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S Surface Passivation and UVO ZrO, Properties
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Oxidation kinetics of thin film Zr using

UV Ozone Oxidation of Hf, Zr

Cross-sectional TEM image of thick
Hf film oxidized for 1 hr in high

UVO. (Ramanathan, APL 2001)

Onide thickness (A)

60 —

50

40

30

10

B Eoy

-

I..|.|"

Pl asm_% oxidation

-
a

—

- T -
by ~" Hi pressure UVO
f//

—

-

a 10

[T R

LOV\7 pressure UVO

20 30 40 50
Orcidation Thoe (uimmres)

&0

pressure UVO

Stanford University

P.C. Mcintyre

Materials Science and Engineering

35A



Angle-Resolved XPS on Native Oxides of Zr, Hf

ARXPS: native oxide of Zr

ARXPS: native oxide of Hf
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Metallic peaks for Zr/ZrO, sample are weaker, indicating ZrO, is thicker than HfO,,.
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UV O vs. Natural Oxidation of Zr
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Quantitative EEL S Analysis: Partial Oxidation
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» Quantitative analysis of EELS O-K fine structure detects
additional sub-stoichiometric ZrO phase (Philos. Mag. Lett. 2002)
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Probing UV Oxidation Kinetics of Metal Films

» Use 190 (d,a) N nuclear reaction to investigate
oxygen concentration in the sample

» Sengitive to sub-monolayer of oxygen, can calculate
oxide thickness with high accuracy?
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1. Turoset a., NIM B, 111 (1973), 605
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 Introduction

» UV-0zone oxidation processing of ZrO, dielectric layerson S
- oxygen stoichiometry effects

* ALD of ZrO, gate dielectrics — interface layers
- physical thickness scaling of EOT

* Crystallization of amorphous ALD HfO, dielectric layers
- gate leakage current density
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High-k Dielectric Technology Evolution

K
l; 09, 0—
thickness
Near future Long term
. EOT <1 nm
1.5nm SiO, k=4 EOT>1nm

Si

 SiO, as MOS gate dielectric can be used to about 1.5 nm

 Si;N, will take us to about 1.5 nm EOT

« Silicided N*/P* polysilicon has been used as the gate material

» Other higher-k gate dielectric and gate electrodes materials will be
needed below 1 nm EOT
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Benefits of High-k Gate Dielectrics

Low Voo
leakage
Gate

Vb High
leakage
/ e 60 A High-k

source

J,, e

Higher-k film O thicker gate dielectric LI lower leakage and
power dissipation with
c = KELA 0 tugrs = ME}QO the same capacitance
’ 1:ox HKSiO2 i

What factors need to be included in choosing a high-k replacement?
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Desirable High-k Gate Dielectric Properties

Material Properties

Electrical Properties

K > 15; uniform

Equivalent Tox <1 nm

Thermally stableon S
(no need for barrier layer)

equivalent Tox

Low leakage current at the same

No reaction with electrode

(stop B penetration if poly-

No mobility degradation
Si) | (low interface trap density)

: . Silicate

Material SO, | ZrO,/HfO,
(Zr ,Hf)
Dielectric
Congtant 3.9 25 15~25
BandGap | ¢ 5.7 -6
. (eV)
Zr Zr,Si ZrSi ZrSi, Si
700 ~ 900°C

Ref.) Beyers et.al, J.Appl.Phys., 56, 147(1984)
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Growth of Thin Metal Oxide Films by

UV-Ozone Oxidation

« Sputter metal film on suitable underlayer at 300 K
 Oxidation performed by in-situ exposure of metal film to O, in presence of UV light

— = _tt ittt hy

=
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e

« UV light interacts with oxygen and
leads to the following reactions:
O,+hv — 20 (A =185nm)
0+0, —» O,

O;+0 —» 20,

O;+hv — O,+ 0O (A =254nm)

P.C. McIntyre

Alava
szm

Physisorption

[ Mssociative Chemisorption

* No activation energy need for
creation of atomic oxygen
(Kazor and Boyd, JAP, 1994)
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Zr0O,/ S0, Gate Stack Grown in-situ by UV-

Ozone Oxidation at 300 K

Exper Iments
.
Capam tors

Probe

B \/

SO, growth: Wilk and Brar, EDL, 1999)

Stanford University |
P.C. Mclntyre Materials Science and Engineering

Patterned




UV Ozone Oxidation of Hf

Hi pressure UVO Low pressure UVO
{) mun
2.5 min
30 mun

60min  20A
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* UV O processing can be used to prepare metal oxide high-k gate
dielectrics with excellent EOT and |eakage current characteristics.
- ZrO,, Al,O,, and HfO, investigated so far

 Surface passivation of the Sl substrate is critically important, especially
If metal precursor is deposited by sputtering.

* UVO method is also useful for fundamental studies of stoichiometry
effects on metal oxide dielectric behavior.

« Oxygen deficient zirconiafilms exhibit severe CV distortion and
frequency dispersion of K.
- Oxygen deficient phase identified by EELS O-K edge fine structure studies

- Frequency dispersion likely results from Maxwell-Wagner interfacial polarization
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ALD (Atomic Layer Deposition)

* ZrCl, or HfCl, Saturated Adsorption

ZrCl,(ad.) + 2H,0(g) -> ZrO,(s) + 4HCI(g)
HfCl,(ad.) + 2H,0(g) -> HfO,(s) + 4HCI(g)
= Surface saturation controlled process
= |_ayer-by layer deposition process
= Excellent film quality and step coverage
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Schematic Diagram of Stanford ALD System
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= Base pressure =~10 Torr

* Process temperature : 250°C /300°C.

" Process pressure : 0.5 Torr

= Source temperature : H,O (liquid) = 20°C, ZrCI,/HfCI, (solid) = 150°C
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Advantagesof ALD

Characteristic Feature Inherent Implication on Practical Advantage

Film Deposition

Sdf-limiting growth Thicknessonly dependenton  Thickness control
number of deposition cycles
No need for reactant flux Large area capability
homogeneity Large batch capability

Excellent conformality
Good reproducibility

Separate dos ng of reactants No gas phase reactions Favors precursors highly
reactive towards each other,

enabling effective materia

utilization
Sufficient timeisprovidedto  High quaity materidsare ' 7
compl ete each reaction step obtained a low processing | £fO; by ZrCl, & H,0 ,
~ temperatures 8 r ]
B |
€ ol ]
Q L
N i
20 0.5A or 1/5 monolayer |
o/ . .  perABcycle |
I8 0 50 100 150 200
R Total AB Cycles
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ALD ZrO,/ Chemical Oxide Gate Stacks

Gate Leakagevs. EOT XTEM Mlcrograph
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By using native (chemical) oxide, EOT value of 1.2 nm with aleakage of
~10°%Alem? at [V 5-V | = 1V was achieved
« Suggested 1.3 nm thick amorphous interface layer was not bulk-like SIO,
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(A)

EOT

tot

Scaling ALD ZrO, Dielectric Thickness

EOT asaFunction of t,o, XTEM of Nominal 50A ZrO,/10A SO, (O,)
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» Varying thicknesses of ZrO, grown on 10 A* SiO, (O,)
» Slope of EOT vs. t, curve suggests K, ~ 26

* TEM micrographs show tg, ~ 16 — 18 A K, ~6

* Nominal target thickness for initial oxidation

(001) Si

200 250
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ALD ZrO,/S Interface Layer: What i1s1t?

K, ~ 8for ZrO,/chemical oxide, K, ~ 6 for thermal oxide
e Suggested IL was ZrO,-S O, aloy in as-deposited state
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In-Situ Crystallization Kinetics of ALD-HfO,
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= |n-situ anneal at 520°C using 30A HfO, on 25A thermal SiO.,

* Preliminary analysis shows 2-D (radial) growth with decreasing
nucleation rate.

Avrami isothermal transformation kinetics: F=1-exp(-(kt)") n~2.2
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Effects of HfO, Crystallization on Electrical

Properties (Thick Interfacial Oxide)

-2
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= Sample structure: 3nm HfO, on 2.5nm SO.,.

= After 700°C, capacitance decreases dueto theinterfacial oxide growth. ”

» Therewasno significant increasein trap assisted tunneling leakage current
resulting from crystallization.

* Reagent-grade N, ambient contains ~ 1 ppm O..
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Effects of HfO, Crystallization on Electrical

Properties (Thin Interfacial Oxide)
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= Samplestructure: 2.8nm HfO, on 1nm SO,".
= Thinner interfacial oxideresulted in faster interfacial oxidation.
» Crystallization and interfacial oxidation occur ssmultaneoudly.

* Nominal target thickness for initial oxidation o
Stanford University
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Summary |11

* Dielectric properties of HfO, similar to those of ZrO,, but it appears
to be less susceptible to formation of metal silicide after CVD poly-
Si gate electrode deposition.

 Unlike ZrO,, ALD HfO, layers are amorphous as-deposited.
- onset of crystallization during post-deposition anneal occurs at ~ 500°C
- 1sothermal crystallization kinetics consistent with 2-D growth and decreasing
HfO, nucleation rate

 Crystallization process does not significantly affect |leakage current
densities measured across the HfO, dielectric layer.
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