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Simulation of electron transport in silicon:
impact-ionization processes

M J Martin, T Gonzalez, J E Velazquez and D Pardo
Departamento de Fisica Aplicada, Facultad de Ciencias, Unriversidad de

Qalamanca 27008 Salamanra Snain
=2 2Manca, S/0VS Saiamanca, spaln

Received 16 December 1992, in final form 18 March 1993, accepted for publication
5 April 1893

Absiraci. Using non-parabolic eilipsoidai X and L valieys o represent ihe

conduction band of 8i, we have developed a Monte Carlo simulation for the study
of electron transport properties in this material, under both low and high electric
field conditions. Employing a simple model for the characterization of the impact

ionization processes we have obtained the ionization coefficient and the
probability of electron ionization. The results highlight the importance of the L
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experimental and theoretical data.

1, Intraduction

Impact ionization in semiconductors is a basic process in
the functioning of certain devices such as photodetectors,
and also oceurs in others (MOSFETS) when operating at
high electric fields, being an important source of device
degradation. These ionization processes occur at very
high fields, such that the carriers that cause them must be
very energetic. In an attempt to explain these carrier
generation phenomena it is necessary to take into ac-
count certain high-energy valleys in which they may take
place. In the particular case of Si it is necessary to use a
conduction band formed of X and L valleys to study the
impact ionization processes of electrons, as has been
suggested by other authors [1-3].

Assigning an analytical expression to the X and L
valleys of the Si conduction band and proposing a simple
model for the impact ionization processes, the present
work aims to perform a characterization of electron
transport in Si that yields good results both at low
electric fields (average drift velocity and diffusion coeffi-
cient) and at high ones (lonization coeificient}. Moreover,
this model can readily be implemented in a device
simulator with maximum saving of computation time.
The calculations are carried out by employing a standard
Monte Carlo simulation, widely used for the study of
charge iransport in semiconductors {1, 47.

2. Model used
2.1. Monte Carle simulation

The Monte Carlo algorithm employed in the present
study is a three-dimensional simulation of the movement
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of a single carrier, similar to that described in other
works [4, 5]. The semiconductor considered, homoge-
neous N-type Si, is assumed to be infinite in the three
dimensions of space, or at least sufficiently large, and is
subject to the action of a constant electric field. The
stationary magnoitudes are calculated by time-averaging
the values obtained from the simulation of the carrier
movement over a sufficiently long period of time. If it
becomes necessary to obtain information from several
carriers, for example to determine the diffusion coefficient
[4], an arithmetical mean of the values calculated for
each of them is made.

The scattering mechanisms considered in the simula-
tion are the following: intravalley acoustic, intervalley
(equivalent and non-equivalent) and interaction with
ionized impurities. Acoustic intravalley scattering has
been considered to be elastic. The scattering probabilities
of the different mechanisms are consistent with the
analytical model adopted for the energy bands [4]. The
density of donor impurities considered is sufficiently
low (102 ¢m™3) for carrier-carrier scattering to be neg-
ligibie.

2.2, Band structure and physical parameters

As do other authors [6, 7], we consider for 81 a conduc-
tion band formed of six equivalent valleys around the six
minima of the band along the (100> directions (X
valleys) and eight equivalent valleys with the energy
minimum in the {111} directions (L valleys). Between

the minima of these two types of valleys there is an energy
aan ~F 108 2
Bap v

All the valleys are considered to be non-parabolic
ellipsoidal. Thus, in a system of axes suitable for each
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valley, the ¢-& relation can be written as:

i k2
m,

el 4+ oe) = — (k—lz +
' 2 \mf
where # is the Planck constant divided by 2z, «; is the
non-parabolicity coefficient of the ith valley, m¥ and m}
are the longitudinal and transverse components of the
effective mass at the bottom of the ith valley, k, and k, are
the longitirdinal and transverse components of the wave-
vector, and ¢ is the kinetic energy of the carrier.

Table 1 shows the Si physical parameters used in the
simulation. Those corresponding to the X valleys are
similar to those used and accepted by many other
authors [7]. Six types of X-X intervalley-phonon scatter-
ing are considered, three of f-type {scattering of electrons
to any of the four neighbouring valleys) and three of g-
type (scattering of electrons to opposite valleys); and four
types of X-L intervalley scattering are taken into ac-
count. More details about them can be found in [8]. The
parameters of the L valleys correspond to those proposed
by Fischetti [6]. Although some authors consider the L
valleys in their works, they do not include the L-L
equivalent intervalley scattering. Consideration of this
scattering mechanism will modify the population of these

(1)

valleys, favouring their importance in transport processes
at high electric fields, While for low fields the L valleys
have no effect, at high fields, when impact ionization
processes occur, they are crucial in the determination of
the ionization coefficient.

Owing to the different longitudinal and transverse
components of the effective mass of each of the valleys
taken into consideration, it is to be expected that certain
anisotropies will appear in quantities such as average
drift velocity, ionization coefficient ete.

2.3. Impact ionization model

The characterization of the impact ionization processes
in Si employing Monte Carlo simulations has been the
object of study by many authors, both in semiconductor
materials and devices [1, 3, 6, 7, 9]. In general, a complex
band structure obtained by the local pseudopotential
method is used. The ionization process is usually treated
as an additional scattering mechanism whose probability
is given by the Keldysh formula [10], with different
values of threshold energy, in some cases dependent upon
the direction of the wavevector. In contrast to these
sophisticated approaches we intend to perform a charac-

Table 1. Si parameters used in the simulation.

Density (g cm—3)
Sound velocity (10° cm s~ ):
tfransverse
iongitudinai -
Dielectric constant

lonized impurity concentration {cm ~ 3

Effective mass (m"/m,)
transverse
longitudinal

Non-parabolicity (eV ")

Energy separation {eV) {relative to X valley) 0

Aiimahar nf aanivalant vallasvre
INUILFST U CHUIvaITiiL vaisyw

Acoustic deformation potential (eV)

2.329

5.30

§.04

11.70

10"

X valleys L vailays

0.18 0.126

0.20 1.634

0.5 0.5
1.05

g g

9 9

Phonan scattering tyne Counling constant  Phonon enargy
{10°eVem~1) {meV)
X=X intervallay scattering
f, 0.15 18.1
fa 34 43.1
i, 4.0 54.3
g, 05 1241
gz 0.8 18.1
o 3.0 60.3
X=L, L=X intervalley scattering 4.0 57.9
4.0 54.6
4.0 41.4
‘ 4.0 17.0
L-L intervalley scattering 2.63 38.87




terization of the ionization processes in Si with a simpler
model which fits satisfactorily the available experimental
results and can be easily implemented in a device simula-
tor requiring very little computation time.

The model that we develop to obtain both the
ipnization coefiicient and the ionization probability of
electrons has already been successfully applied to other
semiconductor materials [5, 11]. After completing a free
flight, if the electron has a kinetic energy higher than the
ionization threshold and the scattering mechanism
chosen is an intervalley, impact ionization initiated by
that electron occurs. I the scattering mechanism chosen
is an interaction with ionized impurities or intravalley
acoustic, then the ionization process does not take place,
since with these mechanisms it is not possible to assume
conservation of momentum in the ionization nrocess.

The threshold energy that we adopt in our model is
2.55 eV, regardless of the direction of the electron wave-
vector and of the type of valley in which the impact
ionization process takes place. This value lies within the
range reported for it in Si by Sano ef ol [12]. When an
ionization process occurs, this threshold energy is sub-
tracted from the energy of the ionizing electron, and this
1s its new value at the beginning of the next free flight. In
this way energy conservation in the ionization process is
ensured.

The model we propose is not hard, since the ioniza-
tion process does not occur exactly at the time when the
carrier attains the threshold energy, but rather when the
carrier ends the free flight in which this threshold is
surpassed. This affords the model a soft nature, in
agreement with the results of Sano et al [12].

If during the simulation we record the number of
ionization mechanisms taken place in the X and L
valleys, Ny and N, respectively, and we determine the
distance travelled by the electron in the direction of the
applied field, D, the ionization coefficient of electrons, «,,
can be obtained as

Nyg -+ Ny
= —, 2
%, 3 )
Also, the simuiation provides the ionization probabil-
ity given by our model, W, through the number of
ionization mechanisms and the simulation time, T, as

Ny + Ng

W, =
) 1

(3)
The present model constitutes not only a numerical
approach for the impact ionization coefficient, but also a
consistent method for the study of avalanche multiplica-
tion in semiconductor devices. In fact, the approach
based on a drift-diffusion model and a field-dependent
impact jonization coefficient [13] could not be valid,
because the latter and the local field are coupled through
the local carrier concentration. Furthermore, our simula-
tion does not need an additional scattering mechanism
and/or a complex band structure description for studying
the ionization processes. As a consequence of that,itis a
suitable model for Monte Carle device simulation.

- lonization processes in silicon

3. Resulis

For each electric field the simulation was performed
during 4 x 107 scattering mechanisms. This number is
sufficiently high that at low electric fields a suitable
distribution of the time spent by the carrier in each of the
six X equivalent valleys is achieved, and that at high
electric ficlds the number of ionization processes that
take place is sufficient for the results relating to ioniza-
tion to have statistical validity.

The simulation was carried out for the electric field
applied in the {100)> and (111} directions, and at a
temperature of 300 K.

3.1. Low fields

In order to check the validity of the model at low fields,
figure 1 shows the average drift velocity obtained in the
simulation with and without considering the interaction
with ionized impurities. The drift velocity obtained with-
out ionized impurities (N, = 0) is slightly higher than the
experimental values [8], whereas for a density of ionized
impurities of Ny, = 10*2 cm ™ it is slightly lower. In both
cases, as in the experimental results, a slight anisotropy is
seen according to the direction of the electric field. The
experimental results were obtained in samples made of
high-resistivity and high-purity N-type silicon, with
Np=5x102¢m™3,

Figure 2 reports the results obtained for the mean
kinetic energy. For weak fields its value is about 0.03% eV
{ = 3/2 kg T), and increases strongly for fields higher than
10kV c¢cm™!. This increase is less pronounced above
100 kV cm™!, when the carriers begin to pass to the
higher valleys (figure 3), losing part of the kinetic energy
that they had in the X valleys, which is transformed into
potential energy in the L valleys.

Figure 3 shows the fraction of time that the electron
remains in each valley. When the electric field is applied
in the {111} direction (figure 3(b)) the six equivalent X
valleys are equally populated, and the L valleys begin to

[ —— Canali et al. [8] <111>
[ ---- Canali et al. [B] <100>

107 & Present results: N
E 2 o Ny=10'" cm s <100> ]
L * Ny=10"" em = <111> ]
I v Nr;=o <100> h
1051 v N =0 <111> -

D

it 1 Ll 1 i+l

1 10 100
Electric field (kV/cm}

Average drift velocity (cm/s)

Figiire 1. Average drift velocity as a function of eleciric
field between 0 and 100 kV ¢cm ~ " along the <1003 and
{111 crystallographic directions. The experimental results
are taken from [8].
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Figure 2. Average kinetic energy as a function of electric
field between 0 and 500 kV cm ~ . No appreciable
differences were observed between the two directions of

the electric field applied, and se only one curve Is plotted.

T e
35-/

Valley occupation (%)

greater than the transverse cne, the carrier gains less
energy in them, and the probability of undergoing an
equivalent intervalley scattering is smaller than in the
perpendicular valleys. This makes the carrier remain
longer in the parallel valleys. This difference in the
occupation of the X valleys is the origin of the anisotropy
observed in the average drift velocity (figure 1). Thus, the
velocity is smaller when the field is applied in the <1005
direction, since the carrier remains longer in the valleys
with a higher effective mass parallel to the field. This
anisotropy is stronger for the fields in which the differ-
ence between the occupation of the different X valleys is
more proncunced.

The values of the longitudinal diffusion coefficient
obtained in the simuiation for low electric fields are
shown in figure 4 together with the available experimen-
tal results [14]). These values have been calculated from
the slope of the second central moment of an ensemble of
carriers [4], and have been found to be very sensitive to
the impurity concentration. The good agreement with the
experimental data found for this magnitude constitutes a
verification of the validity of the method and the physical
parameters adopted.

3.2. High fields

Figure 5 shows the drift velocity as a function of electric
field between 100 and 500 kV em™*. A slight negative
differential mobility appears around 150 kV em™*, which
is consistent with the results of previous Monte Carlo
simulations [7], and it is due to the onset of the X-L
intervalley scattering. For this field range no differences
between the results for the {100> and {111 field direc-
tions are detected, owing to the high efficiency of the
intervalley mechanisms.

The valley occupation for the 100~500kV cm™?!
electric field range is shown in figure 6. The difference
between the population of the different X valleys that was
observed for low fields in the {100} direction (figure 3(a))
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A 77} X valleys perpendicular
5 ¢ —— L valleys 4
0 : 1 : I : ! L
0 20 40 60 80 100
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}Brunetti et al [14] ]
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Figure 3. Fraction of time the electron remains in each
valley as a function of electric field between 0 and 100 kV
em—'. The curve for the L valleys represents the total
occupation of the eight L valleys. (a) Electric field applied
in the {100} direction. (b} Eiectric field appiied in the
{111} direction.

become significantly occupied for an electric field of
100 kV cm ™1, At low electric fields in the (100> direction
(figure 3(a)) there is a greater population of the X valleys
parallel to the electric field. Since the longitudinal com-

ponent of the effective mass in these valleys is much

o <100>

. <1115 }Present results

~ i TP

I I sl 1 T R S )

1 10 100

Electric

Longitudinal diffusion coefficient (em?/s)

Figure 4. Longitudinal diffusion coefficient as a function of
glectric field in the {100} and {111} directions. The
experimental results are taken from [14].
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Figure 5. Average drift velocity as & function of electric
field between 100 and 500 kV cm ~" in the {100} and {111}
crystallographic directions.

is now very small (figure 6(a)), because of the action of
the intervalley mechanisms. As the field increases, the
occupation of the L valleys becomes increasingly impor-
tant, reaching a value of about 11% for 500kV cm™?.
Above this field the valley population becomes stabilized.
These results imply that the L valleys will play an
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Figure 6. Fraction of time the electron remains in each
valley as a function of electric field between 100 and

500 kV cm— . The line for the L valleys represents the total
occupation of the eight L valleys. (a) Electric field applied
in the ¢100> direction. (b) Electric field applied in the
{111} direction.

lonization processes in silicon

important role in the transport processes in Si at very
high fields.

Figure 7 shows the ionization coefficient of electrons
in Si (equation (2)) together with several experimental
values [15-17]. Within the 200-300kV cm™! electric
field range the values obtained are consistent with the
experimental ones. For lower electric fields we are not
aware of any experimental results, and those of our
simulation are in agreement with those reported by
Fischetti [6], also calculated from Monte Carlo simula-
tions. Whereas for fields between 50 and 150 kV cm™!
the ionization coefficient is slightly higher in the (111}
direction, for higher fields (150-500 kV em™*) it is larger
in the <100 direction. This is logical taking into account
the values of the longitudinal and transverse components
of the effective masses of the X and L valleys. The
population of the L valleys, with their revolution axes in
the {111> directions and a greater longitudinal mass,
begins to become significant for fields higher than 150 kV
cm ™1, This means that for very high fields in the {111}
direction it is a more difficult for the carrier to gain
energy in the L valleys than when the field is applied in
the {100} direction, and therefore the number of ioniza-
tion processes taking place is lower. This effect shows
the importance of the L valleys in high-field transport
phenomena.

Figure 8 shows the ionization coefficient of electrons
for two different ranges of the electric field (higher than
500 kV ¢cm™?, and between 50 and 125 kV em ™), where
it has been found to follow a dependence on the field of
the form

o, = A exp[ — (B/E)] “

for n = 1 and with different constants 4 and B in each of
these two ranges, whose values are given in table 2. This
type of dependence corresponds to the general expression
proposed by Baraff [18], where the coefficients A and B
depend on the effective mass of the energy bands consid-
ered, and it is usually employed for including the ioniza-
tion processes in drift-diffusion models [13]. In the

o ———e————
IE 10° | —— Van Overstrasten et al. [16]+
L - } Lee et al. [15] 3
dé . - Woods et al. {17]

g 10k 100 E
ey e < > E
o . <111> } Present results §
g 3

g 107 . =
= . .

g ® o
=]

S 10? ! :
1 5 10

1/E (107" em/kV)

Figure 7. Calculated electron impact ionization coefficient
as a function of inverse electric field along the {100 and
{111 crystallographic directions. The experimental results
are taken from [15-17].
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Figure 8. lonization coefficient of electrons as a function of
inverse electric field in the (100> and {111
crystallographic directions. (a} For fields higher than

500 kV em—". {b) Between 50 and 125 kV ¢m ~ . The lines
correspond to equation (4) with n = 1 and the values given
in table 2 for the constants A and B.

Tahle 2, Valueg for the constants A and B of
equation (4) to fit the ionization coefficient of
electrons for two electric field ranges in the {100>
and {111} directions.

Field range Direction A
(k¥ em~1) {em~—") {kV em—7")
50-125 100> 9.36 x 10°  1.08 x 102
M 9.75 x 102 1.03 x 10?
500--2000 £100) 1,49 x 10° 163 x 10°
115 1.57 x 10° 170 x 108

150-300kV cm™* electric field range this relation does
not hold, since the population of the L valleys is not
stabilized (figure 6), and therefore the constants are
expected to depend on the field through the combined
contribution of the L and X valleys.

Figure 9 shows the ionization probability obtained
from equation (3) as a function of the average kinetic
energy, togeiher with that reported by oiher authors {3,
19]. They adopt the Keldysh empirical formula [10] to
represent the ionization probability, with different values
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Figure 8. Calculated jonization probability as a function of

the average kinetic energy, and theoretical values reported
in 2 191
in I3, 19],

of threshold energy. The ionization probability given by
our model, having the same shape, is found to be higher
than that of those authors, This can be partially attri-
buted to the fact that their ionization probability is given
versus the total energy of the carrier, while we consider
the kinetic energy, and when the L valleys become
populated there is an important difference between the
two energies.

4. Conclusions

We have presented a Monte Carlo analysis of electron
transpori in Si for both iow and high eleciric fields,
employing a model for the conduction band formed of
non-parabolic ellipsoidal X and L valleys. One of the
novelties introduced in the present simulation is the
consideration of L-L intervalley scattering mechanisms,
which makes these valleys more important in transport
processes at high fields. The results for low fields (drift
velocity, diffusion coefficient) are in accordance with the
available experimental results, thus supporting the vali-
dity of the model.

Several results depend on the electric field direction
(dnift velocity, ionization coefficient). This anisotropy has
been explained in terms of the different longitudinal and
transverse components of the effective mass of the valleys
and their occupation.

A simple model for the characterization of the impact
ionization processes has been proposed and tested in the
simulations, giving favourable results. The ionization
coefficients obtained are consistent with the experimental
results, and the ionization probability provided by our
model is found to be analogous to that reported by other
authors who assume for it an analytical expression.
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