Modeling of Electron Mobility in Strained Si Devices
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Abstract— A model describing the anisotropic electron
mobility in strained Si has been developed. Our analyti-
cal model includes the effect of strain-induced splitting of
the conduction band valleys in Si, inter-valley scattering,
and doping dependence. Monte Carlo simulations were per-
formed to verify the results for the complete range of Ge con-
tents and for a general orientation of the SiGe buffer. Our
mobility model is suitable for implementation into a conven-
tional TCAD simulation tool.
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I. INTRODUCTION

Strained Si material has emerged as a strong contender
for developing transistors for the next generation electron-
ics. Strain lifts the degeneracy of the valence and conduc-
tion bands which can be used to deliver superior transport
properties in comparison to bulk Si. Transistors fabricated
using strained Si layers have reported larger drive currents
capabilities [1] [2] due to the enhanced electron and hole
mobilities. Possible applications of strained Si include
high-speed products like microprocessors and low-power
circuits in wireless communications.

To enable predictive simulations using TCAD tools a
reliable set of models for the Si/SiGe material system is
required. This work suggests a model to describe the per-
pendicular mobility and the anisotropy of the in-plane mo-
bility of electrons in strained Si. The model includes valley
splitting for a given strain tensor, the effect of inter-valley
scattering, and the doping dependence. Monte Carlo sim-
ulations accounting for the splitting of anisotropic conduc-
tion band valleys were performed to verify the analytical
model for the complete range of germanium contents and
for a general orientation of the SiGe substrate.

Il. PHYSICAL BACKGROUND

Strained Si layers are achieved by growth on SiGe
buffers. Due to the lattice mismatch, a pseudomorphically
grown Si layer on a relaxed SiGe buffer experiences a bi-
axial tensile strain, provided that the layer thickness is be-
low a critical value to prevent strain relaxation. Recently
other methods for generating strain in Si have been pro-
posed [3] [4]. Biaxial strain leads to a modification of the
conduction band, as shown in Fig. 1. The 6-fold degen-

erate Ag-valleys in Si is being split into 2-fold degener-
ate A valleys (lower in energy) and 4-fold degenerate A4
valleys (higher in energy). The lower in-plane effective
mass of electrons in the A, valleys and the reduction of
inter-valley phonon scattering lead to an enhancement of
electron mobility.
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Fig. 1. Conduction band splitting in tensile-strained Si (right)
compared to unstrained Si (Ieft).

I1l. THEORETICAL DERIVATION

To model the electron mobility in strained Si, includ-
ing the effect decreasing inter-valley scattering rate for in-
creased strain-induced splitting of valleys, we write the to-
tal electron mobility as

3
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Here the ﬁﬁf}str denotes the electron mobility tensors for
strained Si for [100], [010], and [001] X-valleys corre-
sponding to directions z, y, and z, respectively. In (1) we
model the mobility tensor as a product of a scalar mobility
and the scaled inverse mass tensor.
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The factor p includes the dependence on the energies

AEg) and the doping concentration N7 in the strained Si
layer.
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In (6) Tequiv denotes the momentum relaxation time due
to acoustic intra-valley scattering and inter-valley scatter-
ing between equivalent valleys (g-type), Tneq(AEg)) for
inter-valley scattering between non-equivalent valleys (f-
type scattering), and 7;(NNy) for impurity scattering. The
tensors in (2) are the inverse effective mass tensors with
m¢, my denoting the transversal and lateral masses for the
ellipsoidal X-valleys in Si. The tensor is scaled to a dimen-
sionless form by the conductivity mass, m..
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To arrive at a formal description of the mobility compo-
nents in strained Si, we modify the inter-valley scattering
rate. The inter-valley scattering rate is a function of the
strain-induced splitting of the valleys and can be expressed
by a dimensionless factor h(%),
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The function g is defined as
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Here 7w,,: denotes the phonon energy. P(%) = @ and
I'(2,—z) denotes the incomplete Gamma function. (8)
describes the total inter-valley scattering rate for electrons
to scatter from an initial valley i to final valleys j and I.
Replacing the inter-valley term in (6) by (8), the electron
mobility for the i valley in strained Si can be written as

A (N y) = b g

X b (13)
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where m(i; denotes the scaled effective mass tensor for

the it" valley in (2) and 8 = fom

m

hancement factor f is defined as the ratio of the saturation
electron mobility in strained Si to the unstrained mobil-
ity. The pt and pt' signify the lattice mobility and the
lattice mobility including the effect of impurity scattering,
respectively. Equation (13) is plugged into (1) to give the
total mobility tensor for electrons in strained Si as a func-
tion of doping concentration /N; and strain. The tensor in
(13) is given in the principle coordinate system and has a
diagonal form.

. The mobility en-

IV. RESULTS AND DISCUSSION

In order to validate the model, Monte Carlo simulations
were performed. The results obtained have been fit to ex-
perimental data which are available in the form of piezo-
resistance coefficients. For low strain levels, the increase
in the in-plane electron mobility is linear, characterized by
the piezo resistance coefficients. Changing the shear defor-
mation potential =,, from 9.29eV [5] to 7.3eV gives good
agreement for low strains.

Experimental and simulation results from other groups
[6] [7] have indicated an approximate increase of 70% of
the in-plane electron mobility in strained Si layers on SiGe
[001] substrates, when compared to conventional Si. To
achieve such values, it was required that the coupling con-
stants of the g-type phonon be reduced by a factor of 1.2
and that for f-type phonons increased by a factor of 1.2, as
compared to the original values proposed by Jacoboni [8].
The only parameter of the inter-valley scattering model
(13) is the phonon energy. A value of Awep: = 60 meV has
been assumed. While the model based on piezo-resistance
coefficients assumes a linear relationship between mobility
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Fig. 2. In-plane and perpendicular electron mobilities in un-

doped strained S versus the Ge content in SiGe [001] buffer
layer .
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Fig. 3. In-plane and perpendicular electron mobilities in un-

doped strained Si versus the Ge content in SiGe [110] buffer
layer .

enhancement and strain, for low strain levels, with the pro-
posed model the mobility enhancement saturates at large
strain values, as is observed experimentally.

The dependence of the electron mobility components on
the orientation of the underlying SiGe layer is taken into
account by performing a transformation of the strain ten-
sor from the interface coordinate system to the principle
coordinate system, using the transformation matrix as dis-
cussed in [9]. Fig. 2, Fig. 3 and Fig. 4 show the elec-
tron lattice mobility components for different strain levels
obtained using (13) for substrate orientations [001], [110]
and [123], respectively.

For substrate orientations [001], see Fig. 2, the two in-
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Fig. 4. In-plane and perpendicular electron mobilities in un-

doped strained Si versus the Ge content in SiGe [123] buffer
layer .

plane components of electron mobility are equal. For [110]
orientation, one of the in-plane components is equal to the
perpendicular component, see Fig. 3. Three different com-
ponents of the mobility can be clearly seen in Fig. 4 for the
[123] orientation.

It is remarkable to see the excellent agreement between
the MC simulation results and those obtained from our
model for a large range of Ge content y in the SiGe layer.
The deviation for very large strain levels (Ge content >
0.85) is due to the fact that the proposed model does not
consider the population of the L valleys for large Ge con-
tent.

The doping and material composition dependence of the
in-plane and perpendicular electron mobilities in strained
Si is calculated using (13) with the doping dependence of
w" for electrons in Si given by [10]

L mid mid hi
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where, i is the mobility for undoped material, 1" is the
mobility at highest doping. pmid, phi, Cmid chi ) and
A are used as fitting parameters. The model parameters are
summarized in Table 1.

Figure 5and 6 show the doping dependence of the elec-
tron mobility components in strained Si layers for differ-
ent Ge content in the underlying SiGe for [001] orienta-
tion of the substrate. ~ The solid lines depict the results
as obtained from our analytical model (13) while the sym-
bols indicate the MC simulation results. As can be seen,
with the increase in the doping concentration, the strain-
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Fig. 5. Doping dependence of in-plane electron (minority) mo-
bility in strained Si calculated using (13) for different Ge content
in SiGe[001] substrate.
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Fig. 6. Doping dependence of perpendicular electron (minor-
ity) mobility in strained Si calculated using (13) for different Ge
content in SiGe [001] substrate.

induced enhancement of the electron mobility is gradually
suppressed.

V. CONCLUSION

An analytical model to describe the anisotropy of the
electron mobility in strained Si has been developed. The
model includes the effect of reduction of inter-valley scat-
tering rate, through the equilibrium electron distribution
and valley splitting. Results obtained from the model
show excellent agreement with MC simulations for differ-
ent SiGe substrate orientations and doping concentrations
in the strained layer.

TABLE|
PARAMETER VALUES FOR THE ELECTRON MOBILITY IN S

AT 300 K
Parameter Si
,u% [cm2/Vs] 1430
i em2/vs] 141
,ugin [cm?/Vs] 218
n 0.65
A 2.0
c™id [em=3]  1.12e17
CI};iin [em™®]  4.35e19
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