Nanoelectronics Beyond Si:
Challenges and Opportunities




SI CMOS Device Scaling — Beyond 22 nm node
High «, Metal gates, and High mobility channel
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Moore’s Law: The number of transistors \\ Integration of Ge, llI-V with Si
per square inch doubles every 18 months

Driving force :

Shorter gate length L High speed
Thinner gate dielectrics &, Low power consumption
High package density




Intel Transistor Scaling and Research Roadmap
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Major Research Subjects

* Enhancement of k in the new phase through
epitaxy

* Fundamental study by IETS for detections of
phonons and defects in high k dielectrics

* Room temperature ferromagnetism 1n cluster
free, Co doped HIO, films




Can you make x even higher ?

““ Phase Transition Engineering”

---Enhancement of k¥ 1n the New Phase
through Epitaxy




Crystal structures of Hf
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Tetragonal Phase Monoclinic Phase

Dielectric constants

Stable phase temperature >2700°C >1750°C <1750°C

The dielectric constant increases when

HfO- structure s cl . linic to-ofl |

* Xinyuan Zhao and David Vanderbrit, P.R.B. 65, 233106, (2002).




Permittivity Increase of Y ttrium-doped HfO, Through
Structural Phase Transformation
by Koji Kita, Kentaro Kyuno, and Akira Toriumi, Tokyo Univ.

<1750°C e
~ monoclinic k—16-18

HfO, ~1750°C ~ cubic — % k29

>2700°C

, tetragonal — k=70

Yttrium serves effectively as a dopant to induce a phase
transformation from the monoclinic to the cubic phase even at 600 °C.

Yttrium-doped HfO, films show higher permittivity than

undoped HfO,, and the permittivity as high as 27 1s obtained by 4 at.
% yttrium doping.

The permittivity of undoped H1O, 1s reduced significantly at high

temperature, whereas that of 17 at. % yttrium-doped film shows no
change even at 1000 °C.




After deposition
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Dielectric film of
4 —fold symmetry
in the plane

After deposition
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HRTEM of Low Temp Growth

Amorphous HfO,
on GaAs (100)

A very abrupt
transition from
GaAs to HfO, over
one atomic layer
A QEEERVES
observed.
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Coexistence of four monoclinic
domains rotated by 90°.

Pure H1O, on GaAs (001)
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An abrupt transition from GaAs to
HfO, and no interfacial layer




X-ray Diffraction of
Epitaxial HfO, Films Recrystalized on GaAs
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SF HfO,(004)
R -~ Monoclinic HfO,in R
o space and K space
0 % 3 1 s --- Forming four degenerate
L(r.l.u_GaAs) domains about the surface
normal
HfO,(004) FWHM(L)=0.0578° With C. H. Hsu of NSRRC

— domain size 97.8 A
— close to film thickness



The Structure of HfO, Grown on GaAs(001)
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L (rlu_Gahs)

monoclinic phase
a=5.116A, b=5.172A, ¢c=5.295A, =99.18A

Coexistence of 4 domains rotated 90° from each other @»W ‘D_l




Intensity (a. u.)

The Structure of HfO, doped with Y,O,
Grown on GaAs (100)
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Surface normal scan

Find the peaks:
*(022)(400)(200)(311)(31-1)(113)(420)(133)(20-2)

All peaks of film match the JCPDS of cubic

phase HfO2

*Use the d-spacing formula to fit the lattice parameter
= HfO:2 doped with Y203 Grown on GaAs(001) is

Cubic phase
a=5.126A, b=5.126A, c=5.126A
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=22 Electrical properties - MBE-HfO, ¢ /Y,0; 2
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Increase of ¥ from 15 to over 30 in cubic phase !
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K=(1+8ra,IN.)/ (I 4ra,IN.)

Clausius-Mossottl Relation
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= Many high « materials, such as HfO,, ZrO,, TiO,, Ta,0O;,
commonly have high temperature phases with a higher «.

= Achieve the enhancement through phase transition
engineering by additions of dopants such as lower valence
cations, followed by proper post high temperature anneals.




IETS Study to Detect
Phonons and Defects in High x Dielectrics

But what is inside of high « ?




Electrical characterization / optimization

-- Good News !!

* Low electrical leakage is common .
= Have Attained an EOT under 1.0-1.4 nm .

-- Major problems are :
* High interfacial state density
= Large trapped charge

* Low channel mobility

= Electrical stability and reliability




Degradation of Mobility in High k Gate Stack

T'emperature dependence of mobility
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Effective Vertial Field (MV/cm)

Correction from the charge trapping effect
* Effective mobility for HfO, is lower than universal mobility even after
interface correction.




Possible Source of Mobility Degradation

Remote-surface roughness

Fixed charge

Poly-Si gate

Phase-separation

Crystalization
Remote phonon

Interface trap
Interfacial dipole
!! Surface roughness




Intaractinn
| LA\ 1 CAV LI

11 A\ A I A

O Substrate Silicon Phonons
O Gate Electrode Phonons
O Dielectric Phonons

O Chemical Bonding
O Interfacial Structures
O Defects ( )




Trap-Related Signatures in IETS

| T | Background I-V
Trap Assisted /
Tunneling

T~ i

~V

Trap Assisted
Tunneling

Wei He and T.P.Ma, APL 83,2605, (2003) ; APL 83, 5461, (2003).




Inelastic Electron Tunneling Spectroscopy
(IETS)

Charge trapping
will cause shift

in the threshold
voltage.

Background I-V
/

IETS (& L)

(a) Forward Blas
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Trap-assisted By - (1) Trap-assised
. . ' Conduction

conduction will

cause increased

leakage current.

.......... (2) Charge Trapping

Y

Wei He and T.P.Ma, APL 83,2605, (2003) ; APL 83, 5461, (2003)



IET spectrum of Al/HfO.,/SiI MOS structure

Al/HfO./Si, vacuum 600°C annealing for 3 minutes
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IET spectrum of Al/HfO,/Si MOS structure

Wave Number [cm ']
800 1200 1600

" (b)Gate Injection

400
<O O
— 1
-

O

T
l
l

ALD 600C Nj

H -0 Si-0

| 4 A%

&NWV
W

. v

l l MBE 600C N,
AUBEROC N
50 75 100 125 150 175 200
V bias (m V )
Monoclinic HfO,




IET spectrum of Al/HfO2/Si MOS structure
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[ET Spectrum of Al/Y,0,/S1 MOS Diode
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Determination of Physwal Locations and Energy

acked H{O, /V n /S1 Structure
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Determination of Physwal Locations and Energy
acked HIfO./Y ~-0O./S1 Stru
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Bilayer
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400°C
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Substrate Si(100
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Can you make HfO, magnetic ?

Diluted Magnetic Oxides

“Observation of Room Temperature Ferromagnetic
Behavior in Cluster Free, Co doped HfO, Films™

Appl. Phys. Lett. 91, 082504 (2007)




Introduction and motivation

1 Both injection and transport of spin-polarized carriers are necessary
for the spintronic devices. Using diluted magnetic semiconductor
(DMS) as the ferromagnetic contact 1s one way to achieve this goal.

1 Several models such as Zener’s model ,
bound magnetic polaron, and F-center theory
were used to describe the ferromagnetism.

[ The potential usage of HfO, as alternative
high-k gate dielectrics 1n replacing S10, for
nano CMOS.

O Giant magnetic moment in Co doped HfO, as
reported recently.
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High-T (7QO°C) grown film Low-T (100°C) grown,
Monoclinic phase Polycrstalline film




EXAFS and Magnetic Characterization of
High-T (700°C) Grown Films
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O EXAFS of the high-T grown samples
showed a progressive formation of Co
clusters in the film (Co = 1-20 at.%).

O Superparramagnetic temperature
dependence.

0 Saturation moment increases with
increasing Co doping concentration.




Magnetic Property of Low-T Grown Films

0151 Hf Co_.O
- 097012 WWW
0.10{ =—v—asdeposited g ¥
| —e—0,350°C
o 0.05- R .
'S | —a—o0,700°C
~0.00-
= |
= -0.05 {0
-0.10+
-0.15+

O Ferromagnetic behavior was observed
at both 10K and 300K.

OThe magnetic moment decreases with

increasing Co doping due to enhanced
dopant dopant associations.

Substrate 40~100 40~100 40~100
Temperature (°C)

Doping 4.7 5.5 10
concentration

(at.%)

Ms at 10K (ug/Co)  (0.47 0.36 0.13

Ms at 300K(ug/Co) 0.43 029 0.1

[ The magnetic properties are
stable after annealing in

[ Correlation between saturation
magnetization with concentrations of




F-center Exchange Mechanism:

--An electron orbital created by an oxygen vacancy with trapped
electrons 1s expected to correlate with magnetic spins dispersed inside
the oxides.

Impurity-band Exchange Model :

--The hydrogenic orbital formed by donor defect (like oxygen
vacancy) associated with an electron overlaps to create delocalized
impurity bands.
-- If the donor concentration 1s large enough and interacts with the
magnetic cations with their 3d orbitals to form bound magnetic
polarons leading to ferromagnetism.
yo, = 4.3, where y = &(m/m*)
d, : polaron percolation threshold
X, : cation percolation threshold
Y g ¢ hydrogenic radius

M. Coey et al,
Nature Materials, 2005.




Theoretical Analysis Using

d antiferromagnet

Ferromagnetic
matal

Famomagnetic
insulator

Antiferromagnet

5p : Polaron percolation threshold

XIO . Cation percolation threshold

Y  : Hydrogenic orbital radius

O ™, and x, are two landmarks on magnetic phase diagram.

O

O &, of HfO, based DMO is about 1.27x10° - 8.15x107

O Appearance of ferromagnetic insulator behavior in HfO, is more likely
than ZnO, TiO, and SnO, .

O Will try Y,0,, ZrO,, and Al,O, etc.




Major Research Topics

Novel MBE template approach for ALD
growth

Enhancement of k in the new phase through
epitaxy

Fundamental study by IETS for detections of
phonons and defects 1n high k dielectrics

Room temperature ferromagnetism 1n cluster
free, Co doped HTO, films







