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Device Scaling, Moore’s Law

1960 Kahng and Atalla, First MOSFET

Polysilicon
Insulator gate

electrode

Current

Semiconductor
(silicon)  Electrons

Field-effect transistor

Moore’s Law:
The number of transistors per square inch doubles every 18 months

Shorter gate length L Driving force :

Thinner gate dielectrics t_, High speed
Lower power consumption

High package density




- Scaling Limits to CMOS Technology

182 monolayers channel
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TALK OUTLINES

The alternative high k gate dielectrics replacing Si10, for 33 nm
S1 CMOS by year 2009

-- Materials requirements
-- Processing integration 1ssues
MBE grown HfO, high «k gate dielectrics
-- thermal stability studies by MEIS and TEM
-- electrical performance
Integration of high k dielectrics with metal gate
-- TiIN/H1O,/S1 high «k MOSCAPs and MOSFETs

New high « dielectrics such as HfO, for GaAs based electronics




The Development of Oxide Electronics
in Two Decades

Optoelectronics
Transparent
Conductors

Memory Oxi Field Effect
Devices xide Devices

DRAM,FRA Electronics Gate oxide

Dielectrics pitaxial Oxides

High « Materials
Ferroelectrics Integration

Magnetic Oxides
For Spintronics




Reliability: 25 22 18 16A

In 1997, a gate oxide
was 25 silicon atoms thick.

processing and yield issue

Tunneling : 15 A
Design Issue: chosen for 1 A/cm? leakage In. 2007 a.g.a 5 @i
L/ _>>1at12 A will be 5 silicon atoms

thick, if we still use S10,

Bonding: W
Fundamental Issues--- v
* how many atoms do we need to get " "
bulk-like properties? « 7
EELS -- Minimal 4 atomic layers !!

* [s the interface electronically abrupt?

* Can we control roughness?

and at least
2 of those 5
atoms will
be at the
interfaces.




Fundamental Materials Selection Guidelines

Thermodynamic stability in contact with Si

to 750°C and higher. (Hubbard and Schlom)
Alkaline earth oxide, IIIB, IVB oxide and
rare earth oxide

Dielectric constant, band gap, and conduction

band offset
Defect related leakage,

| _ substantially less than S10, at t,,<1.5 nm
Si+MO, — M + SiO, 9
SISV IERG vl = Low interfacial state density D; < 10" eV-'em
SESVORERBY oMol * [ow oxygen diffusivity

= Crystallization temperature >1000°C

. equivalent oxide thickness (EOT) to be under 1.0 nm

- tox & SiO2/ 8ox



Integration Issues for High k Gate Stack

FET Gate Stack

Gate Electrode

Upper Interface

Channel Layer

Si Substrate

Critical Integration Issues
Morphology dependence of leakage
Amorphous vs crystalline films?
Interfacial structures
Thermal stability
Gate electrode compatibility
Reliabilit

Fundamental Limitations
Fixed charge
Dopant depletion in poly-S1 gate
Dopant diffusion
Increasing field in the channel region




Basic Characteristics of Binary Oxide Dielectrics

Dielectrics

Dielectric constant

Band gap (eV)
Band offset (eV)

Free energy of formation
MO,+Si, — > M+ SiO,
@727C, Kcal/mole of MO,

Stability of amorphous
phase

Silicide formation ?

Hydroxide formation ?

Oxygen diffusivity
@950C (cm*/sec)




Assessing Thermodynamic Stability

“edanken™

Silicon Interface

Stable Interface

Unstable Interface

- Taz0s(7.5nm)

Si0x(2nm)
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T Eweeral, ] Appl Phys 89 {3001) 3920 G-B. Alers er af, Appl. Phys. Lett. T3 (1998 1517




Band Offset of High k Dielectrics

Band Offsets of Dielectrics with Si

BaTiO,
SfTiGﬂ,
SiaN, Ta, O

sio,

J. Roberson, JVST 18, 1785, (2000)



A Topic Well Worth Doing Research On !!!

Id production in year 2003: 1 x 10!8 transistors
1d population: 6.4 x 10° people
he world produces:

~ 1.5 x 108 transistors/person each year

~ 1.2 x 107 transistors/person each month

~ 400,000 transistors/person each day

~ 300 transistors/person each minute

~ 5 transistors/person per second

And Taiwan produces ~ 500 transistors/person/per second




MBE Integrated Multi-chamber System
| For Nano Electronics
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Now located in the Nano
Technology Center, ITRI,

Hsin Chu, Taiwan since
7/2003.




In-situ Fabrication

UHV integrated processing system

Wafer in ct ' 10-'° torr in
transfer modules

" Oxide Metal
MBE
chamber

Multichamber Ultrahigh Vacuum System
1. A solid source GaAs-based MBE chamber

2. Oxide deposition chamber (As-free)
3. UHV transfer modules




Research Programs

» Low defect high k ultrathin films
--Interface engineering
--Electrical characterization and optimization

» Identify new material candidates for metal gate
--Metal gate/high k integration

» Integration of high k, and metal gate with Si- Ge strained layer
Integration of high Kk, and metal gate with strained Si

» High k dielectrics for high mobility III-V semiconductors




High k Dielectrics for Si

Epitaxial crystalline films on Si

(111) orientation is more common than (100)
e.g. CaF,(111),CeO,(111)on Si(111) with € ~26
YSZ (100) on Si(100) with e~ 25-30

~ 8 unit cells of incomplete fluorite structure
c.g. (110) on Si(100) with € ~ 16-18
(110) on Si(100) with € ~ 12-14

e.g. SrTiO,(100) on S1(100) with e~ 70-80 (Oakridge, Motorola)
using a Sr silcide ¥4 monolayer for epi-growth

Amorphous oxide films on Si
e.g. SN,, ALLO;, Ta,Os, ZrTiSnOx, TiO, Interfacial layer present

- Amorphous S10, added with Hf or Zr . (G. Wilks et al)




i
- MBE Growth of High ¥ Oxides

= Ultrahigh vacuum, multi-chamber MBE system.

= Electron-beam evaporation of oxide sources
from pressed ceramic pellets.
2 inch RCA-cleaned Si1 wafers, hydrogen
passivated, followed by prompt insertion into UHV.
In-situ heating to 400-500C to attamna (2 x 1)
reconstructed Si1 surface.
Substrate temperature of 550C for epitaxial films.
Room temperature deposition for amorphous films.

Maintain low pressure during growth < 1.0 x 10~ torr.




lly order Si(100) surface

1 TEM and

10114
amorphous HfO, surface
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Bl Mecdium Energy Ion Scattering (MEIS) Study of
the High i Dielectric / S1 Interface and Stabilit

o Ezperiment ™
Taotal Bpe ~ HfOz 50 A
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With Rutgers University using 130 keV proton beam
It shows the absence of silica near the interface.




B

Vacuum annealing at 630°C

HfO, 50A Broad§ning of .the O p.eak and
small increase in the Si peak
SiO, 4 A indicate some interfacial S10,
formation about 0.4 nm.

Experiment

= Fitting with 54 Si0

- - - Fitting with 04 Si0 a

|:| 1 - I | 1 1 -
oo 104 108 112 116 120 124 128
Energy [keV]




Annealing from 630°C to 950°C

A possible structure after
high temperature anneal

o Experiment Hf |

Total Spc '
7 .\-\

The FWHM of the Hf and O peal<34/\'\-~ 7
are remaining the same, the heights i A
of both peaks slightly decrease ;’ )

/ surface Si peak appears
¥ L 1 1

100 104 108 112 116~ 120 124 128 132
Energy [keV]

1800

—
Yo
=
=

Yield
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Discontinuities and 1slands
were formed in HIO, .

MEIS with Rutgers University



®N HRTEM Study of Thermal Stability of
_ High k HfO, Gate Stacks

As-deposited 350°C anneal

R o - R -3 34 s
o ;:‘-"—. Au/Ti @ "':i'»."'..'_-'_‘:-j".ﬁ-,"}'f-' <

§ HfO,
o




Change the structure of HfO,

Tetragonal Phase Monoclinic Phase

AS

If we could change the structure of HfO, from monoclinic to other
structure, we would increase the dielectric constant .




S Permittivity Increase of Yttrium-doped HO, Through

Structural Phase Trapnsformation
by Koj1 Kita, Kentaro Kyuno, and Akira Toriumi, Tokyo Univ.

<1750°C o
~ monoclinic k—16-18

1750° .
HfO, g ¢ _ 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 is obtained by 4 at.
% yttrium doping.

The permittivity of undoped HIO, is reduced significantly at high
temperature, whereas that of 17 at. % yttrium-doped film shows no
change even at 1000 "C.




2X position
-

After deposition
for 5mins

Dielectric film of
4 —fold symmetry
in the plane

After deposition
for 2mins

After
reconstruction

1x position

Wafer rotate22.5°




HRTEM of Low Temp Growth

amorphous HfO, on
GaAs (100)

A very abrupt
transition from
GaAs to HfO, over
one atomic layer

thickness was _ T
observed. S
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HRTEM of High Temp Growth

Epitaxial HfO, film
grown on GaAs (100)
at 620°C

The air/HfO, surface is
very rough.

\ 4

The interface
between HfO, and
GaAs Is not sharp.

2 T




Epitaxial HfO, Films on GaAs




X -ray Diffraction of Epitaxial HfO, Films
Recrystalized on GaAs

i GaAs(002) GaAs(004)
10*
S
S 10°F
> |
{7 HfO_(002)
c o[ 2
g 10
c -
— , HfO,(004)
10° F . . )
E --- Monoclinic HfO,in R
N space and K space
1075 1 5 3 4 5 --- 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)

GaAs(004)
GaAs(002)

]
i

HfO,(002)

}

Intensity{a.u.)

D GaAs
v

HfO,(004)

Intensity(a.u.)

L (rlu_Gahs)

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

coexistence of 4 domains rotated 90° from each other g ‘D_l

B,




e Structure of HIO, doped with Y,05 Grown on GaAs (100)

Intensity (a. u.)

FINHM=0 0273 Caks(002)

YD H(O02)

Intensity(a.u.)

L (rlu.) - GaAs

Surface normal scan

LH,W.,JWWJL_.__J

150 20 230 300 330
Fhi{degrees)

(400)Phi scan

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

*Use the d-spacing formula to fit the lattice parameter
9

Cubic phase
a=5.126A, b=5.126A, c=5.126A

=90, =90, =90

Intensityla.u)

-

Phifdegrees)

(040)Phi scan




H1O, Doped with Y,05 (~5 % level) Grown on Si1

TH298 (HfO,(Y,0,)/Si) TH298 (HfO,(Y,0,)/Si)
_1: o E
10” ¢ 3 1500+ 1KHz -
R ' m h '
g | — 1000} R
=10°F c :
= E c o° A
3 S ’ 100kHz
f O 500t / v
10~ 3 s g /. vvv"""""
N " 8 '/v/' <
N 4444
10°F 0 ,&Lw‘“« IMHz |
10-11 e | 2 1 O 1 2
14-12-10 -8 6 -4 2 0 2 4 6 8 10 12 - -
E(MV/cm Bias (V)

Using x-ray diffraction analysis at NSRRC,
k4% A structure of the phase through epitaxy, with a Kk about

*#%* Removes the problem of thermal instability of HfO, at T > 550C



The Fermi Level Unpinning Mechanism of
High k oxide/GaAs interface

Often found large flat band voltage shifts in C-V,
--- fixed charges in oxides

Presence of residual As-oxide near the oxide/GaAs
interface

Mechanism to remove the As-oxide from the
oxide/GaAs interface

Our recent work of passivation of III-V’s surface
using ALD - grown Al,O;




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




Difficulties of High k«k MOSFET Fabrications

Thermal stability of thin films

> HfO, — Lowering the dopant activation
temperature to 700°C

» TIN  — Using Ti/TiN bilayer structure

Process integration
» 4 inch S1 (LOCOS)—2 inch Si1 (MBE)

— Successful integration




Atomic Layer Deposition (ALD)

Growth Mechanism : Formation of interfacial SiO, is hard to avoid.
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Comparison between the MBE and ALD films

MOS devices with ALD HfO, layers
MBE-grown

OF sasavassaseemanassanassasassanas Bl /1/H(O,/Si MOS diodes
<& 102 8 Emﬁiﬁr ® are denoted in red hexagons
e 10 ' * _ poly-SifSio,
© 10
< 10°

— 10"

O@

. 'y D

S O HO N il A Ao
© etal :gﬁrrfaclal H : with J, ~ 1073 A/cm?,

k of 20.7,
an EOT of 0.9 nm

—0.4 nm chemox—

imec cl B scaling )
TiNHFO2/ . poly-Si nFET: . _
‘ tq = EOT

h v (O imecclean+ HIC;;\
C Em Ox L] o o o
£ S deee i, Equivalent Oxide Thickness

ol g 1 Lt l s

5 #lﬂ)l 15 20 25 30
0.8 nm EOT EOT (A)

M. Houssa in Symposium D,
MRS Spring Meeting, April 12-16, 2004.

teq — tox & SiO2/ Cox




TiN/HfO,/Si High xk MOSFET

A self-sligned process

With LOCOS isolation

H1O, gate dielectrics

TiN metal gate

2 inch MBE-grown high « films

A 4 inch Si line in ERSO for 1solation
A 6 1nch S1 line 1n NDL for processing

W/L~100 pm/ 1.5 um
EOT ~ 26 A (t,, = 10 nm)

Gm = 48.5 mS/mm
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* Activation temperature: 700°C

* Transconductance G, 1s increased to 48.5 mS/mm, [; ~ 8.5 mA
W /L ~100 um/ 1.5 um, EOT ~ 2.6 nm.

Activation temperature (°C)

[,@3.5V (mA)
G,, (mS/mm)

L, (um)




Comparison of the High k Transistor Results

NTHU Intel 2003 Intel 2004
TiN/HfO, TiN/HfO, TiN/HfO,
Structure _

on Si i Strain-Si Strain-Si Si

L [um] 1.5 : 0.14 0.08
EOT [A] 26 . P P

Id
[mA/mm]

85

Gm

[mS/mm]

1/G,, = 50/66 1,/G, = 87.5/93
when L = 1.5 um when L =1.5 um

Considering the differences in L. and EOT, our I; and G, are

comparable to other leading groups.



Degradation of Mobility in High k Gate Stack

Temperature dependence of mobility

500
- Phonons
. may have
350 ._
: N T rahire:
T agp]COMT \, Universal mlpe-_z,;; reduced
L m Nl — mobility
S 200 J A . 240K -
& 150 gPSs—mt \ 280K seriously !
1004 = = = 3205
50 o .
iy Hfﬂ!, wio Correction

DTI:I ll]'TE 1TI:I ‘Il.ﬁ 2.0
Effective Verdal Field (MV/cm)
Correction from the charge trapping effect
* Effective mobility for HfO, is lower than universal mobility even after
interface correction. Fechetti et al, JAP
90, 4587, (2001).




Possible Source of Mobility Degradation

Remote-surface roughness

/

Fixed charge

Poly-Si gate

hase-separation

Crystalization
Remote phonon

Interface trap
Interfacial dipole

g Surface roughness




Charge trapping
will cause shift

in the threshold
voltage.

Trap-assisted

conduction will
cause increased
leakage current.

Background |-V

Y

d*l/dv? 4

,,,,,,,,,,,,,,,, (1) Trap-assisted
' Conduction

-----

Y

Inelastic Electron Tunneling Spectroscopy

(IETS)

IETS (& L)y

1 |
. (b} Reverse Blas

(a) Forward Bias

| 0l0
g 5 S'.l Sll{l |

D 2 4 60 80 10 12{] 140 160
Voltage (mV)

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




Metal Gate Electrode

Probably implemented at 65 nm
technology generation (2007) or beyond

Advantages

= No poly-depletion effects

m 0.3-0.4 nm EOT reduction

® No Boron penetration

® Very low resistance

® Large range of work fonction

® Compatible with high-K gate dielectrics

= Suppressed remote charge scattering
Issues

= Work function tuning to enable precise vﬂl
conirol and mymmaze short-channmel effects

Thermal stability at 3/D activation

MNew materials: Major challenge

Poly-51 Gate Electrode
n+ poly oxide p-sub
W

il paly

S PN N

R R e ]
v




Metal Gate Electrodes for Dual-Gate CMOS
Work Function
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* Thermal stability of n-FET metal gate materials
* Metal nitrides

* Alloys

* Film structures




Major Research Accomplishment

= First demonstration of atomically abrupt high x HfO,/S1
interface.

= First successful integration of the 6 inch St CMOSFET
processing in NDL with our 2” MBE high k dielectric films
using a TiN metal gate to produce a gate length 1.5 um
transistor device.

= Stablization of the cubic HfO, phase at 600°C to achieve
an enahnced k over 335.

= Effective passivation of the GaAs surface using high
dielectrics HfO, in both amorphous and epitaxial forms with
sharp interfaces.










H1O, High «k Dielectrics for

GaAs Compound Semiconductor Passivation
And MOSFET




New High « Dielectrics for GaAs Passivation

m Advantages of compound semiconductor

- High electron mobility
- Semi-insulating substrate

- High breakdown field
m A key challenge of device processing

- A novel oxide of low density of state (D,,) and low leakage
- In-situ MBE growth of Ga,05(Gd,05) (x =12), and
Gd,0; (kK =14)
/GaN successful passivation
and dielectrics for GaAs passivation




Novel High k Dielectrics for III-V Semiconductors

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

--Discovery of a stable mixed oxide Ga,0,(Gd,O,)
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

1994
novel oxide Ga,0,(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,05(Gd,0;)-GaAs
MOS diodes with a low D, of 2-3 x 10'° cm2 eV-{(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 MOSFETs 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
2000

demonstration of GaAs CMOS inverter
2001-2002

Design of high-speed and high-power devices; reliability of devices




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

Reflectivity
Ga,0,(Gd,0,) film on GaAs

Ga,04(Gd,03)

Sample A with best fit

|
1
.i
1

Reflectivity Intensity (arb. units)

sample B with best fit 3

:-‘l'l'l'. T T I I T T T T I

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

Incident angle (degree)

The oxide films remained
amorphous with a sharp interface
after 780°C anneal.

k=15 c -E(MWcm)




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

(AuGe/Ni/Au) T1/Pt/Au
Source QGate

_200} '
E 150} 2233
f&/gloo'- lao 2
* 1.6 um gate-length -:20
e 335 mA/mm - 10
e 120 mS/mm 4 3 -2 -1 0 1 2 3

With In, Ga, 4:As, 171 mS/mm






