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Abstract 

A simplified model for inelastic acoustic phonon scattering of holes in silicon 
is developed. It consists in approximating both the acoustic phonon energy 
and the square of the phonon wave vector by lattice-temperature dependent 
constants. The resulting scattering rate depends only on energy and thus facil- 
itates the search of after-scattering-states during full-band Monte Carlo sim- 
ulation. The simulation results for the velocity-field characteristics accurately 
agree with the experimental data at different lattice temperatures, while the 
population of hot-hole states is significantly enhanced compared to the elastic 
equipartition approximation. The value of the energy relaxation time to be 
used in hydrodynamic device simulations is roughly 0.1 ps. 

1. Introduction 

Modeling for TCAD applications is always a trade-off between computational speed 
and the accuracy of the models employed. In the context of full-band Monte Carlo 
(FBMC) device simulation, the elastic equipartition approximation [8] for acoustic 
phonon scattering has proved very useful. On the one hand, the scattering rate then 
depends on energy only and not on the wave vector, thus facilitating the search of the 
state after scattering. In addition, this scattering model allows for an exact compu- 
tation of the Ohmic drift mobility via the microscopic relaxation time which requires 
only a one-dimensional integration over energy 121. On the other hand, this elastic 
model is also able to  accurately reproduce experimental drift mobility or velocity 
data  both in the linear 12, 71 and in the nonlinear regime [I, 51 over a wide range of 
lattice temperatures. Nevertheless, the elastic approximation significantly underesti- 
mates the number of hot holes as has recently been shown [6] by a comparison with 
a model which includes inelastic acoustic phonons and yields - after recalibration of 
the acoustic and the optical coupling constants - similar good agreement with the 
experimental velocity data  as the elastic model. It is therefore the aim of this paper 
to propose a new model for acoustic phonon scattering which combines the energy 
dissipation of the wave-vector dependent inelastic acoustic model with the simplicity 
of the elastic model while preserving the good agreement with the experimental drift 
velocity data. 
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Fig 1: Mean acoustic phonon energy ex- Fig 2: Modulus of the phonon wave vec- 
pressed in terms of the equivalent phonon tor transferred during acoustic phonon- 
temperature defined via k~ 6 ( h w ( q )  ) -  hole scattering determined via m. 
2. Model 

The starting point is the scattering rate which can be written in the form (e.g. [ 6 ] )  

where the overlap integral has been set to unity and the phonon wave vector q results 
from wave vector conservation. For optical phonons, the coupling constant A ( q )  = 
DtK and the phonon energy h w ( q )  = hwopt - kB eopt can be approximated by 
constants with an equivalent phonon temperature of BOpt = 731 K. The inelastic 
acoustic phonons are characterized in the isotropic approximation via A ( q )  = E q  and 
an analytical formula for the phonon dispersion w ( q )  as given in Ref. [6 ] .  Instead 
of keeping the wave-vector dependent acoustic phonon model or applying the elastic 
equipartition approximation, our new approach consists of replacing in the above 
scattering rate both w ( q )  and q2 by constants which are determined by an adequate 
averaging procedure. For this, first the modulus of the phonon wave vector, q  = Ilk'- 
kJI, is averaged over a sphere in the spirit of an isotropic, parabolic band structure. 
This yields q  = %k. Then the mean phonon energy, which is absorbed or emitted 
by a hole with wave vector k ,  is obtained via an average with the hole distribution 
function. Approximating further the distribution function by the Maxwell-Boltzmann 
distribution leads with ,Ll = l / ( k B T )  to 

with the density of states D ( r )  and k ( r )  = 112 m(r) r / h  The effective mass m ( r )  is 
taken to be the energy-dependent effective density-of-states mass and thereby the 
main full-band-structure dependence is retained. As a consequence of this procedure, 
the mean acoustic phonon energy depends on the lattice temperature T which is shown 
in Fig. 1. The same averaging procedure is applied to q2 and the result is displayed 
in Fig. 2. The similar lattice-temperature dependence of indicates that the 
nonlinear part of the phonon dispersion w ( q )  is negligible. 
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Fig 3: Results of the simplified inelastic 
model for the velocity-field characteris- 
tics of holes in Si at  77 and 300 K in com- 
parison to experimental results [4, 101 
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Fig 4: Results of the simplified inelastic 
model for the velocity-field characteris- 
tics of holes in Si at  245 and 370 K in 
comparison to experimental results [4, 31 

3. Results 

For this inelastic acoustic phonon model, the two coupling constants have been re- 
calibrated with the result & = 5.03 eV and DtK = 8.7 ev /A  (The equidistant mesh 
in k-space for the full-band structure is 1/96 2 x / a  where a is the lattice constant). 
Note that the optical coupling constant is, in analogy to Refs. [7] and [6], smaller 
than in the corresponding model with elastic acoustic phonons [ I ,  21. Figures 3 and 4 
demonstrate that the inelastic model with the new values for the coupling constants 
leads to a similar good agreement with the experimental velocity-field characteristics 
[4, 3, 101 as the elastic model [l].  However, due to the smaller optical coupling con- 
stant, the population of high-energetic states by holes is significantly increased in the 
new model as is illustrated by the energy distributions in Fig. 5. This has, of course, 
corresponding consequences for the impact ionization coefficient and the substrate 
current in p-MOSFETs. It  should be noticed that the number of high-energetic 
holes can still be increased by simply further reducing optical phonon scattering and 
readjusting the acoustic scattering rate. This would result, however, in a significant 
underestimation of both the experimental saturation velocity a t  high lattice tem- 
peratures and the experimental drift velocities in the low-field regime a t  low lattice 
temperatures [9]. Figure 6 finally reports the energy relaxation time for hydrody- 
namic device simulations where an increase from roughly 0.08 ps to 0.10 ps can be 
observed. 

4. Conclusions 

A new inelastic acoustic-phonon scattering model has been developed which (i) has 
only an energy-dependent scattering rate thus enabling an efficient search of after- 
scattering states, (ii) recovers the hot-hole tail of the energy distribution of more corn- 
plicated inelastic models and (iii) accurately reproduces the experimental velocity- 
field characteristics over a wide range of lattice temperatures. 

Acknowledgments This work was in part supported by the Komrnission fiir Tech- 
nologie und Innovation under Contract 4082.2. 



Energy (eV) 

Fig 5: Energy distribution as a function Fig 6: Energy relaxation time as a func- 
of the hole energy ~ ( k )  at  300 K for a field tion of the excess mean energy ( ~ ( k ) )  - 
of 250 kV/cm in (100) direction. ( ~ ( k ) ) ~ ~  at  300 K in (100) direction. 
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