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ALD, an enabler for nano-patterning Multifunctional Metal Oxides
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ZrO,/HfO, have high k, large Epp,, and wide band gap

et 3 Y,0,/Er,0; have medium k, Egp,, and wide band gap
Conformal and well controlled synthesis of metals, semiconductors, and complex oxides - -

Integration with subtractive or additive processes to form nano-patterns
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+ Si, Al, and N incorporations have been shown to improve the dielectric properties, the Acknowledgement

crystallization temperature, and band alignment with respect to silicon
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Criteria in Plasma Selection

* Etching of high-k dielectrics
Metal oxides
Doped metal oxides
© ML, — Alloyed metal oxides
* Important criteria
— Plasma chemistry
— Plasma density, ion energy

X
L3
7 \/ ? ask — Dominant etch species
"‘ Cl0 A e Metal oxygen bond strength

MC Nature of etching products
Heat of reaction
Etch product volatility

sheath

* Cl, and BCI; plasma are viable for patterning high-k dielectrics
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Plasma Diagnostics

ECR Source
Microwave
Optical Emission
Spectroscopy (OES)
Quadruple Mass
Spectroscopy (QMS)
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* Quantify gas phase and surface reactions by LP, OES, QMS and XPS
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Reaction Pathways

Potential Reactions in Cl, Species Rolatiitth R eactioBond BGEngth

Chemical Reactions AH (kJ/mol)

Cl,——2C1 243

Cl+0—5Clo

ALO,——241+30 3084

AL, +2C1—4— 2 4ICI +30 2085 .0, Ty ——>2A4IClg+3 BOCI,
1,0, +4C1—2524ICL+30 1276 HfO, HIBY, ., ——> HYCI,

41,0, +6C1 ——2AICI, +30 529 Hfo, B,

u

41,0, +5C1—->2 AICI +3CIO 1279

ALO, +7CI—-524ICL +3CI0 470

Species Volatility Bond Strength

ALO, +9CI —-5 2 4ICL, +3CIO

HJO, —2—> Hf +20 1 Metal Halides _ Sublimation Pt. (°C) Bond Bond Strength (V)

HfO, +4Cl—*— HfCI, +20 2 AICI; 180 ALO 531
HJO, +6C1—*:— HfCI, +2C1O HICl 317 AlCl 531
HEO 832
HECI 5.16

* MCI,, CIO, and (BOCI); formation drives the etching reactions
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BCl,/Cl, Plasma Characterization

QMS Measurement Langmuir probe Measurement

6x10"

o e
e

density (em™)

0 40 6 80 100 20 40 60 80 100
BCl, (%) BCI, (%)
5 mTorr, 300 W, -70 V; Ar flow rate was fixed at 5%
BCl," is the dominant ionic species

¥ VY V¥

Ion density was maximized at 40% of BCl; and reduced at higher BCl; flow rate
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Effect of Ion Type/Energy on ER

Cl, 3 mTorr, 500 W BCl,

Etch Rate (A/min)

« Etching rate increases scales with the square root of ion energy and BCl, addition
« Etching threshold energy depends on the M-O bond strength
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Effect of Ion Type/Energy on ER Effect of Ion Type/Energy on EP

Etch Rate (A/min)

QMS Intensity

te (A/min)

Etch Rate (A/min)

« Etching rate increases scales with the square root of ion energy and BCl; addition * Al, AICL,, AL,Cl;, and A}l‘(_‘lg identified as the primary Al-containing etch products in BCl;
« Etching threshold energy depends on the M-O bond strength oLt YOOV DL, e, e RIE Y G i
- « Etch product formation increases with E;
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Effect of Ion Type/Energy on EP Surface Composition
c, BCl, a, BCl,

Bls . Al2p

HIC,

N

J ‘\
L\ 0

Depos H . ,/.'.
cposition | H

Region I 7

A
; oottt i
HIBOCI 7 204 200 198 19 © 66 210,205 200 195 190 82 80 78 76.74 72,70 68 22 20 18 16 14 12 10
Binding Energy (eV)

2 14 Binding Energy (¢V)

. " . - Boron (~3-5 at. %) and chlorine (~1-2 at. %) observed upon etched film surfaces
* Al, AICl,, AL,Cl,, and Al,Cl; identified as the primary Al-containing etch products in BCl; Surface composition (Hf, Al, O) relatively constant after etching
. Hurmu}n rcmgvf:d a8 Hi . H.r(.l » and HIBOCI, in BC plestna Amount of B and Cl increase with decreasing E;,; deposition dominates at lower E;,
« Etch product formation increases with E; ion

ion>
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Cl,/BCl, Plasmas — Effects on ER Etching Mechanism Analysis

- - . L L) ®
3mTorr, S00W . SmTorr, 300W ..
® e/

S

Etch Rate (A/min)
Etch Rate (A/min)

L L L L L L L L L - L
10 20 30 40 50 60 70 80 90 100 10 20
BCI, %

30740 50 60 70 80 90 100 Breaking M-O bond is the critical step
BCL % — Chemically enhanced process = CIO, (BOCI),
Cl radicals react with M to form volatile MCI,
« Complexity of surface reactions (
ER(A",CL)<ER(BCL)<ER(BC,,BOCL) Simplifications necessary for modeling

Etch rate increases possibly due to increasing amount of high mass species
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Etch Selectivity to Silicon

SmTorr, 300W (E;,,~80eV)

ion
1200

1000
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2 600

Selectivity

400

e
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20 40 60 80 100 20 40 60 80 100
BCI, (%) BCL. (%)

» High selectivity is required for patterning advanced gate stack
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Modeling Formulation

Summary of Rate Model Parameters

Etch rate of metal oxide
(ER), =J,A4,(E}; Vg, +J,B,(E!? 2)o, . -
=J,5.6,
Deposition rate on metal oxide
(DR) =D, =J,v,
Etch rate of polymer

(ER),=J.C,(Ey,

Deposition rate of polymer

(DR) =D,6, =J,v,,5,6,

Site balance

0,+0,=1=0,+0,+0, +0,+

R =(ER),
=(ER),~(DR),

=JA( )6, +J,B,(E): - E})6,~D,6,

R.M. Martin and J. P. Chang, JVST (2009) Chang Lab UCLA

A Two-Step Etching Process

@ MCl,

sheath

Selectivity

mask

Metal

oxide

Higher threshold energy was obtained for etching Si in BCl; plasma
Low ion energy is preferred towards the end of the etching
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Plasma Etch Modeling: Review

Steinbriichel (1989) G Sawin (82/93) Hershikowitz (1996) Pearton (2006

Y(E)=C,S, (E/E,)f(Ey/E) R=kOE,J, (ER), =K.0,J.E, ER=(J.Y,, +k,)0,/ N

S(E/E,)<E R=v5,(1-0), (DR), =K, 0, Yo =4 (E —E)
g 1

E)=1-(E,/E) _ 1 6,+6,=1 A=
1+kEJ,1(v8,J,) 6,-0,+0,+4, L+ B(J.Y,, +k,)1J,S

Op +6, k=18, (JE ~JE,)
R~ A(E"~EL?) R KEJ
1+KEJ, (vS,],)

Barker, M
X oL IVST
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Model Development

TS 08 — IV SuVaS,

S v Suv,S, J i J v v,.S.

uSalySy Y SuVe S
JC,(Ew-Ep) D,

i-Ey)+B,(E -E12)|
71\/‘[.((1&"4'f)\/z(qf.‘j 2

R. M. Martin and J. . Chang, JVST (2009) Chang Lab UCLA




Final Model and Evaluation

>E

h.

R =

1

JZ,7Z,
JZ,+ ———
D

)
+ ./”Z‘h }7‘/“‘]‘2‘“2‘” +
)

17

th,p

<E,, <E

th.s

R =(ER), ~(DR), =JC,(Es ~Eyp)=JiZ,,

h.p
=300 A/min
S
s,,of BCI, ranges 0.001 to 0.1*
R==(DR), =~JmSy==0Zy 3 [oie

* Choi and Veerasingam JVST A 16(3), 1873 (1998).
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Modeling of ER in BCl,

{08 3 mTorr, 500 W P22, I
*uc, (B 7
JZ,2, (
J.B,(E;:-E,?) ‘
R=JC,(E)}-E})-J,2,

\172
| e 0,69 BCI/A%s
M) KX 2
RN
J, =2 X/‘—'\ — 552 (CHBCI)/A’s
4RT 7m )

(e
J,=nu, 7”‘\
\

Adequate fitting is achieved with physically reasonable values of model parameters
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Nanoscale Patterning of Oxides

Top view
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* Area-selective ALD for nano-scale patterning of multifunctional oxides

Liu, Chang et. al. JACS (2008) Chang Lab UCLA

Modeling of ER in Cl,

(68 3 mTorr, 500 W

[ A(E-E2)+ B (B
4B -

=3

Parameter
Root:Sum-squari(RSS) error is calculated for
each R = /({E ) Eoifipared to the experimental
resultfo obtain te bkt fitied curve from the

0
combjhation of vai g parameters

IS
S

Etch Rate (A/min)

* Adequate fitting is achieved with physically reasonable values of model parameters
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Plasma Etch Modeling

TS VoS =TV Su VS
TaSiVeSi | JadYuSiVeS. S SLS,,
S D,

Etch Rate (A/n

« The model address flux/energy dependence and etch/deposition competition
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Conclusions

Multifunctional metal oxides have numerous applications

Well controlled doping in metal oxides can be accomplished by atomic
layer deposition

Effective patterning of metal oxides by chlorine based plasmas
— Etch rate scales with the square root of E;|
— Etching product distributions depends strongly on ion energy

A comprehensive reaction model accounts for etch/deposition
— Captures basic etch rate dependencies on fluxes and ion energy
— Highlights the importance of competitive mechanisms

Plasma patterning enables the integration of multifunctional materials
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