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Abstract 

Stationary velocity-field characteristics and transient velocity overshoot along 
the (100) and (110) field directions are investigated at 300 K with full-band 
Monte Carlo simulation for electrons in unstrained and (OOl)-strained Si grown 
on a Sio.7Geo.3 substrate. A pronounced anisotropy of more than 30 % is 
found for the overshoot peak in strained Si, attaining in the advantageous 
(100) direction a peak value of 3.4 x 107 cm/s for a suddenly applied field of 
100 kV/cm. The energy relaxation time, necessary for hydrodynamic device 
simulation of the overshoot efTect, changes from 0.3 ps in unstrained Si to 0.4 
ps in strained Si. 

1. Introduction 

MOSFETs based on strained Si/SiGe structures are currently regarded as devices 
which may take us to the outermost limits of silicon scaling [l]. Device operation in 
this nanometer regime is characterized by high-field and ballistic effects, which are 
strongly influenced by the band structure. The well-known differences of the curva
tures between the (100) and (110) directions in the warped hole bands of unstrained 
Si have recently been shown to have a decisive influence on ballistic transport [2]. 
This situation is much less obvious for the ellipsoidal conduction band valleys in un
strained and strained Si, and work on non-linear electron transport in strained Si has 
not yet addressed this important issue [3, 4, 5, 6]. Therefore, full-band Monte Carlo 
simulation is employed in this paper to investigate the anisotropy of high-field and 
transient overshoot effects for electrons in unstrained and strained Si. 

2. Model 

The full bandstructures were computed using the non-local empirical pseudopotential 
method [7] where, in addition, the spin-orbit interaction in Si has also been taken into 
account. The phonon scattering mechanisms comprise acoustic intravalley phonons 
in the elastic equipartition approximation as well as f-type and g-type intervalley 
processes according to Jacoboni and Reggiani [8]. The only modification consists of 
a multiplication of the coupling constants by a global factor of 0.97. This Monte 
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Figure 1: Equicnergctic surfaces of the 
first conduction band in Si under biax
ial tensile strain. The z direction corre
sponds to the growth direction. 

Figure 2: Ohmic in-plane and out-of-
plane drift mobility at 300 K for electrons 
in a strained Si layer grown on an (001) 
Sii-yGe,, substrate 

Carlo model has been verified by comparison with experimental transport data over 
a wide range of lattice temperatures and electric field strengths [9]. Under biaxial 
tensile strain caused by growing a Si layer along the (001) direction on a Sii_yGev 
substrate four of the six conduction band valleys are shifted upwards in energy. This 
is illustrated in Fig. 1 by the equienergy surfaces of strained Si in the low-energy 
region. The small transverse mass and the large longitudinal mass experienced by 
the electrons in the two lower valleys in direction parallel ("in-plane") and perpen
dicular ("out-of-plane") to the Si/SiGe interface, respectively, explains the increase 
and decrease of the corresponding Ohmic drift mobility components shown in Fig. 2. 

3. Results 

The results for non-linear in-plane transport along the (100) and (110) crystallo-
graphic directions under stationary and transient conditions, respectively, are de
picted in Figs. 3 and 4. In unstrained Si, the stationary drift velocity for a field 
applied in the (110) direction is always larger than for a (100) field direction, while 
the opposite behavior can be seen for the corresponding transient velocity overshoot 
peaks. This situation can still be qualitatively understood within the standard ana
lytic anisotropic electron band model [8]. For a field along the (100) direction, trans
port of electrons in four of the six valleys is characterized by the small transverse 
mass, and the ballistic overshoot is consequently larger than for the (110) direction. 
The high energy gained by the electrons in these four valleys enhances in turn inter-
valley scattering, which finally leads to a preferred population of the two valleys with 
the large longitudinal mass and therefore to a smaller stationary drift velocity [10]. 
However, the analytic band model predicts in strained Si, where almost all electrons 
are in the two lower valleys, also in the non-linear and ballistic regime exactly the 
same drift velocities for the (100) and (110) directions. This is in contrast to strongly 
different full-band results for those two cases, where Figs. 3 and 4 show larger drift 
velocities in the (100) direction for the stationary and especially for the overshoot 
velocity. The reason is that the curvatures of the energy in a conduction band valley 
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Figure 3: In-plane velocity-field charac
teristics with the field parallel to (100) 
and (110) directions, respectively, of elec
trons at 300 K in unstrained Si and in 
strained Si grown on a Sin.7Gen.3 sub
strate 
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Figure 4: Transient in-plane velocity 
overshoot with a sudden application of 
a 100 kV/cm field for the same configu
rations as in Fig. 3 

start to differ drastically above 100 meV between the (100) and the (110) direction 
while being exactly the same in the standard analytic band model. This is shown 
by the energy dispersion relation for strained Si in Fig. 5. A similar situation can 
be found for unstrained Si, but the consequences do not show up due to valley re-
populations as explained above. However, the limiting case of unstrained Si is also 
recovered in strained Si at the highest field strengths in Fig. 3. In this high-field 
regime the four energetically higher valleys in strained Si are populated as well and 
the stationary drift velocity in (110) direction becomes larger than in (100) direction 
as it is the case for unstrained Si. Finally, we report in Fig. 6 the energy relaxation 
times in unstrained and strained Si as a function of the equivalent electron temper
ature which is proportional to the mean energy. The energy relaxation times are 
necessary for hydrodynamic device simulation and turn out to change roughly from 
0.3 ps in unstrained Si to 0.4 ps in strained Si grown on a SinjGen.a substrate. On 
the other hand, they can be seen to be in both cases insensitive to the field direction. 
For unstrained Si this points to a principal limitation of the hydrodynamic model in 
describing accurately ballistic overshoot effects, because the same energy relaxation 
times in both field directions in conjunction with a larger stationary drift velocity in 
(110) direction cannot lead to a smaller overshoot in this field direction. This effect is, 
however, of minor importance for practical applications due to the small differences 
of the overshoot peaks in unstrained Si. 

4. Conclusions 

We have shown by full-band Monte Carlo simulation that transient ballistic in-plane 
overshoot of electrons in strained Si is significantly larger in the (100) direction than in 
(110) direction. In addition, we have demonstrated the failure of Monte Carlo models 
based on analytic electron band structures in describing the anisotropy of ballistic 
in-plane transport in strained Si as well as the limits of hydrodynamic models in 
reproducing anisotropic ballistic overshoots effects in unstrained Si. 
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Figure 5: Electron energy in a lower val- Figure 6: Energy relaxation times as a 
ley of strained Si vs. modulus of the wave function of the electron temperature for 
vector (measured with respect to the val- the configurations shown in Figs. 3 and 4 
ley minimum) along two directions per
pendicular to the kz axis in Fig. 1 
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