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Threshold energy and electron impact ionization coefficients () are calculated for unstrained and
strained Si, _,Ge, on {100} silicon substrate using nonparabolic and ellipsoidal band structure for
conduction band and k-p method for valence band. The threshold energy in the unstrained Si; _,Ge,
is smaller than that in pure silicon due to the reduced band-gap energy. The strain causes band
degeneracy lifting for both the conduction band and valence band. It gives an additional band-gap
narrowing which leads to a much smaller threshold energy. On the basis of these results, the electron
impact ionization coefficient is estimated up to 30% germanium using a Monte Carlo simulation.
The reduced threshold energy is found to be the most dominant factor in determining « in the
strained Si;._,Ge, . As a result, the strained Si; _,Ge, has much larger « than pure silicon while the
unstrained Si, _,Ge, does not due to the effect of alloy scattering and the relatively small change of

the threshold energy.

The Si; _,Ge, alloy is emerging as a very important ma-
terial system for applications in both electronics and opto-
electronics. The Si/Si; _,Ge, HBT'? and Si; _ Ge, avalanche
photodiode are two important devices that may benefit from
this technology. In both these devices, it is important to un-
derstand the impact ionization breakdown initiated by elec-
trons. While several transport studies on Si;_.Ge, alloys
have been reported in the literature,>~> there has been no
work on the impact ionization coefficient. In this letter, we
focus on the electron breakdown in Si; _,.Ge, alloys and re-
port theoretical results for the electron impact ionization co-
efficient () for a variety of unstrained and strained alloy
compositions.

The first step in estimating the impact ionization coeffi-
cient is to find the threshold energy for impact ionization. At
the threshold condition, energy and momentum conservation
should be satisfied. The total energy E; and the total momen-
tum of the resultant carriers K, are given by

Ef=E (ki) +E (k) —E,(ks) (1)
and
Ki=Kk;+ky—ks, @

where E (k) and E (k) are energy of carriers at k in the
conduction band and valence band, respectively. To mini-
mize the total energy E for a given momentum Ky, the final
carriers should have the same group velocity.® With this con-
dition and the given band structure, the threshold energy can
be found.

We will consider two cases in this letter: (i) the Si;_,Ge,
alloy is unstrained. This situation would arise if a thick (sev-
eral micron) layer of Si;_,Ge, was grown on a silicon sub-
strate; (ii) the Si; . Ge, alloy is pseudomorphically matched
to {100} silicon substrate. In this case, the thickness of the
alloy would be below the critical thickness which depends
upon the germanium mole fraction.

In the unstrained alloy, the conduction band valleys are
described by a nonparabolic ellipsoidal band structure given
by
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E)=E(l+aE ﬁz(klz+2k;l 3
YE)=E(1+aE)=7 D +2.5). )
The character of the valleys remains Si-like up to a Ge mole
fraction of 85%.” The conduction band effective masses m;
and m, are obtained by interpolation for the alloy.
In the presence of strain, the degeneracy of the valleys is
lifted as follows: in (001), (001) valleys

AE=E{" (e, + €+ €,) + B Pe,, 4)
and in (100), (100), (010), (010) valleys
AE:EEJIOO)(Exx_’_ Eyy+ Ezz)+Ez(¢100)Exx’ (5)

where E{1%9 and B (%9 are the dilation and uniaxial de-
formation potential for the conduction band (100) valley and
€ is strain of the material.

The valence band is determined by a six-band k-p
Hamiltonian® in which the effect of the strain can be included
via the deformation potential theory. The effect of the strain
is to lift the HH and LH degeneracy at k=0 and also to
reduce the effective hole masses. The band-gap change by
the degeneracy lifting of the conduction band and the va-
lence band is shown in Fig. 1 by the lines (solid lines for the
unstrained system, dashed lines for the strained system).

Having established the band structure, the threshold en-
ergy for impact ionization can be calculated. Table 1 repre-
sents the results for pure silicon and pure germanium with
band-gap energy used in the calculation. The data in paren-
thesis are the values from Ref. 6. The threshold energy in
silicon is almost the same as the band-gap energy. In addi-
tion, there is no threshold condition for electrons along the
(111) in silicon. On the other hand, germanium has a thresh-
old condition in both (100) and (111) directions and the
threshold energy is slightly larger (0.1-0.2 eV) than band
gap in (111) direction. Figure 1 shows the threshold energy
results for the unstrained and the strained Si; _,Ge,, respec-
tively. The lines are band-gap enezgies from the valence band
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FIG. 1. Threshold energy for electron impact ionization in unstrained and
strained Si;_,Ge, on {100} silicon substrate. Solid lines are the X valley and
L valley band gaps in unstrained Si;...Ge, and dashed lines represent the
band gaps for the strained Si; ., Ge, at the (001) (001) valleys (twofold) and
(100) (100) (010) (010) valleys (fourfold). Marks are the threshold energy
from each conduction band valley.

edge and the marks are the threshold energy in each direc-
tion. Bowing parameter is chosen to be 0.24 from experi-
mental value.® For (100} direction in the unstrained case, the
threshold energy exactly follows the band gap for the entire
germanium mole fraction range considered. For electrons
along the (111) direction, the threshold energy is slighily
larger than the band gap and there is no threshold condition
from 0% to 50% germanium for the (111) direction. In the
strained case, it is very important to note that the decrease of
the heavy hole effective mass has no effect on the threshold
energy because of the fact that final carriers lie approxi-
mately at the band edge where the group velocity is almost
zero.

Before the calculation of the impact ionization coeffi-
cient in Si; _,Ge, alloy, Monte Carlo simulation was per-
formed for pure silicon to confirm the scattering parameters.
Because the impact ionization rate near the threshold in in-
direct material is very soft and has a cubic relation
dependence10 upon (E —E) rather than square relation like
the Keldysh model,'* Thoma’s model'? is used in the calcu-
lation to describe the “super soft” region near the threshold.
In Fig. 2, the Monte Carlo data are shown along with experi-
mental results.’®~'> The agreement of the calculated quanti-
ties with the corresponding experimental data validates the
Monte Carlo method used in this work. Monte Carlo param-
eters with the changed threshold energy are next applied to

TABLE 1. Threshold energy for electron impact ionization in pure silicon
and pure germanium. Data in parentheses come from Ref. 6. Units are eV
for all the values.

Silicon Germanium
Band gap energy 1.12 (1.1) 0.664 (0.7)
Threshold energy (100) 1.1223 (1.1) 0.8394 (0.9)
Threshold energy (111) 0.8226 (0.8)
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FIG. 2. Electron impact ionization coefficient from Monte Carlo simula-
tions, compared with experimental data (from Refs. 13—15) in pure silicon.

study the impact ionization in Si; _,Ge, alloy assuming that
they do not change much up to 30% germanium.

In the Si; _,Ge, alloy, an important additional scattering
is the alloy scattering. Recently, the alloy scattering has been
described by a set of parameters U,; and ry where assuming
a perfectly random alloy, it has been found that U, =0.7 eV
and ro=\3a/4 (2.36 A).2 The energy-dependent matrix ele-
ment for alloy scattering has the following form:

7 g ; -
M= f . loik TU g(r)e’®rdr. (6)

At low electric field, it is reasonable to assume that gry<€1
so that

4 3
Mkk'mg— anler, (7)
where
g=|k-K'.

At high electric field where the term gr, cannot be ignored,
the matrix element need to have an accurate form expressed

by

My =4y sin grg Z;Q Cos qry ®
It is important to point out that at low electric field the trans-
port is governed by UZ;r$, but at high electric field the trans-
port is very much dependent upon ry. The value of ry is in
general larger than (3a/4 if the alloy is clustered. We will
present results for o« for unstrained Si;._,Ge, with 10% Ge
using three different values of U, and r, which are consis-
tent with low field transport.

In Fig. 3, the results of these sets are compared with two
extreme cases, i.e., @ without alloy scattering and with con-
stant matrix element in Eq. (7). The used values of U, (and
ro) are 0.7 eV (2.36 A), 0.6 eV (2.49 A), and 0.5 eV (2.64
A). The large value of ry reduces the alloy scattering rate and
alloy scattering angle. From Fig. 3, it is seen that @ ap-
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FIG. 3. Electron impact ionization coefficients from different sets of Uy
and ry. The results are compared with two extreme cases of no alloy scat-
tering and constant matrix element. As r, increases, the effect of alloy
scattering is decreased and the result approach to no alloy scattering case.

proaches the no alloy scattering case as 7 increases. With
U/, value of 0.7 eV which is used for the following Monte
Carlo simulations, « is found to be smaller than the value for
silicon up to 400 kV/cm. These results show the importance
of alloy scattering on the impact ionization coefficient since
the threshold energy for silicon and unstrained Si;_,Ge, al-
loy is almost the same.

The calculated impact ionization coefficients in
Si; _,Ge, alloy up to 30% Ge are shown in Fig. 4 for the
unstrained and the strained case, respectively. The value used
for Uy (and 7o) is 0.7 eV (236 A), so that the alloy is
assumed not to be clustered. In Fig. 4, the coefficient in the
unstrained Si;_.Ge, increases slightly as the germanium
mole fraction; however, it is smaller than that in pure silicon
up to 300—-400 kV/cm due to the effect of alloy scattering
and the relatively small change of the threshold energy. On
the other hand, the strained system has a much larger impact
ionization coefficient. Note that the conduction band edge
density of states in the strained Si,_,Ge, decreases because
the number of band edge valleys decreases from 6 to 4. This
would suggest that the impact ionization coefficient might
decrease since the final state density of states decreases rap-
idly with strain. However, as seen in Fig. 1, the threshold
energy decreases rapidly with strain. Thus, the results of Fig.
4 indicate that the most important factor in determining the
value of « in the strained Si; _,Ge, is the reduced threshold
energy rather than the degeneracy lifting at the band edge.

In conclusion, the threshold energy for electron impact
ionization is calculated on the basis of the conduction band
with nonparabolic ellipsoid and the valence band using k-p
method. In X valley, the threshold energy follows the band-
gap energy while it is slightly larger than band-gap energy in
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FIG. 4. Monte Carlo simulationi results of electron impact ionization coef-
ficients with different germanium mole fraction in unstrained Si; ., Ge, and
strained Si;_,Gé, on {100} silicon substrate compared with that in pure
silicon. (#) and (s) represent unstrained and strained, respectively.

L valley. It is found that reduced heavy hole effective mass
makes no effect on the threshold energy in the strained
Si; - ,Ge, . With these results, electron impact ionization co-
efficient is estimated using Monte Carlo simulation for un-
strained Si;_,Ge, and strained Si; _,Ge, on {100} silicon
substrate. It is found that the strained Si;_,Ge, has larger a
than silicon while the unstrained Si, - ,Ge, has a value com-
parable to that of silicon.
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