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The strain-dependence of electron transport in bulk Si and deep-submicron MOSFETs
is investigated by full-band Monte Carlo simulation. On the bulk level, the drift velocity
at medium field strengths is still enhanced above Ge-contents of 20% in the substrate,
where the low-field mobility is already saturated, while the saturation velocity remains
unchanged under strain. In an n-MOSFET with a metallurgical channel length of
50 nm, the saturation drain current is enhanced by up to 11%, but this maximum
improvement is essentially already achieved at a Ge-content of 20% emphasizing the
role of the low-field mobility as a key indicator of device performance in the deep-

submicron regime.
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I. INTRODUCTION

Growing a thin Si layer on a Si,Ge, _, substrate
results in biaxial tensile strain in the layer due to
the mismatch in lattice constants between Si and
the substrate. This strain lifts four of the six
conduction-band valleys upwards in energy, there-
by reducing the in-plane conductivity mass as well
as intervalley scattering. These properties lead to
improved field-effect transistor (FET) perfor-
mance, and various device structures exploiting
these benefits are currently being investigated both
experimentally [1] and theoretically [2]. At the

same time devices are scaled into the deep
submicron regime where the influence of the
full-band structure is enhanced. In this regime,
the question arises as to how nonlinear bulk
transport properties affect the device behavior
and, in the present case of strained Si, how
transport characteristics on the bulk and the
device level vary as a function of the applied
strain. So far, Monte Carlo device simulations of
strained-Si FETs mostly relied on analytical band
structure descriptions [2—4] or referred only to a
fixed strain level neglecting in addition impurity
scattering [5]. It is therefore the aim of this paper
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to address the strain-dependence of the FET
performance in the nonlinear operation regime by
full-band Monte Carlo (FBMC) simulation and
to investigate how this behavior is related to the

corresponding transport properties in strained
bulk Si.

II. MONTE CARLO SIMULATION

The full band structure of (001)-strained Si is
obtained by nonlocal empirical pseudopotential
calculations [6] including in addition the spin-
orbit interaction. The phonon scattering model
comprises f-type and g-type intervalley processes
and intravalley acoustic phonons in the elastic
equipartition approximation [7]. The results of
this model are consistent with the main experi-
mental findings for strained Si, i.e., the saturation
velocity being reached at very low electric fields
[8] and an electron Hall mobility of 2830 cm?/(Vs)
for a Ge-content of y=10.3 [9] (our drift mobility
is 2230cm?/(Vs) and the Hall factor 1.30 [10]).
The other scattering mechanisms are impurity
scattering and surface roughness scattering. More
details of the device simulation algorithm, which
is based on the frozen field obtained from the
drift-diffusion (DD) simulation, are published
elsewhere [11]. The ratio of diffusive to specular
scattering was adjusted to reproduce at a drain
voltage of 0.1V in the unstrained-Si MOSFET
the DD drain current, which relies on the surface
mobility mode! of Ref. [12]. This resulted in a
value of 50% as was also used in Ref. [13].
When comparing device simulations of FETs
consisting of different materials, one has to take
into account that the different band edges, band
gaps and effective densities of states lead to
different electron affinities, work function differ-
ences to the gate material and especially to
different threshold voltages. We have calculated
the changes of the valence band edge in strained Si
with respect to unstrained Si by invoking the
model solid theory of Van de Walle [14]. Note that
these changes are not the valence-band offsets with

respect to the relaxed SiGe buffer. Here, we are
only interested in comparing the device perfor-
mance of Si-MOSFETs under different strain.
The SiGe buffer is not explicitly considered in
the simulation, but the corresponding Ge-content
only serves to define the strain present in the Si
material. Taking the experimental gap in un-
strained Si of 1.12¢V, the changes in the band
gaps under strain were extracted from Ref. [6]
which subsequently lead to the changes in the
conduction band edges, all of which are displayed
in Figure 1. As a result, the threshold voltage in
the strained material is lowered, in particular
due to the smaller band gap. In the strained case,
the threshold voltage was determined so that the
electron density profile along the channel (inte-
grated over the direction perpendicular to the Si/
Si0O, interface) was the same as in the unstrained
case for a drain voltage of 0.05V. This definition
yields somewhat larger threshold voltages than
when extracted from the slope of the transfer
characteristics.

In addition, the strain-induced changes in the
conductivity mass, in the maximum and minimum
low-field mobility and in the velocity-field char-
acteristics shown in Figure 2 were incorporated in
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FIGURE 1 Valley splitting as well as conduction- and valence-~
band edges in strained Si. The strain is defined via a relaxed
Si; _,Ge, buffer layer.
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FIGURE 2 In-plane velocity-field characteristics with the field
parallel to the (110) direction of electrons at 300 K in unstrained
Si and in strained Si grown on a SiygGeg, and a Sip¢Gegq
substrate, respectively.

the mobility parameterization of the DD model.
(The different conductivity mass changes the
surface acoustic phonon scattering [15].) Under
strain, the diffusive scattering had to be enhanced
by 10% so that the Monte Carlo results still agree
in the linear regime with the DD drain current (in
the nonlinear regime DD underestimates the
saturation current).

On the other hand, it must be emphasized that
the value of the surface mobility reduction in
strained Si still involves large uncertainties. Due to
quantization in the inversion layer, the population
of the two valleys with a small in-plane mass is
already enhanced in unstrained Si and the ques-
tion arises to what extent the mobility enhance-
ment can be further improved under strain.
Theoretical [16] and experimental [17, 18] investi-
gations of this problem are affected by uncertain-
ties regarding the strength of intervalley phonon
scattering and technological dependencies, re-
spectively. However, the enhancement of the drain
current in the linear regime by 44% at a gate
voltage of 1V above the threshold voltage in
the present DD model seems reasonable in view
of measured strain-induced improvements of the
effective mobility between 17.5% [17] and 60%
[18].

II1. RESULTS

The velocity-field characteristics in Figure 2
exhibit the same saturation velocity in all three
materials, while the strain-enhanced low-field
mobility is also the same for the two different
strain levels which differ only at medium field
strengths. Another important strain-induced fea-
ture is that the saturation velocity is attained at
much smaller field strengths than in unstrained
Si in agreement with the measurement results of
Sadek and Ismail [8].

The corresponding FBMC simulations of the
MOSFET in Figure 3 yield the DC output
characteristics of Figure 4. At the highest Ge-
content of 40% in the substrate, the drain current
is improved by 44% in the linear and by 11% in
the saturation regime. A certain improvement of
the drain current is also present for Ge-contents
above 20%, where the low-field mobility is
saturated, but this enhancement is rather small.
Note also that the saturation of the drain current
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FIGURE 3 Structure of the simulated #»-MOSFET. The
maximum n-type dopings are Np=1.5x 10®°cm™2 and
Np=35x 10”cm™3, respectively, and the constant p-type
doping is Ny=1 x 10'¥cm ~3. The measure in the figure is nm.
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FIGURE 4 DC output characteristics of an ~-MOSFET with
a metallurgical channel length of 50 nm in unstrained Si and in
strained Si grown on a SipgGeg, and a SigGep4 substrate,
respectively.

starts in the case of strained silicon at lower drain
voltages than in the unstrained case.

In spite of appreciably different drain currents in
the unstrained and strained case (also present in
the DD model), the profile of the longitudinal field
(averaged perpendicular to the gate-oxide interface
by the relative electron density) in Figure 5
remains almost unchanged. In conjunction with
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FIGURE 5 Average longitudinal electric field along the
channel of an »-MOSFET in unstrained Si and in strained Si
grown on a SiygGeg» and a Sig ¢Geg 4 substrate, respectively.
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FIGURE 6 Average drift velocity along the channel of an »-
MOSFET in unstrained Si and in strained Si grown on a
Sip.8Geg» and a Sig ¢Geg 4 substrate, respectively.

the velocity profile in Figure 6, this demonstrates
that the different performance originates mainly
from different transport properties. In this respect,
the output characteristics in figure together with
the velocity-field characteristics in Figure 2 con-
firm that the bulk low-field mobility remains also
in the submicron regime a key indicator for the
performance of ~-MOSFETS based on strained Si,
irrespective of the velocity overshoot phenomena
present at the drain side of the channel. In fact,
despite identical saturation velocities, the drain
current is appreciably enhanced while moderate
changes of the bulk velocities at medium field
strengths have only a minor influence. This is
agreement with Ref. [19] where the decisive
influence on the saturation drain current was also
traced back to the low-field mobility.

IV. CONCLUSIONS

The strain-dependence of electron-transport in
bulk Si and deep-submicron MOSFETSs has been
investigated by full-band Monte Carlo simulation,
which enables an accurate description of transport
properties and avoids for example the artificial
negative slope of the velocity-field characteristics
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present in analytical band models (see, e.g., the
comparison in Ref. [10]). On the bulk level, there is
still an appreciable increase of the drift velocity at
medium field strengths above a substrate germa-
nium-content of 20%, where the low-field mobility
saturates, whereas the saturation velocity does
not change at all under strain. In contrast, on the
device level, the saturation drain current is
significantly increased under strain, but only up
to a Ge-content of 20% demonstrating that the
low-field mobility is a key indicator of device
performance in the submicron regime.
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