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(2) PVD vs CVD Hinl

e PVD (physical vapor deposition)
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2. CVD9l J|Z &dl
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O Film Growth Kinetics

Gas Film

Fi1 = hg (Cg—Cs)
F2 = KsCs
0171M, hg: gas-phase mass transfer coefficient
ks: chemical surface reaction rate constant

At steady state: F=F =F;

- NglCg — Cs) = KsCs

O = "y C
C T k,+h, Y
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k. h
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. F KsCs. Eth C,

. _ _ k:(h Cr

. GR = F/ N1 = ks-l—hgf

0171M, Ny: silicon atomic densityl/cm?)
Y: mole fraction of reactant gas
Cr: total # of gas molecules/cm?®
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(3] Gas Phase Mass Transfer
O Stagnant Film Model

e CVD chamber WOIME JtAE 28t =52 YI0|H
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(O Boundary Layer Theory
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The boundary layer increases with distance in the direction of the gas flow from Newton's second law.
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(J Average Boundary Layer thickness
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OiJIM, & = pTUL - Reynold number of the reactor

+ When Re is small (< 2000), gas flow is viscous. When Re iS
large (>2000), gas flow is turbulent which is undesirable.

O Growth Rate vs Flow Velocity
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Crp
GR = thlY
- __ D _3,rU
0JIM, hg = D/ & = Q(uL)m zD(uL
3lpU
.. BR o U1/2

| | Fixedtemp T
mass transport
" limited
\ surface reaction

limited

B " - Carr souc i
F 1 ALL_SPECIES v/

N (1/k+1/h;) N
| | |

(Gas Flow Rate, U)'/2

Growth Rate dy/dt




O CVD chamber W52l boundary laver &9}
25, HIZIHA, A 89| &

REACTANT

CONCENTRATION VELOCITY TEMPERATURE
CHAHEES_ CHANGES CHANGES
DECREASE " INCREASE . INCREASE ¥

DECREASE
DECREASE
INCREASE

¥ ¥

LUPFPER BOUNDARY LAYER
T o= —_—— e
" gl v CENTRAL CORE  ¢| vt e
- e C
LOWER BOUMILRY
LAYER

&
e o P P P 7 e P PP P T2 7T AT 7T TTTTT, £
o E— = sUSCEPTOR

L = CONCENTRATION PROFILE
v = VELOCITY PROFILE

T = TEMPERATURE PROFILE

T, =1200°C, ¥s50 cm/s

Fig. 9 Calculated temperature profiles in a horizontal reactor’. Reprinted with penmission of the
publisher, the Electrochemical Sociely,



(4) & g8 X 815 g4

O Atomistic model of Epitaxial Growth

AV

Fig. 10 Epitaxial growth model showing step-wise growth with adatoms (A), stoms on steps
(B), and atoms at stable kink positions (C).
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(5) CVD reaction Chemistry

©e o°

a3 x4

S JIHIe 2 WS90 free energy XiOIJt
AHM T2l 920] JIs0HOoF &

FilmS A, UNHX| g M =Z9| volatile0iOF &
Activation energyJt =IH0HOF &

Reactive specie Ea
Product species
i 'Er.r \-II .
Reaction rate R ~« exp‘ _,frT , ’ Ahrenius plot
e Reaction type
Type Reaction Example
Pyrolysis |[AB = A + B SiHalg) = Sils] + 2H.(g)

Reduction | AX + H < A + HX | SiCls(g) + 2H:(g) < Si(s] + 4HCI(g]

Oxidation |AX + 02 < AQ + X0 | SiHi(g] + 20:(9) < Si02(s] + 2H.0(g)

Hydrolysis | AX + H.0 = AQ + HX

Al;Cls(g) + 3C0:(g) + 3H0(q)
= Alo0s(s) + 6HCI(g) + 3C0.(a]

Nitridation | AX + NHs = AN + HX

3SiCiHz2 + 10NH;
= SisNs + 6NH4Cl + 6H:

_11_




(6) Step Coverage

O 20 Ad|: step coverage &9

Step coverage definitions

—— ] —

* Poor step coverage results from different deposition rates in parts of a
microstructurs.

* The profile of the thin film deposited by any of the CVD or PVD
technigues depends upon :

- Equipment configuration
- Deposition methed (SACVD, LFCVD, PECVD, PVD)

- Reactant chemistry

Aspect Ratio=H/W

Bottom step coverage =T,/ T,
Side step coverage =T,/ T,
Conformality =T,/ T,

P Sticking Coefficient

DEFOSITION PRECURSORS

(T) DIRECT {5c = 1)
{Z) RE-EMISSION (S < 1)
@ SURFACE DIFFUSION

Transport of reactants to the surface
at low pressure :

In most applications surface diffusion
has been found to be negligible.

: High S¢

P

- Reactant transport mechanism

PETEQS Vs Q3ITEQS

Side step coverage =alb =50%
Bottam step coverage =d'b =565%
Contarmality =ale =85

BfE= = ‘Maan fras path flux te surface
(Terr) | (mIpse/om) (m) (= Th=/eranc.)

recamiarion 0.1 3.2E16 500 3.8E19

incident precursor o 10 32617 B0 3.8E21

® ® L e
\ /}'-- 7 TED 2.BE18 0.07 Z.8EZ3
surface diffusi
D ®
7 T
surface reaction

Tiocident ™ re=emission _ Treaction
S: - - =

riueinenl rmcld.en:

Sticking Coefficient : Sc

Reactive sticking coefficient is the probability of an incident
deposition precursor...related to surface mobility.

R

Fapid surface migration Low pressure, no surface High pressure, no surface
Higranon migration

_12_
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aa
T e TMIF A TAr
g 1) -
g | Hmmmu 90¢ 85" 80°
E 10 ] Time evolution of the profile
+ Step coverage can also be improved by
2 changing the slope of the walls.
+ But this may result in an area penalty.
o ; e T e aa ] . Different I!nes show time evoluti.o_n of the
profile as simulated by the deposition and etch
STICKING COEFFICIENT simulator SPEEDIE.
Material Source Temperature °C Sc
PSG SiH4 /02 [ PH3 400 0.35
sioz SiH4/ 02 400 0.26
sioz TEOS / 02 700 0.04
Poly-Si SiH4 620 - 900 <0.01
w WF6 | H2 350 - 500 <0.01

O Effects of arrival angle on step coverage

@-goy ©’

O Step coverageE Z3d0l= 22
® Surface migration

o 25 0| Bt 500°C OJAOI™ conformal film &A
e PECVD= APCVD ¥C} surface migraion0] &t

@ HH8 JtAQl mean free path (1) : » = L A1

e |[PCVD, PECVD: A= 10-100«m.
Gas arrival2 unisotropic: shadow effect
e APCVD: A = 0.01-0.1 zm.
Gas arrival2 isotropic: 2t SHi= arrival angle0l i

_13_



(7) Film Stress

Thermal Stress

As deposifed at 400 °C

510
When cooled to room remperanare
510, e
51

IM/

Tensile Stress (+)

e

ate
Thermal Expanston
Y- Compressive Stress (-]
(S0 = 0.5% (W) =4.5
a(Si) = 2.5 wfAl) =22
0[SisN,) — 2.8 * all units are in 10° *C”
- Stress Measurement
E ( 11 y r
= P Mirror
I-ve6r R, R Laser —
| e
T stress (Pa)
E: Young's Modulus of the substrate (Pa) .
v Poisson's Ratio of the subsirate
h: substrate thickness (jum)
t: film thickness {pim}
Ry rading of curvanire before deposition (i)
R radins of curvature after deposition () “Cantilever Beam TEChf'IiCIUE"
Calculates the radius of curvature

_14_



3. CVD System

(1) CVD AIAHI9 2R

O reactor Wjo] &=

=E s

APCVD | atmospheric pressure | Aot [1J|‘=’.*,'_ 760 Torr)
LPCVD A Al - A
PECVD low pressure =& Torr - & m Torr
O 29 oiyx] A
25 Ea
a2 012010
(o] ]
Thermal X coil type susceptorg Jig
CvD lamp2 012010
lamp type susceptors Jid
RF EX0O10IM JIAE
Plasma plasma enhanced s Aot
CVD . . RFE JIASE €A
high density bias2 physical etching
O &%= 9o S]0 MM
=5 agt
. Si0; gap fill, 2%t
Oxide CVD Tsion ARL, etch stopping layer
Nitride CVD | SIN protection layer
Metal CVD |W, Ti, TiN, Cu | 2 step coverage®l metal

O 9YOIHOl heating WAl
e Hot wall (radiant heating)
e Cold wall (rf induction heating)

_15_



(2) &d2 &% M0l AlZkl= CVD AIAH

O APCVD (atmospheric pressure CVD]
QIHINOl S& S

- %’—‘.‘EE 400 - 500 °C
- S&55X: mass transport limited => YO0IHE =
O=F O loading => Xd&ttd, F2 particle 28
o 88
- reactor 71 Oz (USTE, f &8)| SER)
- 3% £5J1 2
- X2 &
o OH
— poor step coverage
- large particle contamination
— large gas consumption
- need frequent cleaning
e = 38 20k
I' O R ti o %&ﬁE AHA}A‘l
% _I e[ai'(a:slon 2% (T (nm/min) [wafer/nr] 8k
SICL, H, | 1125-1120 | 500-1500 IES
Epitaxial | SIHCls H; | 1100-1150 | 500-1500 - ITES
Si" | SiHClp, He | 1050-1100 | 500-1000 | - (ITES
SIH.H. | 1000-1075 | 100-300 | - IES
SiNs | SiHi NH; | 900-1000 | 20 g | HEEC
o | SH0: | 450500 | 100 160 I
TEOS,0; 400 - - Sldewal
PSG | SiHLOoPHs | 370-400 - - | passivation
Bpse | SHe0aPHs | 400-a50 - - ILD

+ TEQS: SI(0C2Hs)s

_16_
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e Reactors
@ Horizontal tube reactor: &M Yy US, Yud 4

induction silicon wafers
¥ quartz tube
000 000 060 ¥

_—— exhaust

gas
inlet

Q00 lelele) Ooo\tﬂtangle

@ Gas injector type continuous processing reactor
— Cooled nitrogen shrouded nozzie E8H JIA F=¢

- WIZ2JIAT = mm 0IM E8 => gas phase reaction 4
- T @2y 243, MMM 97, [IEIE 29 44

INERT SEPARATOR GAS SECOND REACTANT GAS

moving EELT

® Plenum-type continuous processing reactor
- WIIYRCH 242 =2 Aol plenum MM M JpA =g
- EH LM 2T, MMM U5 NIEE 2% UL
‘ H "
I ) e v -t
T e (>
[ 7] T

1, T

EXHAUST COMNWVE YO
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O LPCVD (low pressure CVD]

& EM
=oOo

10 torr

400 - 900 °C
reaction rate limited
sE= 220 0FF DI

r

J
O
1 Ol

I-I'II-I'I"

211l =

I o

I-

|
.. OIN OH1 mQ M2
>t

o
oIM
22
i

e Why reaction rate limited?
- =0 oF 1,00081 &4 (= 1 71 ->1 Torr)

- JIA s5i(flow velocityl)l 218 "= Q010101 100tH St

D
- = S 0IM

poc% Qo D& 1,000t St

2
<5>—§<

124

1/2
- U) 01,

oloc A= 1,00080 U2, U= 100t STt

1,000
<8>E o 3M B (= ~ 3]

. hg= © 30080 SIt (- 1’200 ~3)

. LPCVD= reaction rate limited I

kh, Cp
+« 312 Growth rate = ) WY
5 1

s g
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— excellent purity/ uniformity

— conformal step coverage (11=/ atomic gas flow)
- low pin-hole density

- large wafer capacity (vertical wafer loading)

- Less dependence on gas flow dynamics

- 92 MEIE 29 (due to low gas phase reaction)

. G
Q X AL
- J2 3 55 (APCVDA 1/5 - 1/3 8k
==
- 12 3%
—_ Ol
3 "o 99 94
~ O =i
o = S8 E0I
Films Reaction Temp.('C)
Undoped Si SiH, — Si + 2H, 580~650
Si
Doped Si SiH, + PH; — P-doped Si + H, 500~550
HTO SiCIH, + N,O— Si0, + N, + HCI 820~940
HTO, MTO SiH, + N,O — SiO, + N, + H,0 720~780
Sio,
MTO Si(OC,H:), + O, — Si0, + CO, + H,0 680~720
LTO SiH, + O, — 8§i0, + H,0 400~450
3SiH, + 4NH; — Si;N, + 12H, 700~900
SizN,
38iCl,H, + 4NH, — Si;N, + 6HCI + 6H, 650~700
e Reactors

_19_



@ End feed horizontal tube reactor: hot wall
- Depletion effect& =017]1 940 tube °IZECZE JIH
A Xt 28 =AH & (by 25-40°C).

- Tube WOl 25 XI= 2101 AXION Wt Biato] EA
Ol XIOIJF 8 = AUS. EHY0| polysilicondt doped
oxide®l X2 ZSZ{(~400°CIIM =HIJI €. Wt Ol
Bt AIAHEI2 silicon nitridel oxynitride®l 12 =%}
(800-850°C) %= undoped polysilicon® ZZi~600°C
Ol AH2ELCL

pressure .

sensor 3-zone resistance
heated furnace

= t0 exhaust

wafer

. | | | | _'
o | LU )p
ggp ~ Al
i Y s I o

standup wafers

7
.'f.{/-“\\l |‘ )
N e —
| ] pump
= e e
. o 4 I
gas control . -
system , PN
‘ source gases

Fig 3-1 LPCVD system

= Mass depletion effect
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less

=> 0000 => o

e Solutions for mass depletion problem

(il Temperature ramping along reactor length
— For reaction rate limited regime
Rix) = A expl-Ea/KT1<C(x) where C(x) = SiHs Conc.
=> Creating a temperature gradient of 20 - 40° C
along the tube will give better uniformity.

(i} Distributed Feed Reactors

@ Distributed feed horizontal reactor(2¥): hot wall

_21_



- JIA S8 33 AIAH: depletion effect MA
- TubeE& U2}l 25 J1 A0
- F, Si0;, PSG, BPSGC] X =2Z%H<600°C)0l Al2E

Gas
IIHE THIEL.IT:IIEIJ'-I'

INTERIGR

/ ME{]N e

® Vertical flow isothermal reactor(Z%): cold wall
- JIA 28 22 AIAH: depletion effect 24X HIAH
- U2 IiElIE 29

CAGED
BOAT

HEATERS

''''''''''

iy
.

ad

GAS —,_TO VACUUM
INJECTORS PUMP

e |

('}
Vertical isothermal LPCVD reactor. (2) Schematic drawing. (b) Photograph of system.

O PECVD (plasma—-enhanced CVD)
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Mol S5 =24

di
- of=: 0.1 - 5.0 torr
- SX 25: 200 - 500 °C
- 1f frequency: 13.56 MHz
- =X} £ reaction rate limited

Ji

Mixing Block (RF hot)

Gas Box (RF hot)

Controlled fo 75°C (H,0)

3 i
Precursor AB = <= Precursor C,0
RESiop ~_ L . T
Blocker Plate (RF hot)

Ceramic Isolator

Showerhead : anode (RF hot)

Vacuum PLASMA Vacuum
- Heater = cathode (RF ground)
Wafer ~ 300-400C
. BY
@ low temperature
- KYYHOMA K == Torr) Gas =2, S NUXIZE
=d X0 018 - ScX0t tIUXIE 0120 HE0l 22
20N 3% Jbs
film precursors Thermal Plasma-
deposition | enhanced
Silicon SiH4 or 750C 200-500C
nitride SiH2CI2 and
NH3
Silicon SiH4 and O2 350-550C | 200-400C
dioxide [or often N20O]
TEOS and O2 700-900C | 300-500C
Amorphous | SiH4 550-8650C | 200-400C
silicon

_23_
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resistance, density control Jts

- Energetic ion bombardment (0|29 S0 XI: =
eV ~ =W eVIJl &L= 90| SA(f Al AYS
=. lon bombardmentJ} SJI0tH 90| 2SI} SI10i1
aio] AEYAJL 4 compressive £ HIE. S& XIUX
compressive stress= &12f8t 9io] MM SHIE
oIg = AUS. XA, chamber geometry, or
excitation?] H3|E So AEYAE XHOIL, OIS
S010] 9jo] EME XHE = US.

® High throughput
@ Good Mechanical strength
® Moisture blocking

® Reactorl HAJI 20l

- OlE S9 CF, JIAE AI2010{ plasma& 2HAI7|S
M= 1t chamber =0l 0= silicon, silicon nitride,
or silicon dioxideg &AHl HHEY = AUS

. BY

@ Poor gap fill capability

@ Plasma damage

® Chemical (H2, N2, 02) and particle contamination
@ Complex equipment

_24_



- EdX0 2JIE ST 20| LBt activation
energyg ZAANH B2 2T0MT A9 HAO
SO &

TIC ¥H&N HH U2 46 =72 0.059T
-—_—-. e 60 ] T T T T T
A O IAE 3 o T
—— o] T
A T 40 .« A4G>0
= 30+ .
? 20 - ’ ..
l ? 10 *
£ 0 T _
A 1 .
b/B & "1 4G <0 *
-20 -
.............

) ) 200 400 600 200 1000 1200 1400 1600
AE": activation energy for

. Temperature (K}
plasma-enhanced reaction

AE : activation energy for « Thermal CVD 2HAI 0 2= T3> 1218K @ 7=,

thermally-driven reaction, « Plasma S 2! Al T00KOIA & TiC & 4 Jt=&.
mm) Plasmaz QI8 Z I8 X0l 5 2=,

_—

e Plasma Sequence

@ RF power on the electrodes = E-field

@ Free e- accelerated by the field

® High E e- > atoms and molecules => ionization
+ MOre e-

@ chamber fills with e- and ions - Plasma
stabilization

)

0\ il
RF power -
¥

— -
Electrodes Plazma T Daik SPAces of
T ‘_J—“"' sheath lavers
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ScX0lH =L S
Xl S=0] 28t chemical reactivity =

jon/radicall @doE M2 HIS

@ lonization: A + e- —
- MXI F&0 ot HIVEXEZFHO Xt 42T 02
SdX0 JEH8 ISH2T |FXI0H| fSt

@ Excitation: A + e- —
SE0 oo 714 2 AX/EXS0l 0)] dEeH=E X0l

- Xt

s

+ - + e-

+ e

|0

X b

B0l

|2
Hi

[ -

AH
o

(=]
(=

é',l

- CRA OJIAEHOIA JIRIAEHZ HO| -> CHUo Mao| ¥ BE

- JIM &EiE MOITIXI &

gkSoll &0l

@ Dissociation: Az + e- —
- Xt F&0l ol 2XiS0l AXt Sei=x OiclE

O} A}

W "L ©

+ A* + e-

- g9gsidog Folot Od2 EXIEE Al oHelTI MU0l
CvD ¥t30] S0/oH
e = 38 E0i
;'igl Reaction Gas (Carrier) [gg 8k
o SiHa, NHs 250-300 | passivation
SiH2Cl2, NH3 250-300 | passivation
a TEOS, 02/03 380-400 ILD
SiHa, N20 380-400 ILD
PSG SiHa, N20, PHs 380-400 | passivation
BPSG SiHa, 02 PHs, B2Hg 380-400 ILD

* Reactors

_26_
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@ Parallel plate reactor: cold wall

- EdX0F 259 JIA o] A= olol
depletion &1 24

- reactor il M3OZ2HO9| particle 29 JIs

— low throughput

g

@ Horizontal tube reactor: hot wall

- 2% ramping} pulsed plasma A0 ©|oH
depletion &1 %A%}

- low particle 29

- large throughput
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Process

Merits

Demerits

Application

LPCVD

- Excellent uniformity

- High film quality (purity)
- Conformal step coverage
- Large wafer capacity

- Low contamination

- High temperature
- Low depo. rate

- Mask, spacer (HTO, SiN)
- Gate, B/L, Capacitor &=

(Poly-Si, W, WSi)

- Capacitor dielectric (TaO)

PECVD

- Fast deposition
- Good step coverage

contamination
- Crack & lifting
- Plasma damage

- Simple reactor - Poor step coverage | - ILD (BPSG, PSG)
APCVD |- Easy proce.s.s & low cost - Particle gel:leratlon

- Fast deposition - lots of carrier gas

- Low temperature

- Low temperature - Chemical & particle | - PMD

- Passivation SiN

O atak =Xt SystemE 219 EA Him
APCVD | LPCVD | PECVD = PVD | ALD S0D
=x % | 370 | 400 | 200 | &2 - 100 400
('c) | - 500  -900  -500 300 | -600 | - 450
(o] 1= |
foy | 760 | 0110 02-50 0.4-10) 05-15 | 760
Fine THK
oo o' | good | good | bad | bad | excellent good
Step very
Covornge | D20 | dery | bad | bad | excellent  excellent
Throughput | low | low | high | high ‘I’gw high
Pin Hole not not not . .
Density | bad | bad | bad | 9N | oW high
Sl Ti
Si Si02 Si0; TiN SiN
S0, | SN | SN | g TIN SI0;
Film SN | PSG | SIC | o | Abs SIOC
PSG | BPSG | SIOC | o | T2 a—CH
BPSE | W | aC | o Hf0
WSy
>4 I a X} al EA
4. OEZ&dE 99| S5 X 59




(1) Polysilicon gtato] EM

0O SdH, JIHN EA

o As-deposited films:
=%} % < 560 ° C : amorphous
SX} &% > 580 ° C : polycrystalline

o B2 =AAITIL grain boundaryOiiA 100-10004H
St
- 8&&9| grain boundary=9°] segregation:
As, P; X, B: /i

0 HI|HQ =X
o ST} U M= DAY NABRO N0l 8
oL}, sEJt =00 M3t MX X0l EHE
o Mol H2

ol

Pt

rHl HF

GRA BOUNOARIES

(2) CVD of Polysilicon: commonly use LPCVD
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O Reaction
SiHa (@) = Sils) + 2H.(g]

O Polysilicon 2% 48 59 2k A=Y

d

698
i
E 80 -
]
-
ut 674°C
2400 _
Z E5d*C
2
200 .
- E2H*C
[ 1
95 T) 30 30

SILANE PARTIAL PRESSURE (Paj
Fig. 1 The effect of dilaae copcenirailon on the pofysilicom depoxilion mie

8

DERGRTION NATE [ Amin)

: 4 Py

T 4 aoa
DCPM T 5L SWE

Fig. 13 The effect of dopanty os ihe palysilicon depomitios reie i 610%C

O Polysilicon 2t9t9] grain 3J|
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640

T (0
Fig. 15 Average crystallite size § for phosphorus-doped LPCVD silicon layers as-grown
(o = interface, A = surface), and annecaled at 1000°C (¢ = interface, V = surface) as a function of
deposition temperature, T, Undoped layers (dashed lines) are shown for comparison.

0 3% X0l IE Polysilicon 99 Y X

= As-deposited amorphous silicon = As-deposited polysilicon
gtoio] el 29 dark-field gtoio] exid| 29 dark-field
TEM micrograph TEM micrograph

substrate

substrate -

(3) Doping of Polysilicon
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Jid

4 (Ex: PoCls doping)
e

11&: 800 - 900 °c

e HHHEAII| SI}

AL
rlo

O]
°

r

O 0|2 =Y & anneal
o MEGI ST HIO JIs
o iMOT =2 N (AL 9F 10HH)

O in-situ doping

- T WS TSI = US

=T X doping uniformity 0ot &S

0N H

(4) Polysilicon Oxidation

Fig.l Haasuressnt pattains.

]

’ + k Mo drwmm iy owideriom | 1ROSC .k -
Oy pawrvisl prwws. = 8101 aim, pucablal Sl
! . gt
-
o '
w

5 * ! 1

2 3

T [« W i | A\

’ 0O : sl ::Mc\l;-un—.-.n--

1= FER._ad
[ ]
1 L1 1
2 ) ] T om - a . T » »

e, 1a e iy B e woman. i o poby WL L1 7]

*ig.3 The relationahip betwaan the Fig.4 The relationship batwesn the

phosphorus concentration in 1at poly phoaphoTus c:rncnm:{:ar.ion in lat poly
51 and lasakags wlactric fiald E, on and lwakage electric Fisld E. at
two measurement pALTeTrnS. various oxidation temperaturd.

5. CVD Si0;2 S&tl =4
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(1) CVD Oxide =%} (undoped)

TS
X A A () |Step Coverage
APCVD | SiHs + 02 |400-430 poor
SiHs + 02 |400-450 good
TEOS
| 650-750 conformal
LPCVD | (Si(0C2Hs)a)
SiHs + 2N.0 |750-850| conformal
SiCl-H: + 2N.0|850-900, conformal
PECVD SiHs + 02 | 200-330 good
SiHa + N20 |200-350 good
[2) Typical CVD Oxidel| £
TABLE 3
Properties of silicon dioxide
Deposition Plasma SiHg + O2 TEOS SiClzHa + N20  Thermal
Temperature 200 450 700 900 1000
(°C)
Composition 510 o(H) Si04(H) 5107 Si05(Cl) 5i04
Step coverage nonconformal nonconformal  conformal  conformal conformal
Thermal stability loses H densifies stable loses Cl stable
Density 2.3 2.1 2.2 2.2 2.2
{g;'a.:m‘:’))
Refractive index 1.47 1.44 1.46 1.46 1.46
Stress 3C-3T 3T 1C iC 3C
{ltl'qdyne-’:mz)
Dielectric strength  3-6 8 10 10 11
(10°V/cm)
Etch rate, nm/min 40 6 3 3 2.5
(100:1 H,O:HF)
Dielectric constant 4.9 4.3 4.0 — 3.9

+ T tensile,

(3] Step Coverage

C: compressive

of As-Deposited CVD Oxide Films
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Step coverage definitions

* Poor step coverage results from different deposition rates in parts of a
microstructure.

* The profile of the thin film deposited by any of the CVD or PVD
technigues depends upon :

- Equipment configuration
- Deposition method (SACVD, LPCVD, PECVD, PVD)

- Reactant chemistry

— ] —-

- Reactant transpert mechanism
Aspect Ratio=H/W

Bottom step coverage =T,/ T, PETEQS L'k} Q3ITEQS

Side step coverage =T_/T,
Conformality=T_/T,_

Side step coverage =alb =50% =95%

Bottom step coverage =dib =g5% =85%
Confarmality =aic =B5% =53%
—_ — . - _
175 RE Mean free path flux to surface
(Torr) | (mEps o) () [ Tr=/ernec.)
21 3.2E16 BOO 3.8E18
H H - . re-cimissl on
p Sticrkina Cnafficiant P — . i T5E = e
'5' Tel 2.EE18 0.07 2.8823
DEPLSIIUN  PRELUNSDKS x /
| surface diffusi
. -—
f' - &
S
(T) DIRECT (3¢ = 1) —-rT

{Z) RE-EMISSION (Sc < 1)
(3)SURFACE DIFFUSION

- Finrid:lll_]—:e-zmimsmn - rr:miun

rinciacnl Tanr.uie nt

Transport of reactants to the surface Sticking Coefficient : S¢

P . - - . . . . . .
atlow pressure Reactive sticking coefficient is the probability of an incident
In most applications surface diffusion deposition precursor...related to surface mobhility.

has been found to be negligible,

Lowr B High 3¢

Fapid surface migration Low pressure, oo surface High pressure, no surface
HHEraton fgration

AN

O Sticking Coefficient
e Step coverage can also be improved by changing
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the slope of the walls.

e But this may resuit in an area penaity.

e Different lines show time evolution of the profile
as simulated by the deposition and etch simulator

l ag ) L L) L 'r T T - T _I T T L] I L) L LI I T L] T I'
. ——
—
8@ —
] | | ‘ | CVD SiO, (SiH4+0y,)
LL] 4
© - — =
= 68 -
Ly
§ l i SPUTTERED Al
& 10
w
2@
2 T - T T I
a g.2 B.4 2.6 .8 1
Sticking Coefficient
Material Source Temperature °C Sc
PSG SiH4 /02 / PH3 400 0.35
Si0o2 SiH4/ 02 400 0.26
Sio2 TEOS / 02 700 0.04
Poly-Si SiH4 620 - 900 <0.01
w WF6 /H2 350 - 500 <0.01

i) TEOS Oxide, LPCVD, 650-850°C,
rapid surface migration
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'F'L—I-

Il

il SiHs Oxide, PECVD, 350-400°C,
low pressure, no surface migration

S

v

(i) SiHs Oxide, APCVD, 400-450°C
high pressure, no surface migration

3
e

(4) Doped Oxide (Reflow glass]
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O Reflow glass (PSG, BPSGI® 2£

e Reflow dglassJt AIREI|l Hll= metaldl
poly/diffusion®l isolationg €001 thermal oxide =
CVD oxide/nitrideJtI AIRLZIUA2L, sharp stepil
re-entrant angleZ 210101 metal shorting &4

o Reflow glass= P, BS9 E=&0| TUEH &d|3 4
OISO T, == 2T ) THO] o & =0 Alg|2 Al
o] == 2% (1700°c)2Ct &S0l KO0 (1000°C OIO}
ts), S8t 2 reflow AIZIH smooth stepE &S =

ol
V' —

as-deposited after flowing

i - &
._-5 i -:x ——
(a) (b)

T
(c) (d)

Fig. 19 SEM cross-sections (10,000X) of samples annealed in stcam at 1100°C for 20 min for
the following weight of phosphorus: (a) 0.0 wi.% P; (b) 2.2 wi.% P: (c) 4.6 wL% P: 7.2 wiL&% P52

O Reflow glass®| Z&d
— Smooth surface topology &
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- Gettering and diffusion barrier to Na™ ions,
moisture
— Diffusion barrier to moisture

@ PSG (Phosphosilicate Glass)

O 2
o Si0Q} P.0s EXIE A= binary glass

O 5%
S9N ojstulE 25(°C)

SiHy + 602 + 4PH; - _
Si0z + 2P205 + 8H: 800-500

APCVD, PECVD

OP sk

6 ~8wWth P

e 6 Wt% B[ B W= reflow)} & 2ot

e 8 Wt ®ELC =8 M= PSGO &S840 I = &I
& S3010 HPO,(2121)2 B => metal £2]0] &

O reflow =24
e 1000 ~ 1100 °c, 10 ~ 30 &, H.0, N, 0; EH7I
e Step angle: 25 - 55 °

@ BPSG (BoroPhosphosilicate Glass)
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O =& Si0y, Po0s, Bo0s 2XIEE FAE ternary glass
O &4
o (Chemistry : Si(0C2Hs)s + 03/02 + B(OC2Hs)3 +

PO(OC2Hs)s) — Si0. (B,P) + H:0T + CO2 1
o Void-free gap filling with 112 reflow (>800 °C)

- oA
o High Wet Etch Rate (100:1 HF : 200 A /min)

e Liner SiN consume
e Low Temp.<k800 °C) anneal Al void 2

— Applications
e [LD, mold oxide

X ojeturs 25(°c)
APCVD | SiHs + 902 + 4PH3 + 2BoHs —> _
PECVD Si02 + 2P.05 + 2B.0s + 14H: 300-500

P
B: 5 wt%, P: 5wt%
STt XIUXl =2
)

S840l =0F H.P04(Q12H
SG crystal & "W S

= B

-

]

O reflow =24
e 800 - 900 °C, 30 — 60 min., H.0, N. 2471

_39_



VISCOSITY : o« (polse)

i mu”:"q ]um i
= dpo - 400 Pm .

E L EED = 500 nim 5II'|"|LJ|3!I|:|=I|"I -

= LS =14 B850 T -t

.. B0} Mz 30 min

4

g 4a0F 1

s ,

& o 2 expeimenty |

& 10 12 14 16 18 20

IMPLURITY CONCENTRATICN : Comp { mal® )

Fig. 1 The measured flow angle versus impurity
concentration in the line structure, The simulated
flow angle is a function of the viscomity of BPS(,

L i . s '

Mz ambieart

VISCOSITY : . (poise)
.=

0 5 10 15 20 25
IMPURITY CONCENTRATION : Cimp { M%)

Fig. 2 Viecesity of BPSG versus impurity
concentration, Viscogity ie a function of the
temperature and impurity coneentration.
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6. CVD SisN.2 S&it Sd

(1) CVD Nitride 9}9i9] %}

X orotitsS SART(C) S8
SIClH + NHs | 650-750
PCVD e e Jo0-ggp | |0COS: MNOS
SHi + N4 | 200-350 .
PECVD SiHz + No 200-350 Passivation

(2) CVD Nitride Hioto] EA

o [ADIAEO] ZEE

. Good barrier to diffusion of Na, H:0

o AT} =Lk scratch B X|

. ='=° S8& (¢, =6 -9, H1GH0|| 4.2 for CVD Oxidel.
IIEF'E ILDE A2 28Y

e high stress of film: 20002 O|AH0I™ crack Jls
LPCVD nitride: 1.2 - 1.8 x10'° dyne/cm? (tensile)
PECVD nitride: 1- 8 x10° dyne/cm? [compressive)

e & BRSO =0

LPCVD nitride: 8 wt%

PECVD nitride: 18 - 22 wt% with use of NH3

+» 11550 =4 BR= MOSC =8 Mo HiE,
nitride 219 OI& S49] H9IE JIALM, &t
nitride 2€ A3t H, passivation Jis

 LPCVD nitride is stoichiometric and a good barrier
against oxidation and sodium diffusion.

e PECVD nitride contains a large amount of
hydrogen and can be etched with HF.
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7. CVD Oxynitride and SIPOS

(1) Oxynitride
— Source gas: SiHs + N0 + NHs
— Good barrier to moisture and Na
- Good for Passivation

(2] SIPOS (Semi-insulating polycrystalline silicon)
— silicon—-rich oxide film (SiOx: 0.48 < X < 2]
— good passivation layer for high field transistor

26 T ] [ T

SILICON OXYNITRIDE | SILICON-RICH
NITRIDE 2

REFRACTIVE INDEX

COMPOSITION
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8. HDP CVD (High Density Plasma CVD)

e PE-CVD YL} X0lA1 ICP type high density plasma
source Al

e Plasma density =71 = lon density =71 > 1%
[std PE-CVD < 0.01%)

e Mean free path =J}

e Back bias Ol TIE depo & sputtering ratio H&IIs
e &

- Better Mechanical strength than PE-CVD
— High Quality Si0-
- Dopant control 20l (ex. PSG, FSG)

. By
- Plasma damage

o 0

— STI, ILD, IMD filling

Top Coil

é plasma o Side Coil

i

" T (Gas Nozzle

wafer
‘ Cathode 1’\‘ - Electrostatic chuck
ESC current |
—-— ESC (HV DC} §
L gE=I=L=2 l Power Suppljﬁl\

RF filter
BIAS ‘___________....@

¥ i
| ! !l ' ESC HV module

_43_
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Inductive Coupled Plasma

Capacitively Coupled Plasma

Plasma Enhanced CVD

- — @ » P<10Torr
! * lon density <0.01%
1 * Low cost

Inductively Coupled Plasma

High Density Plasma CVD

(@ * P~ mTorr ( turbo pump)
« lon density >1%

é I

Inductive Coupling:

rf current in codl

rf magnetic
field
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(3 HDP CVD - continued

e Chemistry :
SiHy + 20, + Ar{or He) —Si0, + 2H20 T + Ar{or He)?

o Stress: -1.5E9 dyne/cm?(STI, ILD), —1.0E9 dyne/cm? (IMD)
o Wet Etch Rate : 50A/min @ 100:1 HF

e Bias Power =7} Al : Sputter rate 1,
wafer temp 7, Plasma damage 7

o ZX 7| point ; DS ratio (D/R, Sputter rate)

1st dei
pereneeiieng _r:::._- ..,.r:::_u-a.hﬁnq/znd Dep

after sputter

Dep & Etch

» D/S ratio®ll (2 profile &3}

oy

Back Bias(HF) 1
D/S ratio | e

* D/ S ratio =
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- Depoletch/depo gap-fill 4

depo — etch — depo

-

U
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9. ZXE0 oISt A9 S

ak

o O|M TXOQ} bake processE SO0l FAHIS
= JISEA WES s8H0| OlF 2= HEAO
= SO0GQ} polymide +=XI=0] AULCL
(1) SOG (Spin-0On-Glass)
(a) SOG 8%
— Siloxane or Silicate
- Alcohol-based solvent (IAHIZ, HAE S
- 871 binder {methyl(CHs) or phenyl(C¢Hs)}:
crack 2X]
— OI9}BtE (P.0s): gettering, crack HX]
(b) &
- ILD without no void - 3d0] 9=
- &% 9ot 2o - MAMOl =0
- 23 U0l 2 - no /54 JiA

(c) A

- Qut-gassing Sdl 24 Jis: VIAS] contact &

SJI (SOG WOl Z+=011
- high tensile stress: crack Jts
— metal, resist layereiel Mi=0| UE

_47_

A= =200 2000 )



=XF X

(d SOG 3& 33
@ Dispense & Spin
- AQOH_I I-IE §|

7=|I-IEI

@ Cure
- X& bake (150-250°C,
(400-425°C, 30-60 min)

12=0l 2I00 =

PO/ H 2 &0t

1-15 min] + 112 bake

- Solvent, moistureJt SE0IHA| silanol (SiOH) group

0l polymerization&I™A{ Si0;

mass lossE QI =0]
stress EAH

[e] SOG Process Integration
- gty o g SOGE

a2 oA =) A2l
shrink => =2 tensile

sandwich type: ILD1/SOG/ILD;

- S0G 9tE AI20l= 82 XIUXIAl SHHAH crackOl

=d s
SOG %0l DIt 8=

HA
2Hl 2

ae

metal/resist A0l &%}

M

SOG

/)

i /'I/
/M7

A: SOG STANDALONE

/__\——-"-—_—\

CvD
_—/_,'
77— Vi) see

SDG
CvD

B: CVD/SOG COMPOSITE

_____.—--'—'-'—--—-"'_—‘\_

cvyDp

=<9 %E 25

I—-=—SO0G
cvD

C: CVD/SOG/CVD COMPOSITE
WITH PARTIAL SOG ETCH-BACK
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(i) SOG Etchback 22X
ZHA: no poisoned VIA
oHA: complex process, thick ILD; film

d.

Alvminum PECWVD 5102

Figure 1. Three steps in SOG processing: a) SOG spin-on,
b) etchback step, ¢) top layer of PECVD 5102,
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(il SOG Non-etchback process
- Process flow
@ Metal 1 deposition/ pattern/ etching/ PR strip
@ ILD, deposition: 2000 A oxynitride
® Spin 1: 22004 SOG
@ Spin 2: 220042 SOG
® SO0G Cure 1: 425°C, 60 min
® ILD, deposition: 4000 & LTO, 425°C
@ VIA pattern/ etching/ PR strip
SOG Cure 2: 425°C, 60 min, 02
@ Metal 2 deposition/ pattern/ etching/ PR strip

. A
3 3% G

&: poisoned VIA &M JIs

ro 02

_____ e

Fig. 4-33 (a) Drawing of & cross-section of structure formed using the non-eichbac
process. (b) SEM micrograph of 2 structure formed with the non-eichback S50G proc
Courlesy of Allied-Signal, Inc. (¢) SEM micrograph of a cross secuon of 2 "poisoned via "y .

(© 1987 IEEE).
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10. Atomic Layer Deposition (ALD)

* CVD {Hl Step Goverage X M =& 5] 2=
(S0] 3 A ©919] Thin Layen)

e CVD iUl Chamber VolumeO| %t

o ALD= Hardware 1 2H&0fl M2l Traveling Wave
X Shower Head Type2z 24

o ALD= AI20l= Source 200 |0l Otk
2 PE ALD (Plasma Enhanced ALDICE

e Throughput JiME ${010l, Pseudo-ALD 30| US

oo

ermal ALD

—]
—

14

M

Gas Inlet
. Shower Head
A on off EI
Gas Gas Fg §f &=
Inlet Gas Flow Outlet ugy b offt o
) Carrier
Wafer OF PUIGE e seusfassnsboss efesssesassans
Gas i
Stage Heater ) 1-Cycle

Traveling Wave Shower Head
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QALD 20| I}ttt =2

p|
=

Dielectrics
Transparent Conductors

II-VI Compounds

Si0,, Al,0,, TiO,, Zr0,, HfOx, Ta,0,, MgO, CeO,
In,04, IN;04:8n, In,04:F, In,05:Zr, SnO,, Sn0,:8b, Zn0, ZnO:Al
ZnS, ZnSe, ZnTe, ZnSSe, Cas, SrS, Bas, CdS, CdTe, HgTe, HgCdTe
SiN, AIN, GaN, InN, TiN, TaN, TiAIN, TiSiN, WN, WCN

Nitrides
Fluorides CaF;, SrF;, ZnF,
Pure Metal Cu, Al, Mo, Ti, W, Co, Ni
[ Film Properties of Various Deposition Method ]
!\\\ PVD CcvD PECVD ALD
Atomically Fine ; - -
Thickness Control Difficult Difficult Difficult Easy
Method of
B Time Time Time Cycle
Thickness Control
Large Area Growth Moderate Moderate Difficult Easy
Growth Temperature Low High Moderate Moderate
Step Coverage Bad Good Moderate Excellent
Throughput High Moderate Moderate Low

* Why ALD Needed?

Thermal Budget and Boron Diffusion Length

100000 101110"210° 10 10Dt = 10%em
a ‘Z‘ Buru-n Diff;sian I:ength .‘_
10000 L " %,
= A o N
.E 1000 - b ||.lll 1': .' LIP"CVD“?IN}'_
< y. Lo
100/ | L o
E @ ~ CCatalytic &PE- . 1 LPsC }132
o ALD SiO, Lo
1 0 '1 ‘. ‘l “‘
a) 8. Yokoyama, et al., Appl. Surf. Sci. 112, 75, {1&9?} 1I. * '
b) ©. Sneh, et al., Surf. Sei. 334, 135, (1995) . . ' .
1 c) J. W. Klaus, et al., Seience. 278, 1934, (1997) *‘ “ .‘ 1‘
100 200 300 400 500 600 700 800

0

Temperature (°C)

- ALD process suppresses dopant diffusion.
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* Why ALD Needed?
Step Coverage & Pattern Loading

O ALD Si0:

“Si” m “0”

38 M2 34,

ALD SiNy : 595°C
ALD SiO,: 105°C
- Step Coverage : > 98%
- Pattern Loading : > 98%

ALD
Si0, g;ﬁ

Non Pattern

source mXl =20l °18t film A
step coverage =, FH =& 20|

o+A: High wet etch rate, low dep. Rate
5 Oxide spacer, sacrificial oxide

Properties ALD Si02 O3-TEOS USG
Chemistry imﬁ:oo:::::: TEOS, 03/02
Temp. (C) RT ~ 600C 550
Pressure (Torr) 0.5~1.5 600
Step coverage >95% 95%
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