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Table 1 Technology Requirements (Near-term Years)!

Year of Production 2007 | 2008|2009 | 2010|2011 |2012

MPU Half Pitch (nm) 68 | 59 | 52 | 45 | 40 | 36

Physical Gate Length (nm) | 25 | 23 | 20 | 18 | 16 | 14

EOT* (nm) for poly-Si Gate | 1.1 | 0.5

EOT* (nm) for Metal Gate 0.9 |0.75/0.65]0.55] 0.5

Drain extension Xj (nm) 12.5] 11 | 10 9 8 7

* EOT: Equivalent Oxide Thickness
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Fig. 1 Schematic of n-MOSFET with (a) conventional Si materials
and (b) high-k and metal materials for sub-30 nm gate
length.
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Fig. 2 Inelastic mean free path of photoelectrons in HX-PES and
laboratory XPS. The curves were calculated using the TPP—
2M formula.?) Probing Depth is approximately three times
the inelastic mean free path where 95% of detected electrons

had been generated in.
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Fig. 3 Schematic of HX-PES experiment at SPring-8 BL47XU.
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Fig. 4 (a) Si2sand (b) Sils spectra of LaAlO; (3 nm) /Si measured
by XPS and HX-PES, respectively.
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Fig. 5 (a) Schematic of fully silicidation process with dopant segre-
gation. (b) C-V characteristic of B and P doped FUSI gate
stack. Dopant for n-type (P, As, Sb) causes decrease in
effective work function of gate electrode, while one for p-
type (B, Al) causes increase in it.
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Fig. 6 Spectra of B-doped and P-doped Ni,Si/SiO,/Si samples. (a)
Bls and (b) P2p spectra were measured by XPS from SiO,
surface of backside-etched samples. (c) Pls spectrum was
measured by HX-PES from sputter-etched Ni,Si surface
with the residual thickness of 10 nm.
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Table 2 Pauling’s Electronegativity!®

Element Electronegativity
B 2.04 NizSi Ni
(0] 3.44
5+ i
Si 1.90 R
interface -----
P 2.19 s- (o
Ni 1.91
o+ Si
As 2.18 .
SiO2
0

(a) Non-doped

(b) P-doped (c) B-doped
Si - Ni Ni - Si  Ni Ni ~ Si ~ Ni
3 o
i 2 Si Sieng
Vit R QO =4 of
o) (o o) (o) (o) g (o) (o (o E
8
‘ Si Eﬁ‘! Sif/ @} @}EE
o) (o o) (o) (o o) (o) (o

Fig. 7 Schematic of interface dipoles caused by segregated dopants. In the case of P-
doped, O atom extracts more charge from Si atom than segregated P atom and
results in an interface dipole towards SiO,. But in the case of B-doped, some of B
atoms segregated to SiO, side of interface, then results in an interface dipole
towards Ni,Si.

I RESHELZT S, CONVETISA AV E ON
VEZFTEy b)) i, BENICEME - OREOLHEEE T
WEBZTTHAHD, AXIVIr—TrERLEFEMET—
%&ﬁﬁﬁkéhtﬁ&@f~bzﬂxaﬁﬁfi S

IR 2mE e AR OAER, REEMICLLIE =V
7, Wik ORI XA R— IV DFE T R« I BRR B D,
ZORIEIImD THRETH %, XPSIINVETSA AV
FABEEZERNICROAZENRTELFEDLIODTHY, &
JERE S RN 351 2 B Y — 7 IRl T 74 AR 7 F b
MO N EftE AEy DR 6N 51T, NV IFFx
v 7 Eg w5 2 NI RERAEGE AEc dRODH T &
HTELVD) UL, XPSIIBEES A nm &M
WT DD, F—FAZy 7SS Y —BICEHT 5 C
FIITRETH Y, — FEM/ S — N - —
P MM /SR AT DNV FT 54 AV B <1k

THm eI % %2185 - 72 (Fig.8), =2 THX-PES®
BHE I DK & X & Sils V'— 7 O HUREE O S & 1E H»
L, “"—FAX 9 VBEETONVEFET 54 A a8
L7z,

SoBHE # 13 TaC (100 nm) /Er (2.5 nm)/TaC (1.5 nm)/
HfSiON (3 nm) /Si & C, m&iRZLE (HTA) OFET
FEpt BB R 5 2 A i L 721, /22, C
DEETETr—TFEBBETELID, ANy XL yF
ZIC RO ERERAERL, CheREToRBOMES R
T—F (45 ERAFNE) 26> TREL/, ChiIZk

BHNTAN By F VT &1TD T Lin  EYRIE
JEEEEK D AR PV ERS T ENTED, Fig. 912 HTA
L DEKEANY PV EFIET ABEEMELY R T, FILED
EV—VOMEPFEEICL ST —ETH ST &, EHHRE
RALKFICHY ST L5 Cls =27 DY 7 Fh R bhmnwC

D, REHEOFBIENACEIEEZOND, £B
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Fig. 8 Schematic of band alignment analysis using (a) XPS and
(b) HX-PES. 4Ey and AE are band offsets of valence band
maximum (VBM) and conduction band minimum (CBM)
respectively.
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Fig. 9 HX-PES spectra of TaC/Er/TaC/HfSiON/Si without HTA. The sample was slant-etched with Ar ion sputtering
until Si substrate partially appears.
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Fig. 10 Band diagram of TaC/Er/TaC/HfSiON/Si measured by
HX-PES. HTA causes VBM of Si to shift upward by 0.2 eV
that corresponds to increase in the work function of TaC in-
terface.
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Fig. 11 Schematic of band bending analysis using HX-PES. Band
bending in the probing depth gives asymmetric-photoelec-
tron-peak which is sum of shifted peaks generated in each
depth.
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Fig. 2 XPS and HX-PES spectra of GaN samples. In the case of
HX-PES, Ga2p;;, and Nls peaks show the same energy
shift as the same peak shape between three samples.
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Fig. 13 Band bending profiles calculated from Nls spectra and photoelectron escape probability. Each Bar corresponds
to a Nls peak component and expresses its depth-range of generation.
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Abstract We have applied hard x-ray photoelectron spectroscopy (HX-PES) to study of semiconductor
devices, especially future LSls which need new materials as metal gate electrode or high-k gate insulator. HX—
PES has became a practicable method in these several years with use of high-flux x-rays from third-generation
synchrotron sources, and it has advantages of larger probing depth and more of measurable photoelectron
peaks compared to conventional laboratory x-ray photoelectron spectroscopy (XPS). With these advantages,
HX-PES provides novel information such as chemical states of thin oxide or segregated atoms at deep buried
interface, band alignment in thick metal/insulator/semiconductor structure and band bending profile of semi-

conductor surface.
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