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Abstract

With the fast scaling-down of CMOSFETs,
the metal to source/drain contact area becomes
small and small. Therefore, the contact resistance
becomes the dominant factor of the total parasitic
resistance. To reduce the contact resistance, the
only two methods are to increase the carrier
concentration at the contact interface and to
reduce the Schottky barrier height of the metal/Si
contact. However, the carrier concentration is
limited by the thermal budget and the solid-state
solubility, and is hard to increase except we
change the substrate material. Therefore, the
reduction of Schottky barrier height becomes
urgent.

This year is the 1* year of the 3-year project.
We have developed the extraction procedures and
test structures design for Schottky barrier height
lower than 0.3eV and specific contact resistivity
as low as 1x10® Q-cm”. A methd using ultra-thin
interfacial dielectric to solve the Fermi level
pinning effect at the metal/n-Ge contact is alos
developed. The Schottky barrier height is reduced
to 0.265¢V. A paper has been submitted to
international conference. The remaining results
will be submitted to international conferences and
SCI journals in the near futher.
Keywords: contact resistance, specific contact

resistivity, Schottky barrier,
height
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Dear Yu-Sheng Wu,
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Equation"

has been accepted for an oral presentation at SNW2011.

The time allotted for your presentation 1s 20 minutes including
discussions. The program of the workshop will be uploaded on
the workshop home page soon.

We are looking forward to seeing you in Kyoto.

Sincerely yours,

Ken Uchida, SNW2011 Program Chair



Detailed Study of “Dark Space” and El

ectrostatic Integrity for Ge MOSFETs

with High-k Dielectric Using Analytical Solution of Schrodinger Equation

Yu-Sheng Wu and Pin Su
Department of Electronics Engineering & Institute of Electronics, National Chiao Tung University, Taiwan.
E-mail: pinsu@faculty.nctu.edu.tw

I. Introduction

As the high-k/metal-gate stack is introduced to
continue the scaling of equivalent oxide thickness (EOT),
high mobility channel materials such as Ge have been
proposed to compensate for the mobility loss due to the
high-k gate stack [1]. However, larger “dark space” is one
major concern for Ge devices [2]. “Dark space” can be
viewed as the distance from the interface to the centroid of
the carrier layer (normalized with the permittivity ratio)
[2]. This dark space is critical because it may significantly
increase the overall electrical EOT (EOT.) in the
subthreshold region, and degrade the device electrostatic
integrity. In this work, using derived analytical solution of
the Schrodinger equation, we provide a detailed study of
the dark space for Ge MOSFETs with high-k dielectric.

I1. Analytical Solution of Schriodinger Equation

To give a quantitative model of the dark space, we
have analytically derived the eigen-energies and
eigen-functions of the carriers in the subthreshold region,
under which a triangular well V(x) = g-Fsx [3] with F§ the
surface electric field can be used. For high-k dielectric,
the barrier height (@) is relatively small and the
eigen-functions are not zero at the dielectric/channel
interface (x=0). Using the boundary conditions that the
eigen-function as well as its first derivative divided by the
carrier effective mass are continuous across the interface,
Eqn. (1) can be derived with Ai(x) and Bi(x) representing
Airy functions of the first and second kind, respectively.
The eigen-energy E; can be determined from (1). It can
also be expressed as E; = Ef(@, = ©)—AE; with E}(¢), = )
derived by Stern [3] and AE; (Eqn. (2)) the eigen-energy
reduction due to the wavefunction penetration (WP) into
high-k dielectric.

Fig. 1 shows that the ground-state eigen-energies (Eo)
increase with Fi. In addition, the discrepancy between our
model and Stern’s one (without WP) also increases with
F, as indicated by (2). For a given Fs near the onset of
threshold, Fig. 2 shows that the discrepancy between the
two models increases as the dielectric barrier height
decreases, and our model agrees well with the TCAD
simulation that numerically solves coupled Poisson and
Schrédinger equations [4]. Note that a steep-retrograde
doping profile is used in the comparison. Fig. 3 further
compares the profiles of the lowest two subband
wavefunctions between models and exact solution. Fig. 4
infers that the size of the dark space can be reduced by the
wavefunction-penetration effect.

II1. Subthreshold Swing & Dark Space Modeling
The dark space degrades the subthreshold swing (SS):
SS=(kT/q)-In(10): { 1-dFg/dV [ (&) €4) Tur+d(Eo/q)/dFs]}

Fig. 5(a) shows that for long-channel Ge NFETs, the SS of

[4i(= kepxen ) Bi' (= kgix g )= (g [ mop Xk [Feai VBi(= e gix gy )- Ai' (= kgpxep )] Ai (= ke gy (x gy + Ty ) =
13
Ky = 2mgiq(Ecn /€0 )Fs

3
/ E;

1
2mcthS
5 > Xeh = 4

F

2 2

. . s A h
m.y, and My; are effective mass in the glannel and dielectric, respective
T i is the dielectric thickness. qFs

kep = g

(100)-surface is larger than the (110) and (111)
counterparts. Moreover, the impact of WP on the SS of
(100)-surface is larger than the (110) and (111)
counterparts due to the more significant quantum-
confinement effect. Moreover, the reduction of SS for Si
NFETs with (100) and (110) surfaces due to the WP effect
is not as significant as the Ge counterparts. Fig. 5(b)
shows that the the impact of wavefunction penetration on
the SS increases for short-channel devices.

The reduced SS in Fig. 5 due to WP can be explained
by the carrier centroid X, =| x-W (x)dx / [W*(x)dx with
Wo(x) being the ground-state wavefunction. The X, is
equal to 2Ey/(3¢gFs) if the wavefunction vanishes at the
interface [3]. However, as the WP effect is considered, Fig.
6 shows that the X, calculated by d(Ey/q)/dFs, which is a
more accurate and general expression for X, becomes
significantly smaller than that calculated by 2E,/(3¢Fs).
With the accurate modeling of X, considering
wavefunction penetration, Fig. 7 shows that the dark space
(=Xo/(een /e0x)) can be used to explain the surface-
orientation dependence of SS in Fig. 5.

IV. Detailed Study of Dark Space

In addition to surface orientation, the dark space also
depends on the material of high-k dielectric because of the
different degree of wavefunction penetration. Fig. 8 shows
that among the three gate dielectrics, HfO, possesses the
smallest dark space. Since the substrate bias (V) can
modulate the surface field Fs (Fig. 6), the dark space
decreases with reverse Vg, as shown in Fig. 9. Moreover,
the relative importance of dark space in the overall EOT,
is increasing with the scaling of the EOT. Fig. 10 shows
that for Ge NFET with EOT down scaled to 0.4nm, the
dark space is ~60% of the overall EOT, for (100) surface,
and decreases to ~40% for (111) surface. For Ge-PFET,
the relative importance of dark space in the overall EOT,
is between (100) and (111) surfaces for Ge-NFET.

V. Summary

We have conducted a detailed study of dark space and
electrostatic integrity for high-k-dielectric Ge MOSFETs
using derived analytical solution of the Schrédinger
equation. Our study indicates that the dark space depends
on surface orientation, and for Ge NFET, the dark space
for (111) surface is smaller than the (100) and (110)
counterparts. Because of the wavefunction-penetration
effect, the Ge NFET with HfO, as gate dielectric
possesses smaller dark space than the SizN; and Al,O4
counterparts. In addition, due to different quantization
effective mass, the wavefunction-penetration effect has to
be considered when one-to-one comparisons between Ge
and Si devices regarding the dark space are made. The
modulation of dark space by applying substrate bias is
also discussed.

(D

i )aFs o ‘
of the channel and dielectric, respectively.

Ej_‘1¢b
s Xdi T T N

&

& ch
ly. &, and &g4; are permittivity

AE, =
2my; My, g

Mg;  Ecp

Edi

2

[ ﬂ[ ]'(q% ~E/(py=o0 }/u(

7 =012 ()
‘I¢b_Ej(¢b:°°)_?'Tdi'quj 1 ( )

di



Carrier layer thickness [nm]

Fig. 6 Comparison of the two expressions for the
carrier layer thickness (Xp). The X, from TCAD
simulation is calculated by [x-¥o*(x)dx)/([Wo (x)dx).
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