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Outline

o Introduction to plasma enhanced deposition P

o General equipment configuration
o PECVD film properties
o Films of interest
= SiO,, SiN,, a-Si:H
o HDP CVD
o Backup slides

= General operational guidance

= General process parameter trends
(temperature, pressure, frequency, flow)

Good source of information:

Plasma-Therm
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What 1s PECVD?

Plasma
Enhanced
Chemical
\apor
Deposition

Goal: Deposition of thin films using plasma assistance to
avoid undesirable temperatures

Plasma-Therm O OO0
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Technology for PECVD Applications

Masking

Capacitor dielectric

Passivation/Encapsulation/Insulation

Plasma-Therm O?EX&S&E“’” ;
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General Case of Chemical Vapor Deposition

w Precursors (reagents) are gases
o Reactions occur - solid (film) is formed as by-product
o Highly simplified examples:
SiH, — Si+2H,
SiCl,H, + 2N, O — SiO, + 2 N, + HCI
3SiH;+4NH; — 3SisN, +12H,
o Energy input is needed for chemical reactions to proceed

s
Activation Energy E,
Thermally driven K
(low pressure CVD) Reactants
(~600-900°C)
Products
pPlasma-Therm <> Qe ;
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PECVD — Plasma Enhancement
Plasma supplied energy (excited species)

| m}

Reactions occur at lower temperature
m Plasma input E, - E,”

m Attractive for temperature sensitive
substrates (e.g. llI-V materials,
polymers, some silicon devices)

Lowers activation energy (— lower Reactants
temperature required), E,* < E,

Potential increase to deposition rate Products

Affects on film characteristics (e.g. stress,
density through energetic ions)

Temperature can be reduced to ~150 to 400°C

Plasma-Therm 0 OReO0™ .
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PECVD — Plasma Enhancement

DEPOSITION TEMPERATURE (°C)
800 700 600 500

50 T T —
O'_:\‘.‘J\ - k[ 7 G : Plasma enhanced
200— > o ML ] Low activation energy, E,
- ¢ 3 . Relatively weak dependence on
£'°° - temperature
:.;E B o
T 20 B\ 48 kcal / mol
o [_ o \ &
~ 10 Polysilicon growth - Without plasma enhancement
= 5 1= m\, High activation energy, E,
© o |2 EEEYD : _ Strong dependence on temperature
® RECWD (e.g. ~0 A/min vs. ~130 A/min at ~500°C)
; | | Kinetic regime vs. diffusion regime at
0.9 1.0 ] 2 3 higher temperatures
+— x 10° (k')
Source: Hajjar et al, J. Electronic Mat., 15, 279 (1986) A .
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PECVD — Film Formation

o Radicals are formed by electron impact
m SiH,+e —-SiH;+H+e
m SiH;+e —>SiH,+H+e
m NH;+e—-NH,+ H+e

Plasma added energy

= Radicals adsorb on substrate surface
= Reactions occur on surface
= [hermally driven, may be some plasma interaction

o Film forms and by-products generated

mPlasma-Therm R0

-Therm Cam pany
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PECVD: Qualitattve Model of Film
Formation

. 4 " \» Exhaust
(reagents, § .. '~ Transport by #40 . by-products,
carrier gases) | W o “" reactants to @
4 growth region . camiergases
: Transport
electron impact byproducts to
(precursor formatlfi_ll)/"'. main gas stream &8
e_ . J————— . '--______*. e- l‘{_\_:'-l"
® %
Transgort\
@) ’reactants to ! _
substrate Desorption
precursors ( \ % bypmdum

Substrate
surface adsorption — surface reactions — film formation

Plasma-Therm A SRNANCED g
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PECVD — Silane Based Films

Important films in semiconductor industry

= Silicon dioxide, SiO, SiH, + N,O k S —

o Silicon nitride, SiNx SiH, + NH, or + SiH, + N, whe(r!:_'c?i’luhtjé)Sim

« Silicon oxynitride, SION  SiH, + NH, +N,O J Efsfedagﬂs

— Amorphous silicon, a-Si:H SiH, + He or Ar

o Silicon carbide, SiC SiH, + CH, o
plasma-Therm <> Ao > 0

Alidouble Inc. v. TSMC
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Outline

o General equipment configuration

| m}
| =}
|
| B
| mi
|
|

Good source Df infom'laﬁon

I mPlasma-Therm
Alidouble Inc. v. TSMC
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PECVD — Equipment Configuration

o  Geometry (similar to plasma enhanced configuration)
= Vacuum system configured for high gas flow — uniform pumping
= Relatively high pressure regime (100°’s mTorr — few Torr)
= Viscous flow regime, not diffusion -
= High speed pumping (500-2000 sccm) Gas et §

= Electrode Spacing
= Confined plasma — need to be close (smaller gap = higher rate)
= Uniformity requires optimization (e.g. parallel)
= Must consider handling limitations

RF + Match

= Top electrode
= Powered (single or multiple frequencies) -
= Serves as gas inlet
= High gas flows — litres/min ( note: mass balance/dilute silane)
= Showerhead gas inlet for uniform gas distribution (viscous flow regime)

o Lower electrode
= Heated to drive thermal reactions
= Single or multi-wafer loading capabilities

Plasma-rTherm 70 RO

A Plagma-The rm Coomparn
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PECVD — Basic Reactor Configuration

vEe | [ mMrc RF + Match | Increases power delivery efficiency, protects generator
II 11

Gas Inlet

Powered electrode, showerhead
Plasma
Substrate

Pressure
Gauge

Lower electrode
| Heated & Grounded

Pressure control

feedback —

Variations:
High speed, moderate . Hr-tzated walls (lower particulates, lower deposition
vacuum, oil free rate)

+  Multi-wafer (batch)
+ Adjustable electrode spacing (affects deposition
rate and uniformity)

Plasma-rherm O OO =

A Plagma-Therm Coempan W
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PECVD — Distributed pumping

PECVD is in viscous flow regime
(>>~50mTorr)
Distributed pumping needed to avoid
nonuniform gas flow and film
deposition (~500 — 2000 sccm)

Peripheral pumping for
uniform gas flow

WA

- 2 e L 4
. ' . < v e
Sy -
. LI s, ¥ o
z PREmEE s
j 3 r

Plasma-Therm < >4 ”
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Productivity and Film Quality Design
Aspects

o Isothermal Design

Heated Upper Electrode

= Higher quality films

m |Improved particle
performance and uniformity

= Increased mean time
between cleans

= Increased etch back (plasma
clean) rates (2kW rf supply 7 r
optional)

Heated Lower Eloctrode Distributed Pumping Manifold

= [/n situ thickness monitor _
MNitrogen Purge

Plasma-Therm O e

A Plasma-Therm Company
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Outline

o PECVD film properties

=]
E#
]
]
=
=

Good source of information:

mPIasma-Therm AﬁE&’Gﬁﬁﬂ’“ E
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PECVD

Process and Film Evaluation Criteria

E B A B & B 8 B

m]

(m

Electrical properties (breakdown)
Mechanical properties (film stress)
Adhesion

Pinholes

Conformal (step coverage)
Induced damage

Fill capability (without voids)

Uniformity thickness, refractive
index

Particulates

Composition (H conc. refractive
index)

Wet etch rate (BHF solution)
Density

Deposition rate

= Fast for high throughput

= Slow for control of thin films
“Robustness”

= Reproducible(within wafer, within
batch, run-to-run)

= Wide process window
= Reliability
Maintenance

= Long intervals between cleans
(MTBC)

= Short, efficient clean cycles
Handling (single, batch)
Endpoint

Plasma-Therm

Alidouble Inc. v. TSMC
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PECVD: Basic Film Properties

o Most films formed are amorphous
= No crystalline structure (not even micro-crystalline
except for some Si)

o Films formed are not perfectly stoichiometric
= Often significant H incorporation
= Silicon dioxide is not “SiO,” — but SiO,: H
= Silicon Nitride is not "SizN, " — but SiN,: H

= Amorphous Siis really a-Si:H

o Film properties depend on
= Plasma conditions (pressure, flow, power, reactor geometry)
= Substrate temperature

= Substrate material (surface, thickness) More on this later...
plasma-Therm <> Orctlm > .
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PECVD — “Edge Effect”
Typical Deposition Within Wafer Uniformity

9

B_

o |
1 1

Flow disturbances
at wafer edge

Film Thickness Change (%)
=9

0 5 10 15 20
Distance From Edge (mm)

Plasma-Therm 70 O "
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PECVD — Controlling Edge Effects
Recessed Water “Pocket”

R Depth
ecess Lep Wafer Thickness

l

Electrode or Carrier
(Not to scale)

Gap and delta important for uniformity
(some gap needed to allow for reliable wafer transfer)

Carrier (pallet) example
(1% 37)

Plasma-rherm £\ povanceo 5

A Plagma-Therm Coumpan’
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PECVD — Untformity Dependence on “Gap”
Example

SiO, on silicon wafer

4520
L . N EEN————————
L . R
4400 +— e — S
4360 {— *~—p—o——t—2 : : FES :

43204 — e ———————

4280 +— — < A,
|

4240 1— -~ /YN — — — G

&N\ g

60— —/ A — — e
41204 /#—— | optimumgap |
4080+ +{— — — | (constantdelta) | — —
4040

Film Thickness (A)

0 5 10 15 20
Optimum gap and delta can be | Distance from edge (mm)
process specific

Plasma-rherm N PRt >

Therm Company
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PECVD Process Parameters: Frequency -
Plasma Eftects

o Low frequency (50-100 kHz)
= lons traverse sheath before electric field reverses
= Electrons still preferentially diffuse out of plasma contributing to negative bias
= Wider ion energy distribution at lower frequencies

o High frequency (>1MHz)

m Electrons respond to plasma and less likely to diffuse to walls causing less bias
and more reagent dissociation

= Less bias corresponds to lower ion acceleration voltage
= lons cannot traverse sheath before field reverses - thus lower ion energy

Increased stress not always bad —
Sometimes used as a stress
compensation layer to achieve a
desired stress for a film stack

Plasma-Therm O SO

A Plagima- Thiarem Carmpan
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PECVD Process Parameters: Frequency

Film Effects

More LF power — increased ion
bombardment and densification

BOE Ratio

= More compressive = lower refractive index

General statement since
dependent on geometry,
pressure, power, etfc.

= |lower H concentration = lower wet etching rate

= higher density = Potential damage to
sensitive devices

Data Normalized
F To Thermal Oxide

Data Normalized
To Thermal Oxide

BOE Rate ~1/2

6 with low frequency
\ \\P#_N
8 Ts = 350°C
D L
0 100 200 300 400 500 20 40 B0 a0
RF Power (W) LF Power (%)
mPlasma-Therm {3 ;
e 2

Alidouble Inc. v. TSMC
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| PECVD Step Coverage of Deposited Films

--L
FILM

—_ Uniform coverage resulting from rapid
surface migration (e.g. high temp)

Nonconformal step coverage for long
L mean free path and no surface migration
(e.g. PVD)

—fiM | mean free path and no surface migration

' Nonconformal step coverage for short
Fﬁ (e.g. PECVD)

vﬁﬂ*w**vm

Plasma-Therm AﬁE&’GﬁﬁEO' ”

A Plasma-Therm Company
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Example of “keyhole” tormation

x As aspect ratio
increases = keyhole
more readily formed

PTI1 LABS

Plasma-Trherm NG

Plasma-Tharm Company
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. Step Coverage (Aspect Ratio Dependence)

SiO, Step coverage SiN, Step coverage

- -
:235 ;;:erig;1 SiNx coverage
25:1-4.2: i AR 0.25:1-4.2:1

@ Sidewall (half way)|

® Sidewall (half way)
4 Bottom Surface

& Bottom Surface

Coverage (%)
Coverage (%)

20 3.0
Aspect Ratio

More surface
mobility for
SiN,

1 “ 10 ym trench

mPlasma-Therm R

A Pla raa-The rm Coin pany
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Breakdown Voltage — Process Dependent
and Metrology Dependent

Example for SiNx

|
~85V ~120V ~160V
0.021 :
Strong Process e
Dependence: g
2 systems, 3 different ~ oo
conditions
07 ——
0 20 40 BO 80 100 120 140 180 180
Y _meas
Note:
Breakdown must be defined: current, slope,
device size (edge effects), etc.
- '\ ADVANCED
EPlAasma-Therm < ;&R
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Refractive Index Control
Gas Ratios & Temperature

Example for SINx

2.12
——140C
——
b |=~120C
——100C
-
3 b |—200C
ri ——250C
2 --300C
S 200 1 | ——350C
[1}]
(1
F - % ERSERL:. " 1. S ES S
1.92 . . . .
0.25 05 0.75 1 1.25 15
NH3 (ratio to SiH4)
mPlasma-Therm OéEé’GS%“D .
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Hydrogen Content
Strong Temperature Effect

4000 3500 3000 2500 2000 1500 1000 500 0

B Plasma-Therm <>¢EESHED' 2

A Plagma-Therm Campany
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Basic Thin Film Properties

tress

o Origin: Chemical, lon Bombardment, Microstructure
= Function of atoms per volume and forces affecting bond lengths

o Mechanical Integrity & Stability
Too compressive - I film

Too tensile — film will crack P s e Zero -~ substrate

Handling/clamping issues (bowing)
Photolithography (depth of focus)
Pattern distortion upon etching

Total stress proportional to total film thickness : film
compressive expands

o Electrical & Optical Performance

= SiO, Optical waveguides, 10 - 20 pm _ film
o birefringence & mode distortion 3 = W contracts

Stress not always bad — compensation layers

Plasma-Therm > R0

A Plasmia-Tharm Cormipan
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What s L.ow Stress?

=N

Bowing depends on substrate rigidity
and film thickness

Thick film F||m thickness Thin film
and intrinsic stress

o Need determines acceptable stress. Example: MEMS membranes

compressive tensile too low tensile

S— , O — -— —_—

mwWPIasma-Therm I\ sovanceo 5

Plasma
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General SINx Stress Guidelines

Nitride Thickness Susg'ireizdé:;”e‘f”re

<0.05 um <350 MPa

0.05 to 0.1um <300 MPa
0.1t0 0.5 ym <250 MPa
0.5t0 1 um <200 MPa

1t0 1.5 um <150 MPa
1.5t0 2 um <100 MPa

2to 3 um <50 MPa

Source: after Rogue Valley Microdevices,

Plasma-rherm N OAcOUR
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PECVD: Basic Film Properties
Stres

o

Bow ~2x typical wafer

L Si Wafer Stress
o |otal stress is function of film thickness 3k %

£
E
= Thicker films need lower inherent stress ';.2
3
o Electrical & Optical Performance s
= Optical waveguides — SiO, Film thickness: 0
10 - 20 pm

Film Thickness, t; (um)

= Stress-induced bow
= Birefringence & mode distortion

= Packaging — Film thickness: 10 - 40 pm 1§ t
Bow, ﬂ—[rz{ (lyvf) ! 5
: t

5 2

Stoney’s equation

Plasma-Therm N P e
Alidouble Inc. v. TSMC lidouiblé " EX:"2015, p. 33




SiNx Stress Modification Techniques

Stress Control Parameter

Benefits

Limitations

Temperature

Provides ability to reduce
stress @ low temperature

Film quality is reduced for
most applications

Power/Pressure

Provides flexible stress
control

Narrow process window

Chemical Composition
(Refractive Index Shift)

Provides good stress control
for applications not index
sensitive

Not recommended for index
sensitive applications or
stoichiometric films

Mixed Frequency
on Powered Electrode

Can provide some stress
control for oxide films

Concerns for damage
sensitive applications

Helium Dilution

Excellent control for critical
thin films

Slower deposition rates.
Requires He.

conripenTiAL Y PIASMA<T herm

Alidouble Inc. v. TSMC

P\ ADVANCED
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A Plasrma- Therm Cormpgan:
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PECVD Si1N_
Using Temperature to Adjust Stress

Tensile Stress (MPa)

50 100 150 200 250 300 350
Deposition Temperature (°C)

mPlasma-Therm £\ eovanceo .
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PECVD SiN_
y "
Using Pressure and Power to Control Stress
150 {
N, 1000 scem o N, only
100 ~ . :
o Film 2 compressive
50 - ) @ low pressure
T 0 ¥ ! = Lower dep rate
= 50 W f/ i
9 50 1 I
E’ | Compressive
@ -1001 75y
=150
500 4 100 W T
120w - l
_250 T T T T
300 400 500 G600 700 800
Pressure (mTorr)
Plasma-Therm O ERMANCED
Alidouble Inc. v. TSMC Alidouble Ex. 2015, p. 36




PECVD Silicon Oxynitride (51O N_:H)
Useful Stress and Index Control

L

Extremely useful film when index or stress control is essential

= €.g. anti-reflection coatings (ARC)

Plasma chemistry: SiH, +NH; + N,O with He or N, carrier gas
Film is SIO,N,:H
Film properties can be varied

High N,O/NH, ratio — oxide like
Low N,O/NH, ratio — nitride like
Refractive index 1.5 > 1.9
Stress compressive - tensile

Plasma-Therm

Alidouble Inc. v. TSMC

A ADVANCED"

VACUUM

A Plasma-Tharm Company

Alidouble Ex. 2015, p. 37
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Stress Control
Adjustment of Film Stoichiometry — 510 N_

o Silicon oxynitride, SIO N, formed from (SiH,, NH;, N,O, N,)
o Zero stress achieved by simple adjustment of N,O/NH, ratio

1.65

200 200
Tensile
100 f l _ 100 f Tensile 7
E (1]
o
s 0 = O
1/)] w
g -100 o -100 F
& . 3
=200 } Compresswei 1 <4 200 + Compressive
-300 -300 1 1 1
2 4 6 8 10 1.45 1.50 1.55 1.60
N,O /NH; Ratio Refractive Index
- A ADVANCED"
Plasma-T herm VACUUM
lidouble Ex. 2015, p. 38
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Refractive Index, n

PECVD 51O N :H

Refractive Iﬂde\ Control

Without NH; process

26F L =633
nm

24 |

Refractive Index can be adjusted for
22F . )
antireflection performance

20}

187

16F

-1.4 5 L B 1 ] '] 2 'l ]

0 2 - 6 8 10

N,O / SiH, Ratio

Nitrogen comes form N,O (avoiding NH, for resist
processing)
Note: Index increase is in Si rich regime

Refractive Ind¢

1.6

1.58

1.56

1.54

1.52

1.5

With NH; process

\
‘.

X

Refractive Index can be adjusted for
antireflection performance

1 2 3 4 b 6 Fi H
Nz20/MHz Ratio

Plasma-<rTherm

Alidouble Inc. v. TSMC
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PECVD SiN

X

Using Low Frequency to Adjust Stress

SiN, Stress versus LF Duty Cycle

100

Alidouble Inc. v. TSMC

Plagma-Therm Cosmpran

lidoubie Ex. 2015, p. 40

200
o Add LF ({ 1 MHZ) tD RF Deposition Rate: 600A/min
power Deposition Temp: 330°C
Tensile
o Stress control achievable ot
« High energy ion 7
bombardment results in =
film compression g
w Possibility of plasma-
i -400  +—{ High Frequency (13 56 MHT)
|ndUC9d damage m:glse{i ng Fr:quenw (33:(] kHz) .
. Period: 1kHz | [
o Additional hardware Duty Cycle: 0 to 100% Ebitiarsssmu
needed 600
0 20 A0 a0 B0
LF Duty Cycle (%5)
" A ADVANCED"
Plasma-Therm OACOONA "



PECVD 5iN,
Stress Control with He Dilution

400

300 | LOW, adjustable stress J—

200 | / .
© Tensile
o = ol e LN (o
§. 100 .
w0 . : , , ,
g 50 60 70 80 90 100
E 100 [

_200 I —@— 20 Watts

Compressive e ol o
=300 ¢t —&— 100 Watts
-400 -
— Increasing He %o N, | (N, + He)
@EPIasma-Therm {3 Qs 0

A Plasma-Therm Campany
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| PECVD SiN,
Stress Control with He Dilution

o /ndependent comparison between low dual frequency and helium
dilution process

W. S. Tan, P. A. Houston, G. Hill, R. J. Airey, and P. J. Parbrook
J. Electron. Mat. 33, 400 (2004).

— Conclusions:

= Low frequency approach induces “irreversible damage” to IllI-V device
layers

= No detectable damage with helium dilution process

= No additional hardware required

Plasma-Therm N Oncolm >

Therim Commpany

Alidouble Inc. v. TSMC Alldouble Ex. 2015, p. 42




Damage Eftects: Dual frequency vs. Helium
Dilution (SiNx example, GaN HEMT device)

‘.f.g e T R R

0.0 2.0 4.0 6.0 8.0 100
Vds (Volts)

&) -

[ I

20 40 60 80 100
Vds (Voiis)

Fig. 6. Static |-V characteristics of the HFET devices before (solid) and after (dotied) (a) high-frequency only and (b) dual-frequency (30-30

recipe) plasma bombardment (V, = +1 W, 0 V.4 V).

Plasma-Therm

Alidouble Inc. v. TSMC

VACU UM 43
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PECVD 5§10, (example):

Stress vs. RE Power

o Compressive films
o Lower stress with at high deposition power (less dense— lower stress)

0 -0

-20
E E -100
"“E" 0 = 200
(7)) w
g 7 0
® gg & -300

-100 b——————— -400

100 200 300 400 500 0 20 0 80
6 LF I%ower (%}O}

RF Power (W)
(LFPower‘{(LFPower-l- H FF’ower))

More LF power —
increased ion bombardment and densification —
more stress

Plasma-Therm {@UF®  «

asma-Therm Company

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 44



PECVD — Process Parameter Effect
Summary

Deposition Rate i 1 i 1 T l_ = l
Uriformity 00 O T [ O T =
Damage — — t t — 1 —
Step coverage t — — — 1 — |
Density e . l — 1 1 _
Stress l 1 il — 11 0 —
Refractive index | — 1 t — = l —
Wet etch rate - — l — | l _
mEPlasma-Therm {3 s

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 45



Outline

— Films of interest
= SiO,, SiN,, a-Si:H

plasma-Therm <> OAcO0m > "

Tharm Compan
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PECVD: Silicon Oxide Chemustry

o Basic process: Silane + Oxygen source (O,, N,O, NO, CO,)
Low N-O bond energy (1.7 eV) makes N,O preferred (vs. CO,)

SiH, + 4 N,O A plasma g0, +2Hy+ 4N,
A, pl
SiH, + O, ' PESME Sio,+2H, (reactive at RT, particles)

But O, spontaneously reacts with SiH, (best to keep separated!)

o Silane concentration affects dep rate (~ 500A/min to 5000A/min)
o SiH,/N,O ratio affects refractive index and stress

o Three Regimes:

Excess Oxygen+ SiH, = SiO,:(OH) + nH,0

Balanced Oxygen + SiH, => SiO, + 2H,

Deficient Oxygen + SiH, => SiO,:H + nH,
Plasma-Therm O ORONGED
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Silicon Dioxide (510, )
Typical Properties

Parameter Values Comments
Deposition Rate ~400-4000 A/min  Function of SiH4 concentration, temp,
power
Hydrogen Content 2-9 % Present mainly as Si-H
Resistivity 10"-10" ohm-cm  Decreases with increasing Si/O ratio
Breakdown Field 2-6x10° Viem Sirich has lower Epreax
Refractive Index 1.45-1.50 Increases with increasing Si/O ratio
Film Stress Compressive Function of temp, gas composition,
0 — 300 MPa power, pressure
BOE Etch Rate ~2-6x Thermal oxide Function of power, temp, comp, etc.
Temperature 200-400°C
mPlasma-Therm {3 R0 :

Alidouble Inc. v. TSMC
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PECVD: Silicon Nitride (SiN)

o Advantages
m Good insulator/dielectric
= Good passivation film for [lI/V
= Wide range of deposition rates
o Stable processes at low powers
= Controllable refractive index
o SH4/NH, ratio, temperature
= EXcellent step coverage
= Contains significant hydrogen
= Controllable stress
o= He dilution, low frequency, pressure, composition
o Tensile to ~0 to Compressive

o Concern over H and N incorporation
= [ypically 15-30% hydrogen bonded to Sior N

mPlasma-Therm <)o

A Plasma-Therm Coompany

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 49
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PECVD SIN_
Sifl, + N1tr09;er1 source (NH,, N,)

At high temperature (LPCVD regime)
H content decreases N o

|
SiH, + N,or NH, — “N—Si —N” + H,t
/ | N

N
VO

At low temperature (PECVD regime)

H included at N and Si sites \N/

H
. O
i | "X
H N
N
Low N-H bond energy make NH, preferred for parallel place PECVD

Plasma-Therm < >

A Plagma-Therm Cosmpany
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PECVD S1N_:
Typical Plopeltles

Deposition Rate

100-500 A/min

Function of Si-H concentration,
temp, power

Hydrogen Content

15-30%

Present as Si-H and N-H

Resistivity

10°-10"9 ohm-cm

Decreases with increasing Si/N ratio

Breakdown Fields

1-6 x 10 V/ecm

Si rich has lower E, ...

Refractive Index

1.90-2.10

Increases with increasing Si/N ratio

Film Stress

compressive to tensile

Function of temp, gas composition,
power, pressure, frequency

Decreases with increasing Si/N

BOE Cih fratd e ratio. H content increases BOE.
% Lower wet etch rate with increased
Temperature 250-350°C temperature
Optical Gap 3-4 eV 5 eV for stoichiometric Si,N,
mPlasma-Therm <{>auise .

Alidouble Inc. v. TSMC

........................

Alidouble Ex. 2015, p. 51




PECVD: Amorphous 81 (a-S1:H)

o Plasma chemistry: SiH, with carrier gas e.g. He, H,
= 100% SiH, is best

o Film Formation: SiH, & SiH,* — SiH; + H
— SiH; + H,
— SiH, + 2H
o Semiconductor
= Highly photoconductive
= Doped n-type or p-type (addition of PH, or B,Hy)
= Incorporation of H is critical to achieve semiconductor properties

o H helps reduces concentration of electronic defects (dangling
bonds)and allow sensitive doping. (removes mid gap states and
better minority carrier lifetimes)

o Typical deposition rates: 100 - 1000 A/min

Plasma-Therm <>

A Plagma-Tharm Campany

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 52



PECVD Undoped a-51:H
Example

102 .- ;
E,=0.88 eV (from fitted slope)
= 10¢ \ g, = 14,500 Q' cm-" :
c Ogr = 1.1 x 10-" Q-1 em™' (high resistivity)
T‘-’ 107 | Photoconductivity (~ AM1) =4.6x10° Q-ecm! |
s
-E:‘ 10_8
=
© 10° : —— ,
= Evidence of intrinsic material xhx
C 100K Mid-band Fermi level |
o, = :
O Low conductivity material
10" | .
ifl::ep Rate = 380 A/min)
1|:|—12l
2.0 a3 3.0 3.5
1000/T (K1)
Plasma-Therm <>

asma-Therm Company
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PECVD: a-St:H
Gas Phase Doping

1 102 10-* 10-*10-% 10-¢ 10 1

logopr (- lem!)

= e
lh PIFIT T | % c Toxic gases — requires loadlocks,
Ll X L sensors
. ® 4 Lk i o Gas-phase doping with PH, and B,H,
-5 3 L can change a-Si resistivity by <1010
a 5 Undoped a-Si: 10'° Q.cm
-7 -7 n+a-Si: 100 Q.cm
i il p+ a-Si: 1000 Q.cm
—9 _g
—11 i _Defect ﬂ_“ o Note: B,H; thermally unstable and
| et R epel degrades in the gas cylinder and also
T N oL R oy contaminates the process chamber.
oy Al Rl (CH,),B is a better alternative. It has a

similar doping efficiency to B,H;.
Example of Doping Curve (after Spear & LeComber)

Plasma-Therm <> Qe

A Plagima-Tharm Company

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 54



)
—_—
Q

Conductivity (W-cm-"

PECVD a-St:H
Gas Doping Examples

Evidence of material doping
E, indicates Fermi level (p or n) type
Highly conductive materials

~100
E,=0.36 eV TE E,=0.21eV
102 0,=88 Q'cmT o o, = 18 Q' cm"!
Opr =9.1X 10°Q'em- =10 Opr=3.9x103Q T em-
103} 2
=
S £ 102 :
10+ RN Si:H S n+ a-Si:H
2
105 (10,000 ppm B,H, /SiH, , 1000 A/min) 5 10 (10,000 ppm PH, /SiH, , 1000 A/min)
2.0 25 0 3.5 2.0 25 3.0 35
1000/T (K's') 1000/T (K-)
mEPlasma-Therm Oéﬁé’&ﬁﬁm
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Amorphous S1 (a-St:H)
Typical Properties

Parameter Values Comments
Deposition Rate ~100-1000 A/min Function of SiH4 concentration,
power, dilution
Hydrogen Content ~ 10 % Present as Si-H
Resistivity ~ 10" ohm-cm undoped
~ 10° ochm-cm n-type (1% PHa/SiH4)
~ 10° ohm-cm p-type (1% B:Hg/SiH,4)
Film Stress Low Compressive
Refractive Index ~3.6
Optical Gap ~ 1.8 eV 1.1 eV, crystalline Si
Temperature ~ 250 °C

Sources for a-5i-H information
* Hydrogenated Amorphous Silicon: R. A. Street, (1991) Cambridge University Press
+ Electronic Transport in Hydrogenated Amorphous Semiconductors (1989) Springer

+ Thin-Film Silicon Solar Cells: Arvind Shah (ed.) (2010) EPFL Press
A ADVANCED"

Plasma-Therm ORCOUNA 6
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Outline

o PECVD film properties

o Films of interest
- O 'ﬁ‘: SiN N, a-Si:H

"l DP CVD

| ]
m General operational guidance
[ ]

Plasma-Therm N LENANEED

A Plasmia-Tharm Company

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 57



Why HDPCVD?

o Irend to lower temperature processing e.g. <150°C)

= Better quality dielectric films than PECVD at lower temperatures
r Independent control of the ion flux and ion energy

= Minimize ion damage

wm Efficient gap fill capability

o High dissociation efficiency
= NH, free SiN, process is possible

Oxidation LPCVD PECVD HDPCVWVD
(~1100°C) ~B50°C ~200-350°C <150°C
Plasma-Therm <) v "

A Plakma-Therm Cormpan

Alidouble Inc. v. TSMC Alidouble Ex. r2015, p. 58



HDPCVD Reactor
Inductively Coupled Plasma Source

ICP Source High ion density
13.56 MHz bias

_ Heat Lamps Gas Inlet 1 (0,, Ny, Ar) Heated Lid
= Controllable ion energy ‘ i / .
= Deposition plus simultaneous ROk Eow
ion bombardment
Reactive [CP
Wafer clamped and He cooled Pl P
= Allows low temperature C
deposition
Heated ~ reen
Secondary gas inlet (gas ring)  CeramicSpoo /7 5 ::msc
for SiH, introduction Gan et A T Cantrolid Elecirode
= Allows use of SiH, and O,
without hazard
pPlasma-Therm {3 &me 2

A Plagma-Tharm Company

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 59



HDPCVD $10,
Comparison with PECVD and Thermal

ﬁwoooo E <
E : \
= - \ PECVD
‘o 10000 \
s E HDP CVD Y
S \. i
i (B s snsmsmmns s i e pee e
LL
i
THERMAL OXIDE
100 : : : ' . '
0 100 200 300
Deposition Temperature (°C)
Plasma-Therm <> Qo @

A Plasina-Tharm Cempany
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HDPCVD SiN_:
Wet Etch HDPC VD vs. PECVD

12000

— - LY Deposition Rates:
£ 10000 [ \ PECVD: 100 A/min
< [ \ HDPCVD: 300 A/min
© 8000 [ \
© NS
T 6000 F \\PJ:.L VD
i o L
& \
E_—' 4000 T
T

5 . , , , —=—— o

0 100 200 300
Deposition Temperature (°C)
Plasma-Therm O ORMANGE o

Alidouble Inc. v. TSMC Alidouble Ex. 2015, p. 61



HDPCVD §:10, (90°C)
FTIR Spectrum to Determine H Content

1.2 T T
l Principal Vibration Modes I S|i—0
Stretch Mode ﬂ
1
5 *Careful with interpretation
5
g 06
';“ Si-0
5 Low H content Bend Mode
a 04 .
= Weak Si-OH
Streich Mode
0.2 j +
A FAr®
4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (em™)

Plasma-rherm 7 e

A Plagma-Therm Compan

Alidouble Inc. v. TSMC Alidouble Ex. '2015, p. 62




Absorbance (arb. units)

HDPCVD S1N_
FTTIR Spectra to Determine H Content

| | | |
‘ Principal Vibration Modes | Si-N
Stretch Mode
0.8
e Low H content
QDOC
i PECVD SiN,
' SiH 120°C
N-H tretch Mode
09 Stretch Mc7 |
J/“/ \N‘/ 4000 3500| 3000 2500 2000 1500 1000 500
0
4000 3500 3000 2500 2000 1500 1000 500 o
Wavenumber {cm™) *Careful with interpretation
. A ADVANCED
RPlasma-T herm VACUUM 63

Alidouble Inc. v. TSMC

lidouble Ex. 2015, p. 63
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510, HDPCVD
Improved Gap Filling

Isolated trench fill Multiple trench fill

1 pm gap completely filled Gap completely filled
AR ~ 2.5:1 and surface nearly planarized
plasma-Therm <> Qs ’

uuuuuuuuuuuu
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HDPCVD §10,
Deposition Rate Versus RE Bias Power

2000
E q\\\
5 1800 [ Film sputter rate increases with power
® N -
= 1600 |
S N
S 1400 |
D
2
2 1200
(]
1000 ' ' ' | | |
0 100 200 300 400
RF Bias Power (W)
plasma-therm  {@use .
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‘HDPCVD 510,: Example Process Capability
and Typical Process Parameters

Deposition Temperature <180°C

Plasma Chemistry SiH,, O,, Ar (02:SiH4 ~1.2)
Chamber pressure 2mTto20 mT

ICP power 400 - 1000 W

Bias power ~5-200W

Deposition Rate 1000 - 2000 A/min
Refractive Index (controlled w/ SiH,/O,) 1.46 —1.50
Film Stress (controlled w/ RF bias) ~ -300 MPa (compressive)

BOE ~0.2x PECVD at 200°C

plasma-Therm <> T R "
Alidoublelnc.v. TSMC  “AlidoubleEX."



HDPCVI il E*{flmple Process Capability
and Typical Process Parameters

Deposition Temperature <180°C

Plasma Chemistry SiH4, N, Ar

Chamber pressure 2mTto20 mT

|ICP power 400 - 1500 W

Bias power ~5-200 W

Deposition Rate 500 - 1000 A/min

Refractive Index (controlled w/ SiH,/O,) 1.95-2.05

Film Stress (controlled w/ RF bias) ~ -300 MPa (compressive)

Tricky!

Film stress typically too compressive (film delaminates)
mEPlasma-Therm <> Qs

A Plagma-Therm Commpany
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Definitions: Amorphous, Microcrystalline,
Polycrystalline

o Crystalline: very long range order

o Poly-crystalline: composed of
crystallites (often referred to as grains)

o Micro-crystalline: containing small -
crystals (typically microscopic) Short range

o Nano-crystalline: containing crystals on order
the order of nanometers _

o Amorphous: Non-crystalline, without
long-range order

ano and micro-Si:M poly-Si:H >
L 1A 10A 1KA

100A 10kA 100kA
Plasma-<Therm N D i

A Plagma-Therm Coompan

Alidouble Inc. v. TSMC lidouble Ex. 5015, p. 68



Extra Material

Plasma-rherm N AN o

Plagma-Thenm Company

Alidouble Inc. v. TSMC Alidouble Ex. 2015, p. 69




Outline

=l
|l

DECVIN: fils virmin s o
D rCocuVUD THMm propertes

m Flims of Interest

a (ot Wi - Cap-
=] ) ] 1 A A= |
W 25, DN, a2

« Backup slides
= General operational guidance

= General process parameter trends (temperature,
pressure, frequency, flow)

plasma.-Therm <) onse

A Plasima-Tharm Coo

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 70



Chamber Cleaning

o Films deposit on all plasma contacted surfaces
= Powdery deposit on non-plasma contacted surfaces
= Higher wall temperatures improves adhesion

© Deposition on chamber surfaces must be removed
= Otherwise eventually flaking/particle formation

— Cleaning conditions in conflict with deposition conditions
m Very different plasma conditions are optimum
o SFg gas, low pressure, high RF power levels

o Endpoint technology (OES) can help minimize cleaning “downtime”
and improve productivity

Plasma-Therm o ORCOORA 7

A Plasia-Tharm Cempany

Alidouble Inc. v. TSMC Alidouble Ex. 2015, p. 71



Chamber Cleaning
Gas Choices

o F, -\

= [00 dangerous and toxic
o SF; ~1000 to 2000 A/min
= [nexpensive

= Relatively low toxicity o Dependent on
= Good cleaning rate = Geometry
o NF, ~2500-4000 A/min > = Pressure
= Relatively expensive = Power
= TOXic = lemperature
= Fast cleaning rate = Frequency
o CF, ~500-1000 A/min
= [nexpensive
= Okay cleaning rate /
mPlasma-Therm <> Ruee

Alidouble Inc. v. TSMC

A Plagea-Tharm Cempany
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PECVD — General Guidance

o Thermal equilibrium -
= Allow a thermal “soak™ at ~1 Torr (without silane) for 1-2 min prior to run

= [ime depends on process temperature, single wafer or carrier, open
load or loadlock

o Adhesion

= Si-— quick HF dip

= Metals — short (~15s) Ar plasma (with low frequency if available)
o Wet cleans

= Avoid scrubbing showerhead (particles can clog)

Plasma-Therm <)o

A Plaga-Tharem Cempany

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 73



Troubleshooting
Particles

Problem Cause

Potential Solutions

» Poor Process
(too high a deposition rate)

* Process Adjustment
(lower power, reduce reagent
concentrations)

» Infrequent Cleaning

e Clean More Frequently
(determine cleaning rate)

¢ Oxygen Leak

e Vacuum Integrity
(leak test)

¢ L ow Wall Adhesion

e Chamber Design
(hot walls, rough walls, eliminate
corners, nitrogen curtains)

EPlasma-Therm <) aanse

Alidouble Inc. v. TSMC

A Plasma-Therm Company

lidouble Ex. 2015, p. 74
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Trouhleﬁhooting
Process Drift

« Changes in deposition rates and/or film quality

Problem Cause Potential Solutions

Monitor pumping efficiency
Maintain pumping port with clean
cycles

e Change in pumping speed

e Change in reagent flow
(new gas bottle?)

Keep MFCs calibrated

e Change in electrode

Periodic checks
temperature

Plasma-Therm 70 ORcO0R

.......................
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PECVD Parameter Effects:
(Gas Flow

o lotal Gas Flow vs. Partial Gas Flow of Reactants
= lotal gas flow includes carrier or dilution gas
= Partial gas flow is only “active” species

Deposition Rate: typically increases with gas flow
Uniformity: gas dynamics (flow directions) have effect
Damage: little effect

Step Coverage: little effect

Index: increases slightly (as SiH, flow increases)
Density: minimal effect

A A BB B B B

Stress: slight decrease (as SiH, flow increases)

m Plasma-Therm ane'zmm

A Plagma-Therm Ceoompan:

Alidouble Inc. v. TSMC Alidouble Ex. 2015, p. 76




PECVD Parameter Effects:
Power

o Deposition Rate: Higher power increases concentration of reactive
species. Increases deposition rate until reagent limited.

o Uniformity: Tends to worsen slightly

o Damage: slight increase with increased self bias.
o Step Coverage. little effect

o Index: typically increases

o Density: may decrease at high power

o Stress: strong effect

Plasma-Therm N SN

A Plaga-Tha rm Cee pany

Alidouble Inc. v. TSMC lidouble Ex. 2015, p. 77



PECVD Parameter Effects:

Temperature
= Probably the most important parameter.
o Higher temperatures produce higher quality films
o Deposition Rate: weak influences with temperature
SiO, 1 SiN,{
o Uniformity: Better temperature uniformity = better uniformity
o Damage: Minimal effect
o Step Coverage: Improves slight with elevated temperature
o Density: Increases with temperature
o Stress: Increases slightly but overall a weak effect

plasma-Therm <> Qs

uuuuuuuuuuuuuuuuuuuuuu
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PECVD Process Parameters:
Residence Time

o Reactive species in steady state can be increased with shorter
residence times

o Short Residence Time
m Less time for gas phase nucleation
= More reagent available for film forming thus faster deposition

o Long Residence Time
= More time for gas phase nucleation
m Less reagent available for film forming

Plasma-Therm N OO =

.....................
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PECVD Parameter Effects:

Pressure

D

A 8 B A a8 B

Total Pressure vs. Partial Pressure of Reactants
= [ofal pressure includes carrier or dilution gas
= Partial pressure is only “active” species

Deposition Rate: Increases with pressure

Uniformity: Lower partial pressure improves uniformity
Damage: Minimal effect

Step Coverage: Higher pressure slightly improves coverage
Index: Minimal effect

Density: Minimal effect

Stress: Typically low effect

Plasma-Therm <> ORCODE™

Alidouble Inc. v. TSMC lidoubie Ex. 2015, p. 80
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