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Introduction to Chemical Vapor Deposition (CVD)

Shower Head

Gas & Precursor Feeding System

Vacuum
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Historical Sketch for CVD

e 15t CVD Material: Tungsten (W)

— HHAZ=9| carbon filament2| =Y SkAME 25 S HE

WFs + 3H, —2C, W + 6HF
(WCl5)

Heating

W + 3, 9000000000 6HF

Heating
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Current CVD Applications

e Semiconductor (Memory & Logic..)

e Display (LCD, LED, PDP..)

e Energy (Solar Cells)

e Fuel Cells (Protective Coating)

e (Cutting Tools

e Automobile Engine Block & components (DLC)
e Rocket Engine Turbin

e Nuclear Reactor Components

PR, STt R BaCie MAKBEE

P HE AN X FRAX A

KT S o
Laboratory for Information Materlals and Electro-devices -5 - 2018.12.7 l—|_°il3_7|E oo j'—"':'l' (El o Dl)




Advantages & Disadvantages of CVD Process

Advantages
= Good step coverage
= High Quality Epitaxial Film growth (LED & Semiconductor)
= Various chemical compounds can deposit
= High mass production
= High deposition speed
= High Materials Usage

Disadvantages
= Needs high temperature (chemical reaction)
(but it depends on the chemical reactions )
= |mpurities (sometimes, it become advantage to hard coating applications)

= Environment pollution
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Classification of CVD processes

Thermal Energy : Thermal CVD (CVD or TCVD)

® Energy Source

Extrinsic Energy: Plasma enhanced CVD (PECVD)

Catalytic enhanced CVD (CECVD)
UV enhanced CVD (UVCVD)

APCVD (Atmospheric CVD)
® Pressure

LPCVD (Low Pressure CVD)

Halide CVD

® Precursor
Type

Metal-organic CVD (MOCVD)
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Introduction to Chemical Vapor Deposition (CVD)

Definition

e Chemical Vapor Deposition (CVD) is the process of chemically reacting a
volatile compounds of a materials (precursors) to be deposited (with other
gases(reactant)) to produce a nonvolatile solid that deposits atomistically on
a suitably placed substrates.

1) Precursors (&1 &)
- Halides precursors: TiCl,, TaF., CuCl; ...
- Metal organic precursors: Al(CH;), Zn(C,H;),, Ru(EtCp),, CH, C,Hq, ...
2) Reactants (EFS &)
- for oxide CVD: H,0, O,, H,0,, O3, O, plasma, N,0O, ... and their plasma
- for nitride CVD: NH,, N, and their plasma
- for sulfide CVD: H,S, S and their plasma
- for metal CVD: typically H, or H, plasma
(NH; or pyridine can be used for noble metal CVD)
3) Substrates (7| £H)
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Sequential CVD processes

Main Gas Flow Region

é Boundary Layer

t Surface Diffusion /

Nucleation & growth

Boundary layer

Precursor & reactant

Chemical reaction on surface
(Heterogeneous surface)

R SISt R B MAK B

PUEAK U MAAXF AA

. hra A& o
¥ Laboratory for Information Materials and Electro-devices -9 - 2018.12.7 TS 7| = &%l'jl_-_nl- (AEIHS SDI)




Reaction Types in CVD

e Pyrolysis (Thermal Decomposition)
ex) SiHyg) 2 Sig) + 2Hy
Ni(CO),g = Nij) +4COy,

e Reduction
ex) SiCI4(g) + 2H2(g)9 Siig) + 4HCI(g)
WF6(g) + 3H2(g) - W(s) +6H F(g)

e Oxidation
eX) SiHy(g) + Ogig)™ SiOy) + 2Hy g
2Al(CH3)3) + 3H,0,, 2 Al, O3 +6CH,

e Compound Formation (Nitride, Carbide, Sulfide)
ex) SiCly) + CHyg 2 SiC + 4HCl
BF3) + NHy,) =2 BN, +4HF
Zn(CyHs)y () + HS(g) 2 ZnS() + 2C,Hg
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Theory & Mechanism

e Thermodynamic & Kinetics
— Thermodynamics : =2 HEZ Z=Z4(P, v, T)OI[ A HFS =710 Al HFZ O]

z|O 2 2 &= AEH (maximum yield)E ol &.

— Reaction Kinetics : CFFSt elementary stepdl A 2| HHS T & S8 A,
MA BrS ST S of S3ict
A
Available Time Equilibrium
Q. Which E N N Conversion (2)
reaction is i
favorable? S Equilibrium
g Conversion (1)
o
| |
Log (time)
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Thermodynamics

Gibbs Free Energy, G

ASuniv = ASsurr + ASsys
~AHg
_ YS
ASuniv = T + ASgys

J. Whllard Gibbs

Multiply through by -T
-TAS, iy = AHg, - TAS
-TAS,,, = change in Gibbs free energy for the system = AG .,
Under standard conditions —

AGC,, = AH°, - TAS®

univ Sys
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Thermodynamics

AG° = AH° - TAS°

Gibbs free energy change = total energy change for system - energy lost in

disordering the system

If reaction is

» exothermic (negative A H°) (energy dispersed) and entropy increases

(positive AS°) (matter dispersed), then AG° must be NEGATIVE
: reaction is spontaneous (and product-favored).

e endothermic (positive AH°) and entropy decreases (negative AS°)
then AG° must be POSITIVE J. Willard Gibbs
: reaction is not spontaneous (and is reactant-favored).

AH®° AS° AG° Reaction
exo(—) increase(+) — Prod-favored
endo(+) decrease(-) + React-favored
exo(—) decrease(-) ? T dependent
endo(+) increase(+) ? T dependent

AG°__ =2 AG. (products) - 2 AG,° (reactants)
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(1) Thermodynamics of CVD Process

Equilibrium Thermodynamics of Reactions

aA+bB = cC +dD ==k = [€IDI

[ _ o2
ATl ™ R

)

- Van’t Hoff Equation

dOCar) A sl dinK_AH dinK AR
i RT > aT R dt/T) R

(assume : for a small T change, Heat of sublimationO| constant)

( ) Ink 4 exothermic (AH<0)

AG
n “ exothermic (AH<0)
Kl R T T1 «— cndothermic (AH>0) __cndothermic (A7>0)

) /T r
Exothermic: &&=
Endothermic: E& Bt
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The variation of equilibrium constant Kvs T
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(2) Reaction Kinetics

e Reaction Kinetics

- Rate of reaction : &2/ Al 2t0| AH|= BIE=2Q| =2 = M= MA

o A

- Rate constant:  k_, = y exp(— E, ) =k, exp(— E, y X collision frequency

RT RT .
E, : activation energy
A
h
In k
. 1
20
)
& E_\ Activation Energy 1001
- !
A, B
C 0|
A+B=DC " i et ron
Im .
> I .
Reaction coordinate LA
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Boundary Layer

e Boundary layer

- 7|8 57102l tube wall 2 FE v, ot
bulk velocitydll = E&st= X|HE 77X E — '
boundary layerZ A 2| — :

— HF2 7% 7} O boundary layerE Sl | — = st )
7| T 0 O 2 Diffusion. — — =

— Boundary layer thickness = S2FE0| T
SIS 0| A,

a) Harlznntailsusmplnr
X & : boundary layer thickness i e Y .. 5
o= |— X : distance along the susceptor Decreases downsiream __ ,— — — — — =
Re R. :Reynolds number t”;Mﬂ,m,,,ﬁ,-.a,,m,-,r— Susceptor
p : density of gas b) Tilted susceplot
v : velocity of gas increasing gas velocity
R :'[N_D D : dimension of tube [P AR P

desposili l‘
positio Thick boundary layer

Susceplor

n n : viscosity of gas
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Growth Rate (Effect of Temperature)

. 6
Gas i Film
C, < :
i C,
' Jgs Js
e Mass transport : by diffusion
e Driving force of Diffusion : Concentration gradient

Mass Flux

v

J — hg ( C; — C; ) *hg:masstransfercoefficient

S
! D _,
SRT 9

Reaction at the Surface ‘]S — ks C; * k, : rate constant for surface reaction

v
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Growth Rate

e Mass transport: ] :l
®  SRT

e Reaction at the surface: Js = kSCs

(Cg - Cs) = hg(Cg _Cs)

J4 :mMass transport flux
e Steady state: J. =] ], : surface reaction flux

g5 > J: flux at steady state
D : diffusivity of gas
d : boundary layer thickness
h, : mass transport coefficient
k h K, : rate constant for surface reaction
J — 1 C — 9 C C, : concentration of gas at bulk
(]_ / ks) 4 (]_ / hg) g (kS i hg) g C, : concentration of gas at surface
G : growth rate
J Cg ]_ ksthg N, : atomic density at surface

o N, N, (1/k;)+(1/hy) (k. +hy)N,

TR, SRS R BCIE MATBEE
2R N ALK A
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Mass transport vs. Surface Reaction

e Arrhenius plot \
c -3 G 1 k:h,C, '\\;‘
R = = = IL Surface-Reaction
N, No (1/k)+(@/hg) (K, +hy)N, m GR (- nited region
Mass-Transport
limited region
Slope ~ E
e Mass-transport limited reaction (E,=1~10kcal/mole)
h
Gy =2 C R
N, ° 9 SRT T

— G depends on reactant concentration gas flow & reactor design
— Bad comformality
— Case: K>>h,

e Surface-reaction limited reaction (E,>10kcal/mole)

G = ﬁcg k, =k, exp(- E_a) A : constant

N, T E, : activation energy
— Gg depends on substrate temperature

— Good comformality
— Case: K<<h,

AR THRICiSHE BACIE MATBEE
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Mass transport vs. Surface Reaction

Diffusion of mass transfer Chemical reaction controlled
controlled process process

A

[
»

A
v

In(Gg)

Growth rate

v
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(1) Mass Transport limited Region (i)

Film grow towards the origin of source because the lack of source induces to react

with each sources directly (fast chemical reaction on the surface).

QO source
O O

diffusion

Growth
direction fl

hemical reactiol

Substrate

R SIS R BACIs MAT B
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(1) Mass Transport limited Region (ii

At too high temperatures

» Gas phase nucleation zone : growth rate decrease

In(Gy)

Growth rate

v

Ry SHACHSI R BACIE MATY B
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At too high temperatures

Gas nucleation

= ————
- -~

v Vv

v

\
\
(@)
0]
’

’

-
______

v vV Yy
1

substrate

Gas nucleation

_ Grow up to the nano-powder
(Homogeneous nucleation)

v

o Homogeneous nucleation

Gas nucleation - nano-power formation - decrease of reactant gas concentration

7

Decrease of growth rate at surface
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(2) Surface Reaction Region

In spite of abundance of sources, growth rate of the film is very low. Because the film

uniformly grows with lower surface energy.

O source

O O O
diffusion o O o

Growth
direction v v v

hemical reactio

Substrate
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Homogeneous & Heterogeneous Reaction

e Homogeneous reaction (3= = mass transport limited & <3)
- Ht3 7|M=2] =ttt vrs 0| 7| A Aol A 2H Al (powder, particle 2H4H)
— AdhesionO| L8 1 defect®= =AY
— 1 2/reactant?| == 2d/7[| 2] HFEAMO|

AL

||->|

=

o
o T

e Heterogeneous reaction (== Surface reaction limited & <)
- S 7[M =< st utS 0| 7| E FHOA 2

— AdhesionO| £11 quality7} = Htato| Ho{ &l

2

Srot S &2 98t CVD= Heterogeneous Reaction2 £ 0| S 0 M Ot
=» surface reaction limited region= & S0ol= 0| &
0l 21) nanopowderES CVD processZ 2tE= &2

ol

HCE

:
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Comparison

) Mass transport limited Surface reaction limited
Deposition rate ik = Ct L 2|Ct
Comformality LtB8 Ch =Ch
2c 2 ISR
2 o= ZEC L
Mass transport limited region 0fl A 2|  Surface reaction limited region 0| A1 &

hole2| &2&f

R TSR Bapops MAX B

holel| & &}
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Thermal CVD Process (1)

o At m o S p h e r i c P ress u re Cv D Depletion of reactant gas generates difference of film thickness.

i) Merits Depletion of react gas
. Reactant gas —_
- Simple reactor - ::> > ——

- High deposition rate

¥

.. . Cy V C, v
ii) Demerits - 1 U < 0,

i i 7 C >
- Gas phase reaction (Homogeneous reaction) —— W 0

- Poor step coverage
- Particulate contaminations

lil) Process

High Pressure (760 Torr) = Low gas velocity = Large Boundary layer = Slow diffusion

- =2 mass transport controlled &< =» Homogeneous reaction0| 2 H< = ULt

-5 i 2HE 2o FH =0 L
o

25t ZHES PGHAS SLE Haol Bl

10

2 ER

010

)
== C o o —

R SHCISR B0 MAT B
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Thermal CVD Process (2)

m Low Pressure CVD

i) Merit | Heater | | Heater |
1. Good uniformity. Reactant — Wafer —— Exhausted
Gas — g Gas
2. Good step coverage Horizontal a
. ) Quartz Tube
3. Low contamination rate | z1 W z2 |

ii) Demerit
1. Low deposition rate

2. High operating temperature

iii) LPCVD2| S & H ¥
* Pressure : 0.25~2.0 Torr =» High gas velocity = Small Boundary layer =» Fast diffusion

e =2 surface reaction limitedd &

R THRrCiStE BACIE MAT B .
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Thermal CVD Process (3)

Reactor 20 [} =E B =

— Cold wall CVD
Zlzots 71

L — =

- chambertf 2= 21

e Homogeneous reaction < |

o 7|HE0f| Tt S EF_pinholeM A 2| 2| gl=

e lowT-HIE=
ol 2 JlsM

oF wallAtO|of| HEZ0]| 2| S source

o

= 435 |, single wafer type CVD (HFEZ X))

— Hot Wall CVD

o 7|Et2} chamber 25 712 - homogeneous

reaction

e Reactor wallLll 0l = 82t S =

=pin-hole& M

. Ures Y.

> e EH|, o2 &S &7H SEFAl (batch-type)

R SHCISR B0 MAT B
EE A A FALL A4
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cold wall indL:?iun coil
(= =] &O oo codoo

substrates

‘l

S—r

reaction gas
000000 OCDOOOCO

|

gas inlet gas outlet

(b) Cold wall reactor

hot wall

heat winding

substrates
| _

reaction gas

AN AN NN
gas inlet gas outlet

(a) Hot wall reactor




Plasma-Enhanced CVD (PECVD)

O

Shower head P = 10mTorr ~ orr
I#Jr#&###]l ek e
L2
electrode — Spacing ~ a few.cm
substrate
E \‘ L heater | |
\_“‘
activated / Q, (Ea)
A 4

T o, (E2) Q, (Ea) : non-PECVD process

| | | a
Plasma Lo .

>i : : Q, (Ea) : PECVD process

v
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PECVD

= Plasma LHOIl A ionOl Lt radical & 2 reactive speciesE & &
[0 Activation energy 2 A Z Qe BIE 22 Y= S 1t

m Deposition mechanism
[0 Radical — highly reactive, high density
0 lon - Breaking down weakly bonded reactive species, densification

n &
O %2 %E(ex SiN, thermal CVD — 800~900°C / PECVD — 2F 350°C
O CtE 23 erot %”%‘AI, 2+ {\QE Lo BIE=C I R 6 F(EBUEOIK &S

= CHA
0O Y2 =252 Qo 2a=22 €20| 0|F 0 KX £=C
O lon bombardment0fl 2| 8t damage
[0 Reactive species2| & S homogeneous reaction
[0 Poor step coverage (B &2 0ICH OHE 20| Y2 = US)

SR therrsta Baope MAY B
e =N A TAAX; A

N2 7|1== HEAS (AFM
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Summary - CVD

CvDel & PSS &
2hctet A X _
APCVD = =x e c =0 Z¢et =
Thermal = e
CVD 2ol sk grot
LPcvD | T Ll saag
O A= Y e
S =8t step coverage
e == Poor step coverage
PECVD m ; z ;A = Homogeneous reaction
T ST

lon S = 0l 2|2t damage

R TSR Bk MAT DY
P 2018.12.7 T3 7|
. . - O

Laboratory for Information Materlals and Electro-devices - 33 -




Atomic Layer Deposition : Birth of ALD

® ALE invented by Dr. T. Suntola in early 70'
® Originally adapted for films for EL devices
— large-area, large-batch
— multilayer processing (0.2 - 1 um each)

Al,O, - passivation
Al - metal electrodes

Al,O;3 - insulator

ZnS:Mn - phosphor

g .70 - insulc

, E
! ITO - transparent electrodes g
T — L b SgE wenco AI203/TiO2 AI203/Ti02
B —
‘ Glass substrate
TT——

QR ST R BiE MAX B

P HE AN X FRAX A

. x
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Atomic Layer Deposition : Revival

I1S9S118

AB°8IX AA B°'b

s

po Y149

karuni et 3 00 \
70:1 AR Trench Metal Fill

® For nanoscale 3D structure requires capability of deposition into high
AR is specifically required: ALD is the only solution.

® High k based nanolaminates are standard materials for comtemporary
DRAM devices

D.G. Park et al, IBM, ALD 2003 J.A. Kittl et al, Microelectronics Eng, 86, 1789 (2009)
R SR BN MAX B

PEEAK U MAAKF A A xl

A DA SHRTS (AbA
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Atomic Layer Deposition (1)

© Representative “thin Film Deposition Processes in Vacuum”

Main Gas Flow Region

- Wafers ,\O\\ Dukspwe (0 r\ X3
= / - Lok T NN [ (S ‘ ‘ ’ ’
% T R x ®é9 ® 1 © ‘ é ; i
Aluminum ‘ © Oy 'Y $ *mm(>
Charge \Aluminum Vapor ‘ /\@ ® @x‘
106 Torr t PR ® - ‘ é)
® - ®
| | L =Y 1 5

X / Wafer Surface -
To Pump High Current Source J_

AX(g) + BY(g)(reactant) > AB(s) + XY(g) 0

1. Complementary reaction
- Each reactant supplying sequentially without thermal decomposing
- To form films by repeating cycles

2. Self-limiting mechanism

- A precursor vapor distributes on non-uniform surface and saturating to a

certain amount on surface
- Surface reaction btw. reactants

W 0 ;|7777‘m vl Superior step coverage, Exact thickness control in nano-scale.
- Excellent large area uniformity, Easy to control multi-phase.

R SIS E B MATBEY
e e o 2018.12.7
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Atomic Layer Deposition (2)

® Thickness determined simply by number of cycles

® Precursors are saturatively chemisorbed
=stoichiometric films with large area uniformity
and 3D conformality

® Uniform step coverage and pinhole-free films
® Nanolaminates and mixed oxides possible
® | ow temperature deposition possible (RT-400 °C)

® |_ow Deposition Rate
—typical rate < 0.1 nm/cycle
—1 second to 1 minute cycle time

—depending on temperature and properties of precursors and
by-products etc

® Limitation of Materials

—controlled by availability of suitable ALD precursors
—thin film growth limited by activation energy
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Atomic Layer Deposition (3)

A ALD window

Precursor | Typically 20-400 °C | Precursor
o . ke = &
= condensation : : 1 decomposition
-4 1 Chemisorption "
1 1
8 1 Self-controlled growth, not
8 ' affected by substrate :
% I temperature |
- [ [
= 1 !
‘E i I
1 1
= | |
o 1 i
Not enough : ! Precursor
energy for I 1 desorption
i 1

surface reactions

Deposition temperature
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Atomic Layer Deposition (4)

ALD Window Zone

. Max deposition temperature; below thermal decomposition of precursors
Min deposition temperature; over possible reaction between sources

()
© A CVD/
L
. . s New precursor
Lower-limit sp Upper-limit o -
of ALD of ALD ') /
: Lowest :
reaction temp. self-decom. temp. 1 ML :
> = New reactant >
Temp.

‘.un/,t-:v B_ﬂytﬂ‘ﬂi 2% MAT 2SS
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Atomic Layer Deposition (5)

¢ Higher reactivity of radicals

— Large “process window” « More versatile reactions
— Low temperature deposition ”
/| Metal N
precursor + 0

Decompogition

Metals
Nitrides
Oxides

Growth rate

o

Growth temperature
Lowered
growth
temperature
limit

Widened process window

IR SHerCistE BICEE MAKBEE 7
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Atomic Layer Deposition (6)

Pros

[ Lower deposition temperature: metal
deposition for BEOL

Broader range of chemistry possible:
metal ALD, SBT ALD

{ Denser films: diffusion barrier
Lower impurity: high k
Higher throughput* (some cases) .
In situ plasma treatments

\ Additional growth parameters: plasma
power, configuration, bias..

Cons

[ More complicated chamber design
More complicated reaction chemistry
Slower * (not always)

Damage to films * (Not always)

A

Metals/nitrides Oxides

Ti, Ta, AL Ru, Cu, Co, Ni.. ALO, Ta,05. Y,0s5, Z1O,.
Repoﬁed materials TiN, TaN, RllTiN, TlSlxNy. HfOz, Sl'TiO3._ SrTa206 and
TaSiN,, W,N, SiNj.... StBi,Ta,O,....

R, THICSt R BIIE MAK B
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Atomic Layer Deposition (7)

Graph 1, precursor dosage saturation Graph 2, precursor dosage saturation
‘ :’ """"" ) ‘ Ui e )
Thickness = = Thickness il ="
per cycle : : per cycle : :
( ! | )
: : : :
' ) { |
|
' | l |
Metal precursor dosage Non-metal/plasma dosage

Graph 3, linear growth regime

e

Graph 4, temperature variation

4

Thickness Thickness

per cycle

Number of cycles Temperature

R THRrCiStE BACIE MAT B .
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Atomic Layer Deposition (8)

® Dosage optimizations (pulse times, precursor temperatures)
— Under dosing = lower saturated growth rates and poor uniformity

— Overdosing = precursor waste and possible CVD component
— Normal ALD process is slightly overdosed to ensure good uniformity

® Optimization of wait times

— Too short a wait time = excess precursor overlapping and thus introduces
CVD component

— Too long a wait time = a waste of time (increases cycle time) and may lead
to undesired thermal desorption or decomposition

® Optimization of growth temperatures

— Effects on Fropenies of films (purity, crystallinity, conductivity and dielectric
constant etc.)

® Growth rate linearity test-rate (thickness vs. # of cycles)

— Slope, intercept and low cycle curvature provide hints about ALD
mechanism

R SHICSt R BIE MAK B
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Atomic Layer Deposition (9)

PVD CVD ALD
Reaction Physical Surface +vapor Surface reaction
adsorption reaction
Low (RT) High (> 600 °C) Low to middle
ten?rgrgg . to middle (MO (<500 °C)
P source <300 °C)
Step coverage Poor Good Excellent
ImoUrit Very low A few % Low (< 1%)
P y (<1 %)
Thickness >50 A > 10 A <afew A
control
Particle OK poor OK
Wafer Good Good Excellent
uniformity
Growth rate Fast Middle Slow

® ALD could be best solution for some applications in device fabrications

R, THICSt R BIIE MAK B
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Atomic Layer Deposition (10)

Tool configuration: Travelling wave type

©@ The simplest type of reactor configuration: gas flows from side in laminar
flow mode

Ry SHACHSI R BACIE MATY B
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Atomic Layer Deposition (11)

Tool configuration: Shower head type

Matching
Network

CN1 Plus200

Stage Heater

@ Ideal for semiconductor device process with good uniformity

@ Also good for direct PE-ALD: higher reaction rate, but possible damage
due to ion and electron bombardment

R SISt R B MAK B
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Atomic Layer Deposition (12)

Tool configuration: Remote PEALD

RF plasma

Leak valve

e
Gases (H,, N.)

Quartz tu
RF coil
Ar

Qms A\

Leak valveZu]

W

Turbo pump Metal precursor

200 mm wafer

© Use ICP plasma source: decrease potential damage issue, but with limited
iIndustrial use

SR THICI SR BICIE MAT B
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Atomic Layer Deposition (13)

Tool configuration: batch type

Beneq 550

© Throughput enhancement by batchtype ALD: demonstrated up to 3000 wafers/hr
(NCD)

® Large area tool available: up to Gen4 (1200x1200)

R, THICSt R BIIE MAK B
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Atomic Layer Deposition (14)

Tool configuration: Spatial ALD

5 -— ™ = =
Inert Oxidizer Metal
Monocycle l ' l |
= = Precursor Exposing
1
- 4 Ar Purging
: ' "Mth'
: . 7
Chamber-Based ALD ' Il eeteeeee. ™ 2 DN @) 7 4AL, v/ Altematmg source
I . 00 <1 1f] U.I L T and exhaust
Reactant Exposing BN 0 TUsmeeolll L0 Hrmdtesser® channels
Time

@ Time sequential process ® Enhanced throughput by space division

= Low throughput ® Compatible with atmospheric process

* Schematic for high throughput ALD

@ Air barrier (N,)

Ry SHACHSI R BACIE MATY B
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Atomic Layer Deposition (15)

@ R2R ALD Process Lotus Appl Tech

'\'J\.

N l - (1) Open Air ALD Process

har . |
ChambarRased ALD (2) Resuiting Coating Quality

and Devices

(3) Opportunities for Large-
Area Pattering

- A polymer (PET) subetrote coated by the TFS 200H

Levitech’s atmospheric spatial ALD TNO'’s R2R atmospheric ALD

HoBefof =S
BeBedab
.

mmnmumm woge

\
\

Roll-Compatible
Process

Ref. Kodak, ALD 2008, Brugge

Flexinlo substrate Spatis! ALD drum

R SIS R BN MAY B
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ALD Layers for Semiconductor Devices

© Various ALD Materials (used, candidate, and promising group)

Diffusion barrier: TaN, Ta, TiN, TaSi,N,,
Cu seed layer: Cu l
Direct plating: Ru, Pd, Pt, Ir.

Gate oxide: HfO,, ZrO,, La,0;,..
Silicates, nanolaminates '

Metal gate electrode:
 TaN, TiN; HfN, W, Pt, Ru..

Plug/Plug Barrier:
Plug for via hole/seed: W UQ/W”%Nf‘rr'er

Barrier layer: TiN, Ti, WN

Contact: CoSi,, NiSi..

R SIS RIS MAX B
AN A ALK A4

@’ Laboratory for Information Materials and Electro-devices - 51 -

Top electrode: TiN, Ru, Pt..

Capacitor oxide: Al,O,, Ta,0;,

HfO,, La,0;, STO, BST, Hf,ALO,,

2018.12.7 TI&

Laminate..

afectrode: Ru,
B [rO,, TiN...




ALD Layers for DRAM (1)

@ Basic Requirements and Issues

DRAM : 1Transistor (switch cell, mostly n-type) + 1 Capacitor (storage cell)

- Writing the data within a short enough time (<50ns)
- Keeping the stored data stable
- Showing a high on/off current (1, ,.f) ratio (>10%) and V,,, (~0.7-0.8V)

: DIBL Issue (short channel effect)

— Reducing the on current and the operating speed.

Gate Insulator Scale down for the future:
Non-uniform growth of gate SiO, on the various crystallographic planes

— ALD gate dielectric layer for conformal formation on the select transistor

R SHOIC)St R BACIs MAX B
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Sustainable SN height [um)]

ALD Layers in DRAM Cells (2)

@ Capacitor: Basic Requirements and Issues

DRAM : 1Transistor (switch cell, mostly n-type) + 1 Capacitor (storage cell)

2.0

1.6+

1.2¢

0.8}

0.4+

70nm < 40nm
100nm
ali
170nm 150nm
AAER
SIS SIS MS MM MM
Feature size (Storage node shape)
. y 7 : , v
|} -

*|TRS 2009 (25 fF) Bal | Bt
£ 5| ~® EOT=05nm |
© —4&— EOT=0.3nm
rold e ® EOT=0.2nm |
3 3 X
Z o A .

8 2} e e WS
S © A g
1 A -
g, Tty
20 30 40 50 10 20 30 40 50

Design rule [nm]

Storage node height

Ry SHACHSI R BACIE MATY B
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Design Rule [nm]

- B3 -

Cylinder or hemispherical grains (>50nm)
A simple box type (<50nm)

Zr0,/Al,0,/Zr0, (ZAZ)
dielectric film in a stacked
Capacitor. With thickness
3.2nm Tox=0.99nm at 1V
And 1fA/cell (Hynix)

2018.12.7 T3 7|=



ALD Layers in DRAM Celis (3)

© High-k dielectrics : ZrO, class

Q Tetragonal ZrO, (k=40)

Q (@7 @) @ 275°C.
Me-, -2 _Me . ; Me~, -Zr.  _.Me
Me/N /l‘l\l\ N\Me TEQ:NIEKN::E ME/N /_l’ll\ le‘u‘le AR = 160
Me" Me M Me € Mg Me
Step coverage ~90%
Mono-Cp-compounds produce high-k (tetragonal)

polumorph easier

The other way is to use doping: (HfO,:Y, ZrO,:Sr)

TEM Plan-View Sectional Images
Of Samsung 48nm 1GB-DDR SDRAM 48nm DDR3 SDRAM

SEM Cross-Sectional Image of Samsung

%gqqzxim;f ﬂﬁ?gqi AlS|Al Ref) Markku Leskela 10t MIICS Conf ’ E
- B E_+_ SN ix e arkKku Leskela ¢ onrerence
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ALD Layers in DRAM Cells (4)

© High-k dielectrics : HfO,, TiO,, Ta,0; etc

“ Candidate Materials
& Top Electrode
4l A =16 | 1. Ta,0;
e T°3< (EOT_) <0.3 nm - Amorphous and orthorhombic
E P Dielectric constat (relatively low k ~ 25)
= 27 - =20 1 (as high as Possible) | oh
8 - Cap. Value ~25pE* - Hexagonal phase
- ap. Value p N .
- ° (k ~ 65 along the c-axis)
Thgm o ] Step Coverage >95% _ o
W HiOmutile TiO, - ALD films : low K on Si, TiN
& Hoanatase TO, Bottom Electrode high k on Ru
0 2 4 6 8 10 12 14 Post annealing, Leakage current issues
HfO_ Thickness [nm]
2 2. HfO,
Changes in the t_, of HfO,/rutile TiO, - Amorphous and monoclinic
and HfO,/anatase TiO, stacks as a (relatively low k ~ 20)
function of the HfO, thickness - Cubic or tetragonal phase
Ref) Seo M. et al. Chem. Mater 22 4419 (2010) (k >30, high temperature stable phase)
3. TiO,
- Anatase phase (relatively low k ~ 40)
- Rutile phase
(k ~90, a-axis ; k ~ 170, c-axis)
Also Ternary phase such STO etc...... Post annealing issue (>500 or 800°C)

Matched with Ru or Ir electrodes
2 zé%rcufztax?imqlﬁt tf?gm? MEAl
P SEAN A TAAKX *ALR for Semicangduct
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ALD Layers in DRAM Celis (5)

© Electrode for Capacitor : TiN, Ru, and RuO etc.

Electrode Materials

1. TiN

- Metallic (negligible depletion layer thickness)
- Lower oxidation potentials than Al203, HfO2, and ZrO2
as a top electrode.
- Issues: No reaction with the dielectric material
Low contact resistance
High work function for a low leakage current

2. Noble Metals

- Pt, Ir, and Ru
a. Ru: WF ~ 4.8 eV, etchable under 02 plasma, ~ 13uQlcm
cf. Pt (WF~ 5.6) and Ir (WF ~ 5.3 eV)
issue: incubation cycle on TiN and SiO,, Rough/continuous surface
Vertical SEM image of Ru film b. MeCpPtMe;, Ir(acac); + Oxygen dissociation (catalytic effect)
grown on The SiO, contact hole issue: Cost and Patterning
with an aspect ratio of 17
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ALD Layers in DRAM Celis (6)

© Sacrificial Layer : SiO, ALD

Sacrificial

Oxide dep.

TiN Bottom
Electrode

[ Process Requirement for Sacrificial Layer
1. Extremely high aspect ratio

2. Potential oxidation of TiN Bottom electrode

Etch back/ICMP
&remove  (d)
sacrificial

oxide

(c)

" SiO, ALD at low temperature

TiN Top Electrode

HOMHIT, Precursor: DIPAS, BTBAS etc.

R, SrerisE Bace MAK B
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S PVD CVD ALD
Source Target Precursor Precursor/Reactant
Mechanism Momenturn o i
Deposition Rate 0 0 VA
Step Coverage Poor Good Excellent
Film adhesion 0] 0] 0]
Uniformity (Z£/d) Ay N 0
Uniformity (57Hl) Ja) Ja) 0
Semiconductor Semiconductor
Applications HarchScF:)I:\t/ing HarDrjscF:)I:}c/ing Se?cjlca()rnc(j(:IIC:or
Barriers Barriers
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