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Challenges at the Atomic Scale

Atomic Layer Deposition

—>Binary code - Two site-specific self-limiting half reactions
—> Atomic scale —> Atomic scale controllability
—>Smaller is faster —>Tailored composition and engineered interface
—>Reliability issue —>Highly conformal deposition over 3-D features
—> Integration —> Compatibility with IC manufacturing
—>Pattern fidelity ;':"f“T“‘: R —>Highly direction ions for pattern fidelity
—>Reaction selectivity . —:_Ew’! " _’_:Vi —>Controlled ion energy, type and ratio to radicals
—>Reliability issue Bl hiina "_-"; e ol I ] —> Integration with wet surface chemistry
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A highly selective process 1s critical in enabling the device integration
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Multifunctional Oxide Materials

* Properties
— Insulator, semiconductor, metal
— Ferroelectricity; piezoelectricity; superconductivity
— Tunable band gap and high breakdown strength
— High thermal stability and low thermal conductivity
— Good wear, chemical, and thermal resistance
* Applications
— Nano-electronics (logic and memory devices)
— Optoelectronics/Photonics/Sensors
— Photovoltaics and fuel cells
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Challenges in Reducing PFC etchants
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* Why is C,F, still being used? —> products drive the reaction
* Issue: usage in both patterning and chamber cleaning
* How can C,F, be replaced? —> understand the reaction
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Criteria in Plasma Selection

v

¢ CI" o Etching of complex metal oxides

L — Multiple metal elements
e — Various concentrations
¢ MClI — Different reactivity

/ \ g  Important criteria
¢ sheath :
@ v — Plasma chemistry
7 ) Y — Plasma density, 1on energy
/ — Dominant etch species
/ mask
2. o \ Z — Metal oxygen bond strength
MCI | — Nature of etching products

— Heat of reaction
— Etch product volatility

Ion* Moz

Slhcon

» Cl, and BCI, plasma are viable for patterning high-k dielectrics
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.
Effect of Reaction Chemistry

Potential Reactions in Cl, Potential Reactions in BCl;
Chemical Reactions AH (kJ/mol) Chemical Reactions AH (kJ/mol)
Cl,—2cCl 243 BCI, +30, ——3(BOCI), +Cl, -141
Cl+0—*sclO 2268 AlLO, +3BCl, ,, —>2AICl, ,, + (BCIO), ,, 84
AlO, % oAl +30 3084 AlLO, +6BCl, ,, —>2AICl, ., +3B,0Cl, ,, 286
ALO, +2Cl —% 52 AICI +30 2085 ALO; +3BCl, 5, ——2AICl,;, +3B,0,Cly, 250
AlLO, +4Cl—5—2AICI, +30 1276 HfO, +2BCl, ;) — HfCl, ;, +3(BClO),, -58
AlLO, +6Cl——2AICI, +30 529 HfO, +4BCl, ,, —> HfCl, ,, +2B,0Cl, , 79
AlO, +5CI ——2AICI +3CIO 1279 HfO, +3BCl, ,, — HfCl, ,, + B,O,Cly, 53
AlLO, +7Cl—%—2AICI, +3CIO 470 : -
ALO. +9C1 5 2AICL 43010 277 Species Volatility Bond Strength
HfO, — k0 sHf +20 2261 Metal Halides ~ Sublimation Pt. (°C) Bond Bond Strength (eV)
HfO, +4Cl —4— HfCI, + 20 271 AlF; 1276 Al-O 5.31
HfO, + 6Cl —— HfCI, +2CIO 264 ALl et AIHCH Il
HfF, 970 Hf-O 8.32
HfCI, 317 Hf-Cl 5.16

* MCI,, ClO, and (BOCI), formation drives the etching reactions
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Etching Mechanism Analysis

« Breaking M-O bond is the critical step
—Chemically enhanced process = ClO, (BOCI);,

* Clradicals react with M to form volatile MCl,

« Complexity of surface reactions ( )
—Simplifications necessary for modeling
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Model Formulation

E > E Summary of Rate Model Parameters
th,s th, p — ,
Parameter| Definition Units
Etch rate of metal oxide J; [Positive on flux
15 1 15 1 J.  [Etching Species flux %zs
= J. LT — . . N Depositi ies fl
( ER)S J i A‘s ( E|on Eth,s ) ges + JI Bs ( EIO Etr ,S ) 9 £ PRI
E,, [Positive ion energy
= J V S HI Ey.  [Substrate etching threshold energy .
es e
E,; [Substrate etching transition energy
Deposition rate on metal oxide Es, [Polymerching threshold energy
v..  |Volume of substrate removed per etching species
( DR )S — DS eds — \J d Vds Sds 61 Vg |Volume of polymer grown on substrate per depositing species A7
v, 'Volume of polymer removed per etching species #
Etch rate of polymer : PO ’ =

Voo [Volume of polymer grown on polymer per depositing species

( ER) — J : C ( E-l /2 _ E 1/2 ) 0 J V S 8 S React?ve st?ck?ng probab?l?ty of etchin-g. species .on substrate

P 1= p (o]} th, p eep-ep Ses  [Reactive sticking probability of depositing species on substrate unitless
o Se  [Reactive sticking probability of etching species on polymer
D eposition rate of polymer Se  [Reactive sticking probability of depositing species on polymer

A Volume of substrate removed per unit bombardment energy due
( D R) — D 9 — J Vi S 9 to ion mixing-induced desorption

p p~dp d dp“~dp~2 g |Volume of substrate removed per unit bombardment energy due A7
to ion-enhanced chemical etching V2
'Volume of polymer removed per unit bombardment energy due

o C
Site balance P lto ion-enhanced chemical etching
D, [Depositiong rate of polymer on substrate Zy
— — D Depositiong rate of polymer on polymer S
= — P
0,+0,=1=>60+0,+60,,+6,+6, +6,, =1

R =(ER),|-(DR), +(ER) |-(DR),
- (ER), ~(DR),

= ‘]lAs (Eilc:2 tlh/zs)H + ‘] B (E;f Etlr/2s)9es - DpHdp
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Model Development

Rt _ ‘]ezvessesvepsep - ‘szvdssdsvdpsdp
J S ‘J jvdssdsvdpsdp ‘J d ‘JevdsSdsVep Sep J Vv S ‘] d ‘]evds SdsVep Sep ‘Jezves SesVep Sep
eVepDep T D * JC (EY? _E gV O0s F D) 1/2 1/2 1/2 1/2
p i~p ( ion th,P) s ‘]i |:A§ (Eion - Eth,s ) + Bs (Eion — Etr,s ):|
Ji [As (Eilc:r? - Etlh/zs ) + B, (Eilo/r? - Etlr/,zs )] _ J dVddep
— t —_—
1+ ‘Ji |:A% (Eilc:rf - Et1h/,25)+ Bs (Ellcfr? - Etlr/,zs ):|/‘]evesses 1 + Jdvddep/Dp

R =(ER), -(DR), =JC, (Eﬁgg = Egh/fp)— 3,24
E._<E
N ~(DR.),,= 300 A/min
., J,=26 #/A%
R==(DR)y ==daVSw =—JoZo 5 of BCL ranges 0.001 to 0.1*
> v, ~ 19 A3
* Choi and Veerasingam JVST A 16(3), 1873 (1998). Chang Lab UCLA



Plasma Etch Modeling

S R S GRS IS

Rt _ . e “es~es 'ep“ep >
Jiv, SV, S J IV, S,V S J IV, SV, S Jov. S, v, S
JeVepSep + d “ds~ds "dp“dp + d%e dsl/zds ep 1/ezp +JdVdSSds + d“e"ds“ds "ep“ep — e 1e/s2 esepep v -
DIO ‘JiCp (Eion - Eth,p) DS ‘]i |:A%(Eion - Eth,s)+ Bs (Eion - Etr,s ):|
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* The model addresses flux/energy dependence and etch/deposition competition

Chang Lab UCLA



<
—
9
— -}
= 3
- S
(S - Y Y @
Sl S| e 2 igoe H E O
L O I @ Sy @) v
S W0 Y ge® XX &0
.‘b Sve 9 & o Catat M)(
S\ ® ® O AL X X ) Z =
Yon & & IR R 5L — 5
? s2'@P _ CYONC X X ) S 8
'e / ‘. LA
O3~ = m m
: -
T =34
&=
00 < 20
®— _=)—e >
o~ S9O8® =5 ¢
o5 Sp0ee -
0> 97 LEEEE =t 2
o '*OO00 o &
O XL X X S RNl
¢ O Q
= T
- S ~ ~
~ _ - e
O s o= @Ee® -
< ~ ; ‘v’o'om.. e
S o CORL A L4 o ' 0009
?n =0 X X X = — X XX
_P_a > ® ® ar.b‘b.&' & o a‘.&'&'&.
A O @ o“'v;’_"' > C X X X —
= C
C = XXX O
0, 4.1,." \_.‘.. O .v.v.o.o' _ m
DA<= Ve A L X of
2209 99 ee = 3
AR X S 60es o 4
B0 | Yt % ‘evee o=
E NS | -? : H =)
1 i
—_
Q > F e
] < GERee 3=
A @® ”“~¢.0'0. RS M_ O_
* ﬂ'.'o'o' =K==
S oo‘f.o_;.c. = M_ H
° . OR ) X ) . A
7, BRC:
| KL
0% ~ { O v - N
O | w o oses] [ vEeS =222
(1 » J{ o v 4
@ A S >
8 % Cises o = 50008 S22
V 9 / A<= ra® O ,-._.' o IM\/.C
2 e - (3 A S s -
. & = % g Wee g
< 2S¢
o
55z
T =




Challenges and Opportunities

Challenges: PFC replacement would have to meet all patterning criteria
(etch rate, profile control, selectivity) provide a smaller GWP footprint.

Opportunities: Investigate targeting gases and applications where the
processing risk vs. GWP reward 1s large.

Plasma processing capabilities, analytical tools and modeling capabilities
will be required for successful completion of this task.

Proposed Milestones (timing TBD):

e [dentify high impact gases and plasma etch applications

e Develop, analyze and test performance of alternative gases.

e Develop and utilize modeling to predict PFC replacement strategies
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