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ABSTRACT

A model describing the mobility tensor for electrons
in strained Si layers as a function of strain is presented.
It includes the effect of strain-induced splitting of the
conduction band valleys in Si, inter-valley scattering,
and doping dependence. The dependence of the elec-
tron mobility components on the orientation of the un-
derlying SiGe layer is taken into account by performing
a transformation of the strain tensor from the interface
coordinate system to the principal coordinate system.
In order to validate the model, Monte Carlo simulations
were performed and the results obtained have been fit
to experimental data which are available mainly in the
form of piezo-resistance coefficients. Results obtained
from the model exhibit very good agreement with the
Monte Carlo results for all strain levels and substrate
orientations. The model is suitable for implementation
into any conventional TCAD simulation tool.

Keywords: strained Si, SiGe, mobility model, inter-
valley scattering, Technology CAD

1 INTRODUCTION

With the continuous shrinking of feature sizes down
to the nanometer regime it is becoming increasingly dif-
ficult to obtain performance improvements for CMOS
transistors. New materials exhibiting beneficial trans-
port properties are being sought to overcome this prob-
lem. In this context the employment of strained Si lay-
ers is being strongly considered as an alternative to un-
strained Si channels.

The design and optimization of strained Si based de-
vice structures necessitates the modeling of carrier mo-
bilities in these devices. We present a model describing
the mobility tensor for electrons in strained Si layers as a
function of strain. One of the main features of our model
is the treatment of inter-valley scattering. Results ob-
tained from the model show very good agreement with
the Monte Carlo simulations.

2 STRAIN EFFECTS

Conventionally, strained Si layers are achieved by
growth on SiGe buffers. Recently other methods for gen-
erating strain in Si have also been proposed [1] [2]. Due

to the lattice mismatch, a pseudomorphically grown Si
layer (thickness below critical value) on a relaxed SiGe
buffer experiences a biaxial tensile strain. This strain al-
ters the band structure by lifting the degeneracy in both
the conduction and valence bands. In the conduction
band, the 6-fold degenerate Ag-valleys in Si are found
along the <100> directions at about 80% from the I’
point to the X point. Biaxial tensile strain splits the
Ag-valleys into 2-fold degenerate A, valleys (lower in
energy) and 4-fold degenerate Ay valleys (higher in en-
ergy). This splitting results in two profitable outcomes.
Firstly, the inter-valley phonon scattering is reduced due
to decreased number of final available states. Secondly,
due to the lower energy of the Ay valleys, the electrons
prefer to occupy this valley and therefore experience a
lower in-plane effective mass. Both these effects lead to
the enhancement of electron mobility.

3 MODELING

As suggested in [3], the anisotropic electron mobil-
ity in strained Si/SiGe can be computed by taking the
weighted average of the unstrained electron mobility

tensor, ﬁff{mb with the corresponding electron concen-

tration, ngzz in the it" pair of valley in strained Si,
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Here ng.

is calculated for non-degenerate doping con-
centrations, using Boltzmann statistics with N, g ) as the
effective density of states and AEg) (y) the energy shift,
for the #*" valley. The shifts in energy of the conduction

band valleys are given as [4]
AES) = Ed (Exac + Eyy + Ezz) + Eu Eiiy 1= z,Y, Z(?’)

with Z; and Z, as the dilatation and shear deforma-
tion potentials for the conduction band. The ¢;;’s are
the diagonal components of the strain tensor expressed
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in the principal coordinate system. Note that (3) holds
for arbitrary stress/strain conditions, including uniax-
ial/biaxial strain.

The model suggested in [3], however, does not con-
sider the change in inter-valley scattering with energy
splitting. Thereby it delivers higher values of unstrained
mobility for fixed saturation mobility values, see Fig. 1.
To overcome this problem, we model the inter-valley
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Figure 1: In-plane and perpendicular electron mobilities
in strained Si versus the Ge content in SiGe [001] buffer
layer calculated using [1]

scattering rate and write the total mobility as in (1) but
with ﬂﬁﬂms replaced by ﬁﬁfltr Here ﬁﬁf}str denotes the
electron mobility tensors for strained Si for [100], [010],
and [001] X-valleys corresponding to directions x, y, and

z, respectively.

~(i)

/’Ln,str:u'm(_i)lv i:mayaz (4)
Me g
my
=0 2 o (5)
xT mt m
0 0o —=
my
Me g
mg
m
ml=]10 — 0
my o (6)
0 0o =
my
Me g
me
= o0 < o (7)
z mt m
0 0o =
my

The scalar mobility, x includes the dependence on the
energies AEg) and the doping concentration Ny in the
strained Si layer.

p(Nr, AES)) =
q

(8)
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In (8) Tequiv denotes the momentum relaxation time due
to acoustic intra-valley scattering and inter-valley scat-
tering between equivalent valleys (g-type), Tneq(AEg))
for inter-valley scattering between non-equivalent val-
leys (f-type scattering), and 77(Ny) for impurity scat-
tering. The effect of the different scattering mechanisms
on the total mobility is estimated by Matthiesson’s rule
in (8). The tensors in (4) are the inverse effective mass
tensors with my, m; denoting the transversal and lat-
eral masses for the ellipsoidal X-valleys in Si, scaled to
a dimensionless form by the conductivity effective mass,
M.

me = o 1 (9)

my my

The inter-valley scattering rate is a function of the strain-
induced splitting of the valleys and is expressed by a
dimensionless factor h(%).
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The function g is defined as
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Here Iw,y denotes the phonon energy. I'(2) = @ and

I'(2,—z) denotes the incomplete Gamma function. (10)
describes the total inter-valley scattering rate for elec-
trons to scatter from an initial valley 7 to final valleys
j and [. Replacing the inter-valley term in (8) by (10),

the electron mobility for the i** valley in strained Si can
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be written as
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where ﬁz(;)l denotes the scaled effective mass tensor for
the i*" valley in (4) and 3 = f-m;/m.. The mobil-
ity enhancement factor f is defined as the ratio of the
saturation electron mobility in the transversal valleys
of strained Si to the unstrained mobility. ux* and g™
signify the lattice mobility and the lattice mobility in-
cluding the effect of impurity scattering, respectively.
Equation (15) can be used to calculate the total mobil-
ity tensor for electrons in strained Si as a function of
doping concentration Ny and strain. The tensor in (15)
is given in the principal coordinate system and has a
diagonal form.

4 DISCUSSION

Monte Carlo simulations were performed to validate
the model and the results obtained were fit to exper-
imental data, 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 9.29 eV [5] to 7.3 eV gives
good agreement for low strain.

The existing transport models exhibit a considerable
quantitative difference in the maximum increase of the
in-plane electron mobility in biaxially-strained Si layers
when compared to conventional Si. Enhancement val-
ues ranging from 56 % [6] up to 180% [7] have been sim-
ulated while measurements indicate a value of around
97% [8]. We have adopted a somewhat conservative
value of 70% for the enhancement factor, in-between
other reported values [9] [10].

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
tensor from the interface coordinate system to the prin-
cipal coordinate system [11]. Fig. 2 and Fig. 3 show the
electron lattice mobility components for different strain
levels obtained using (15) for substrate orientations [001]
and [110] respectively. As can be seen in Fig. 2, for sub-
strate orientation [001] the two in-plane components of
electron mobility are equal with the maximum mobility
saturating to a value above 2400 cm?/Vs at about 30%
Ge content. For [110] orientation (see Fig. 3) the MC
simulation results demonstrate that one of the in-plane
components of the electron mobility is equal to the per-
pendicular component. This feature is also reproduced
by the analytical model.

—— In-plane Analytical
- Perp. Analytical 1
—— In-planeMC
— — Perp. MC
o In-planepiezo
o Ref[6]
¢ Ref[10]

Mobility [cm’ V]

L L 1 L 1 L L
0 0.2 0.4 0.6 0.8 1
Ge content
Figure 2: In-plane and perpendicular electron mobilities

in undoped strained Si versus the Ge content in the SiGe
[001] buffer layer .
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Figure 3: In-plane and perpendicular electron mobilities
in undoped strained Si versus the Ge content in the SiGe
[110] buffer layer .

The dependence of the in-plane electron mobility in
strained Si on the in-plane angle v can be obtained by
taking the projection of the mobility tensor, 1zt (N, y)
in the direction of in-plane vectors, @ as,

uly) =a" () - it (Nr,y) - @) (16)

Fig. 4 shows the variation of the mobility as a function

of the angle « for orientations [110] and [123] of the
Sip.7Gep.3 substrate, calculated using (16).

The doping and material composition dependences
of the in-plane and perpendicular electron mobilities in
strained Si is calculated using (15) with the doping de-
pendence of ™ for minority and majority electrons in
Si given by [12]. Figures 5 and 6 show the dop-
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Figure 4: In-plane electron mobilities (in cm?/Vs) in
strained Si versus 7 on Sig.7Geg 3 [110] buffer layer.

ing dependence of the in-plane minority and majority
electron mobility components in strained Si layers for
different Ge content in the underlying SiGe for [001]
orientation of the substrate. The solid lines depict the
results as obtained from the analytical model (15), while
the symbols indicate the MC simulation results. As can
be seen, the model reproduces the slight increase in mi-
nority electron mobility for high doping concentrations
for all strain levels, when compared to majority electron
mobility.

5 CONCLUSIONS

An analytical model describing the anisotropy of the
electron mobility in strained Si has been developed. Re-
sults obtained from the model show excellent agreement
with MC simulations.
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Figure 5: Doping dependence of in-plane electron
(minority) mobility in strained Si calculated using (15)
for different Ge content in the SiGe [001] substrate.
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