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SI CMOS Device Scaling — Beyond 22 nm node
High x, Metal gates, and High mobility channel

1947 First Transistor 1960 First MOSFET

Polysilicon
gate
electrode

Insulator

Semiconductor _
(silicon) t-lectrons

Field-effect trans\ator

Moore’s Law: The number of transistors

High xgate dielectric

Integration of Ge, IllI-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
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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

ohonons and defects In high k dielectrics

» Room temperature ferromagnetism in cluster
free, Co doped HfO, films




Can you make x even higher ?

“ Phase Transition Engineering”

---Enhancement of « 1n the New Phase
through Epitaxy



Crystal structures of HfO,
and the corresponding «

Tetragonal Phase Monoclinic Phase

Dielectric constants

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

The dielectric constant increases when

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



Permittivity Increase of Yttrium-doped HfO, Through

Structural Phase Transformation
by Koji Kita, Kentaro Kyuno, and Akira Toriumi, Tokyo Univ.

<1750°C . _
_ monoclinic Kk~16-18
>1750° _
HTO, - _ Cubic «r29
>2700°C
, tetragonal __, xk~T70

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 is obtained by 4 at.
% yttrium doping.

The permittivity of undoped HfO, is reduced significantly at high
temperature, whereas that of 17 at. % yttrium-doped film shows no
change even at 1000 "C.
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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
thickness was
observed.
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High Resolution TEM Images of

Pure HfO, on GaAs (001)
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Coexistence of four monoclinic
domains rotated by 90°.

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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The Structure of HfO, Grown on GaAs(001)

GaAs(004)
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The Structure of HfO, doped with Y,0,
Grown on GaAs (100)

Gans(l2) 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
0=90,8=90, y=90
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i Comparison between Monoclinic phase

P~ and Cubic phase of HfO,

. Intensity(a.u.) _
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The Electrical Property of HfO, doped with
Y,0,; Grown on GaAs(001)
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Increase of ¥ from 15 to over 30 in cubic phase !




Cross Sectional HRTEM Study of
The Y-doped HfO, Films in Cubic Phase
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The Enhancement of k through
“Phase Transition Engineering”

k=1 +8ra,I3N.)/ (I —4rca,I3N)

Clausius-Mossotti Relation
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= Many high k materials, such as HfO,, ZrO,, TiO,, Ta,Oc,
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 x ?



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

Temperature dependence of mobility
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Fechetti et al, JAP
90, 4587, (2001).

Hfﬂ!, w/o Correction

I:ITIII -:]-:5 1TIII 1|.5 2.0
Effective Vertial Field (MV/em)
Correction from the charge trapping effect

» Effective mobility for HfO, is lower than universal mobility even after

imnterface correction.




Possible Source of Mobility Degradation

Remote-surface roughness

Fixed charge

Poly-Si gate
Phase-separation

‘ ! Crystalization
Remote phonon &
Interface trap
Interfacial dlpol e

Surface roughness




Interactions Detectable by IETS

O Substrate Silicon Phonons
O Gate Electrode Phonons
O Dielectric Phonons

O Chemical Bonding

O Interfacial Structures
ODefects (Trap States)



Trap-Related Signatures in IETS

1 T | Background I-V
Trap Assisted /

Tunneling

Charge Trapping

Y

f Trap Assisted

/ Tunneling
\_

\) Charge Trapping

o

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.

) Chrge Trappins (a) Forward Bias
g 5030
Trap-aSS Isted d*1/dv? (1) Trap-nssisted +

conduction will Conducton
cause increased
leakage current.

(b) Reverse Bias

1
J— (2) Charge Trapping

D 20 4 60 80 100 120 140 160
V Voltage (mV

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



IET spectrum of Al/HfO,/Si 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

ALD 600C N}

Si-O

4

MBE 600 UK

MBE 600C N
AR
25 B0 75 100 125 150 175 200

V . (mV)
1as
Monoclinic HfO,




IET spectrum of Al/HfO2/SiI MOS structure

Wave Number [cm™]
400 800 1200 1600

O O (a)Substrate injection

ALD 600C N,

MBE 600C UH]

MBE 600C N,

N T A e
O 25 50 75 100 125 150 175 200
Monoclinic HfO, V. . (mV)




IET Spectrum of Al/Y,0,/SI MOS Diode

Wave Number [cm ]
400 ~ 800 = 1200 |, 1600

Gate injection |  Substrate injection:

-

TR Y

£ 900°C
50 100 150 20
600°C

"~ 900°C

75 100 125 150 175 200
bias (mv)

Cubic Y,0,



Determination of Physical Locations and Energy

Levels of Trap in Stacked HfO,/Y,0,/SI Structure

Charge trapping

- post-deposition annealing at

400 °C

| 600 °C

L in No ambiance for 3 min
| 4 3 21

d’1/dV? (a.u.)

Hf02~ 2nm

Y203~ 2nm

Si (100)
Substrate

+° 14

- V¢ and V, are the voltages
Jjwhere the charge trapping

-200 -150 -100 -50 0 50
Vbias (mV)

Y,0;~2nm

Substrate Si(100)

V,=V,V./I\V, +V,
d, =d,V, /\V; +V,

features occur in forward

bias and reverse bhias.

M. Wang et al,

100 150 20 APL. 86, 192113 (2005)

APL, 90, 053502 (2007)



Determination of Physical Locations and Energy
Levels of Trap in Stacked HfO,/Y,0,/SI Structure

Bilayer
Sample

HfO,(1.7nm)
1Y,0,(1.4nm)

400°C

Charge trapping

HfO,(1.7nm)
1Y,05(1.4nm)

600°C

Substrate Si(100

HfO,(1.2nm)
1Y ,05(1.5nm)

600°C
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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

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

[0 Several models such as Zener’s model ,
bound magnetic polaron, and F-center theory

i ) F-center
were used to describe the ferromagnetism. e
//’ \\\
O The potential usage of HfO, as alternative 7 \\
high-k gate dielectrics in replacing SiO, for | Fes Fed |

nano CMOS. '@ K2 @'
\

O Giant magnetic moment in Co doped HfO, as ~ < vacancy ”
reported recently.



HR-TEM Images of
High-T and Low-T Grown Films

High-T (7QO°C) grown film Low-T (100°C) grown,
Monoclinic phase Polycrstalline film



EXAFS and Magnetic Characterization of
High-T (7009C) Grown Films

|6

700°C grown
—s— ZFC
AR,
““A"““‘ — A — FC
AAA

=
S
O
—
(7))
-
©
| -
|_
S
Q
S
>
o
LL
Y
o
[4b)
©
>
=
-
(@l
C
=

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

Hf Co O Substrate o 40~100 40~100 40~100
Temperature (C)

—v—2as deposited
—e—0, 350°C

—5—0, 700°C Doping

concentration
(at.%0)

Ms at 10K (pg/Co) 0.47

Ms at 300K(pg/Co)  0.43

O Ferromagnetic behavior was observed [ The magnetic properties are
at both 10K and 300K. stable after annealing in O, at 350°C.

OThe magnetic moment decreases with U Correlation between saturation
iIncreasing Co doping due to enhanced magnetization with concentrations of
dopant dopant associations. oXygen vacancies



F-center Exchange Mechanism:

-=An electron orbital created by an oxygen vacancy with trapped

electrons iIs 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 is large enough and interacts with the

magnetic cations with their 3d orbitals to form bound magnetic

polarons leading to ferromagnetism.
y°o, = 4.3, where y = g(m/m*
d, - polaron percolation threshold
X, : cation percolation threshold

Yy - hydrogenic radius

M. Coey et al,
Nature Materials, 2005.




Theoretical Analysis Using
Impurity Band Exchange Model

Material ¢ m/m vy

|

I

| Spin glass
/|

Canted
antiferromagnet

Zn0 4 028 14
Tio, 9 1 9

Ferramagnetic
metal

Sn0, 39 024 16

HfO, 15 0.1 150
ALO, 9 39

Fermomagnetic:
insulator
Antifarmromagnet

Clusters

6p . Polaron percolation threshold

XIO . Cation percolation threshold

Yy : Hydrogenic orbital radius

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

O

O 6, 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 Wil trvy Y,0,, ZrO,. and Al,O, etc.




Major Research Topics

Novel MBE template approach for ALD
growth

Enhancement of « In the new phase through
epitaxy

~undamental study by IETS for detections of
phonons and defects in high « dielectrics

Room temperature ferromagnetism in cluster
free, Co doped HfO, films







High x Gate Oxide

for High mobility channel
Semiconductors like Ge and
[11-V semiconductors



The Quest for (111-V) MOSFETs

GaGdO, on GaAs
(1994-2007)



Issues of llI-V GaAs MOSFE

O Advantages of IlI-V semiconductor
v'  High electron mobility

v Semi-insulating substrate

v" High breakdown field

 No passivation with native oxides

: 'd « High gate leakage (J, )
Hative OXICes |, | High interface trap density (D;;)
« Fermi-level pinning

 High xdielectrics to passivate InGaAs surface

High xdielectricsi
ALD Al,O, ; HfO, [3,4]

Attainment of low J, and low D;,

[1] M. Hong et al J. Vac. Sci. Technol. B 14, 2297 (1996).
[2] M. Hong, J. Kwo, A. R. Kortan, J. P. Mannaerts, and A. M. Sergent, Science, 283, 1897, (1999).

[3] M. L. Huang et al Appl. Phys. Lett. 87, 252104 (2005).
[4] Y. C. Chang et al Appl. Phys. Lett, 92, 072901 (2008).




Challenges of llI-V MOSFET

Oxidel/lll-V interfaces Growth of oxide/lll-V
- Density of states — MBE and ALD
- Chemical bonding
- Phonon scattering

Charge trapping 1H1-V MOS

Bulk and Critical |
interfacial traps ritical Issues

Theoretical Modeling

of the interfaces
Simulation of llI-V MOSFET

- High speed applications

Thermodynamic
Stability

Device fabrications
-Materials issues
-Process integration

- f :
Scalability of high

on llI-V and Ge




Major Research Advances In
the Quest of IlI-V MOSFETSs (2004-2008)

¢ Advance in the growth technique
---A MBE template approach for ALD growth
¢ Advance in the discovery of new high k materials
---Enhancement of k in new phase through epitaxy
¢ Advance in the understanding of
fundamental mechanism for Fermi level unpinning
¢ Advance in processing and device performance
---Oxide scalability
---Inversion channel e-mode MOSFETSs




Work done in Taiwan (2003-2008) . Oéige icsall\?ggtéAPK- HSt
0.2 0.8

EOT=1.1 nm

Self alignedq, Eric Lin
Inversion channel, 1um
Ing :3Ga, ,-,AS MOSFET
|4 =1.05mA/mm ; g,,=7141mS/mm
_ = 1300 cm?

/ ate Oxides
by MBE

Terry Lin

D-mode, ring gate
Iny ,Gay gAs MOSFET, 12 um
|4 = 135mA/mm ; g,,=37mS/mm

GaAs-
Based

MOSFET
XPS of the interface, Fermi M. L.
level unpinning mechanism Huang

' Self aligned, Etha

ate Oxides _ o
by ALD Inversion Channel, 1um
Ing s5Ga, ,7AS MOSFET

l, = 288 mA/mm ; g,,=93 mS/mm

Ing 53Gay 4,As  Harry Lee
MOSCAP
EOT =1.0 nm




Work done in Taiwan (2003-2008)

Ge

Based
MOSFET

oo o

Jack Lee
XPS study of the Ge surface

Fermi level unpinning

Self aligned, Inversion channel,
Ge pMOSFET, 1um  Eric Chu

|y =250mA/mm ; g,, = 135 mS/m
U, =259 cm?/V-s

Self aligned, Inversion channel
Ge nMOSFET, 1 um Eric Chu
lg = 8mA/mm ; g,,=9mS/mm

i, =19 cm?/V-s

Self aligned, Inversion channel,
Ge pMOSFET, 4um Eric Chu
|4 =66mMA/mm ; g, = 43 mS/mm
1, =108 cm?/V-s

Ge MOSCAP B.H.Chin
CV, Fermi level unpinned
k=20, D;, ~10%?

. M.H
XPS study of the interface Hand

Fermi level unpinning mechanism
Band parameters



Work done in Taiwan (2003-2008)

Mark Chang
)ad GGO MOSCAP

k =14.7, D, ~ 10!
d- mode ?

/ ate oxides
by MBE

Gd,0, MOSCAP Erin Chang
moonoclinic Gd,O4 on
GaN, EOT of 0.5 nm,
GaN Kk =24, e-mode ?
Based
MOSFET

Non self-aligned, Mark Chang
Inversion n-channel, e-mode
GaN MOSFET,1 um

;=10 mA/mm , D;, =4 x 104

U, =20 cm?/V-s

ate oxides
by ALD

GaN MOSCAP Mark Chang
Low leakage
k=17, D= 2x 101



New High « Dielectrics for GaAs Passivation

» Advantages of compound semiconductor
- High electron mobility
- Semi-insulating substrate
- High breakdown field

A key challenge of device processing
- Surface passivation
- Novel oxide of low density of state (D;,)
and low leakage
- MBE growth of of k=12
and of k=14.



Novel High « Dielectrics for 111-V Semiconductors

111-V Semiconductor Surface Passivation
Searching for an insulators with low D;, and low leakage
MOSFET’s for high speed, high power, optoelectronic applications

--Discovery of a stable mixed oxide Ga,0,(Gd,0,)
deposited on GaAs with low D,
-- Epitaxy of single crystal (110) Gd,O, film on GaAs

-- Inversion-channel, E- and D-mode MOSFETS,

Have applied to other Growth of Ga,0,(Gd,0;) and
semiconductors such as (001)Gd,O5 on GaN
InGaAs, AlGaAs, InP GaN/Gd,0,/GaN heteroepitaxy




Inventions toward GaAs MOSFET’s at Bell Labs

e 1994
novel oxide Ga,04(Gd,0,) to effectively passivate GaAs surfaces
demonstration of low interfacial recombination velocities using PL
« 1995

establishment of accumulation and inversion in p- and n-channels in
Ga,0,4(Gd,0,)-GaAs MOS diodes with a low D, of 2-3 x 10° cm2 eV-1(IEDM)

« 1996
first e-mode GaAs MOSFETSs in p- and n-channels with inversion (IEDM)
Thermodynamically stable

« 1997

e-mode inversion-channel n-InGaAs MOSFET with g,= 190 mS/mm, and
mobility of 470 cm?/Vs (DRC, EDL)

« 1998
d-mode GaAs MOSFETs with negligible drain current drift and hysteresis (IEDM)
e-mode GaAs MOSFETSs with improved drain current (over 100 times)

Dense, uniform microstructures; smooth, atomically sharp interface; low leakage
currents

« 1999
GaAs power MOSFET
Single-crystal, single-domain Gd,O, epitaxially grown on GaAs
L 2{0]0[0)
demonstration of GaAs CMOS inverter
« 2001-2002
Design of high-speed and high-power devices; reliability of devices



Ga,0,4(Gd,0,)/GaAs Heterostructures

Reflectivity
. Ga,0,(Gd,0,) film on GaAs
wn
c
) Ga,05(Gd,0;)
£ Sample A with best fit
=
‘n
c
[0]
E .__. - » - - -~ 4 '
Shn GaAs
o - L yL2 !
& sample B with best fit <= 5 XX

—o— Sample A (26.1nm)
—e— Sample B (25nm)

2

Incident angle (degree)

The oxide films remained
amorphous with a sharp interface
after 780°C anneal with « =15




D-mode GaAs/InGaAs MOSFET with
Ga,0,4(Gd,0,) as a Gate Dielectric

(AuGe/Ni/Au)
Source

Ti/Pt/Au
Gate

GaAs-Si, 2.5E17, 80 nm

GaAs-i, 100 nm (Buffer Layer )

1.6 pm gate-length

335 mA/mm

120 mS/mm

With In, ;;Ga, ¢:As, 171 mS/mm

(mA/mm)

B RN
o U1 O
o O O

ID




Ga,0,(Gd,0,)/InGaAs Oxide Scalability

MBE Growth , Al,O5; capping layer

» Al,O,/GGO(33nm)/In, ,Ga, sAS
» Al,O,/GGO(20nm)/In, ,Ga, sAS
» Al,O,/GGO(10nm)/In, ,Ga, sAS

~3nm

n-GaAs (buffer ¥l

» Al,O,/GGO(8.5nm)/In, ,Ga, sAS
» AlLO,/GGO(4.5nm)/In, ,Ga, ;AS

2” n-GaAs




Electrical properties of Au/Al,0,/GGO/In, ,Ga, sAs/GaAs

N, 800°C 10 s + FG 375°C 30 min

GGO Dispersion  J@ Vq,t1V  D; (cm2eV- GGO
thickness VA€ AVes  qois00k)  (A/cm?) 1) EOT
33nm 15-16 3.5V 2.8% 1.18x10° 1.3x101 8.3nm
20nm 14-15 1.3V 1.5% 1.62x10° 1x101 5.4nm
10nm 14-15 1.1V 2.2% 1.46x10°9 1.4x101 2.7nm
8.5nm 14-15 1.1V 4.7% 1.78x10° 2.6x101 2.3nm
4.5 nm 14-15 1.1V 5.4% 3.1x10%  1.3x 10U 1.1 nm

Al,O, capping (3nm) effectively minimizing absorbing moisture in GGO.
GGO (4.5nm) dielectric constant maintains at 14-15 (EOT~2.3nm).

Larger flat band shift in thick GGO due to traps in GGO.
D..’s ~ low 10'(cm-2eV1) range even subjected to 800°C annealing.




High x Gate Oxide

for High mobility channel
Semiconductors like Ge



Surface cleaning 500°C
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Structure Analysis of MBE GGG on Ge (100)
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Electrical Properties of GGG on Ge (100)
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Energy Band Diagram of as-grown GGG on Ge (100)

F-N Tunneling

GGG(10.8nm)/n-Ge(100)/Au
As-deposited

S = -8xn(2m*/m,)?(¢)*?/3gh
= -6.83x107 (m*/m,)¥2(¢)3>

® =4.8eV
(0-97) = (P~ Xs) =0.8 ¢’
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E,=5.4

[2]. T.S.Lay, et. al. Solid state electronics 45, 1679 (2001).
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