SIMULATION OF SEMICONDUCTOR PROCESSES AND DEVICES Vol. 12 105
Edited by T. Grasser and S. Selberherr - September 2007

Impact of Shear Strain and Quantum Confinement on
<110> Channel nMOSFET with High-Stress CESL

H. Takashino, T. Okagaki, T. Uchida, T. Hayashi, M. Tanizawa, E. Tsukuda, K. Eikyu,
S. Wakahara, K. Ishikawa, O. Tsuchiya, Y. Inoue

Renesas Technology Corp., 4-1 Mizuhara, Itami, Hyogo 664-0005, Japan
{takashino.hiroyuki|okagaki.takeshi } @renesas.com

Abstract
Numerical study in conjunction with comprehensive bending experiments has demon-
strated that (100)-Si has the optimum channel direction along <110> in terms of the
device performance of strained 65nm-node nMOSFETs with Contact Etch Stop Layer
(CESL), and that both the shear strain component and the quantum confinement effect
play an important role in this superiority.

1 Introduction

The process-induced strain has become one of the principal technology boosters for
improving MOSFET mobility and has led to great concerns about the selection of the
optimal channel direction [6, 7]. In state-of-the-art devices, the stress distribution is
complicated as shown in Fig.1 [1]. Therefore, it is necessary to optimize the device
structure with the support of physical analysis using TCAD. In this study, we investigate
the dependence of the performance gain of nMOSFETSs on channel direction at various
stress levels ranging from 4-point bending experiments (~100MPa) to high-stress CESL
(~500MPa). A newly developed mobility model, which takes into account the shear
strain component and the quantum confinement effect has, for the first time, provided a
consistent explanation of stress effects on device characteristics.

2 Model

To obtain the new model, we extended a simple mobility model for strain effect in Si
band structure [2], to include both the shear strain and the quantum confinement effect
in the inversion layer of nMOSFETs. Let’s begin by looking at the Bir-Pikus effective
Hamiltonian near the X point [3]. Considering the Si crystal symmetry, the Hamiltonian
of the z-valley is given by
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where m;(0.19mg) and m;(0.98mg) represent transverse and longitudinal electron mass,
respectively. AE,(e) is the conduction band deformation potential with the parameters
D,U. The second term is the origin of difference between longitudinal piezo-coefficient
m; and transverse piezo-coefficient 7, in the <110> channel. The parameter s, which
is omitted in [2], expresses the dependence of effective mass on shear strain &y,. The
lowest subband energy E; is expressed as C,,(mo/m;)'/?(qF)*/* by the conventional quan-
tization method for the inversion layer. The z-axis is taken as the confinement direction,
F is the confinement electric field and C,,, is a constant parameter. Similarly, the lowest
subband energy of x-valley E, and y-valley E, is given by Cy(mo/m;)'/3(¢F)*?. Consider-
ing the quantum confinement effect according to [4], the mobility tensor with constant
relaxation time is given by
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The p; in the above equations is the electron occupancy of the valley i which is expressed
as p; = [i/Zi:x,y,z I; with
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The expression (2) is suitable for a Drift-Diffusion (D.D.) simulator. In implementation
of our model, we used the scalar type mobility u given by p = /¥i(X; 1i;0,Er)?/+/Li(9Ef)?
with the gradient of the quasi-Fermi level E, because of the conformity with the con-
ventional discretization scheme of the D.D. simulator.

It should be noted that, since our model has been derived from the effective Hamiltonian
(1), we can easily obtain the mobility expression of the arbitrary orientation by the
coordinate transformation of the Hamiltonian.

I ) I

3 Results & Discussion

Figs. 2, 3 show the 4-point-bending method measurement results for the <100> and
<110> channels, respectively. 81d/Id changes linearly in the small strain region at about
0.1% and the piezo-coefficient can be well-defined from the slope. The coefficient of
<100> gets smaller as the gate bias becomes larger, while the gate bias dependence of
the <110> channel is negligible.
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bution.

Fig. 4 shows the gate bias dependence of the piezo-coefficients obtained by 4-point
bending method and that calculated by D.D. simulator using our model. The simulation
results well reproduce all the measured data, with a clear separation between 7; and 7;
in the <110> channel which can’t be expressed by the model in [2]. The parameters
used here are summarized in Table 1. The calculated piezo-coefficients at the weak
confinement limit are close to the bulk values of [5] (Table 2). In order to select the

This model [51

Vg=5V | bulk limit bulk
b | U s Com <100> 7 | -36 93 -102

-8.6 | 10.0 | 45.0 | 9.0e-6 m 75 46 53
Table 1: Parameter values. Unit of D and <110> m -26 -30 -31
U is [eV], s is dimensionless. Unit of Cgp, T ) -18 17

. 1/3 oi2/3
is [eV7/" cm™"]. Table 2: Piezo-coefficients from this model

and bulk values in [5]. Unit is [10~2cm?/dyn].
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optimum channel direction for the current gain [6], it should be noted that, under high
gate bias, m; in <110> is larger than that in <100> with high tensile strain while 7; in
<110> is less than that in <100> with low tensile strain applied by using the 4-point
bending method (Fig. 5, [7]).

Fig. 6 shows the current enhancement of the nMOSFET with tensile CESL. The calcu-
lation results for this structure obtained by [8] were also plotted and are almost in com-
plete agreement with the measurements. We find that, in the high tensile region with
CESL, the current enhancement of the <110> channel is greater than that of <100>.
The difference between the <110> mobility and that of <100> is mainly derived from
the pyy of (2) which becomes larger with the greater shear tensile strain &, applied
with the <110> tensile stress of CESL. In Fig. 7, it can be seen that the conventional

m

F Tox=8nm -20
- L XX - "
o L ] —This model <110

. ===This model <100>
s I5E W s, <110>
= JiME= 2 ' e "
ST 110 S0P e <100
It 1.71GPa]CESL <

Al D= 1OME=( 20mnm )| #o]

0
W meas, - 108

1 meas, < 118
1 1

: . 2
. Piczo Coel[107" cm™/dyn|

Piezo CoelL] 107 em?/dyn|

m-‘a\. 110
3 4 s
Velv] -E0

— i 350N
""" '"ll: EET " ’ by W

n 3 40 w0 E0
4 E CESL thickness|nm]

LW 120

A
Velvi

Figure 4: The gate bias de-
pendence of m; and m for
Tox=8nm nMOSFET. The re-
sults calculated with our model
are also plotted and well-agree
with the measured data. The
parameter values are summa-

Figure 5: The calculated
gate bias dependence of m; for
<100> and <110>. The de-
pendence under high tensile
stress (b) differs from that un-
der low tensile stress (a).

Figure 6: Tensile CESL
thickness dependence of cur-
rent enhancement. The en-
hancement is normalized by
the current of the <100>
nMOSFET with 20nm thick-
ness CESL.

rized in Table 1.

model [2] gives channel direction dependence opposite to the measurement results and
our calculated results. It is clear that considering both shear strain and quantum con-
finement effects is essential for estimating nMOSFET performance with CESL. Fig. 8
shows nonuniform mobility enhancement and confinement electric field F along the
<110> channel. Because of the large F, enhancement in the source-side channel region
becomes smaller than that in the other regions.
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Figure 8: The confinement electric field F
and mobility enhancement distribution along
< 110> of 100nm thickness CESL. In the strong
confinement region (x ~ —0.025um) the en-
hancement is small while that of the S/D region

is large.
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Figure 7: The effect of shear
strain and quantum confine-
ment on the same nMOSFET
structure used in Fig.6. We
compare our extended model
with the model in [2].
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The quantum confinement greatly changes the temperature dependence of mobility and
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current enhancement (Figs. 9, 11). Under tensile stress with CESL, the enhancement
in the <110> channel depends less on temperature than in <100> (Fig. 9). Fig. 11
shows the temperature dependence of the nMOSFET current reduction with compres-
sive stress induced by STI (Fig. 10). In the <100> channel case, the results obtained
with our model well-agree with the measurement data. Similarly, under tensile stress,
the temperature dependence of current variation in <110> is more stable than in <100>.
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Figure 9: Temperature de-
pendence of mobility enhance-
ment at the channel center of
100nm thickness CESL. The
dependence of the inversion
layer is opposite to that of bulk.
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Figure 10: A stress distri-
bution of the nMOSFET with
STI. STI gives compressive
stress at about 600MPa along
the channel while at about
100MPa along the vertical.
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Figure 11: Temperature de-
pendence of nMOSFET cur-
rent reduction with STI stress.
The dependence of the inver-
sion layer is less than that of
bulk.

4 Conclusion

We have proposed a novel mobility model derived directly from the Bir-Pikus effec-
tive Hamiltonian. Using this model, we have shown the advantage of <110> channel
nMOSFETs with high-stress CESL, while accurately reproducing the gate bias depen-
dence of higher <100> piezo-coefficients in the weak-stress of the bending experiment
elucidated in [5]. The robustness of <110> channel nMOSFETs against temperature
fluctuation has also been revealed by using this model.
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