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 Chemical bonding states at high-k/Si and /Ge interfaces
— HfO,/SiO,/Si, PrO,/Ge, LaAlO,/ALD-Al,O,/Ge, PYLA,O,/Si

» Electronic properties

— Work function modulation and band offset of metal gates

— Dielectric constant of suboxides

e Bonding states of nanostructures

— Si nanodots

e Summary



New Materials and Structures for Future MOSFETS

* Increase in current drivability gOXT
. 2
e Suppression of short channel effects | psat 1oc 2 | l(VG | =Vin)
e Suppression of power consumption OX
* Lowering of supply voltage . . A
J PP J Gate Stack Engineering
Schottky contact: PtSi, NiSi, ... Metal gate electrode: TiSiN, TaSiN, ... y

I I ION’ Vth’ Ileak
ON! 'leak

ION’ Vth ION’ Vth
Substrate Engineering Channel Engineering
SOl, SGOI, GO, ... High mobility channel: s-Si, Ge, llI-V,...

3D channel: FINFET, Nanowire...

 New device engineering including new materials and new device
structures become indispensable (technology boosters).

* Choices and variety of materials are spreading now and the control of
Interfaces becomes more and more important.



Gate dielectrics for the next generation CMOS

Requirement for gate dielectrics
» High dielectric constant (High-k), Low leakage current, Low density of
Interface states, High reliability

SiO, - SION — HfSION — Rare-earth metal oxides (LaO,, PrO,,...)
* Formation of gate dielectrics on non-Si channels

strained-Si, SiGe, Ge, IlI-V ...

Problems
» Reduction in dielectric constant
- Formation of interfacial reaction layers
- Diffusion of Si and Ge into high-k layers
» Increase in leakage current
- Formation of defects in high-k (interfacial reaction and crystallization)
» Mobility degradation of MOSFETs
- Large interface state density

— Control of interface properties of gate stacks is crucial.



Metal gate/high-k gate stacks for the next generation CMOS >
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Requirements for metal gates

 Control of work function
For Si: 4.2 eV~5.2 eV Gate Oxide p-Si Gate Oxide n-Si

* Low resistivity

« Stability of metal/high-k interfaces

Problems
» Controllability of work function

- Fermi level pinning (defects formed by interfacial reaction)

- Stability of interfacial reaction (composition, crystalline phase, diffusion)
» Fluctuation of work function — Variability of device property such as V4,

- Compositional and crystalline phase uniformity, Solid-phase reaction



Requi

rements from CMOS technology

* Non-destructive characterization of buried interfaces in device structures

- Wide variety of materials and multi-layered interfaces

- Chemical bonding states of new materials such as rare-earth oxides
Depth-profiling of composition, chemical states, ...
Formation of interfacial reaction layers

- Electronic properties
Work function and work function modulation of metal gates on insulators
Dielectric constant of interfacial transition layers

» Microanalysis

- Evaluation of variability

Spatial distribution of chemical and electronic properties
- Local area analysis

Combination with various etching techniques/microbeam techniques
- Characterization of nano-structures

Features of HAXPES —

p—

» High brilliance

* High excitation energy
- Large inelastic mean free path of photoelectrons
- Wide selectivity of core-spectra

* High energy resolution

» High spatial resolution

—
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Non-destructive depth profiling by HAXPES
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and S. Zaima, Int. J. High Speed Electronics 16 (2006) 353.



Hf-Si chemical bonding states at HfO,/SIO./Si interfaces
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T. Hattori, H. Nohira, K. Azuma, K. W. Sakai, K. Nakajima, M. Suzuki,
K. Kimura, Y. Sugita, E. Ikenaga, K. Kobayashi, Y. Takata, H. Kondo,
and S. Zaima, Int. J. High Speed Electronics 16 (2006) 353.



Depth profile of chemical bonding states at HfO,/SIO./Si interfaces

Composition
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Clarifying depth profiles of Hf-Si chemical bonding states at the buried interface

region by the combination of HR-RBS performed by K. Kimura et al. (Kyoto Univ.)

and HAXPS.

T. Hattori, H. Nohira, K. Azuma, K. W. Sakai, K. Nakajima, M. Suzuki, K. Kimura, Y. Sugita, E. Ikenaga, K.

Kobayashi, Y. Takata, H. Kondo, and S. Zaima, Int. J. High Speed Electronics 16 (2006) 353.
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Interfacial reaction in PrO,/Ge structures

11

Interfacial reaction between rare earth oxides and Ge substrates
v' Formation of low dielectric layers — Reduction in dielectric constant

v" Diffusion of GeO into high-k layers from interfaces

— Increase in interface state density and leakage current
— Reduction in dielectric constant of high-k layers

Cross-sectional TEM image of PrO,/Ge

Pulsed laser deposition:
In vacuum at 200°C

v No interfacial layer
v Dielectric constant: €~8
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M. Sakashita, N. Kito, A. Sakai, H. Kondo, O. Nakatsuka,
M. Ogawa and S. Zaima, Ext. Abst. of SSDM2007, pp. 330.



Angle resolved HAXPES and XPS analysis for PrO,/Ge structures
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M. Ogawa and S. Zaima, Ext. Abstr. of SSDM2007, pp. 330.



ALD-AI, O, thickness dependence of Ge oxide formation
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v Ge2p is analyzed because Ge3d and La5s peaks are overlapped.
v Ge oxidation is suppressed by ALD-AI,O; with increasing Al,O, thickness.

R. Kato, S. Kyogoku, M. Sakashita, H. Kondo, and S. Zaima, Jpn. J. Appl. Phys. 48 (2009) 05DA04.



Evaluation of the amount of Ge oxide lco« :Areaintensity of Ge oxide
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v Interfacial reaction between Ge and high-k layers are suppressed.

— Formation of Ge oxide can be controlled in monolayer thickness.
R. Kato, S. Kyogoku, M. Sakashita, H. Kondo, and S. Zaima, Jpn. J. Appl. Phys. 48 (2009) 05DA04.



Detection of interfacial layers by XPS and HAXPES 15

Si2p spectrum overlaps

La 4d & Si 2p with La 4d spectrum.
0 =90°
Si 2s FWHM of Si2s spectrum

Is not small enough for
the detection of interfacial layers.

: FWHM of Sils spectrum
_ . Is small enough for the
SIO; % 15J \x detection of interfacial layers.

-8 -6 -4 -2 0 2
Initial-state energy (eV relative to bulk-Si)

0 =90°

Normalized Intensity (a. u.)

We can detect detail chemical structures of interfacial transition layers by
measuring Sils core-spectra by HAXPES.

H. Nohira, T. Shiraishi, K. Takahashi, T. Hattori, |I. Kashiwagi, C. Ohshima, S. Ohmi,
H. Iwai, S. Joumori, K. Nakajima, M. Suzuki, K. Kimura, Appl. Surf. Sci. 234 (2004) 493.



Annealing temperature dependence of Pt/La,O,/SI structures
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La-O-Si bonds increase with
increasing PMA temperature.

H. Nohira et al., Appl. Surf. Sci. 234 (2004) 493.
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Control of work function at NiSi,/SIO, interface by impurity segregation o

Impurity implantation Metal deposition on Segregation of impurities
A AL R poly-Si gate at interface with silicidation
l l l l l Activation N Silicidation Full silicide FUS|
e & metal deposition POly-Si by annealing Segregated ,
Gate insulator MPUTHes
4 4
Si sub.
;’F{ﬁzri\rc])tlgr;/;&age shifts with segregation of impurities Small < Work function — Large |

v Change of work functions of metal gates 3.0
v’ Different modulation behavior between B and P

‘ Why is the work function changed? \

— HAXPES observation of chemical bonding
states at NiSI,/Si interfaces

o
o

Capacitance (pF)
o

o
o

-1.5 -1.0 0.5 0.0
Gate voltage (V)

TOSHIBA
Leading Innovation >>>

(by courtesy of Dr. Yoshiki, TOSHIBA)



Estimation of impurity segregation from chemical bonding states 0

P1s P-Si Ni,Si = = o,
P-Ni = Si = Nj -@-@- Si =
2> A HAX-PESY - Y Vs N
= O-P-Si  #\ -ﬁ)- Si = Ni = Si = Nj =
8 R > " Bk BEE BEE EEE REt
Q \ \ 9) (@) (@) (@) @
I= T P and As segregate e & o
ot N N ez cnmd  from interface to sio. 1N 1IN 0
|°"‘" ' 2 (@) (@) (@) (@) (®
electrode
2150 2145 2140
Binding Energy [eV]

B 1s B-Si Ni.si 1 1 1 wa
> P i 2) (TR I T B |
2 . \ j Backside XPS ® TOT
C 2~3 > Rl BaE BEE S PR S
2 o N B segregates from < Al A
— \\s\\ /"/i - b »
E ‘Z~,v£’=— g g - SI

St electrode to insulator . / ANy

i SI0; o 0 0 ©

195 190 185
Binding Energy [eV]
Different segregation position of Different modulation behavior of

impurities at interface regions work functions

Y. Tsuchiya, M. Yoshiki, J. Koga, A. Nishiyama, M. Koyama, M. Ogawa, and S. Zaima, Jpn. J. Appl. Phys. 47 (2008) 8321.
Y. Tsuchiya, M. Yoshiki, A. Kinoshita, M. Koyama, J. Koga, M. Ogawa, and S. Zaima, J. Appl. Phys. 102, 104504 (2007).
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Dependence of interface dipole on impurity segregation

B Qualitative estimation of interface dipole by electronegativity
Pauling electronegativity
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Electronegativity: The ability of an atom
to attract electrons towards itself.
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Direction of interface dipole depends on impurity position at the interface region.

— Direction of work function modulation can be controlled.
Y. Tsuchiya, M. Yoshiki, J. Koga, A. Nishiyama, M. Koyama, M. Ogawa, and S. Zaima, Jpn. J. Appl. Phys. 47 (2008) 8321.

Y. Tsuchiya, M. Yoshiki, A. Kinoshita, M. Koyama, J. Koga, M. Ogawa, and S. Zaima, J. Appl. Phys. 102, 104504 (2007).
TOSHIBA

Leading Innovation >>>



Spatial resolved HAXPES for TaC/HfSION/SI structure 20

B Annealing condition dependence of flat band voltage shifts in TaC/HfSION/Si samples

Two MIS samples with different annealing condition
« Different behavior of flat band voltage shift
= Difference of energy band offset ?
 Too thick even for HAXPES measurement
Si-sub. = EX-situ etching before measurement

TaC (100 nm)

HfSION (3 nm)

1aC pgsion

Si
Gradient etching by Ar ion sputtering Sputtered area (4 mm x 1 mm)
— Spatial resolved mode of HAXPES

Slice 1

Analyzed area (3.6 mm x 0.1 mm)

T??.H'BtA » (by courtesy of Dr. Yoshiki, TOSHIBA)
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Spatial resolved HAXPES for TaC/HfSION/Si sample A

* Normalized by C1s peak-intensity
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« Simultaneous measurement of spectra from electrode surface to Si substrate by
spatial resolved HAXPES
» Observed chemical bonding states of Hf: HfSION and Hf metal

= Reduction of HfSION by TaC interface or/and sputtering for etching

T?f.H'BtA » (by courtesy of Dr. Yoshiki, TOSHIBA)



Comparison of energy band alignment estimated by HAXPES

B Relative comparison of valence band offset

Peak enerqy of photoelectron (eV)

peak Sample A | Sample B
T(aTi%)’z 1732.4 1732 5
(:fgdoS’,il) 1662.5 1662.3
(Sis_islusb_) 1838.98 1838.90

69.9 eV

Ta3ds),

106.6 eV

Sample A

TaC Sj

HfSION

22

Sample B
0.2 eV

70.2 eV
Ta3dg,

106.4 eV

TaC Sj
HfSION

Valence-band-maxima of HISION and Si for that of TaC increase in sample B.

= Corresponding to increase in the effective work function

TOSHIBA

Leading Innovation >>>

(by courtesy of Dr. Yoshiki, TOSHIBA)
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Novel technique for relative chemical shift measurement by HAXPES

Si

Valence band

‘ S| ZPI ;‘iAEZ /

Both «&sing hard x-ray.:" l ;

Sio,
Conventional

technique

-

\ ‘Si 1SI ]

Relative chemical shift

AE s — AE,, = 6AE oy

\ /
Y

Intrinsic factor !

Intrinsic nature of Si chemical bonds
can be extracted from AE, — AE,,.

J

v HAXPES realizes measurement
of Sils core spectrum !

K. Hirose, M. Kihara, D. Kobayashi, H. Okamoto, S. Shinagawa,
H. Nohira, E. Ikenaga, M. Higuchi, A. Teramoto, S. Sugawa,

T.

Ohmi, and T. Hattori, Appl. Phys. Lett. 89, 154103 (2006).



Deduction of dielectric constant from difference of core-level energy 24

AE,— AE,, Is an excellent indicator for the optical dielectric constant €
of the Si atom in Si compounds

/ 1 I I I \
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E
©
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3
O
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(e- 1)/ +2)

0 | | |

k 0 0.2 0.4 0.6 0.8 /
AE4 - AE5, (eV)

1. We will measure AE, - AE,, for suboxide at SIO,/SI.
2. Then we will deduce ¢ for suboxide from the measured
AE ¢ - AE,, values using this correlation.

K. Hirose, M. Kihara, D. Kobayashi, H. Okamoto, S. Shinagawa, H. Nohira, E. Ikenaga, M. Higuchi,
A. Teramoto, S. Sugawa, T. Ohmi, and T. Hattori, Appl. Phys. Lett. 89, 154103 (2006).



Deduction of local dielectric constant € of suboxide from AE, - AE,,

25

Measured AE — AE,,
for Sit*, Si¢*, Sis*
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Estimation of dielectric constant at interface region by HAXPES

K. Hirose, M. Kihara, D. Kobayashi, H. Okamoto, S. Shinagawa, H. Nohira, E. lkenaga, M. Higuchi,
A. Teramoto, S. Sugawa, T. Ohmi, and T. Hattori, Appl. Phys. Lett. 89, 154103 (2006).



Si nanodot structures for quantum dot memory 26

v Analysis of crystalline structures of Si
nanodot by HAXPES

<Si nanodot

Quantum dot memory
B Formation of ultra-high-density Si nanodots from amorphous a Si thin-layer

a-Sl—, 570°C~630°C
sio, —

<« S| nanocluster

SEM images

a-Si th|ckness _ .

- e E
" e W
-,t ﬁ._:_., & ,.__- % g.:' “4 S

DenS|ty 31><1012 cm 2 2 1><1O12 cm- 2 4.1x10" cm- 4.2x101%cm
Diameter: 4.9 + 0.6 nm 6.0+ 0.9 nm 9.0+3.1nm 27+ 7 nm

* a-Si thickness ~0.3 nm - - - We cannot observe by using conventional XRD or XPS.
 Si nanodots with amorphous structure (3~5 nm) - - - We cannot observe by TEM.

H. Kondo, T. Ueyama, E. Ikenaga, K. Kobayashi, A. Sakai, M. Ogawa, and S. Zaima, Thin Solid Films 517, 297 (2008).



Dependence of Sils spectra from Si nanoclusters on a-Si thickness o

v Analysis of crystalline structures of Si nanodot by HAXPES TO(A\: 6

Angle resolved HAXPES N
[SPring-8-BL47XU (hv = 7948.2 eV)] Si sub.

Sl1s Si-Si (Sio*)
a-Si:3nm:6 =80° n
a-Si:3nm:6 =15°
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Normalized intensity (a.u.)
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Binding energy (eV) . Take off angle: 6
~—

a-Si thickness:3 nm :0.3 nm

a-Si thickness=0.3 nm: Increase in FWHM
— Amorphous structure: Variation of Si-Si bond-angles and bond-lengths

H. Kondo, T. Ueyama, E. lkenaga, K. Kobayashi, A. Sakai, M. Ogawa, and S. Zaima, Thin Solid Films 517, 297 (2008).



Summary

HAXPES analysis for nano-scale multi-layered structures for Si ULSI devises

» Analysis of composition and chemical bonding states
v Non-destructive analysis:
Direct observation of buried interfaces in metal/high-k/Si(Ge) structures
v Observation of deep core-levels:
Avoiding overlap of core-levels among various elements (eg. LaO,/Ge)
» Evaluation of electronic states
v Work function of metal gates on high-k gate dielectrics

v Deduction of local dielectric constant by chemical shift measurements

» Analysis of nano-structures for new-generation electric devices
v Microstructures: Chemical bonding states of nano-dots

HAXPES contributes to the technology of nano-sclae Si devises
for controlling interface structures and electronic properties.
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