lieber/

UNITS AND CONSTANTS

e SI units: meters (m), kilograms (kg), seconds (s), coulombs (C)
e =1.6 x 1071 C, electron charge = —e
e Energy unit is joule (J)
Often use electron-volt
1eV=16x10"11]
e Temperature unit is kelvin (K)
Often use equivalent voltage of the temperature

k1. (kelvins)

T, (volts) =

€

where k = Boltzmann’s constant = 1.38 x 1072° J/K

1V << 11,600 K

e Pressure unit is pascal (Pa); 1 Pa = 1 N/m?
Atmospheric pressure = 1 bar ~ 10 Pa ~ 760 Torr

1 Pa <= 7.5 mTorr
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Source: https://people.eecs.berkeley.edu/~lieber/

PLASMA DENSITY VERSUS TEMPERATURE
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Source: https://people.eecs.berkeley.edu/~lieber/
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Source: https://people.eecs.berkeley.edu/~lieber/

NON-EQUILIBRIUM

e Energy coupling between electrons and heavy particles is weak

Input e ;
power : weak

we -'t].]{ St TONn g

Walls

Neutrals Walls

e Electrons are not in thermal equilibrium with ions or neutrals

1. >1T; in plasma bulk

Bombarding ion & > 1. at wafer surface

e “High temperature processing at low temperatures”
1. Wafer can be near room temperature
2. Electrons produce free radicals = chemistry
3. Electrons produce electron-ion pairs = ion bombardment
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Source: https://people.eecs.berkeley.edu/~lieber/

ELEMENTARY DISCHARGE BEHAVIOR

e Uniform density of electrons and ions n. and n; at time t =0
e Low mass warm electrons quickly drain to the wall, forming sheaths

( Sheaths \V

d l
11 0
/1
| |
I B CD/ et
4 A RERE
1 71 n 2
B n i neznl /'C - @/ [l| |l1 /@
/ % S(@ e
’ / & /e N2
A L/ e ettt Y &
/ o g X
; / -
A 5_;,. |
* J| J|_Vr:1
e Bulk plasma is quasi-neutral O\
— N, XN Co
| —
X

e lons accelerated to walls; ion bombarding energy & = plasma-wal.

?‘\r‘\‘i‘r\ﬂ“‘:s‘\] T/?r
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Source: https://people.eecs.berkeley.edu/~lieber/

POISSON’S EQUATION E

e An clectric field can be generated by charges

V- E=" o #E-dA: Qenel
.

€0 < €0
e For slow time variations (dc, rf, but not microwaves)
E~-Vo
E = electric field (V/m), p = charge density (C/m?).
® = potential (V), g = 8.85 x 10712 F/m

e In 1D planar geometry

Q_ encl

dE., P dd I
— T - — — Ly
dx €0 dx
Combining these yields Poisson’s equation
d> P D
da? €0
e This field powers a capacitive discharge or the wafer bias power
of an inductive or ECR discharge v
- .rf 6) l E
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Source: https://people.eecs.berkeley.edu/~lieber/

FARADAY’S LAW

e An clectric field can be generated by a time-varying magnetic field

VxE--2 fE.dl,d//B.dA
ot : ot |/,

B = magnetic induction vector

e This field powers the coil of an inductive discharge (top power)

I — 0o0boo

® ®
E E
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Source: https://people.eecs.berkeley.edu/~lieber/

AMPERE’S LAW

e Both conduction currents and displacement currents generate mag-
netic fields H
OE ..
VXH:JC—FE[]E:J [A/le]
J. = conduction current density (physical motion of charges)
eo0E /0t = displacement current density (flows in vacuum)
J = total current density

e Note the vector identity V- (VxH)=0 = V-J =0

e In 1D 1o
0J(x, t) 0 —
Ox LY LSS
* _Sheath | ____ _
Nonuniform
Q) plasma |70
- Sheath ¢

Total current .J is independent of x
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Source: https://people.eecs.berkeley.edu/~lieber/

REVIEW OF PHASORS
e Physical voltage (or current), a real sinusoidal function of time
V(t) Vo

~ T
V(t) = Vi cos(wt + @) \ M A wt

e Phasor voltage (or current), a complex number, independent of time
~ Vo <

V =1, ol? — Vir+ iVr o) v,

e Note that

V(t) = Re (f’ ej"“’t)

e Hence
V(t) <=V (given w)
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Source: https://people.eecs.berkeley.edu/~lieber/

THERMAL EQUILIBRIUM PROPERTIES

e Llectrons generally near thermal equilibrium
lons generally not in thermal equilibrium
e Naxwellian distribution of electrons

m 3/2 "}’?1?’2
e (v) = n, exp | —
Je(v) (%M) I ( QICT.)

where v? = v2 + vg + 0?

fe('l":r;}

1
VUTe = Uz

(KT, /m)'/?

e Pressure p = nkT
For neutral gas at room temperature (300 K)

ng(em™?) 2~ 3.3 x 10*° p(Torr)
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Source: https://people.eecs.berkeley.edu/~lieber/

AVERAGES OVER MAXWELLIAN DISTRIBUTION
e Average energy
( muv?) = fdgt* muv?f.(v) = kT,
e Average speed
A A
Ve = ( Tm )

e Average electron flux lost to a wall

I e — 1 Ne ,'?»_’Te ( / d/U;I? / d’“y / dIUZ Uz fff (/U ))
' — 00 — 00 0

e Average Kkinetic energy lost per electron lost to a wall
=21,
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Source: https://people.eecs.berkeley.edu/~lieber/

FORCES ON PARTICLES

e For a unit volume of electrons (or ions)

du,

dt
mass X acceleration = electric field force +
+ pressure gradient force 4+ friction (gas drag) force
e m = electron mass

ne. = electron density

u. = electron flow velocity

g = —e for electrons (+e for ions)

E = electric field

Pe = Nk, = electron pressure

v, = collision frequency of electrons with neutrals [p. 36]

MNe =qn.E— Vp. —mn.v,u.

Pe —\/ Neutrals
VD Drag o O o D‘,c{:

— '
PelT) Pe(2 + dx) g %O_O'u j
O o
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Source: https://people.eecs.berkeley.edu/~lieber/

BOLTZMANN FACTOR FOR ELECTRONS

o If clectric field and pressure gradient forces almost balance
0 % _E}TZJ(:"E - vpt‘j
o Let E=—-V® and p, = n kT,

‘;7(E1 =
e N,
e Put kT./e ="I. (volts) and integrate to obtain

ne(r) = neg e/ e

ET. Vn,

D
.
-~ :“\ L
Ne
Te0
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Source: https://people.eecs.berkeley.edu/~lieber/

UNDERSTANDING PLASMA BEHAVIOR

e The field equations and the force equations are coupled

Fields,
Potentials
Maxwell's Newton's
Equations Laws
Charges,
Currents
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Source: https://people.eecs.berkeley.edu/~lieber/

DEBYE LENGTH Ape
e The characteristic length scale of a plasma
e Low voltage sheaths ~ few Debye lengths thick

e Let’s consider how a sheath forms near a wall
Electrons leave plasma before ions and charge wall negative

N
nﬁ Ne = N; = N
NN
:‘I«,\E-_ Electrons
N i
ol
— I
— Ne I
I
B : T
o Sheath regior I Quasi-neutral
~ few A | (bulk plasma
-: T
I
I
I

Nl

Assume electrons in thermal equilibrium and stationary ions
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Source: https://people.eecs.berkeley.edu/~lieber/

DEBYE LENGTH \p. (CONT’D)

e Newton’s laws [p. 18]

ne(x) = nge®/ e,

e Use in Poisson’s equation [p. 12]
2{ ol .
d I) _ €rg (1 B e(I)/Te)

n; = no

da? €0
e Linearize e®/' ~ 1+ ®/T.
dQ(D . eng
dr?  eL.

o\ 2
O(z) = By e~/ 0e, A, — (EU )

Sy

)

e Solution is

e In practical units

Ape(cm) = 740/ T, /ny, T. in volts, ng in cm ™

e Example
At T. =1V and ng =10" em™3, A\p. = 7.4 x 1073 e¢m

—> Sheath is ~ 0.15 mm thick (Very thin!)
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ELECTRON PLASMA FREQUENCY wpe

e The fundamental timescale for a plasma

e Consider a plasma slab (no walls). Displace all electrons to the right
a small distance x.g, and release them

Charge/area| +
engLe [T lonsT 7

|

T

|

N _:
N T—Elm'tr{ ST Charge/area
+ — S —engT,

. |

— |
|
.

n i E

—
0 z.

E(z)

X

e Maxwell’s equations (parallel plate capacitor) [p. 12

g EMoTe (1)
€0
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ELECTRON PLASMA FREQUENCY wpe (CONT’D)

e Newton's laws (electron motion) [p. 18]

d?x.(1) e?ng

m s— = —ek = — xe(t)

dt €0

Al ¥ * * *
e Solution is electron plasma oscillations
1/2
62’1\'1[] /

Ze(l) = e COSWpT, Wpe =

e( ) el Wpel, p €om

e Practical formula is f,.(Hz) = 9000,/ng, np in cm ™3

— microwave frequencies (> 1 GHz) for typical plasmas
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1D SIMULATION OF SHEATH FORMATION

e Particle-in-cell (PIC) simulations with uniform fixed ion density
4000 electron sheets; solve Newton's laws + Maxwell’s equations

e T. =1V (random), n. = n; = 101 m= (low), { = 0.1 m

e Electron v,—x phase space at t = 0.77 us

Phase Space

2e + 06

Electron

. B e wgb et Y
e w tantine Pt e otrlal SLam o,
.

VI
s o ."‘“a' b ':’ Al L. ) .,:J.;'“_
I A A S T T A LR S U A S B : F
y Tl .,-.j'"?.’ﬂ: i”‘:\'-.&i&' »::\e;?g‘.:.ﬁ,ﬁ,{.p:‘."!.:gi'y&l?'?uug‘?..’,.- Tas
= b el i Sl A o el e ® e T "
- . .:'a"fé. £ :' . u"’"-.o!:'. .%ul,c{. . ,.-;, -:. ,.: S '_,."."" T
o LT L) ' ” o & -

o

—2e + 06
0 x 0.1

e Note absence of electron sheets near the walls
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1D SIMULATION OF SHEATH FORMATION (CONT’D)

e Electron number N versus t

Number
4000.0
|I
\
Nw® | |
3660.0 -
0 Time 4.68e-0.7

e Note 340 electron sheets lost to walls to form sheaths
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1D SIMULATION OF SHEATH FORMATION (CONT’D)

e Electron density n.(x) at t = 0.77 us

Density

1.5e +13

Sheath
thickness

- 5

X

e Note sheath width is a few Debye lengths
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1D SIMULATION OF SHEATH FORMATION (CONT’D)

e Electric field E(x) at t = 0.77 us

E field

800

Emfe— ——————————— ———— —

-800
0 x 0.1

e Note electric field retards electrons, accelerates ion into walls
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1D SIMULATION OF SHEATH FORMATION (CONT’D)

e Potential ®(x) at t = 0.77 us

Potential

3.0

~fewl,

@ (x) |

0.0
0 x 0.1

e Note plasma potential builds up to a few 1, with respect to wall
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1D SIMULATION OF SHEATH FORMATION (CONT’D)

e Right hand potential ®(x = [) versus t

RHS Potential
0.0289

10 cycles

| | | {“QM;O {\ /\\

\

-0.133

0 Time 4.68e - 0.7

e Due to asymmetric electron initial conditions. a small oscillation of
the right hand potential is excited at the plasma frequency

@ Dong-A University -50/160-

Complex Flows and Plasma Physics Laboratory



Source: https://people.eecs.berkeley.edu/~lieber/

PLASMA DIELECTRIC CONSTANT ¢,

e RF discharges are driven at a frequency w
E(t) = Re(E ej”) etc. |p. 15]
e Define €, from the total current in Maxwell’s equatlom p. 14]

V x H= ] +ju,€gE—ju,EpE

~ Total current .J
e Conduction current J. = —en.u, is due to electrons
e Newton's law (electric field and neutral drag) is [p. 18]

—~—

jumie = —eE — muy, .
e Solve for u. and evaluate .J. to obtain

9
“pe

w(w — jvm)

€, = €gk, = € |1 —

with wye. = (ezne /eom)1/? the electron plasma frequency [p. 23]
e For w > 1,,, €, is mainly real (nearly lossless dielectric)
For v, > w, €, is mainly imaginary (very lossy dielectric)
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RF FIELDS IN LOW PRESSURE DISCHARGES

e Consider mainly lossless plasma (w > v,,)

2

W

pe
€, =¢cp | 1 ——=

e For rf discharges, w,. > w = ¢, 1s negative (¢,

—1000 €g)

e RF current density .J is continuous across the discharge [p. 14]

\\\% Sheath | Plasma | Sheath §
k € €p €0 %
\§\ i J (continuous) i §
T+
§\\§ yad - R §
§\ o Be J £ §
N 7 -,

e Electric field in plasma is 1000 x smaller than in sheaths!
e Although field in plasma is small, it sustains the plasma!
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PLASMA CONDUCTIVITY o,

e |t is useful to introduce rf plasma conductivity J. = o, £

e Find J. to be a linear function of E p. 31]
€21,

m(vy, + jw)

Op =

e DC plasma conductivity (w < v,,)

e’n,

Odec —

MV,

e The plasma dielectric constant and conductivity are related by
Jwey = 0y + Jweg
e R current flowing through the plasma heats electrons
(just like a resistor)
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OHMIC HEATING POWER

e Time average power absorbed/volume

pi={3(1) - E(1) =

Here E* = complex conjugate of E

Re(J-E*)  [W/m?

e Since .J is the same everywhere in the discharge [p. 32, put

E = J/jwe, to find py in terms of J alone

e For discharges with w < wy, (all rf discharges)

1

Odc

(W /m?]

1, .
Pd = §|]|2
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ELECTRON COLLISIONS WITH ARGON

e Maxwellian electrons collide with Ar atoms (density n,)
# collisions of a particular kind

S-Ill3

=vn. = Kngne

v = collision frequency [s™!]. K(7.) = rate coefficient [m?/s]

e Electron-Ar collision processes
e+ Ar — Art + 2e (ionization)
e+ Ar — e+ Ar* — e+ Ar + photon
e+ Ar — e+ Ar (elastic scattering)

e Rate coefficient K (1) is average of cross section o(vg) [m?]
for process, over Maxwellian distribution

K (Tt) — <O_ ?"Rh\-’laxwellian
vr = relative velocity of colliding particles

@ Dong-A University -55/160- Complex Flows and Plasma Physics Laboratory



Source: https://people.eecs.berkeley.edu/~lieber/

ELECTRON-ARGON RATE COEFFICIENTS
10"

Elastic

16"

10

Excitation

K (m3 /s) 10

10°%¢

16" Tonization

10-18 i PO O i T, TV R i S @ B Bom g
10 10° 10! 10°

Te (V)
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ION COLLISIONS WITH ARGON
o ®
e Argon ions collide with Ar atoms
)

Art +Ar — Ar™ + Ar (elastic scattering

Art + Ar — Ar+ Art (charge transfer) @ ()

e Total cross section for room temperature ions o; & 10~ cm?

e lon-neutral mean free path (distance ion travels before colliding)

1
\; =
ng0;
e Practical formula
1 .
Ai(em) = ——, p in Torr
330 p
e lon-neutral collision frequency
U;
Ai

with v; = (SILTL/WAI)l/Q

@ Dong-A University -57/160- Complex Flows and Plasma Physics Laboratory



Source: https://people.eecs.berkeley.edu/~lieber/

THREE ENERGY LOSS PROCESSES

1. Collisional energy &, lost per electron-ion pair created
K, = Ki,&, + KoxEox + Ka(2m/M)(31./2)

— E.(T,) (voltage units)

Eisy Eox, and (3m /M )T, are energies lost by an electron due to an
ionization, excitation, and elastic scattering collision

N}

. Electron kinetic energy lost to walls [p. 17]

E. =21,
3. lon kinetic energy lost to walls is mainly due to the dc potential V.
across the sheath B

e Total energy lost per electron-ion pair lost to walls

Er = Eo+ €. + &

@ Dong-A University -58/160- Complex Flows and Plasma Physics Laboratory



Source: https://people.eecs.berkeley.edu/~lieber/

10°

EV) 107

10'

COLLISIONAL ENERGY LOSSES

LEL B |

1

oxygen

10°

10! 10?
Te (V)
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BOHM (ION LOSS) VELOCITY up

|
up |
—_—
Wall

Plasma ! Sheath

AT,

|
|
|
|
|
|
|
|
Density n T

e Due to formation of a “presheath”, ions arrive at the plasma-sheatkh
edge with directed energy k1, /2
Dy, = He
2 2
e Electron-ion pairs are lost at the Bohm velocity at the plasma-sheath
edge (density ng)

. 1/2
KT\ Y
L'wanl = neup. up = M

@ Dong-A University -60/160- Complex Flows and Plasma Physics Laboratory



Source: https://people.eecs.berkeley.edu/~lieber/

AMBIPOLAR DIFFUSION AT HIGH PRESSURES

e Plasma bulk is quasi-neutral (n. ~ n; = n) and the electron
and ion loss fluxes are equal (I'c = I'; = T
o Lick’s law
I'=-D,Vn
with ambipolar diffusion coefficient D, = kT, /M;
e Density profile is sinusoidal

PIP I

wall

/I‘/'1
P

—1/2 0 1/2

e [.oss flux to the wall is
Iwan = neup = hinoup

e [rom diffusion theory, edge-to-center density ratio is
ng TUR
hh=—=—-——
no [ v;

e Applies for pressures > 100 mTorr in arcon
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AMBIPOLAR DIFFUSION AT LOW PRESSURES

e The diffusion coefficient is not constant
e Density profile is relatively flat in the center and falls sharply
near the sheath edge

) &

% £ no
M\"'\.\_

T yalls] o Dvall

.LH"'\.
\ 3
N .

% | N e

o) | | :: r
—1/2 0 1/2

e The edge-to-center density ratio is

N 0.86

h) = ~

no (34 1/2x;)"Y3

where \; = ion-ncutral mean free path [p. 38|
e Applies for pressures < 100 mTorr in argon

@ Dong-A University -62/160- Complex Flows and Plasma Physics Laboratory



Source: https://people.eecs.berkeley.edu/~lieber/

AMBIPOLAR DIFFUSION IN
LOW PRESSURE CYLINDRICAL DISCHARGE

ne = hz no

VA

Plasma

R

Ne = Ny = N

ng =hny 1 ]

e For a cylindrical plasma of length [ and radius R, loss fluxes to
axial and radial walls are

Iaxial = hynoup. [ adial = hpnoup
where the edge-to-center density ratios are
0.86 0.8
h; ~ 73 hp ~ 7
(3+1/2\;) (4+ R/)\;)

e Applies for pressures < 100 mTorr in argon
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PARTICLE BALANCE AND T,
e Assume uniform cylindrical plasma absorbing power P.ps

; N

.'Il Y
[ R \

Pabs " " Plasma II':

| | Mg =N =N |

|
!

\_/ /

e Particle balance z

Production due to ionization = loss to the walls
I‘sz"}’lg"r}/gfl'Rzl = (27 R? hinfy + 27 RIhpnf)up

e Solve to obtain

where

o1 R
=9 Rh + lhp

is an effective plasma size
e Given n, and d.g = electron temperature 1.
e [, varies over a narrow range of 2-5 volts
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ELECTRON TEMPERATURE IN ARGON DISCHARGE

6

TelV)

T ¥

10'8

10

19

1020 10°!

ngdeff( m—2)
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ION ENERGY FOR LOW VOLTAGE SHEATHS

o & = energy entering sheath + energy gained traversing sheath
e lon energy entering sheath = 1. /2 (voltage units) [p. 41]
e Sheath voltage determined from particle conservation

| N

[ ey -:S\:_r I';
* :\ Le

Plasma: Sheath ﬁﬁsulating

| NN
| N wall
Density 714 /—1' ~ 0.2 mm i}:%:—
+ VvV, -
[p. 41] p- 17]  [p. 19]
ri =nsup, re — %Tlsﬁe e_lx S/Te

Random flux

3 7 — < ; 1/2
with 7. = (8¢T./7m)!/ at sheath edge
e The ion and electron fluxes at the wall must balance

po Ly, (0
2 2Tm

or V,~ 47T, for argon
e Accounting for the initial ion enerev. & ~ 5.21.
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ION ENERGY FOR HIGH VOLTAGE SHEATHS

e Large ion bombarding energies can be gained near rf-driven
electrodes embedded in the plasma

| |

Vit Cla.rge I I
™, T s F
6/ H iPlasma i Ve~04 T
- | | -
! |
— _fg + + ‘r'_rs -
_______ Low voltage

r lsheath ~ 5.2T.
Ve ‘
() H Plasma Ve~0.8 Vit

e The sheath thickness s (~ 0.5 cm) is given by the Child Law
4 00\ 1/2 77/2
'j' = €ENgU = —€ - s

e Listimating ion energy is not simple as it depends on the type
of discharege and the application of bias voltages
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POWER BALANCE AND ng

e Assume low voltage sheaths at all surfaces
[p. 40]  [p. 17] [p. 48]
Er(l) = E(T.) + 2T, + 5.2'1. V]|
P N——

Collisional Electron Ton
e Power balance
Power in = power out

Paps = (h-l’”OQWRQ + hgno2n Rl) up e€r ‘W]

e Solve to obtain

where
Ao = 27 R°hy + 27 Rlhg
is an effective area for particle loss

e Density ng is proportional to the absorbed power P,

e Density ng depends on pressure p through h;, hp, and T,
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PARTICLE AND POWER BALANCE

e Particle balance = electron temperature T,
(independent of plasma density)

e Power balance = plasma density n
(once electron temperature 1. is known)
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EXAMPLE 1

o let R=0.15m,[=0.3m, n, =3.3 X 10 m= (p =1 mTorr
at 300 K), and P,,s = 800 W

e Assume low voltage sheaths at all surfaces

e Find \; =0.03 m [p. 38]. Then h; =~ hr ~ 0.3 |p. 44| and
dog = 0.17 m |p. 46]

o T, versus n,d.g figure gives T, ~ 3.5V |p. 47|

o &. versus T, figure gives £, ~ 42 V [p. 40]. Adding & =2T. ~ 7V
and & ~ 5.2T, ~ 18 V yields &p = 67 V [p. 39|

e Find ug ~ 2.9 x 10 m/s [p. 41] and find A4 ~ 0.13 m? [p. 50]

e Power balance yields ng ~ 2.0 x 10" m~* p. 50]

e Ton current density J; = ehynoup ~ 2.9 mA /cm? p. 46]

e lon bombarding energy &; ~ 18 V [p. 48]
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EXAMPLE 2

e Apply a strong dc magnetic field along the cylinder axis
— particle loss to radial wall is inhibited

e Assume no radial losses, then d.g = [/2h; ~ 0.5 m

e Irom the T. versus n,d.g figure, T, ~ 3.3 V (was 3.5 V)

e From the &, versus T, figure, £. ~ 46 V. Adding &, = 2T, ~ 6.6 V
and & ~ 52T, ~ 17 V yields E =70 V

e Find up ~ 2.8 x 10> m/s and find A5 = 27R*h; ~ 0.043 m?

e Power balance yields ng =~ 5.8 x 107 m—3 (was 2 X 107 m—3 )

e lon current density J; = elyngupg ~ 7.8 mA /cm?
e lon bombarding energy &, ~ 17 V

—> Slight decrease in electron temperature 1,

— Significant increase in plasma density ng

EXPLAIN WHY!

e What happens to T, and ng if there is a sheath voltage V, = 500 V
at each end plate?
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CAPACITIVE RF DISCHARGES

SYMMETRIC HOMOGENEOUS MODEL
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BASIC PROPERTIES

Simplicity of concept

RFE rather than microwave powered

Inherent high sheath voltages

No independent control of plasma density and ion energy

Control parameters

RF current I,¢ (1-10 mA /cm?)
Driving frequency w (2-13.56 MHz)
Neutral gas density n, (10-10% cm—7)
Electrode separation [ (1-10 cm)

e Discharge parameters to find

Plasma density n (10710 em ™)
Electron temperature T, (24 V)
Discharge voltage V¢ (1001000 V)
Discharge power P (50-500 W)

[on bombarding energy &; (50-500 V)
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CONFIGURATIONS

e Multi-wafer parallel plate and “hex” configurations (1980’s)

Gas feed

Rf source

Sheath
P .
Plasma 1 ~y
e e e ]
Sheath
Substrate — | ——— 2R B9

ST L]
SN NS NN NN

Blocking
' capacitor

Vacuum Substrate J
pump

e Modern configurations are single wafer parallel plate, sometimes
driven at multiple rf frequencies
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CURRENT-DRIVEN HOMOGENEOUS MODEL

S,(t)
Sheath 1 _ _ Sheath
a
b
Sb(t-j_-
Plasma
2
Z
. 2
0/
A L v
| | |
l | Irf(t) | I
| | D N
L1 S0 K
| A/ |
" A : ! |
| 7 I
ne
| 1 X - ’ x
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HOMOGENEOUS MODEL ASSUMPTIONS

e No transverse variations (along the electrodes)

e Electrons respond to instantaneous electric fields

e lons respond to only time-average electric fields

e Electron density is zero in the sheath regions

e lon density is constant in the plasma and sheath regions

n;(z) = no
(We will correct this later)
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ELECTRON SHEATH EDGE MOTION

n
) =
~ l____.!___l_ll_P__.
Electrode & ne |
IO D
H 4—II- ?
b e e i H ,._Z

0 sa(t)  sm

e The electric field is found by integrating the charge density in the

sheath [p. 12]

dFE en < su(t)
= —, 2 < 8, (t
dz €0 '
to obtain
en
E(zt) = —(z 53(1))
€0
E
M-V
S ’lpsq(t) -7
\
N /E(z.t)
>
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ELECTRON SHEATH EDGE MOTION (CONT’D)

e The displacement current in the sheath is [p. 14]

OF ds,
I,y = E(}AE — —enA o

o Let [(t) = Iy cos wt and integrate to obtain

Sqa(t) = 89 — Sg sinwt

—

Iy
enwA

S50 =

e The oscillation amplitude of the sheath motion is sg, but
what is the “constant of integration” 5¢7
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CONDUCTION CURRENT

e Assume a steady loss of ions to electrode a
I; = enupA

e The time-average total conduction current to the electrode is zero
e Hence electrons must be lost to the electrode

e The sheath thickness s,(?) must then collapse to zero at some time
during the rf cycle = 57 = s¢

Sa(t) = 50(1 — sinwt)

S :2§D — . . . —
m & /
B
N
] 0 . T a1 !
J Ii
F— L
N 0
N
K _Ij\
0 . . .
0 2T
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VOLTAGE ACROSS THE SHEATH

LSS
\ <
=N],%
N [t
—
o

< -

b

sa(t)

ﬂz,t)
A

R

s

A

Vap(t)-

The voltage is found by integrating the electric field in the sheath

v

—F
dz
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VOLTAGE ACROSS THE SHEATH (CONT’D)

e Integrating the electric field in the sheath [p. 12]
dV
=-F
dz

we obtaln

2

sa(t) en s
V(1) / E(zt)dz = ——-2
0 _

o Using s, () [p. 61]

n . -
Vap(t) = —;—E()Eéé (1 — sin u;t)z

e V,,(t) is a nonlinear function of I,¢; there are second harmonics
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VOLTAGE ACROSS BOTH SHEATHS

e By symmetry s,(f) = So(1 + sinwt); since s,(t) = so(1 — sinwt)

Sa(t) + sp(t) = 2 59 = const

e There is a rigid bulk electron cloud oscillation
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VOLTAGE ACROSS BOTH SHEATHS (CONT’D)

e Voltage across sheath b is

en . , 2

— 3 (1 + sin wt)
2€

e Voltage across the plasma is small because I, = jwe, EA
and €, is large = £ across bulk plasma is small

’?}p (t) =

e Discharge voltage is Viy =V, + V),

2en 5"% _
~ S1n Wt

Vie(t) =

€0

e Each sheath is nonlinear, but the combination of both sheaths
is linear
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DC VOLTAGE ACROSS ONE SHEATH

1

N n;—n
" F-=-d=-===-===="
Electrode & ne |
O U
H 4—|Ib E
Y S——— H Z
0 sa(t) sm g
. en
Voa(t) = —355(1 — 2sinwt + sin’ u;z‘)
26[}
e Take time average
— 3en
7 ~2
Vei=—-—s50=&
4 €0
e Compare to rf voltage across discharge [p. 65]

17 3~
:i} -[/ s — f-[/lf
8
e We can think of V,; as divided equally across the two sheaths

—_ 3~ -1
V., = 41/ with Vi, = — Vi
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SHEATH VOLTAGES VERSUS TIME
Vi

2

Sheath voltages V,,,,(t), Vi, (t).
and their sum V,;(t) = Vig(1):

Non-
sinusoidal

the time average V, of V w(t)
i1s also shown 1 ; . / -t

Sinusoidal

(]
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SHEATH POTENTIAL VERSUS POSITION
AT VARIOUS TIMES

V() = sinwt
=)

Y
B

Li¢ (D)

Spatial variation of the total
potential ® (solid curves) for 1

the homogeneous model at four

. . . ()]
different times during the rf
- . wt=0
cycle. The dashed curve shows A ~
the spatial variation of the time- o1

average potential & =V,

S|
/
(STE

3/8 g mm e e
()]
T
1/4-—-
N
D) -
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Source: https://people.eecs.berkeley.edu/~lieber/

L¢(t) = Ip coswt.

which vields

SHEATH CAPACITANCE

e Define total discharge capacitance by

o 52
2ensg .

H(t) = sinwt  [p. 65]
€0
dVs , €0 A
Ir — Cq N t'h Cq — -
f Codt b T 25

e We can think of each sheath as having a capacitance

Ca- — Cb

E(}A

S50

e We now have a lossless discharge model

a

Lo @)
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Source: https://people.eecs.berkeley.edu/~lieber/

OHMIC AND STOCHASTIC HEATING

e Ohmic heating in the bulk plasma [p. 34]

1.~ osmv,d
Po = =|J|*—2—A [watts]
(2 r )
2 e=n
e Stochastic heating by oscillating sheaths
:} n; P Uus(t) y
N L skl 11T\ -=—(=
Electrode 3 = 1
N v’
l r
. v NG —0)
n, % —
| - \
,
0 sa(D ‘

/
Vo= —v+ 2ug(t
with +2us(1)

ds, N N N
ug(t) = —— = up coswt with Uy = WS

dt

e Average energy transferred is

1 o 1 ‘
AE. = Em( — v+ 2 fu..s(i?))2 — 5}/}1’02} = m’&é

e AE. is nositive. so the oscillatine sheath heats electrons
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Source: https://people.eecs.berkeley.edu/~lieber/

STOCHASTIC HEATING POWER

e For a Maxwellian distribution, the electron flux incident on
a sheath is [p. 17]

L _

I'. = Enrve
with ‘
7. = (8¢T./mm)/?

the mean electron speed

e The time-average stochastic heating power is found to be

1 g
P, =T, A-2AE = 5-'r:f1.-'nﬁeu)2.9§A (watts]

e This is a powerful electron heating mechanism in a
capacitive discharge
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Source: https://people.eecs.berkeley.edu/~lieber/

HEATING POWERS VERSUS DRIVING VOLTAGE

e For stochastic heating [p. 71]
1

P, = 5-'r?1.-n’ﬁew2.§§A

Using Vif = 2ens3/eq [p. 65] we obtain for the two sheaths

e o~
927
Ps — Psa. + Psb — 20 €EQUW T/1"["14

e For bulk ohmic heating [p. 70]

1 - omy,,d
Po = —|Jl~f|2 5 A
. N 2 e“n
Using J.+ = enwsg and V¢ given above
m ~
Po = ?Et:llf-r?z.dwzl’?}fA

Ohmic and stochastic heating powers depend on V¢
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Intrecduction t©
Plasma Simulation



Equations for neutral transport phenomena

Momentum conservation ]

5P — Mixed Viscosity by Kinetic theory
Ve (pmix\7ui) = a_X +V e (u,,VU;) + S, Mo = T (14, Xi’cDij) <— u; = f(coefficent, M, ’T’O_i!Qﬂ)
: Function of ()
Energy conservation ] — Mixed Conductivity by Kinetic theory
Ve(p,..Vh,)=Ve(k VT +P+7V)+S, k... = f(k, Xi,(l)ij) <— k; = f (coefficent, |\/|Wi,Cp LR, )
—T ,
h, =i +E+l(u2 +VvZ +w?)
b =
p 2 — Mixed Molecular weight
Ll h, : the total enthalpy MW_. =3 xM,
Ideal gas ]
| > Diffusivity by Kinetic theory
(P+ P MW, MW ._. : Mixed Molecular weight
Prmix = RT mix - g D, = f (X, x;, D;(M;_;, P,Qp0))
D = f(x,x;,T,D;(M, ;,P,Q05}))
Species transport ] W
Ve (pmixqui) =Ve(I' a‘) + (mk)evap 4; : Viscosity of species i
i
Y, =2 &, T, T : Temperature

f, : The mixture fraction for the k mixture M; : Molecular weight of species i

Y, :The mass fraction of species X; - Mole fraction of species i

&, : mass fraction of the | species in the k mixture o; : Lennard-Jones collision diameter

O : collision integral

If Multi-component Diffusion

oY, i e 1 i€ =—gDivy, @ . : dimensionless quantity
- = ) Ji=Jii +li g . .
OX; ' ii =—pD V(InT) : Thermo-diffusion or soret diffusion -> function of Molecualr weight
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Importance of careful consideration of diffusion

r
i
"

» Scalar fields are described by convection, diffusion and reaction.

« Convection — important in a transient problem, odd-order error, wave propagation

« Diffusion — important in a steady problem, even-order error, artificial diffusion

* In a vacuum system (i.e., P,, < 200 Torr), reactor is under the diffusion dominating
condition because Re is low.

* In an RF discharge problem, if the system is assumed as a continuum regime, normally
thermal velocity is much larger than electron velocity. Thus inertia term can be neglected,
and we can use “drift-diffusion approximation”. This drift-diffusion approximation makes
electron energy equation diffusion dominating.

« Thus accurate solving for diffusion term is critical to simulate semiconductor fabrication
system.
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Transport of neutral species (stable molecules, radicals, ...)

_(PYi):_v'(pVYi)_v'(jiC + jiT)"'(Gi _Li)Mi

p - the overall density

v - the overall velocity

Y; - the mass fraction of species i

Ji® - the flux of species i due to the concentration gradients
Ji' - the thermal diffusion flux of species i

G,; - the generation rate of species i

L; - the depletion rate of species i

M; - the molar mass of species i

@ Dong-A University -94/160- Complex Flows and Plasma Physics Laboratory



Equations for charged species (Fluid model)
- -

on on on
—L2+V-(n,v,)=n,Nk " +V-(n,v,)=n,Nk e +V-(n,v,)=n,Nk,

ot ot t

positive ion continuity negative ion continuity electron continuity
nv,=nuE-DVn nv,=nuE-DVn, nv,=-nuE-DVn,
drift-diffusion approximation drift-diffusion approximation drift-diffusion approximation

. J
) Continuity Equation
on.&, S Y=
—£4+V.|=-ngVv,+0q, |=—enVv, -E—nNk,
ot 3
2
g, =—=&Ve, D_e eve_ntt_JaIIy governs the
3 dissociation rate profile in the gas
5 hase.
K =—nD, P
2
r\ - 7 |f the gas phase reaction is more
B Electron Energy  4ctive than surface reaction,
E = —VV Equanon . . . .
deposition profile will be a function of
AV :_E(np —n,-n,) N, distribution.
€o

Poisson equation
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Surface phenomena: sticking model & molecular dynamics

Deposition by radical species can be described by utilization of a phenomenological approach
called as a sticking model.

Si+7i Ke T,
rIis

I =
_Di m :_Ri s (ni s) :F:n +F?Ut
0z S

7/. .
F:)Ut :_Z ] 1—~|n
PSTRY S J

where subscript i, D, n;, z, n;4, and R, are the species index, the diffusion coefficient, the density of
species i, the axial coordinate, the density of species i at the surface, and the surface reaction rate
of species i, respectively.

Molecular Dynamics Simulations (s, 3, y)
Reflection (1- ) o

Recombination (7))

Incident Flux

SiH4(500K)

Surface Diffusion

Deposition (s)
a-SiN:H

@ Dong-A University -96/160- Complex Flows and Plasma Physics Laboratory




Case
Studies



Non-uniformity issues observed in the wafer edge

— =
wafer center extreme edge

-—h
o

Normalized Yield
o
n

o
o

Q

Figure 1. SEM image of regular and deformed hard mask (top). Optical image of a wafer

A B C D E
Wafer Region

chipping

no chipping

Figure 2. Schematic showing region
definitions (top) and normalized regional
yield distribution for an 80nm trench
technology DRAM product at an early
stage (bottom).

without and with chipping (bottom).

Source: Wafer-edge yield engineering in leading-edge DRAM manufacturing
by Oguz Yavas, Ernst Richter, Christian Kluthe & Markus Sickmoeller, Qimonda AG
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Ho Jun Kim and Hae June Lee 2017 Effects of the wall boundary conditions of a showerhead plasma reactor on
the uniformity control of RF plasma deposition Journal of Applied Physics 122 053301

0.94 i | | Regime in which
- Schematic . edge effects
i of the showerhead reactor : significantly take place
0.92 + RF showerhead electrode ;
=) - !
N I
N - !
[ - I
£ 090f :
o B .
5 - 1
£ i ;
€ 088} i
C B -
2 - |
= - !
2 i \
S 0.86 \
a) - .
B |
0.84 F
0 505 o1 015 Discoloration
Radius (m) of wafer

For a typical case with nonuniformity in the edge thickness, its deposition rate profile is plotted along the electrode
radius (0 < r < 150 mm, where r is the radial coordinate) with a solid red line. Near the edge (r > 120 mm), the
deposition rate varies greatly, and concomitantly the corresponding area of wafer shows discoloration (see inset).
As shown in the schematic of the showerhead reactor, the geometric configuration of a reactor can give rise to
significant spatial changes in various physical aspects.
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Plasma reactor simulation: Capacitively Coupled Plasma

Domain for simulation
* Domain Normally, the reactor is

Powered electrode AIN block

=99 Cylindrical — due to a wafer shape
= Grounded electrode AXi _Sym m etri C

Y (m)

P AIN block (g, = 9.0)
L

el
Pump out (Neumann B.C.) Wall (Dirichlet B*,C.)
0025 0.05 ]

X (m)

The off-axis maximum of the electron density is observed! ! ll'

axis of the reactor

0.05

0.04 Electron density, N, (m=)

0.03

0.02 [

0.01 |

) — 005 — 01 0.15

PIC simulation from Kim et al. of PNU
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Application:

SN, [, layer deposition
a=Sl:r layer deposiiion




SIN,H, film utilized in the memory fabrication

SiNH, film

(a) A Plane view of honeycomb structure (b) A birds’ eye view of honeycomb

Pan-view images of Samsung 20 nm DRAM

torage
cell

Plan-view images of Samsung V-NAND flash array
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Reactor configuration used for SIN,H, deposition

SiH,/NH4/N,/He Gas temperature (K)

block
T: 400 440 480 520 560 600 640 680 720 760 800
RF powered electrode (Showerhea '*

0.02 .
| Gas inlet

| manifold Gas distribution assembly |

1 g e o o e s s Blocker plate holes ”

UL LN L0000
-0.02 IUWW Showerhead holes | '

z (m)

0 ~ Discharge volume .
Velocity | = | e mmemmessssseeeeeeee——
magnitude 0 B
[m/s] ol Grounded electrode (Heater) g
| | | | I | | | | I | | | | I
0 0.05 0.1 0.15
Velocitv distribution insid Centerline of r(m)
elocity distribution inside reactor

the showerhead hole

P., = 475 Pa

CCP reactor configuration is plotted together with the spatial variation of the gas temperature. The
inset shows the velocity distribution obtained by a numerical simulation of neutral gas flow in the
showerhead hole. The reactor dimensions are also depicted.
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Deposition rate contour experimentally measured

N In the center of the deposition rate contour,
Deposition rate non-negligible variation can be observed.

1.04

a1el uonisodap pazifew.loN

Electrostatic case, 0.95
there are not

any electromagnetic phenomena.
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Gas flow simulation performed with a realistic 3D geometry

R Simerics Flow: Velocity Magnitude [m/s]
Sl 40
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Gas flow simulation performed with a realistic 3D geometry

0
a
( ) Velocity

Magnitude (m/s)
y4

OMMT — W 4ms

Velocity
Magnitude (m/s)

1.00
0.00
-1.00
35
(b) z-\./elocity (m/s)

z

Centerline of reactor

4

Velocity magnitude measured between
the blocker plate and the showerhead

Results of the 3D gas flow simulation: (a) streamlines and velocity magnitude and (b) z-velocity
contour plot. In the inset of (a), it is observed that the streamlines of the interim space between the
blocker plate and showerhead are most curled at the center of the reactor (r < 50 mm).
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Validation: deposition rate profiles

1.06
1.04F
" i
T i
- 1.02r-
ie) i
o 1+
(0D} o
©
b i
3 i N
= 098 _ _.a__ Experiment N
% i —a—— Sjmulation - Case A \‘\‘
Z 0.96 - Simulation - Case B
- ——e—— Simulation - Case C
0.94 -
| | | | | | |
0 0.05 0.1 0.15
Radius (m)

The simulated deposition rates along the wafer radius are depicted for the three different profiles of
inlet gas density at the showerhead and compared with the experimental results.
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Showerhead analysis

e
ammanT
‘E“i""‘"
SRR
.. ﬂ‘_igné
&Egﬂ-’é ES
z:__ﬁﬁ* e
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Effects of the shower radius

Min I

I Max

Z| Max = 1.12 x 1016 m-3 Z| Max = 1.16 x 1016 m-3
Min = 1.00 x 104 m-3 Min = 1.00 x 1014 m-3
Q Q
3 3
@ @
. Q
(@) (@)
(a) S (b) S
Max = 9.00 x 10 kmol/m3s Max = 9.30 x 10 kmol/m3s
Min = 1.00 x 10-7 kmol/m3s | Min = 1.00 x 10-7 kmol/m3s l
Q Q
3 3
@ o)
[ [}
(@) (@)
(c) , (@) N
r r
Min Max
[ . | B |
1.0 x 107 m=3 3.0 x 1019 m-3

Max = 2.9 x 101°* m3

Max = 3.0 x 1019 m-3

Min = 1.0 x 101" m-3 Min = 1.0 x 101" m-3

Q Q
© ©
Q Q
0 0

@) Showerhead inlet (r < r,, = 154.3 mm) (@) 0 Showerhead inlet (r < r,, = 145.0 mm) a

e

A A PR A 4
100 mm 150 mm 100 mm 150 mm
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—@—— Case 8 (dielectric sidewall & d =11 mm)
I ° Case 8 (experiment)
1.05 ———@—— Case 9 (dielectric sidewall & d = 11 mm & r, = 145 mm)

S i J Case 9 (experiment)

I

(-_5 L

£

(@) L

E

8 L

©

.5 1.00

= i

o

o

[ i

()]

| ! | ! | ! |
0.95 0 0.05 0.1 0.15
Radius (m)

The deposition rate profiles of experimental measurement agree well with the simulation results for the variation of
shower radius, with r, = 154.3mm (case 8) and r, = 145mm (case 9). The increased N density near the electrode
radius induces an increase of the deposition rate profile near the edge for the case with r,, = 145 mm.
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Hydrogenated amorphous silicon: a-Si:H

 The term “amorphous” commonly applied to non-
crystalline materials prepared by deposition from
gases. In amorphous silicon the long range order is
not present. Rather, the atoms form a continuous . g !
random networks.

g Si

« The electronic-grade amorphous silicon is called i = i@ .
hydrogenated amorphous silicon (a-Si:H). It is also Sin si Si——gi _
an alloy of silicon and hydrogen. > o i B 8.

« In early studies of amorphous silicon, it was ” - .
determined that plasma-deposited amorphous - o " s Si
silicon contained a significant percentage of Si Si si 3
hydrogen atoms bonded into the amorphous silicon EEa g "
structure.

« These atoms were discovered to be essential to the
improvement of the electronic properties of the
material.

a-Si:H Structure
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Reactor configuration used for a-Si:H deposition

vin [ T D Max

RF powered electrode (Showerhead)

Electron density Electron power density
Max =2.89 x 1015 m= Max = 94,000 W/m?3
. Duoe
E L
c
i 3
’@' 0.04 | Min=1.00 x 10*m= Min =0 W/m3
O Foiz 015 012 015 R, Re
© | “Showerhead” inlet (Inlet boundary of discharge volume) \l/(o mm < r <165 mm) < (r > 165 mm)
L A
é 0.02
(a) 0 ; . AN . . . ] . : . . ] . . . !
0 Grounded electrode 0.05 0.1 0.15 /F 0.2
Radial position {m) 165 mm
Max = 6.50 m/s rz100mm r=100 mm
Min = 0.00 m/s d=15mm d=15mm

(b) | Velocitymagnitude, r, = 154.3mm B

0.1 015 0.1 015
Max = 673.5K r=2100mm Max = 673.5K r=z100 mm
Min = 673K d=15mm Min = 673K d=15mm

Schematic diagram of a cylindrically symmetric showerhead reactor. Because of its geometric axisymmetry, only
half of the reactor is shown. The left boundary denotes the axis of symmetry, and the right boundary denotes the
radial wall (i.e., the sidewall). The spatial variations in (a) electron density, N, (m~3) and (b) velocity magnitude, V,,
(m s™1), are depicted for the base case (Case 1). In the inset of (a), the spatial variation of time-averaged electron

power density, P, (W m™3), is also depicted. (c) The streamlines are drawn in black.
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Effects of the gas distribution

r=100mm
d=15 mm
AN
[~ P | e
e e =
—
Streamlines, r, = 154.3 mm
0.1 415
r=100 mm
d=15 mm
bbby
e e e
S =
= - —
Streamlines, r, = L30.0 mm
0.1 415
r=100mm r=150mm
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1.01
Simple change 1

makes -
the big § - i
difference ! 5§ 10 ]
£
s B i
= - Min I T IR Max .
9 | 1.00 x 107 m3 Si,Hs density 2.80 x 10 m3 |
£ 099} .
c
8 i ]
o : | ]
% | | Case l Case 2 |
(A 0.12 015 0.92 015
0.98 - -

| ——®&—— Case 1 (Isothermal, Shower radius = 154.3mm)
. ——&—— Case 2 (Isothermal, Shower radius = 130 mm)

- ———— Case 3 (Isothermal, Shower radius = 164 mm)
| | | | | | | | | | | | | | | |

0 0.05 0.1 0.15
Radius (m)

Simulated deposition rates measured along the radial direction for Cases 1 (red square), 2 (green square), and 3
(blue square). The rates are normalized to their corresponding averaged values. In the inset, the spatial variations
of Si,Hg densities are depicted for Cases 1 and 2.

@ Dong-A University -114/160-  Complex Flows and Plasma Physics Laboratory



Effects of the thermal diffusion

Max = 6.00 x102° m-3 SiH, density Max = 6.00 x1020 m3 SiH, density
Min = 2.24 x10%0 m-3 Min = 2.24 x10%° m-3

T = 473 K

with thermal diffusion effects T,=673K | without thermal diffusion effects T, =673 K
0.1 0.15 0.1 0.15
r=100 mm ’I‘r:150mm r=100 mm ’]‘r:150mm
1/2
(1, /M)
2 o2ff, f? A, =8.32x10* -2 _
J.T Z_DiTV(InTG) Xz :f_+ Ly O'iZQEZ’Z)
A A A
1/2
[T, (M;+M;)/2MM; |
D' =aDM;M ci/ p, 20 268w 0 A; =8.32x107 -
Y, =-u®+ Ly Lyl ! 52O
A P A 1%
1 (sVf-sUf ) . ) A =QP 1O
= 6C; —5 -
6’%( X, +Y, ]( ’ ) U(i):ip‘:_i[E f+1jMi +1(Mi Mj) (1,2)* (1.3 (L)
150 1205 " )M, 2 MM, B =[ 50" — 40" |10

* — o2 oly*
(i) _ M;+M; 2’-]_ 15 (M; -M, _ N4 . 1(12 . M. 1(M.-M, ’ Cj =y 19y
S 1 j
oM. 4 AA | 2Mm, U = A -S| Bl
j i j i 15 12 M, iVl o-ijz(o-i+o-j)/2

2 2
h_(Mj+MiN L 15 [Mi-M; | 4 (Mi+M) ] 22 1(12 - 5 (12 (M -M,)
S > 1 U AJ B”+l BIJ -5
2M, )4, 4A | 2M, 157 aMM, |44, 12015 32A MM
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120 | T T T T |
[ ¢—o—9o—o ]
- 1.15 B 1.00 leirc;ﬂ m3 SiH, density 3.57 x'vlflc))(l8 m3 i
D [ |
N
= i ]
= B ]
s 1.10 g _|
c ~ | Case 6 Case 7 i
TSh - 473 K ; AR 0.5 0.12 015 ]
— © - ]
Tow=423K - 105 - ° Case 6 (Experimental data) 1
TS =673 K ;g 2 ——@—— Case 6 (Numerical data w/ thermal diffusion effects) i
§ - —&@®—— Case 7 (Numerical data w/o thermal diffusion effects) 1
8 B I >— ]
1.00 B SiH, =50 sccm 7
- He = 5,000 sccm .
I Pop = 400 Pa ]
| I I I I | | I |
0.95 0 0.05 0.1 0.15

Radius (m)

Simulated deposition rates measured along the radial direction are given for Cases 6 (red diamond) and 7 (green
diamond). In addition, the experimental data for Case 6 (blue circle) are superimposed. For Case 6, the numerical
and experimental data are both normalized to their corresponding averaged values. However, the profile of Case 7
iIs normalized to the averaged value of the profile of Case 6 to serve as a quantitative comparison of the
deposition rates. A deposition rate discrepancy of about 17% can be seen between Cases 6 and 7. The inset
depicts the spatial variations of SiH; densities for Cases 6 and 7; the SiH; density of Case 6 is lower than that of
Case 7 near the “hot susceptor.”



These two methods can have
“the chemistry cependency.”



Then, which method can be more
“mhysically general?™



Sidewall and electrode spacing

! 472
1 474 476
E 470
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I" -------------- \‘I 4271; 496410 )
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Sidewall effects: SiH,/NH5/N,/He mixture

Min I N Max

z

S
g | Max =1.23 x 1016 m=3
(] .
% Min =1.00 x 1014 m-3 o
)
é) (164 mm, 11.4 mm -g
: 3 E
@) O
(@) - -,
Z
150 mm
Max = 1.30 x 106 kmol/m3s > 100 mm Max = 1.30 x 106 kmol/m3s > 100 mm
Min = 1.00 x 108 kmol/m3s d=15mm Min = 1.00 x 108 kmol/m3s d=15mm

Grounded
Grounded

(b)

>

N
r
100 mm 150 mm 100 mm 150 mm

=V

z

Max = 5.0 x 10° W/m3
Min = 1.0 x 104 W/m3

-— _

= x 105 W/m3

N ‘\
\J

A
150 mm
Contour plots of spatial variations in the time-averaged (a) electron density, N, (b) ionization rate of SiH,*, (c)

ionization rate of NH;*, and (d) electron power density, P, for case with the grounded sidewall. The profiles are
radially uniform at r < 200mm as shown in (a) and (d), and thus (b) and (c) are shown only for r > 100 mm.

Centerline of reactor
Grounded

(d)

r
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Sidewall effects: SiH,/NH5/N,/He mixture

Min Max
[ D s
1.00 x 1014 m-3 1.23 x 1016 m-3
z

S

g | Max = 1.20 x 1016 m? Ng, = 1.20 x 101° m*3

< | Min =1.00 x 104 m 3

o =

5 (169 mm, 19.4 mm) | @

= (&}

= o)

(a) © °
r
Min I s Max
z z

Max = 1.30 x 106 kmol/m3s > 100 mm Max = 1.30 x 106 kmol/m3s > 100 mm
Min = 1.00 x 108 kmol/m3s d =15 mm ’ Min = 1.00 x 108 kmol/m3s d =15 mm ‘

Dielectric
Dielectric

(b) N

A A r r
100 mmZ 150 mm 100 mm 150 mm

S /

g | Max=5.0 x 10° W/m3 J

o« | Min =1.0 x 104 W/m?3 ()

1S} &)

o P, =250 x 10° W/m? e

= &}

I3} Q2

: | g
(d) © .

A
150 mm
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Sidewall effects: SiH,/NH5/N,/He mixture

Min

T Max

Z
Max = 2.37 x 10° kmol/m3s
Min = 1.00 x 107 kmol/m3s

Grounded

Z
Max = 2.80 x 10> kmol/m3s
Min = 1.00 x 107 kmol/m3s

Dielectric

(a) | Case 1: d = 15 mm, grounded sidewall (b) | Case 2: d = 15 mm, dielectric sidewall
> >
ANZ r ANZ r
Max = 3.67 x 10-° kmol/m3s Max = 2.97 x 10-° kmol/m3s
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(c) | Case 3:d =9 mm, grounded sidewall _ (d) | Case 4: d = 9 mm, dielectric sidewall
A ) ;A A [
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Contour plots of the time-averaged dissociation rates of SiH, molecules (e~ + SiH, — SiH; + H + e7) for (a) case 1,
(b) case 2, (c) case 3, and (d) case 4. As the profiles are radially uniform for r < 100 mm, contours are shown only

for r > 100 mm.
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SiH,/NH,/N,/He mixture
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Normalized deposition rate profiles for cases 1, 2, 3, and 4. Owing to the axi-symmetry of the reactor, the
simulated deposition rate profiles are plotted along the electrode radius.
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Concluding remarks

* In this study, we numerically demonstrated that modulation of the sidewall conditions
could contribute to controlling distributions of the plasma variables in an intermediate
pressure CCP-PECVD.

« A cylindrical discharge volume was set to be radially surrounded by a lateral sidewall.
To vary the sidewall conditions, we toggled its electrical condition from grounded to
dielectric.

« Some important findings were observed.

v First, we found that the case with the grounded sidewall has the spatial
distributions of the ionization rate, ion and electron densities more heavily
weighted toward the larger radius than the cases with the thick insulator.

v By utilization of the thick insulator, noticeable reduction of the peak ionization
rate could be achieved near the sidewall without significant changes of the ion
and electron densities in the inter-electrode region.

v' These observations were owing to the fact that the effective size of the electrode
of the case with the thick insulator becomes more comparable due to the higher
impedance of the sidewall, as compared with that of the case with the grounded
sidewall.

v' As a result, the thick insulator induced significant improvement in the uniformity
of the deposition rate profile.
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Remote plasma cleaning (RPC)

1 Reaction pathways Description

60 ie+NF; —e+NF, +F Direct electron impact dissociation
REMOTE PLASMA GENERATOR .e +NF; — NF; + F— Electron impact dissociative attachment

1
1
1
1
1
1
1
1
1
]
1
[ I ' Excitation and successive dissociation i

64 -e +NF; = e+NF; +e Vibrational and electronic excitation i
95 i

1

1

1

1

1

1

1

1

1

1

1

1

1

]

15b -e + NF; — NF; + F Dissociative attachment after excitation

.e +NF; = +NF:+F t+e Dissociation from excitation

'Thernml pathway
i NF; +M — NF; +F+ M Thermal dissociation

11
%zg 21 A ,* Indicates an electronically or vibrationally excited state. |

o i, 17 * Remote NF; plasmas have now been adopted for

24 ( 12a_ N2 cleaning most CVD/ALD reactors due to faster clean

SSTL77 L % 12 | times, reduced reactor damage and substantially lower

25— e emissions of gases having high GWPs,

' * An NF; plasma is generated upstream of the reactor,
generating F atoms that are then transported to the

. : reactor where they react with the residue such as SiO, or
SiN, covering the reactor surfaces.

+ Since the discharge is confined to the plasma source, the
surfaces of the chamber are not exposed to a flux of
energetic ions.

3 * Hence, the residues are cleaned by a chemical etch.

f 15a 15a

Ty
pivg

Number densities of reactive radicals are calculated in the
RPG model and their flux values are introduced as a boundary
_ condition of reactor inlet.
Reference:

Integration of remote plasma generator with semiconductor processing chamber

US 6387207 B1
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> Plasma Chemistry

NF; Dissociation: € + NF; + Ar - e + NF, + F + Ar + Ar* + ...

e +NF; —>e+NF,+F

> Radical Chemistry "

1. Gas Phase Reaction

2.00e-01

Male Fraction of F: molecules

1.50e-01

Volume Recombination: F+F+M — F, + M ot L
5.00e-02 t t I . = } : ]
. o 0.05 0.1 015 0.2 0.25 03
2_ Surface React'on Tube length along axis, m
Mole fractions of F, molecules in transport
Surface Adsorption: F — Fg tube length. The curves show computed values

Surface Recombination: F + Fg — F, for three different pressures: 3, 5 and 8 Torr.

Surface Desorption: Fg — F
Oxide Etching: SiO, + 4F — SiF, + O,
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1.18-1.23
1.14-118
1.09-1.14
1.05-1.09
1.00-1.05
0.36-1.00
0.91 -0.96
0.87-0.9
0.82-0.87
0.75-0.82

Simulation Experiment
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